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Resumo

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

♥❛♥♦❡❧❡trô♥✐❝♦s sã♦ ❢❛❜r✐❝❛❞♦s ♣♦r ♥♦✈❛s té❝♥✐❝❛s ❢✉♥❞❛♠❡♥t❛❞❛s ❡♠ ❢ís✐❝❛✱ q✉í♠✐❝❛ ❡ ❡♥✲

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

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

❤❛♠ ♣r♦♣r✐❛♠❡♥t❡ ❛ ✜♠ ❞❡ ❡♥❝♦♥tr❛r♠♦s ❢♦r♠❛s ❞❡ ♦❜t❡r ♥♦✈❛s ❛♣❧✐❝❛çõ❡s ❜❛s❡❛❞❛s ♥❡st❡s

♥♦✈♦s ❡❢❡✐t♦s✳

◆❛♥♦✜♦s ♠❡tá❧✐❝♦s ❡stã♦ s❡♥❞♦ ❧❛r❣❛♠❡♥t❡ ❡st✉❞❛❞♦s t❛♥t♦ t❡♦r✐❝❛♠❡♥t❡ ❝♦♠♦ ❡①♣❡r✐♠❡♥✲

t❛❧♠❡♥t❡✳ ❘❡❝❡♥t❡♠❡♥t❡ ✉♠❛ ♥♦✈❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s♦❧❞❛❣❡♠ ❢♦✐ ♠♦str❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡

❡♥tr❡ ♥❛♥♦✜♦s ❞❡ ♦✉r♦ ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ s❡♠ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❝❛❧♦r ❛❞✐✲

❝✐♦♥❛❧ ❡ ❝♦♠ ❜❛✐①❛ ♣r❡ssã♦✱ ❝❤❛♠❛❞❛ ❞❡ s♦❧❞❛ ❢r✐❛ ✭❝♦❧❞ ✇❡❧❞✐♥❣✮✳ ❯s❛♥❞♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r

✭▼❉✮ ❝♦♠ ♣♦t❡♥❝✐❛✐s ❡❢❡t✐✈♦s✱ ♥ós s✐♠✉❧❛♠♦s ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❢r✐❛ ❡♠ ♥❛♥♦✜♦s ❞❡ ♦✉r♦✱

♣r❛t❛ ❡ ♦✉r♦✲♣r❛t❛ ❝♦♠ ❞✐â♠❡tr♦s ❞❡ ✹✳✸ ♥♠ ❡♠ ✸✵✵ ❑✳ ◆ós ♠♦str❛♠♦s q✉❡ ❛ s♦❧❞❛❣❡♠ ❢r✐❛ é

✉♠ ♣r♦❝❡ss♦ ♣♦ssí✈❡❧ ❛té ♠❡s♠♦ q✉❛♥❞♦ ♦s ♥❛♥♦✜♦s s♦❢r❡♠ ❢♦rt❡s ❞❡❢♦r♠❛çõ❡s ❡ ❞❡❢❡✐t♦s ❛♥t❡s

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

❞❡❢❡✐t♦s✳ P❡q✉❡♥❛s ♣r❡ssõ❡s ❢♦r❛♠ ♥❡❝❡ssár✐❛s ♣❛r❛ q✉❡ ❛ s♦❧❞❛❣❡♠ ❢♦ss❡ ❛t✐♥❣✐❞❛✳

◆ós t❛♠❜é♠ r❡❛❧✐③❛♠♦s ❝á❧❝✉❧♦s ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠ ❡♠❜❡❞❞❡❞✲❛t♦♠✲♠❡t❤♦❞ ♣❛r❛

♠♦❞❡❧❛r ♦ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✜❧♠❡s✲✜♥♦s ❞❡ ♣❛❧á❞✐♦ ❞❡♣♦s✐t❛❞♦s ❡♠ ✉♠ s✉❜str❛t♦ ❞❡ ♦✉r♦ ♣❛r❛

✉♠ s✐st❡♠❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✵✵ ♠✐❧ át♦♠♦s✳ ◆ós ♠♦str❛♠♦s q✉❡ ♦ ✜❧♠❡✲✜♥♦ ❞❡ ♣❛❧á❞✐♦

❝r❡s❝❡✉ s♦❜ str❡ss s♦❜r❡ ♦ s✉❜str❛t♦ ❞❡ ♦✉r♦✳ ❆♣ós ❛ ❞❡♣♦s✐çã♦ ❞❡ ✾ ♠♦♥♦❝❛♠❛❞❛s ♦ str❡ss

❛r♠❛③❡♥❛❞♦ ♥♦ ✜❧♠❡ ❞❡ ♣❛❧á❞✐♦ r❡❧❛①♦✉ ❢♦r♠❛♥❞♦ ❞❡❢❡✐t♦s ♥❛ ❡str✉t✉r❛ ❞♦ ❝r✐st❛❧✳ ❉❡❢❡✐t♦s ❞♦

t✐♣♦ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ s✉r❣✐r❛♠ ♥♦ ✜❧♠❡ ❞❡ ♣❛❧á❞✐♦ ❢♦r♠❛♥❞♦ ✉♠ ♣❛❞rã♦ ❞❡ ❞❡❢♦r♠❛çã♦

♥♦ ♠❡s♠♦✳ P❛r❛ q✉❛♥t✐✜❝❛r ♦ str❡ss ♥ós t❛♠❜é♠ ❝❛❧❝✉❧❛♠♦s ❛ ❡✈♦❧✉çã♦ ❞♦ t❡♥s♦r ❞❡ str❡ss

❞✉r❛♥t❡ ♦ ❝r❡s❝✐♠❡♥t♦✳

❊①✐st❡♠ ❢❡♥ô♠❡♥♦s ❢ís✐❝♦s ❝♦♠♦ ❢r❛t✉r❛s ❡♠ ♠❛t❡r✐❛✐s q✉❡ sã♦ ❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧❛ q✉❡✲

❜r❛ ❞❛s ❧✐❣❛çõ❡s ❛tô♠✐❝❛s q✉❡ ❧❡✈❛♠ ❛ ❡❢❡✐t♦s ♠❛❝r♦s❝ó♣✐❝♦s✳ P❛r❛ ❡st✉❞❛r♠♦s ❡st❡ t✐♣♦ ❞❡

♣r♦❜❧❡♠❛✱ ♥ós ❞❡s❡♥✈♦❧✈❡♠♦s ✉♠ ❝ó❞✐❣♦ ✐♥✐❝✐❛❧ q✉❡ ❛❝♦♣❧❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠ P❡r✐❞②✲
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r❡s♦❧✈❡r ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ❡♠ ❞✐❢❡r❡♥t❡s s✉❜❞♦♠í♥✐♦s ❝♦♥❡❝t❛❞♦s ♣♦r ✉♠❛ ✐♥t❡r❢❛❝❡✳ ❖

❛❝♦♣❧❛♠❡♥t♦ é ❢❡✐t♦ tr♦❝❛♥❞♦ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❡♥tr❡ s✉❜❞♦♠í♥✐♦s ❝♦♥❡❝t❛❞♦s ♣♦r ❡st❛
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♦r✐✉♥❞♦s ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡ ♣❛ssá✲❧♦s ♣❛r❛ ❛ P❡r✐❞②♥❛♠✐❝s✳ P❛r❛ ✐st♦ ♥ós ✉s❛♠♦s ✉♠❛

✐♥t❡r♣♦❧❛çã♦ ❡st❛tíst✐❝❛ ❝❤❛♠❛❞❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ❑r✐❣✐♥❣✳ ❉❡st❛ ❢♦r♠❛ ♥ós ♣✉❞❡♠♦s ❛❧❝❛♥ç❛r
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Abstract

❖✈❡r t❤❡ ❧❛st ❞❡❝❛❞❡s ❛ ♥❡✇ ❣❡♥❡r❛t✐♦♥ ♦❢ ♥❛♥♦❡❧❡tr♦♥✐❝ ❞❡✈✐❝❡s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✳

❚❤❡s❡ ♥❛♥♦❡❧❡tr♦♥✐❝ ❞❡✈✐❝❡s ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ ❜② ♥❡✇ t❡❝❤♥✐q✉❡s ❜❛s❡❞ ♦♥ ♣❤②s✐❝s✱ ❝❤❡♠✐str②

❛♥❞ ❡♥❣✐♥❡❡r✐♥❣✳ ▼❛♥② ♦❢ t❤❡s❡ ♥❛♥♦♠❛t❡r✐❛❧s ❤❛✈❡ s❤♦✇♥ ❝❤❛♥❣❡s ✐♥ t❤❡✐r ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s

❛♥❞ t❤❡r❡❢♦r❡✱ ✐t ✐s ✈❡r② ✐♠♣♦rt❛♥t t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡② ✇♦r❦ ♣r♦♣❡r❧② ✐♥ ♦r❞❡r t♦ ✜♥❞ ✇❛②s

t♦ ♦❜t❛✐♥ ♥❡✇ ❛♣♣❧✐❝❛t✐♦♥s s✉♣♣♦rt❡❞ ❜② t❤❡s❡ ♥❡✇ ❡✛❡❝ts✳

▼❡t❛❧❧✐❝ ♥❛♥♦✇✐r❡s ❤❛✈❡ ❜❡❡♥ ❧❛r❣❡❧② st✉❞✐❡❞ t❤❡♦r❡t✐❝❛❧ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧❧②✳ ❘❡❝❡♥t❧② ❛

♥❡✇ ♣♦ss✐❜✐❧✐t② ♦❢ ✇❡❧❞✐♥❣ ✇❛s ❡①♣❡r✐♠❡♥t❛❧❧② s❤♦✇♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❣♦❧❞ ❛♥❞ s✐❧✈❡r ♥❛♥♦✇✐r❡s

✭◆❲s✮ ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡s✱ ✇✐t❤♦✉t ♥❡❡❞ ♦❢ ❛❞❞✐t✐♦♥❛❧ ❤❡❛t ❛♥❞ ✇✐t❤ ❧♦✇ ♣r❡ss✉r❡s✱

❝❛❧❧❡❞ ❝♦❧❞ ✇❡❧❞✐♥❣✳ ❯s✐♥❣ ♠♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s ✇✐t❤ ❡✛❡❝t✐✈❡ ♣♦t❡♥t✐❛❧s✱ ✇❡ s✐♠✉❧❛t❡❞ ❝♦❧❞

✇❡❧❞✐♥❣ ♦❢ ❣♦❧❞✱ s✐❧✈❡r✱ ❛♥❞ s✐❧✈❡r✲❣♦❧❞ ◆❲s ✇✐t❤ ❞✐❛♠❡t❡rs ♦❢ ✹✳✸ ♥♠ ❛t ✸✵✵ ❑✳ ❲❡ s❤♦✇ t❤❡

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

t❤❡✐r ❝r②st❛❧❧✐♥❡ str✉❝t✉r❡ ❛❢t❡r ❜r❡❛❦✐♥❣✱ ❝❛♥ r❡❝♦♥str✉❝t t❤❡✐r ❢❛❝❡✲❝❡♥t❡r❡❞✲❝✉❜✐❝ str✉❝t✉r❡

❞✉r✐♥❣ t❤❡ ✇❡❧❞✐♥❣ ♣r♦❝❡ss ✇✐t❤ t❤❡ r❡s✉❧t ♦❢ ✈❡r② ❢❡✇ ❞❡❢❡❝ts ✐♥ t❤❡ ✜♥❛❧ ❝♦❧❞ ✇❡❧❞❡❞ ◆❲s✳
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Capítulo 1

Introdução

◆❛s ú❧t✐♠❛s ❞é❝❛❞❛s ♥ós ♦❜s❡r✈❛♠♦s ✉♠ ❝r❡s❝✐♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❛ ❝✐ê♥❝✐❛ ❡ t❡❝♥♦❧♦❣✐❛✳

❊st❡ ❝r❡s❝✐♠❡♥t♦ tr♦✉①❡ ❝♦♥s✐❣♦ ✉♠ ❡♥♦r♠❡ ✐♠♣❛❝t♦ s♦❝✐❛❧✳ ➱ ♣♦ssí✈❡❧ ✈❡r ❣r❛♥❞❡s ❛♣❧✐❝❛çõ❡s

❞❛ ❝✐ê♥❝✐❛ ♥❛s ♠❛✐s ❞✐✈❡rs❛s ár❡❛s ❝♦♠♦✿ t❡❧❡❝♦♠✉♥✐❝❛çõ❡s✱ tr❛♥s♣♦rt❡s✱ ❡♥❡r❣✐❛ ❡ ❡t❝✳ ❈♦♥❥✉♥✲

t❛♠❡♥t❡ ❛♦ ❛✈❛♥ç♦ t❡❝♥♦❧ó❣✐❝♦✱ ♦❝♦rr❡✉ ♥♦s ú❧t✐♠♦s ❛♥♦s ❞♦ sé❝✉❧♦ ♣❛ss❛❞♦ ✉♠❛ ♠✐♥✐❛t✉r✐③❛çã♦

❞♦s ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s ❞❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✳ ❈♦♠♦ ❡①❡♠♣❧♦ ❞✐ss♦ ♣♦❞❡♠♦s ❝✐t❛r ♦s t❡❧❡❢♦♥❡s

❝❡❧✉❧❛r❡s ❡ ♦s ❝♦♠♣✉t❛❞♦r❡s ♣❡ss♦❛✐s q✉❡ ❡stã♦ s❡♥❞♦ ❢❛❜r✐❝❛❞♦s ❝❛❞❛ ✈❡③ ♠❛✐s ❧❡✈❡s ❡ ✜♥♦s✳

❆t✉❛❧♠❡♥t❡ ♠✉✐t♦s ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s ❞❛ ♦r❞❡♠ ❞❡ ❛❧❣✉♥s ♠✐❝rô♠❡tr♦s ❥á ❡stã♦ s❡♥❞♦

✉t✐❧✐③❛❞♦s ♥❛ ✐♥❞ústr✐❛✳ ❊ss❛ t❡♥❞ê♥❝✐❛ ❛ ♠✐♥✐❛t✉r✐③❛çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❡ ❡str✉t✉r❛s t❡♠ ✐♠✲

♣✉❧s✐♦♥❛❞♦ ❛ ♥❛♥♦❝✐ê♥❝✐❛ ♦✉✱ ❡♠ ✉♠ ❝♦♥t❡①t♦ t❡❝♥♦❧ó❣✐❝♦✱ ❛ ♥❛♥♦t❡❝♥♦❧♦❣✐❛✳ ❉❡ ✉♠ ♠♦❞♦

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

❞✐♠❡♥sõ❡s ❞❡ ❛❧❣✉♥s ♥❛♥ô♠❡tr♦s ❛té ❝❡♥t❡♥❛s ❞❡ ♥❛♥ô♠❡tr♦s✳ P❛r❛ q✉❡ t❡♥❤❛♠♦s ✉♠❛ ✐❞❡✐❛

❞❛ ❞✐♠❡♥sã♦ ♥❛♥♦♠étr✐❝❛✱ ✉♠❛ s✐♠♣❧❡s ♣❛rtí❝✉❧❛ ❞❡ ❢✉♠❛ç❛ t❡♠ ♠❛✐s ❞❡ ♠✐❧ ✈❡③❡s ♦ t❛♠❛♥❤♦

❞❡ ✉♠ ♥❛♥ô♠❡tr♦✳ ▼❛✐s ❡s♣❡❝✐✜❝❛♠❡♥t❡✱ ♦ ♥❛♥ô♠❡tr♦ é ❞❛ ♦r❞❡♠ ❞❡ ✹ ❛ ✺ ✈❡③❡s ❛ ❞✐stâ♥❝✐❛

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

❢❡♥ô♠❡♥♦s ♥♦✈♦s ❡ ♥✉♥❝❛ ♦❜s❡r✈❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✳

P❛r❛ q✉❡ s❡❥❛♠ r❡✈❡❧❛❞♦s ❞❡t❛❧❤❡s ❞❛ ❡str✉t✉r❛✱ ♦s ♠❛t❡r✐❛✐s ♥❛ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛ t❡♠

s✐❞♦ s✉❥❡✐t♦s ❛ ♠✉✐t❛s ✐♥✈❡st✐❣❛çõ❡s✳ ❆ ♠❛✐♦r✐❛ ❞♦s ❢❡♥ô♠❡♥♦s sã♦ ❞❡♣❡♥❞❡♥t❡s ❞❛s ❞✐♠❡♥sõ❡s

❡s♣❛❝✐❛✐s ❞♦ ♠❛t❡r✐❛❧ ✭t❛♠❛♥❤♦ ❡ ❣❡♦♠❡tr✐❛✮ ❡ ❞❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦✳ P❛r❛ ❡①❡♠♣❧✐✜❝❛r ❡st❡s

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

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

✭②✐❡❞ str❡♥❣t❤✮ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ✐♥✈❡rs♦ ❞❛ r❛✐③ q✉❛❞r❛❞❛ ❞♦ t❛♠❛♥❤♦ ❞♦s ❣rã♦s✳ ❊st❡ ❡❢❡✐t♦

t❛♠❜é♠ é ♥♦t❛❞♦ ❡♠ ❛♠♦str❛s ❞❡ ❝♦❜r❡ ♦♥❞❡ ✉♠❛ r❡❞✉çã♦ ❞❡ t❛♠❛♥❤♦ ❞❡ ✶✵✵ ♠✐❝rô♠❡tr♦s

♣❛r❛ ✶ ♠✐❝rô♠❡tr♦ ❧❡✈❛ ❛ ✉♠ ❛✉♠❡♥t♦ ♥❛ t❡♥sã♦ ❞❡ r✉♣t✉r❛ ❞♦ ♠❛t❡r✐❛❧ ❡♠ ❛té ✷✺✵✪✳ ❊st❛

❝❛r❛❝t❡ríst✐❝❛ t❛♠❜é♠ t❡♠ s✐❞♦ ♠✉✐t♦ ❡st✉❞❛❞❛ ❡♠ ♥❛♥♦✜♦s ♠❡tá❧✐❝♦s ♦♥❞❡ ❛ r❡❞✉çã♦ ❞♦

1



1.1 Síntese e Aplicações dos Nanomateriais 2

t❛♠❛♥❤♦ ❛✉♠❡♥t❛ ♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❜❡♠ ❝♦♠♦ ♦ ②✐❡❧❞ str❡♥❣t❤✳ ❊st❡s

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

❞❛♥♦s ♦✉ ❢r❛t✉r❛s✳

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

❝♦♠♣❛r❛❞♦s ❛♦s ♠❛t❡r✐❛✐s ♥❛ ❡s❝❛❧❛ ♠❛❝r♦✳ P♦r ❡①❡♠♣❧♦✱ ♥❛♥♦✜♦s ❞❡ ó①✐❞♦ ❞❡ ③✐♥❝♦ ✭❩♥❖✮ ❝♦♠

❞✐â♠❡tr♦ ❞❛ ♦r❞❡♠ ❞❡ ❝❡♥t❡♥❛s ❞❡ ♥❛♥ô♠❡tr♦s ❡①✐❜❡♠ ❛❧t♦ ❝♦❡✜❝✐❡♥t❡ ♣✐❡③♦❡❧étr✐❝♦ ❡ ♣♦❞❡♠

s❡r ✉t✐❧✐③❛❞♦s ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ s❡♥s♦r❡s✳ ❊st❡ ♥♦✈♦s ❢❡♥ô♠❡♥♦s ❢♦♠❡♥t❛♠ ♥♦✈❛s ♣❡sq✉✐s❛s

❡♠ ♥❛♥♦♠❛t❡r✐❛✐s ❝r✐st❛❧✐♥♦s✳ ❆ sí♥t❡s❡ ❞❡st❡s ♠❛t❡r✐❛✐s ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ❛♦ ❧♦❣♦ ❞♦s ú❧t✐✲

♠♦s ✸✵ ❛♥♦s ♣♦r ♠❡✐♦ ❞❡ té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ❛♣r❡s❡♥t❛r❡♠♦s ❛ s❡❣✉✐r ❛❧❣✉♥s ❡✈❡♥t♦s q✉❡

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

1.1 Síntese e Aplicações dos Nanomateriais

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ♥❛s ú❧t✐♠❛s ❞é❝❛❞❛s ♣♦ss✐❜✐❧✐t♦✉ ❛ ❝♦♥str✉çã♦

❞❡ ♥♦✈♦s ♠❛t❡r✐❛✐s ♥❛ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛✳ ❆♣❛r❛t♦s ❞❡ ♠✐❝r♦s❝♦♣✐❛ ♣❡r♠✐t✐r❛♠ ✈✐s✉❛❧✐③❛r✱ ♠❛✲

♥✐♣✉❧❛r ❡ ❝♦♥str✉✐r ♠❛t❡r✐❛✐s ❝♦♠♦ ♥❛♥♦♣❛rtí❝✉❧❛s✱ ♥❛♥♦❝♦♥t❛t♦s✱ ♥❛♥♦✜♦s✱ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r✲

❜♦♥♦✱ ❡♥tr❡ ♦✉tr♦s✳ ❆s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ❡stã♦ ❢♦rt❡♠❡♥t❡ ❢✉♥❞❛♠❡♥t❛❞❛s ❡♠ ♣r✐♥❝í♣✐♦s

❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛✱ t❛✐s ❝♦♠♦✿ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♦♥❞✉❧❛tór✐♦ ❞❡ ❡❧étr♦♥s ♥❛ ✐♥t❡r❛çã♦ ❝♦♠

❛ ♠❛tér✐❛ ✉t✐❧✐③❛❞❛ ♥♦ ♠✐❝r♦s❝ó♣✐♦ ❞❡ tr❛♥s♠✐ssã♦ ❡❧❡trô♥✐❝❛❀ ❡❢❡✐t♦s ❞❡ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛✲

♠❡♥t♦ ✉t✐❧✐③❛❞♦s ♥♦ ♠✐❝r♦s❝ó♣✐♦ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✭❙❝❛♥♥✐♥❣ ❚✉♥♥❡❧✐♥❣ ▼✐❝r♦s❝♦♣❡✮ ✭❙❚▼✮❀

❢♦rç❛ ❛tô♠✐❝❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ ♣♦♥t❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛ ✭❛t♦♠✐❝ ❢♦r❝❡

♠✐❝r♦s❝♦♣❡✮ ✭❆❋▼✮ ❡ ❛ s✉♣❡r❢í❝✐❡ ❛ s❡r ❡st✉❞❛❞❛✳ ❊ss❛s té❝♥✐❝❛s só ❢♦r❛♠ ♣♦ssí✈❡✐s ❞❡ s❡r❡♠

❞❡s❡♥✈♦❧✈✐❞❛s ❡ ❞♦♠✐♥❛❞❛s ❣r❛ç❛s ❛♦ ❣r❛♥❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡ór✐❝♦ ❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛

q✉❡ s✉r❣✐✉ ♣❛r❛❧❡❧❛♠❡♥t❡ à ♥❡❝❡ss✐❞❛❞❡ ❞♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❡ ❡❢❡✐t♦s ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ ❡ ♥❛✲

♥♦❡s❝❛❧❛✳ ❈♦♥s✐❞❡rá✈❡❧ ❡s❢♦rç♦ ✈❡♠ s❡♥❞♦ ❢❡✐t♦ ❞❡s❞❡ ♦ ✐♥í❝✐♦ ❞♦s ❛♥♦s ✾✵ ♣❛r❛ ♠❡❧❤♦r❛r ♦s

♠ét♦❞♦s ❞❡ ❢❛❜r✐❝❛çã♦ ❧✐✈r❛♥❞♦ ♦s ♠❛t❡r✐❛✐s ❞❡ ❞❡❢❡✐t♦s ❡ ❝♦♥t❛♠✐♥❛çõ❡s✳ ■st♦ ♣♦ss✐❜✐❧✐t❛ ✉♠

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

❆s ❛♣❧✐❝❛çõ❡s ❡♥✈♦❧✈❡♥❞♦ ♥❛♥♦t❡❝♥♦❧♦❣✐❛ ❥á ❡stã♦ ♣r♦✈♦❝❛♥❞♦ ♠✉❞❛♥ç❛s ♥❛ s♦❝✐❡❞❛❞❡✳ ❆s

♥❛♥♦♣❛rtí❝✉❧❛s ❥á ❡stã♦ s❡♥❞♦ ✉t✐❧✐③❛❞♦s ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ tr❛t❛♠❡♥t♦ ❞❡ ❝â♥❝❡r ✉s❛♥❞♦ ❤✐♣❡r✲

t❡r♠✐❛✳ ❊♠ ✷✵✵✼✱ ❏♦❤❛♥ss❡♥ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❝♦♥❞✉③✐r❛♠ ♦ ♣r✐♠❡✐r♦ tr❛t❛♠❡♥t♦ ❡♠ ♣❛❝✐❡♥t❡s

❝♦♠ ❝â♥❝❡r ✉t✐❧✐③❛♥❞♦ ♥❛♥♦♣❛rtí❝✉❧❛s ❬✸❪✳ ❆ ✐❞❡✐❛ ❞❡ ❛q✉❡❝❡r t❡❝✐❞♦s ❝❛♥❝❡r♦s♦s ♣❛r❛ ❡❧✐♠✐♥❛r

♦ ❝â♥❝❡r ❝♦♠ ♣❛rtí❝✉❧❛s ♠❛❣♥ét✐❝❛s ❥á t❡♠ ♠❛✐s ❞❡ ✺✵ ❛♥♦s✱ ♣♦ré♠✱ ✉♠ ❡♥♦r♠❡ ❛✈❛♥ç♦ t❡♠

s✐❞♦ ❛❧❝❛♥ç❛❞♦ ❝♦♠ ❛ ♣r♦❞✉çã♦ ❞❡ ♥❛♥♦♣❛rtí❝✉❧❛s✳ ◆❛♥♦♣❛rtí❝✉❧❛s ♣♦❞❡♠ s❡r s✐♥t❡t✐③❛❞❛s ♣♦r

❞✐✈❡rs❛s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ♣♦❞❡♠♦s ❝✐t❛r s✉❛ sí♥t❡s❡ ❛tr❛✈és ❞♦ r❡s❢r✐❛♠❡♥t♦ ❞♦ ✈❛♣♦r

2
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❞❡ ✉♠ ♠❛t❡r✐❛❧ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❣ás ✐♥❡rt❡ ❡♠ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ♣r♦❞✉③✐♥❞♦ ✉♠ ✈❛♣♦r s✉♣❡r✲

s❛t✉r❛❞♦✳ ❊♠ ❝❡rt❛s ❝♦♥❞✐çõ❡s ❞❡ ♣r❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛ ♦ ✈❛♣♦r s✉♣❡rs❛t✉r❛❞♦ ❝♦♥❞❡♥s❛rá

❢♦r♠❛♥❞♦ ♥❛♥♦♣❛rtí❝✉❧❛s ❬✶❪✳

❊♠ ✶✾✸✶ ❊r♥st ❘✉s❦❛ ❡ ▼❛① ❑♥♦❧ ❝♦♥str✉ír❛♠ ♦ ♣r✐♠❡✐r♦ ♠✐❝r♦s❝ó♣✐♦ ❞❡ tr❛♥s♠✐ssã♦

❡❧❡trô♥✐❝❛ ✭tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②✮ ✭❚❊▼✮✳ ❊st❡ ♠✐❝r♦s❝ó♣✐♦ ❡stá ❢✉♥❞❛♠❡♥t❛❞♦

♥❛ ✐♥t❡r❛çã♦ ❞❡ ✉♠ ❢❡✐①❡ ❞❡ ❡❧étr♦♥s ❝♦♠ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❛♠♦str❛✳ ❉❡✈✐❞♦ ❛♦ ❜❛✐①♦ ❝♦♠✲

♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ q✉❡ ♦s ❡❧étr♦♥s ❞♦ ❢❡✐①❡ ♣♦❞❡♠ t❡r✱ ❛ r❡s♦❧✉çã♦ ❞❡st❡ ♠✐❝r♦s❝ó♣✐♦ é ♠✉✐t♦

♠❛✐♦r q✉❡ ❛ r❡s♦❧✉çã♦ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ót✐❝♦✳ ◆❛ é♣♦❝❛✱ ♦ ❚❊▼ ♣r♦❞✉③✐❞♦ ♣♦r ❊r♥st ❘✉s❦❛

❡ ▼❛① ❑♥♦❧ ♥ã♦ ♣♦ss✉í❛ ❣r❛♥❞❡ r❡s♦❧✉çã♦✱ ♠❛s ❛t✉❛❧♠❡♥t❡ ❝♦♠ ❝♦rr❡çõ❡s ❞❡ ❛❜❡rr❛çõ❡s é

♣♦ssí✈❡❧ t❡r ✐♠❛❣❡♥s ❞❡ ❛té ✵✳✺ Å ✉s❛♥❞♦ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ tr❛♥s♠✐ssã♦ ❡❧❡trô♥✐❝❛ ❞❡ ❛❧t❛

r❡s♦❧✉çã♦ ✭❤✐❣❤✲r❡s♦❧✉t✐♦♥ tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②✮ ✭❍❘❚❊▼✮ ❬✷❪ ❆ ❤❛❜✐❧✐❞❛❞❡ ❞❡

❞❡t❡r♠✐♥❛r ♣♦s✐çõ❡s ❞❡ át♦♠♦s ♥♦ ♠❛t❡r✐❛❧ t❡♠ ❢❡✐t♦ ❡st❛ té❝♥✐❝❛ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❢❡rr❛♠❡♥t❛

❞❛s ♣❡sq✉✐s❛s ❡♠ ♥❛♥♦❝r✐st❛✐s ❡ ♦✉tr❛s ♥❛♥♦❡str✉t✉r❛s✳

❈♦♠♦ ❢❡rr❛♠❡♥t❛ ❞❡ ✐♠❛❣❡♠ ❡ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ♥❛♥♦❡str✉t✉r❛s ♦ ♠✐❝r♦s❝ó♣✐♦ ❞❡ t✉♥❡❧❛✲

♠❡♥t♦ ✭❙❝❛♥♥✐♥❣ ❚✉♥♥❡❧✐♥❣ ▼✐❝r♦s❝♦♣❡✮ ✭❙❚▼✮ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❡♠ ✶✾✽✶ ♣♦r ●❡r❞ ❇✐♥♥✐♥❣ ❡

❍❡✐♥r✐❝❤ ❘♦❤r❡r ❬✹❪✳ ❊st❛ té❝♥✐❝❛ ♣♦❞❡ ♠♦str❛r ✐♠❛❣❡♥s ❞❡ s✉♣❡r❢í❝✐❡s ❝♦♠ ❡①❝❡❧❡♥t❡ r❡s♦❧✉çã♦

✭✵✳✶ ♥♠ ❞❡ r❡s♦❧✉çã♦ ❧❛t❡r❛❧ ❡ ✵✳✵✶ ♥♠ ❞❡ r❡s♦❧✉çã♦ ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡✮✳ ❖ ❙❚▼ t❡♠ s❡ t♦r♥❛❞♦

✉♠❛ ❢❡rr❛♠❡♥t❛ ✐♥❞✐s♣❡♥sá✈❡❧ ❡♠ ♥❛♥♦t❡❝♥♦❧♦❣✐❛✱ ♦ ❣r❛♥❞❡ s✉❝❡ss♦ ❞❡ss❛ té❝♥✐❝❛ ❝♦♥s✐st❡ ♥ã♦

s♦♠❡♥t❡ ❡♠ ✈✐s✉❛❧✐③❛r át♦♠♦s ❡ ♠♦❧é❝✉❧❛s ♠❛s t❛♠❜é♠ ♥❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠❛♥✐♣✉❧á✲❧♦s✳ ❖

❙❚▼ ❡stá ❜❛s❡❛❞♦ ♥♦ ♣r✐♥❝í♣✐♦ ❞♦ t✉♥❡❧❛♠❡♥t♦ q✉â♥t✐❝♦ ❞❡ ❡❧étr♦♥s✳ ◗✉❛♥❞♦ ❛ ♣♦♥t❛ ❞♦

❙❚▼ ♣❛ss❛ ♠✉✐t♦ ♣ró①✐♠❛ ❛ ✉♠❛ s✉♣❡r❢í❝✐❡ ❛ s❡r ❡①❛♠✐♥❛❞❛✱ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✈♦❧t❛❣❡♠

❛♣❧✐❝❛❞❛ ❡♥tr❡ ❛ ♣♦♥t❛ ❡ ❛ s✉♣❡r❢í❝✐❡ ❝❛✉s❛ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳ ❆ ♠❛❣♥✐t✉❞❡ ❞❡ss❛

❝♦rr❡♥t❡ ♣♦❞❡ s❡r ❝♦♥tr♦❧❛❞❛ ♣❡❧❛ ❛❧t✉r❛ ❞❛ ♣♦♥t❛ ❡♠ r❡❧❛çã♦ ❛ s✉♣❡r❢í❝✐❡✳ ❊♠ ✶✾✽✻✱ ●❡r❞ ❇✐♥✲

♥✐♥❣ ❡ ❍❡✐♥r✐❝❤ ❘♦❤r❡r ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❊r♥st ❘✉s❦❛ ✭✐♥✈❡♥t♦r ❞♦ ♠✐❝r♦s❝ó♣✐♦ ❞❡ tr❛♥s♠✐ssã♦

❡❧❡trô♥✐❝❛✮ ❞✐✈✐❞✐r❛♠ ♦ ♣rê♠✐♦ ♥♦❜❡❧ ❞❡ ❢ís✐❝❛ ♣♦r ❡st❛s ✐♥✈❡♥çõ❡s✳

◆❛♥♦♣❛rtí❝✉❧❛s sã♦ s✐♥t❡t✐③❛❞❛s ❝♦♠ s✉❝❡ss♦ ❞❡s❞❡ ✶✾✹✵✳ ◆♦ ❡♥t❛♥t♦✱ s♦♠❡♥t❡ ❡♠ ✶✾✽✹✱

●❧❡✐t❡r ❡ ❇✐rr✐♥❣❡r ♣r♦❞✉③✐r❛♠ ♥❛♥♦♠❛t❡r✐❛✐s ❝r✐st❛❧✐♥♦s ❝♦♠ t❛♠❛♥❤♦ ❡♥tr❡ ✶✲✶✵ ♥♠ ❬✺✱✻❪ ❝♦♠

♦ ❛✉①í❧✐♦ ❞♦ ❙❚▼✳ ❆s ♥❛♥♦❡str✉t✉r❛s ❞❡ss❡s ♠❛t❡r✐❛✐s ♥ã♦ ♣✉❞❡r❛♠ s❡r r❡✈❡❧❛❞❛s ♣♦r ♠❡✐♦

❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s ❳ ♦✉ ♠✐❝r♦s❝♦♣✐❛ ▼öss❜❛✉❡r✱ ♦ q✉❡ ❞❡s♣❡rt♦✉ ✉♠ ♠❛✐♦r ✐♥t❡r❡ss❡ ♣❛r❛

❡st✉❞á✲❧♦s✳ ❊♠ ✶✾✽✼ ❢♦✐ r❡❛❧✐③❛❞❛ ❛ ♣r✐♠❡✐r❛ ♠❡❞✐❞❛ ❞❡ ❞✐❢✉s✐❜✐❧✐❞❛❞❡ ❡♠ ❣rã♦s ❞❡ ♥❛♥♦❝r✐st❛✐s

❝♦♠ t❛♠❛♥❤♦ ❞❡ ✽ ♥♠✳ ❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉s✐❜✐❧✐❞❛❞❡ ❞❡ss❡s ♥❛♥♦♠❛t❡r✐❛✐s ❢♦✐ r❡❧❛t❛❞♦ s❡r

❞❛ ♦r❞❡♠ ❞❡ ✸ ✈❡③❡s ♠❛✐♦r q✉❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❣rã♦s ❜❡♠ ♠❛✐♦r❡s✳ ❉❡ ♠♦❞♦ ❛♥á❧♦❣♦✱ ❡st✉❞♦s

❞❡ ❞✐❢✉s✐❜✐❧✐❞❛❞❡ ❞❡ ♣r❛t❛ ❡♠ ♥❛♥♦❝r✐st❛✐s ❞❡ ❝♦❜r❡ ❝♦♠ ✽ ♥♠ ✭t❛♠❛♥❤♦ ❞♦ ❣rã♦✮ r❡✈❡❧♦✉

❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉s✐❜✐❧✐❞❛❞❡ ✷✲✹ ✈❡③❡s ♠❛✐♦r q✉❡ ♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡ ❡♠ ❝r✐st❛✐s
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❞❡ ❝♦❜r❡ ✈♦❧✉♠étr✐❝♦ ❬✼❪✳

❆♣ós ❛ ✐♥✈❡♥çã♦ ❞♦ ❙❚▼✱ ❡♠ ✶✾✾✵✱ ❉♦♥ ❊✐❣❧❡r ❡ ❊r❤❛r❞ ❙❤✇❡✐③❡r ❞❡s❝♦❜r✐r❛♠ q✉❡ ❛ ♣♦♥t❛

❞♦ ❙❚▼ ♣♦❞✐❛ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ♠❛♥✐♣✉❧❛r ❛ ♣♦s✐çã♦ ❞❡ át♦♠♦s ♦✉ ♠♦❧é❝✉❧❛s ❬✽❪✳ ■st♦ ❞❡

❛❧❣✉♠❛ ♠❛♥❡✐r❛ r❡❧❡♠❜r♦✉ ♦ ❞✐s❝✉ss♦ ❢✉t✉r✐st❛ ❞❡ ❘✐❝❤❛r❞ ❋❡②♥♠❛♥ ❡♠ ✶✾✺✾ ❞❛❞♦ ❛ ❆♠❡r✐❝❛♥

P❤✐s②❝❛❧ ❙♦❝✐❡t② ♥♦ ✐♥st✐t✉t♦ ❞❡ t❡❝♥♦❧♦❣✐❛ ❞❛ ❈❛❧✐❢ór♥✐❛ ✭❈❛❧t❡❝❤✮✳ ❋❡②♥♠❛♥ ♥❛ ♦❝❛s✐ã♦ ❞✐ss❡✿

✏✳✳✳ ■♥ t❤❡ ❣r❡❛t ❢✉t✉r❡✱ ✇❡ ❝❛♥ ❛rr❛♥❣❡ t❤❡ ❛t♦♠s t❤❡ ✇❛② ✇❡ ✇❛♥t ✳✳✳✑ ❡♠ ✉♠❛ tr❛❞✉çã♦ ❧✐✈r❡✿

✏✳✳✳ ◆♦ ❢✉t✉r♦✱ ♥ós ♣♦❞❡r❡♠♦s ❛rr❛♥❥❛r ♦s át♦♠♦s ✭✉♠ ♣♦r ✉♠✮ ❞♦ ♠♦❞♦ q✉❡ q✉✐s❡r♠♦s✳✳✳✑

Figura 1.1: Primeira demostração de manipulação de átomos usando um STM. Átomos de xenônio são posicionados

sobre um superfície de níquel de modo a escrever o nome IBM. D. M. Eigler and E. K. Shweizer, Positioning single

atoms with a scanning tunneling microscope, Nature 344 (1990).

❆ ✈✐sã♦ ❞❡ ❋❡②♥♠❛♥ ❢♦✐ tr❛❞✉③✐❞❛ ❡♠ r❡❛❧✐❞❛❞❡ ❝♦♠ ❛ ❞❡♠♦♥str❛çã♦ ✐♥✐❝✐❛❧ ❞♦ ♠ét♦❞♦ ❢❡✐t❛

♣♦r ❊✐❣❧❡r ❡ ❙❤✇❡✐③❡r ❬✽❪ q✉❡ ❡s❝r❡✈❡r❛♠ ♦ ♥♦♠❡ ■❇▼ ❛rr❛♥❥❛♥❞♦ át♦♠♦s ❞❡ ①❡♥ô♥✐♦ ✭❳❡✮ s♦❜r❡

✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡ ♥íq✉❡❧ ✭◆✐✮✳ ❖ ♠ét♦❞♦ ♣❛r❛ ♠❛♥✐♣✉❧❛r át♦♠♦s s♦❜r❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ❡stá

✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✶✳✷✱ ♣r✐♠❡✐r❛♠❡♥t❡ ❛ ♣♦♥t❛ ❞♦ ❙❚▼ ✈❛rr❡ ❛ s✉♣❡r❢í❝✐❡ ❡♠ ♠♦❞♦ ❞❡ ❝♦rr❡♥t❡

❞❡ t✉♥❡❧❛♠❡♥t♦ ❝♦♥st❛♥t❡ ✭✈❛r✐❛♥❞♦ ❛ ❛❧t✉r❛ ❞❛ ♣♦♥t❛ ❡♠ r❡❧❛çã♦ ❛ s✉♣❡r❢í❝✐❡✮✳ ❊st❛ ❝♦rr❡♥t❡

é ❢r❛❝❛ ✭❞❛ ♦r❞❡♠ ❞❡ 10−9 A✮ ♣❛r❛ ♥ã♦ ♠♦✈❡r ♦s át♦♠♦s q✉❡ ❡stã♦ ❢r❛❝❛♠❡♥t❡ ❧✐❣❛❞♦s ❛

s✉♣❡r❢í❝✐❡✳ ❆ ♠❡❞✐❞❛ q✉❡ ❛ ♣♦♥t❛ ♣❛ss❛ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡✱ ❝❛❞❛ át♦♠♦ ❝❛✉s❛ ✉♠❛ ❡❧❡✈❛çã♦ ❞❡

16 Å ♥❛ ♣♦♥t❛ ❞♦ ❙❚▼ ✭♣❛r❛ ♠❛♥t❡r ❛ ❝♦rr❡♥t❡ ✜①❛ ♣❛r❛ ❳❡ s♦❜r❡ ◆✐✮✳ ❖ ♣ró①✐♠♦ ♣❛ss♦ é

♣♦s✐❝✐♦♥❛r ❛ ♣♦♥t❛ ❞♦ ❙❚▼ s♦❜r❡ ✉♠ át♦♠♦ q✉❡ s❡ ❞❡s❡❥❛ ♠♦✈❡r ❡ ❛♣r♦①✐♠❛r ❛ ♣♦♥t❛ ♣♦r ✉♠❛

❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 10 Å ♦ q✉❡ ❧❡✈❛rá ❛ ✉♠ ❛✉♠❡♥t♦ ❞❡ ❝♦rr❡♥t❡ ❡♠ ✉♠❛ ♦r❞❡♠

❞❡ ♠❛❣♥✐t✉❞❡✳ ❙❡ ❛ ❝♦rr❡♥t❡ ❡st✐✈❡r ❝♦rr❡t❛✱ ❛ ❢♦rç❛ ❞❡ ✈❛♥ ❞❡r ❲❛❧❧s ❝r❡s❝❡rá ❛ ✉♠ ♥í✈❡❧ q✉❡

♥ã♦ é s✉✜❝✐❡♥t❡ ♣❛r❛ r❡♠♦✈❡r ♦ át♦♠♦ ❞❛ s✉♣❡r❢í❝✐❡✱ ♠❛s s✉✜❝✐❡♥t❡ ♣❛r❛ ♠❛♥t❡r ♦ át♦♠♦ ♣r❡s♦

❛ ♣♦♥t❛ ❞♦ ❙❚▼ ❡♥q✉❛♥t♦ ❡❧❛ ♠♦✈❡✲s❡✳ ◗✉❛♥❞♦ ❛ ♣♦s✐çã♦ ❞❡s❡❥❛❞❛ é ❛❧❝❛♥ç❛❞❛ ❛ ❝♦rr❡♥t❡ é

♥♦✈❛♠❡♥t❡ ♣♦st❛ ❛♦s ♥í✈❡✐s ♠❛✐s ❜❛✐①♦s ❡ ❡♥tã♦ ♦ át♦♠♦ ✜❝❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ♣r❡s♦ ❛ s✉♣❡r❢í❝✐❡

❡ ♥ã♦ ♠❛✐s ❛ ♣♦♥t❛ ❞♦ ❙❚▼✳

❉❡s❞❡ ✶✾✾✵ ❡st❛ ❛rt❡ ❞❡ ✉s❛r ♦ ❙❚▼ t❡♠ s✐❞♦ ♠❡❧❤♦r❛❞❛ ❡ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ át♦♠♦s ❡
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1.1 Síntese e Aplicações dos Nanomateriais 5

Figura 1.2: Ilustração do mecanismo para mover átomos usando um STM. (a) Inicialmente a superfície é mapeada

fazendo a ponta do STM passar de modo a produzir uma corrente de tunelamento constante entre a ponta e a superfície.

Um átomo sobre a superfície causa uma mudança na altura na posição da ponta do STM. (b) A ponta do STM é movida

acima do átomo e depois aproximada a superfície aumentando a corrente de tunelamento. A interação entre a ponta e

o átomo é aumentada, mas não suficiente para arrancá-lo da superfície. (c) A ponta é movida mantendo a corrente de

tunelamento alta de modo a mover o átomo para uma posição desejada. (d) A corrente de tunelamento é reduzida e então

o átomo é depositado em sua nova posição. [Chris Binns, Introduction to Nanoscience and Nanotechnology, Wiley,

2010.]

♠♦❧é❝✉❧❛s ❡stã♦ s❡♥❞♦ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡ ♣♦s✐❝✐♦♥❛❞♦s s♦❜r❡ ✈ár✐❛s s✉♣❡r❢í❝✐❡s ✉s❛♥❞♦ ♦ ❙❚▼✳ ❆

❋✐❣✳ ✶✳✸ ♠♦str❛ ♦ ♥í✈❡❧ ❞❡ s♦✜st✐❝❛çã♦ ❞❡st❛ té❝♥✐❝❛✳ ➪t♦♠♦s ❞❡ ❢❡rr♦ sã♦ ♣♦s✐❝✐♦♥❛❞♦s s♦❜r❡

✉♠ s✉♣❡r❢í❝✐❡ ❈✉✭✶✶✶✮ ❬✾❪✳ ❖♥❞❛s ❡st❛❝✐♦♥ár✐❛s sã♦ ❝❧❛r❛♠❡♥t❡ ✈✐st❛s ❞❡♥tr♦ ❞❡st❡s ✏❝✉rr❛✐s✑✳

❊st❛s ♦♥❞❛s ❡st❛❝✐♦♥ár✐❛s sã♦ ❞❡✈✐❞❛s ❛♦s ❡❧étr♦♥s ❞❡ ❝♦❜r❡ ❝♦♥✜♥❛❞♦s ♣❡❧♦s át♦♠♦s ❞❡ ❢❡rr♦

q✉❡ ❢♦r♠❛♠ ❝♦♥t♦r♥♦s✳

◆❡ss❡ ♠❡✐♦ t❡♠♣♦ ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ❙❚▼✱ ❡♠ ✶✾✽✻✱ ❇✐♥♥✐♥❣ ❡ ❝♦❧❛❜♦r❛❞♦r❡s✱ ♠♦t✐✲

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

♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛ ✭❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝rs♦❝♦♣❡✮ ✭❆❋▼✮ ❬✶✵❪ q✉❡ ♣♦❞❡ ❢❛③❡r ✐♠❛❣❡♥s ❞❡

q✉❛s❡ t♦❞♦ t✐♣♦ ❞❡ s✉♣❡r❢í❝✐❡ ✐♥❝✉✐♥❞♦ ♣♦❧í♠❡r♦s✱ ❝❡râ♠✐❝❛s✱ ❛♠♦str❛s ❜✐♦❧ó❣✐❝❛s ❡♥tr❡ ♦✉tr❛s✳

❖ ♣r✐♥❝í♣✐♦ ❢ís✐❝♦ ❞♦ ❆❋▼ ❡stá ♥❛ ❢♦rç❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ s✉♣❡r❢í❝✐❡ ❡ ❛ ♣♦♥t❛ ❞♦ ❆❋▼✱

❛tr❛✈és ❞❛ ❞❡✢❡①ã♦ ❞❛ ♣♦♥t❛ é ♣♦ssí✈❡❧ ♠❡❞✐r ❛ ❢♦rç❛ ❞❡ ✐♥t❡r❛çã♦ ❡ ❡♥tã♦✱ ❣❡r❛r ❛ t♦♣♦❣r❛✜❛

❞❛ s✉♣❡r❢í❝✐❡✳ ❖ ❆❋▼ t❡♠ s✐❞♦ ✉s❛❞♦ ♥ã♦ s♦♠❡♥t❡ ♣❛r❛ ♠❡❞✐r ❛ t♦♣♦❣r❛✜❛ ❞❛ s✉♣❡r❢í❝✐❡✱ ♠❛s

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

❡♥tr❡ ❛ ♣♦♥t❛ ❞♦ ❆❋▼ ❡ ❛ s✉♣❡r❢í❝✐❡✳ ❉❡s❞❡ s✉❛ ✐♥✈❡♥çã♦ ♦ ❆❋▼ t❛♠❜é♠ t❡♠ s✐❞♦ ✉s❛❞♦
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1.1 Síntese e Aplicações dos Nanomateriais 6

Figura 1.3: “Currais” quânticos gerados a partir da deposição de átomos de ferro sobre uma superfície de Cu(111).

Diferentes formas são produzidas manipulando átomos de ferro sobre uma superfície de cobre em 4 K. Note a existência

de ondas produzidas por interferência de ondas de elétrons e diferentes padrões de acordo com as diferentes condições

de contorno, no caso, os átomos de ferro funcionando como paredes (contornos) para ondas estacionárias de matéria.

[M. F. Crommie, C. P. Lutz, D. M. Eigler, and E. J. Heller, Waves on a metal surface and quantum corrals, Surf. Rev.

Lett. 2 (1995).]

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

❝❛s♦✱ ❛ ♣♦♥t❛ ❞♦ ❆❋▼ ♣♦❞❡ s❡r ✉s❛❞❛ ❝♦♠♦ ✉♠❛ ✏❝❛♥❡t❛✑ ❝❛✉s❛♥❞♦ r✐s❝♦s s♦❜r❡ ♦ ♠❛t❡r✐❛❧

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

✉♠❛ s✉♣❡r❢í❝✐❡✳ ❯♠❛ ❛♣❧✐❝❛çã♦ ❞❡st❛ té❝♥✐❝❛ é ❞❡♣♦s✐t❛r ♣♦♥t♦s ♦①✐❞❛❞♦s ❞❡ SiO2 s♦❜r❡ ✉♠

s✉❜str❛t♦✱ ❡st❡s ♣♦♥t♦s ♣♦❞❡♠ ❢✉♥❝✐♦♥❛r ❝♦♠♦ ✉♥✐❞❛❞❡s ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ❜✐ts✳

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ❆❋▼ ♣❡r♠✐t✐✉ ❛✈❛♥ç♦s ♥❛s ♣❡sq✉✐s❛s ❡♥✈♦❧✈❡♥❞♦ ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐✲

❝❛s ❞♦s ♥❛♥♦♠❛t❡r✐❛✐s✳ ❊♠ ✶✾✽✾✱ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞♦ ❆❋▼✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♠❡❞✐❞❛s ❞❡ ❞✉r❡③❛

s♦❜r❡ ♥❛♥♦❝r✐st❛✐s ❞❡ ❝♦❜r❡ ❡ ♣❛❧á❞✐♦ ❡ ♠♦str❛r❛♠ ✉♠ ❞❡s✈✐♦ ❞❛ ▲❡✐ ❞❡ ❍❛❧❧✲P❡t❝❤ ❬✶✶❪✳ ❆

❧❡✐ ❞❡ ❍❛❧❧✲P❡t❝❤ ❛✜r♠❛ q✉❡ ♦ ❞❡❝r❡s❝✐♠❡♥t♦ ❞♦ ❣rã♦ ❧❡✈❛ ❛ ✉♠ ❝r❡s❝✐♠❡♥t♦ ❞♦ ❧✐♠✐t❡ ❡❧ást✐❝♦

✭②✐❡❧❞ str❡♥❣t❤✮ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ✐♥✈❡rs♦ ❞❛ r❛✐③ q✉❛❞r❛❞❛ ❞♦ t❛♠❛♥❤♦ ❞♦ ❣rã♦✳ ◆♦ ❡♥t❛♥t♦✱ ❢♦✐

♦❜s❡r✈❛❞♦ ♣❛r❛ ❡st❡s ❝r✐st❛✐s ❞❡ ❝♦❜r❡ ❡ ♣❛❧á❞✐♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ❧✐♠✐t❡ ♣❛r❛ t❛❧ ❧❡✐✳ ❊st❡s

❡①♣❡r✐♠❡♥t♦s r❡✈❡❧❛r❛♠ q✉❡ ❛❜❛✐①♦ ❞❡ ✉♠ t❛♠❛♥❤♦ ❝rít✐❝♦ ❡st❡s ♠❛t❡r✐❛✐s ❛♣r❡s❡♥t❛✈❛♠ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ ✐♥✈❡rs♦ ❡♠ r❡❧❛çã♦ ❛ ❧❡✐ ❞❡ ❍❛❧❧✲P❛t❝❤✳ ❖✉ s❡❥❛✱ ♦ ❧✐♠✐t❡ ❡❧ást✐❝♦ ❞♦ ♠❛t❡r✐❛❧

♣♦❞❡ ❞❡❝r❡s❝❡r ❝♦♠ ♦ t❛♠❛♥❤♦ ❞♦ ❣rã♦✳

❆t✉❛❧♠❡♥t❡✱ ❛ ♥❛♥♦t❡❝♥♦❧♦❣✐❛ t❡♠ ❞❛❞♦ ❣r❛♥❞❡ ❝♦♥tr✐❜✉✐çã♦ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥❛♥♦✲

❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s ♣♦ss✐❜✐❧✐t❛♥❞♦ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦s ♠❡s♠♦s✳ ❊st❡s ♥❛♥♦❞✐s♣♦s✐t✐✈♦s

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

6
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q✉â♥t✐❝❛ ❡ s✉❛ r❡❧❛çã♦ ❝♦♠ ❛ r❡❧❛t✐✈✐❞❛❞❡ ❣❡r❛❧ ❞❡ ❊✐♥st❡✐♥✳ ❊♠ ✶✾✹✽✱ ❈❛s✐♠✐r ♠♦str♦✉ t❡♦r✐✲

❝❛♠❡♥t❡ ♣♦r ♠❡✐♦ ❞❛ t❡♦r✐❛ q✉â♥t✐❝❛ ❞❡ ❝❛♠♣♦s q✉❡ ❞✉❛s ♣❧❛❝❛s ♣❛r❛❧❡❧❛s r❡✢❡t♦r❛s ✭♥❡✉tr❛s✮

♣❡r❢❡✐t❛s ❡ ♠✉✐t♦ ♣ró①✐♠❛s✱ q✉❛♥❞♦ ❝♦❧♦❝❛❞❛s ♥♦ ✈á❝✉♦ ❡st❛r✐❛♠ s✉❥❡✐t❛s ❛ ✉♠ ❢♦rç❛ ❞❡ ❛tr❛çã♦

❡♥tr❡ ❡❧❛s ❞❡✈✐❞♦ ❛ ✢✉t✉❛çõ❡s q✉â♥t✐❝❛s ❞❡ ❝❛♠♣♦s ❡❧❡tr♦♠❛❣♥ét✐❝♦s ♥♦ ✈á❝✉♦ ❬✶✷❪✳ ■st♦ ✜❝♦✉

❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❡❢❡✐t♦ ❈❛s✐♠✐r✳ ❖ ❡❢❡✐t♦ ❈❛s✐♠✐r ✜❝♦✉ ❝♦♠♣r♦✈❛❞♦ ❡♠ ✶✾✺✽ ❬✶✸❪✱ ♣♦ré♠✱ ❛♣❡✲

♥❛s q✉❛❧✐t❛t✐✈❛♠❡♥t❡ ❢♦✐ ♣♦ssí✈❡❧ ❞❡t❡❝tá✲❧♦✳ ❆té r❡❝❡♥t❡♠❡♥t❡ ❡r❛ t❡❝♥✐❝❛♠❡♥t❡ ✐♠♣♦ssí✈❡❧

❝♦♥str✉✐r ♣❧❛❝❛s s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❧❛♥❛s ❡ ❧✐s❛s ❡ ❛♣r♦①✐♠❛✲❧❛s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ♠❡♥♦r q✉❡

1µm ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♣✉❞éss❡♠♦s ♠❡❞✐r q✉❛♥t✐t❛t✐✈❛♠❡♥t❡ ❡st❡ ❡❢❡✐t♦✳ ❈♦♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

❞❛ ♥❛♥♦t❡❝♥♦❧♦❣✐❛✱ ❡♠ ✶✾✾✼✱ ❙t❡✈❡ ▲❛♠♦r❡❛✉① ❬✶✹❪ ♠❡❞✐✉ ❛ ❢♦rç❛ ❞❡ ❈❛s✐♠✐r ❡♥tr❡ ✉♠❛ ♣❧❛❝❛ ❡

✉♠❛ ❡s❢❡r❛ ♠❡tá❧✐❝❛ ✉s❛♥❞♦ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛ ❡ ❡♥❝♦♥tr♦✉ r❛③♦á✈❡❧ ❝♦♥❝♦r❞â♥✲

❝✐❛ ❝♦♠ ❛ t❡♦r✐❛✳ ❉❡s❞❡ q✉❡ ♦s ❞✐s♣♦s✐t✐✈♦s ♥❛♥♦♠❡❝â♥✐❝♦s t❡♠ ❡✈♦❧✉í❞♦ ♣❛r❛ ❣❡♦♠❡tr✐❛s ♠❛✐s

❝♦♠♣❧❡①❛s✱ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❡s♣❛ç♦s ✈❛③✐♦s ♥❡st❡s ♥❛♥♦♠❛t❡r✐❛✐s é ✐♥❡✈✐tá✈❡❧ ❡ ♣♦❞❡ t♦r♥❛r ♦

❡❢❡✐t♦ ❈❛s✐♠✐r ✉♠❛ ❢♦rç❛ ❞♦♠✐♥❛♥t❡✳ P♦rt❛♥t♦✱ ❛ ❢♦rç❛ ❞❡ ❈❛s✐♠✐r t❡♠ s❡ t♦r♥❛❞♦ s✐❣♥✐✜❝❛♥t❡

♥❛ ❝♦♠♣r❡❡♥sã♦ ❞❡ ♥♦✈♦s ❡❢❡✐t♦s ❞❡ss❡s ❞✐s♣♦s✐t✐✈♦s✳ ❊♠ ✷✵✵✶✱ ♣❡sq✉✐s❛❞♦r❡s ♠♦str❛r❛♠ ❛

tr❛♥s♠✐ssã♦ ❞❡ ❢♦rç❛ ✉s❛♥❞♦ ♦ ❡❢❡✐t♦ ❈❛s✐♠✐r ❛♦ ❛♣r♦①✐♠❛r ✉♠❛ ♠✐❝r♦❡s❢❡r❛ ❞❡ ♦✉r♦ ❛ ✉♠❛

✜♥❛ ♣❧❛❝❛ ❞❡ s✐❧í❝✐♦ ❝♦♠ ❞✐♠❡♥sõ❡s ❞❡ ❛❧❣✉♠❛s ❝❡♥t❡♥❛s ❞❡ ♠✐❝rô♠❡tr♦s ❬✶✺❪✳ ❊♥q✉❛♥t♦ ❛ ✜♥❛

♣❧❛❝❛ ❞❡ s✐❧í❝✐♦ ♦s❝✐❧❛✈❛ ❡♠ t♦r♥♦ ❞❡ ✉♠ ❡✐①♦ ❛ ♠✐❝r♦❡s❢❡r❛ ❞❡ ♦✉r♦ ❢♦✐ ❛♣r♦①✐♠❛❞❛ ❝♦♠ ❛✉①í❧✐♦

❞❡ ✉♠ ❆❋▼✱ ❢♦✐ ♦❜s❡r✈❛❞♦ q✉❡ ♠✉❞❛♥ç❛s ❞❡ ❛♣❡♥❛s ❛❧❣✉♥s ♥❛♥ô♠❡tr♦s ♥❛ ❛❧t✉r❛ ❞❛ ❡s❢❡r❛ ❡♠

r❡❧❛çã♦ ❛ ♣❧❛❝❛ ❞❡ s✐❧í❝✐♦ ❝❛✉s❛r❛♠ ♠✉❞❛♥ç❛s ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦s❝✐❧❛çã♦ ❞❛ ♠❡s♠❛ ✭✈❡r ❋✐❣✳

✶✳✹✮✳ ❆ ❜✉s❝❛ ♣♦r ♠❡❞✐❞❛s ♣r❡❝✐s❛s ❞♦ ❡❢❡✐t♦ ❈❛s✐♠✐r é ✐♠♣♦rt❛♥t❡ ♣❛r❛ t❡♦r✐❛s q✉❡ t❡♥t❛♠

✉♥✐✜❝❛r ❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ❡ ❛ r❡❧❛t✐✈✐❞❛❞❡ ❣❡r❛❧ ✭❣r❛✈✐❞❛❞❡ q✉â♥t✐❝❛✮✳

❆ ♣r♦❞✉çã♦ ❞❡ ♠❛t❡r✐❛✐s ♥❛ ♥❛♥♦❡s❝❛❧❛ t❛♠❜é♠ t❡♠ s❡ t♦r♥❛❞♦ ✉♠❛ ♣♦ssí✈❡❧ ❢❡rr❛♠❡♥t❛

❞❡ ♠❛♥✐♣✉❧❛çã♦ ❞♦ ❉◆❆✳ P❡sq✉✐s❛s ❡stã♦ s❡♥❞♦ r❡❛❧✐③❛❞❛s ♣❛r❛ ✉s❛r ♦ ❉◆❆ ✭❉❡♦①②r✐❜♦♥✉❝❧❡✐❝

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

♠❡❝â♥✐❝❛s✱ q✉í♠✐❝❛s ❡ ót✐❝❛s✳ ❘❡✈❡st✐♠❡♥t♦s ♣r♦t❡t♦r❡s sã♦ ♦✉tr♦ ❡①❡♠♣❧♦ ❞❡ ❛♣❧✐❝❛çõ❡s ❡♥✲

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

t✐❝❛♠❡♥t❡ ❡❢❡✐t♦s ❞❡ ❢r✐❝çã♦ ❡✱ ♣♦rt❛♥t♦✱ ❛✉♠❡♥t❛r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛ ❡✜❝✐ê♥❝✐❛ ❡ ✈✐❞❛ út✐❧

❞❡st❛s ❡♥❣r❡♥❛❣❡♥s✳ ❆s ❛♣❧✐❝❛çõ❡s ❡♠ ♠✐❝r♦❡❧❡trô♥✐❝❛ t❛♠❜é♠ sã♦ ♠✉✐t❛s✱ ♥ós t❡♠♦s ✈✐st♦

✉♠ ❡♥♦r♠❡ ❛✉♠❡♥t♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❡♠ ❝♦♠♣✉t❛❞♦r❡s ✐st♦ é ❢r✉t♦ ❞❛ ♠❛✲

♥✐♣✉❧❛çã♦ ❞❡ ❝❛♠❛❞❛s ❞❡ ✜❧♠❡s ✜♥♦s ❝✉❥❛ ❡s♣❡ss✉r❛ é ❞❛ ♦r❞❡♠ ❞❡ ♥❛♥ô♠❡tr♦s ❬✽✹❪✳

1.2 Modelagem Computacional

❆s ♣❡sq✉✐s❛s ♥❛ ár❡❛ ❞❡ ♣❧❛st✐❝✐❞❛❞❡ ❡ ❞❡❢❡✐t♦s ❡♠ só❧✐❞♦s t❡♠ ❢♦r♥❡❝✐❞♦ s✉♣r✐♠❡♥t♦s ♣❛r❛
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Figura 1.4: Usando a força de Casimir em micromáquinas. Demostração da utilização da força de Casimir para

modificar a frequência de um oscilador micromecânico usando um AFM. Uma esfera revestida de ouro é aproximada de

uma microplaca de silício que oscila sobre uma balança de torção. A força de Casimir altera a frequência de oscilação

da placa. [H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. J. Bishop, and F. Capasso, Nonlinear micromechanical Casimir

oscillator, Phys. Rev. Lett. 87 (2001)]

❛✈❛♥ç♦s ♥❛ ❢❛❜r✐❝❛çã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♥❛ ❡s❝❛❧❛ ♠✐❝r♦s❝ó♣✐❝❛✳ ❖ ❡♥t❡♥❞✐♠❡♥t♦ ❡♥tr❡ ♦s ❡❢❡✐t♦s

♥❛ ♥❛♥♦❡s❝❛❧❛ q✉❡ sã♦ ♣r♦♣❛❣❛❞♦s ❛té ❛ ♠✐❝r♦❡s❝❛❧❛ ♦✉ ♠❛❝r♦❡s❝❛❧❛ sã♦ ❝r✉❝✐❛✐s ♣❛r❛ ♦ ❞❡✲

s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡s ♠❛t❡r✐❛✐s✳ ➱ ✐♠♣♦rt❛♥t❡ s❛❧✐❡♥t❛r q✉❡ ♥♦tá✈❡❧ ❛✈❛♥ç♦ t❛♠❜é♠ t❡♠ s✐❞♦

❛❧❝❛♥ç❛❞♦ ❡♠ s✐♠✉❧❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r✳ ❖s ♠♦❞❡❧♦s t❡ór✐❝♦s ❡stã♦ ♠❛✐s s♦✜st✐❝❛❞♦s✳

❖ ❛✈❛♥ç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣♦ss✐❜✐❧✐t♦✉ ❡st✉❞♦s ♥❛ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛ ❡♥✈♦❧✈❡♥❞♦ ❛té ♠✐❧❤õ❡s

❞❡ át♦♠♦s✳ ❊st❡ ❛✈❛♥ç♦ ♥♦ ♣r♦❝❡ss❛♠❡♥t♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣❡r♠✐t✐✉ ❡st✉❞❛r ❝❡rt♦s ♠❛t❡r✐❛✐s✱

♣♦ré♠ ❛✐♥❞❛ ❝♦♠ ❧✐♠✐t❛çõ❡s ❞❡ t❛♠❛♥❤♦ ❡ ❡s❝❛❧❛ ❞❡ t❡♠♣♦✳ ❈♦♠♣♦♥❡♥t❡s ♥❛ ♥❛♥♦❡s❝❛❧❛

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

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

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

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

❛ ❝♦♥❡①ã♦ ❡♥tr❡ ❛ ♥❛♥♦ ❡ ♠❛❝r♦❡s❝❛❧❛ ❢♦r♥❡❝❡♠ ❢♦rt❡ ❜❛s❡ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❡♠ ❡♥❣❡♥❤❛r✐❛✳ ➱

s❛❜✐❞♦ q✉❡ s♦♠❡♥t❡ ❝á❧❝✉❧♦s ❡♥✈♦❧✈❡♥❞♦ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ✭❝á❧❝✉❧♦s ❛❜✲✐♥✐t✐♦✮ ♦✉ ♠❡s♠♦ ❝á❧✲

❝✉❧♦s ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠ ♣♦t❡♥❝✐❛✐s ❡❢❡t✐✈♦s ♥ã♦ sã♦ s✉✜❝✐❡♥t❡s ♣❛r❛ ♠♦❞❡❧❛r s✐st❡♠❛s

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

❞♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ❡ t✐♣✐❝❛♠❡♥t❡ ♥ã♦ ♣❛ss❛♠ ❞❡ ✶ ♠✐❧❤ã♦ ❞❡ ♣❛rtí❝✉❧❛s ♣❛r❛ s✐st❡♠❛s

♠♦❞❡❧❛❞♦s ❝♦♠ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝❧áss✐❝❛ ✭✶ ❜✐❧❤ã♦ ❞❡ át♦♠♦s ❡♠ ✉♠❛ r❛r❛ ❡①❝❡çã♦✮✳ ❊st❛
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❧✐♠✐t❛çã♦ ✈❡♠ ❞♦ ❡♥♦r♠❡ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ q✉❡ ❡st❛s t❡♦r✐❛s ♣♦ss✉❡♠✳ ❯♠❛ ❞❛s ♠❛✐♦r❡s

s✐♠✉❧❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝❧áss✐❝❛ ❥á r❡❛❧✐③❛❞❛s ❝♦♠ ♣♦t❡♥❝✐❛✐s ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡

❜❛r❛t♦s ♣♦ss✉✐ ✶ ❜✐❧❤ã♦ ❞❡ át♦♠♦s ❬✶✼❪✳ ❚✉❞♦ ✐ss♦ ❡q✉✐✈❛❧❡ ❛♣❡♥❛s ❛ ✉♠ ♣❡q✉❡♥♦ ❝✉❜♦ ❝♦♠

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✱✸ µ♠ ❞❡ ❧❛❞♦✳ ➱ ❜♦♠ r❡ss❛❧t❛r q✉❡ ❛ ✉t✐❧✐③❛çã♦ ✉♥✐❝❛♠❡♥t❡ ❞❡ ✉♠ ❞❡ss❡s

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

t❛♠❛♥❤♦ ❡ ❡s❝❛❧❛ ❞❡ t❡♠♣♦✳ ❆ ♠♦❞❡❧❛❣❡♠ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞❡st❡s ♠❛t❡r✐❛✐s ❡①✐❣❡ ♠♦❞❡❧♦s q✉❡

❢✉♥❝✐♦♥❡♠ ❞❡ ♠♦❞♦ ❛❝♦♣❧❛❞♦ ✈❛r✐❛♥❞♦ ❞❡ s✐st❡♠❛s ❝♦♠ ❛❧❣✉♥s ♥❛♥ô♠❡tr♦s ❛té s✐st❡♠❛s ❝♦♠

❝❡♥t❡♥❛s ❞❡ ♠✐❝rô♠❡tr♦s ♦✉ ♠❛✐s✳

▼✉✐t❛s t❡♦r✐❛s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s ♣❛r❛ ♠♦❞❡❧❛r ❡st❡s ♠❛t❡r✐❛✐s✱ ♥♦ ❡♥t❛♥t♦✱ ❛s t❡♦r✐❛s

❛t♦♠íst✐❝❛s✱ ❛♣❡s❛r ❞❡ ♠❛✐s ❝❛r❛s ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡✱ ♣♦❞❡♠ ❞❛r ♠❛✐s ♣r❡❝✐sã♦ ❡ ❡♠ ♠✉✐t♦s

❝❛s♦s sã♦ ♠❛✐s ❛❞❡q✉❛❞❛s q✉❡ t❡♦r✐❛s ❞❡ ❝♦♥tí♥✉♦✳ ▼❡s♠♦ ❝♦♠ t❛♠❛♥❤❛ ❧✐♠✐t❛çã♦ ❞❡ t❛♠❛♥❤♦

❡ ❡s❝❛❧❛ ❞❡ t❡♠♣♦✱ ❡ss❛s t❡♦r✐❛s ❛t♦♠íst✐❝❛s ♣♦❞❡♠ s❡r ❛♣❧✐❝❛❞❛s ❡♠ ♠✉✐t♦s ♣r♦❜❧❡♠❛s t❛✐s

❝♦♠♦ ❞❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ❡ ❡st✉❞♦ ❞❡ ♥❛♥♦✜♦s ❡♥✈♦❧✈❡♥❞♦ ❡st✉❞♦ ❞❛ q✉❡❜r❛ ❡ s♦❧❞❛❣❡♠

❢r✐❛ ❞♦s ♠❡s♠♦s ✭✈❡r ❝❛♣ít✉❧♦s ✸ ❡ ✹✮✳

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

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

❧❡✐ ❞❡ ▼♦♦r❡ ❬✶❪✱ ♥ã♦ é ♣♦ssí✈❡❧ ❛t✉❛❧♠❡♥t❡ s✐♠✉❧❛r s✐st❡♠❛s ❝♦♠ ✶✵ ❜✐❧❤õ❡s ❞❡ át♦♠♦s✱ ♣♦r

❡①❡♠♣❧♦✳ P♦rt❛♥t♦✱ s✐st❡♠❛s ❝♦♥tí♥✉♦s ♥ã♦ ♣♦❞❡♠ s❡r ♠♦❞❡❧❛❞♦s ♣♦r ♠ét♦❞♦s ❛t♦♠íst✐❝♦s ♣♦r

s❡r❡♠ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ♠✉✐t♦ ❝❛r♦s✳ ❙❡r✐❛ ✐♥t❡r❡ss❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠ét♦❞♦s q✉❡

❛❝♦♣❧❡♠ t❡♦r✐❛s ❛t♦♠íst✐❝❛s ❝♦♠ t❡♦r✐❛s ❞❡ ❝♦♥tí♥✉♦✱ ❡st❡s ♠ét♦❞♦s sã♦ ❝♦♠✉♠❡♥t❡ ❝❤❛♠❛❞♦s

❞❡ ♠ét♦❞♦s ♠✉❧t✐❡s❝❛❧❛✳

1.3 A Dinâmica Molecular

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

s❡ ♦ ♠ét♦❞♦ ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝❧áss✐❝❛✳ ❊st❛ ♠❡t♦❞♦❧♦❣✐❛ ❡stá ❢✉♥❞❛♠❡♥t❛❞❛ ❡♠ ♣♦t❡♥❝✐✲

❛✐s ❡❢❡t✐✈♦s ❝♦♥str✉í❞♦s ❞❡ ♠♦❞♦ ❛ r❡♣r♦❞✉③✐r❡♠ ❛ ♥❛t✉r❡③❛ ❢ís✐❝❛ ❞♦s ♠❛t❡r✐❛✐s✳ ❖ ♣♦t❡♥❝✐❛❧ ❞❡

▲❡♥♥❛r❞✲❏♦♥❡s é ✉♠ ❞♦s ♣♦t❡♥❝✐❛✐s ❡❢❡t✐✈♦s ♠❛✐s s✐♠♣❧❡s ♥❛ ❧✐t❡r❛t✉r❛ ❝✐❡♥tí✜❝❛✳ ❊st❡ ♣♦t❡♥✲

❝✐❛❧ ♣♦❞❡ ♠♦❞❡❧❛r ❛❞❡q✉❛❞❛♠❡♥t❡ ♦s ❣❛s❡s ♥♦❜r❡s✳ ❈♦♥❥✉♥t❛♠❡♥t❡ ❛♦ ♣♦t❡♥❝✐❛❧ ❞❡ ✐♥t❡r❛çã♦✱

❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❞❡✈❡♠ s❡r ✐♥t❡❣r❛❞❛s ❞❡ ♠♦❞♦ ❛ ♦❜t❡r♠♦s ✉♠ ❡♥s❡♠❜❧❡ ❡st❛tíst✐❝♦

✭♥❡st❛ t❡s❡✱ ✉t✐❧✐③❛♠♦s ♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦✮✳ ❖ ♣r✐♠❡✐r♦ tr❛❜❛❧❤♦ ✉t✐❧✐③❛♥❞♦ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉✲

❧❛r ❢♦✐ ♣✉❜❧✐❝❛❞♦ ♣♦r ❆❧❞❡r ❡ ❲❛✐♥✇r✐❣❤t ❡♠ ✶✾✺✼ ❬✶✽❪✳ ❊❧❡s ✉t✐❧✐③❛r❛♠ ❡♠ ❛❧❣✉♠❛s s✐♠✉❧❛çõ❡s

✉♠ ♣♦t❡♥❝✐❛❧ ♦♥❞❡ ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ ❛s ♣❛rtí❝✉❧❛s ❡r❛♠ ♠✉✐t♦ ❝✉rt❛s✱ ❧❡✈❛♥❞♦ ❛ ❡❢❡✐t♦s ❞❡

❝♦❧✐sõ❡s ✐♥st❛♥tâ♥❡❛s ✭♣♦t❡♥❝✐❛❧ ❞❡ ❝❛r♦ç♦ ❞✉r♦✮✳ ❊♠ ✶✾✻✼ ▲♦✉♣ ❱❡r❧❡t ❬✶✾✱ ✷✵❪ ❝❛❧❝✉❧♦✉ ♦
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❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡ ❞♦ ❛r❣ô♥✐♦ ✉t✐❧✐③❛♥❞♦ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s✳ ◆❡st❡ ♠❡s♠♦ tr❛❜❛❧❤♦✱

❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ✐♥t❡❣r❛çã♦ ❞❡ ❱❡r❧❡t✱ q✉❡ é✱ ♣r♦✈❛✈❡❧♠❡♥t❡✱ ♦ ❛❧❣♦r✐t♠♦ ❞❡

✐♥t❡❣r❛çã♦ ♠❛✐s ✉t✐❧✐③❛❞♦ ❡♠ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❡ q✉❡ ✉s❛r❡♠♦s ❡♠ ♥♦ss♦ tr❛❜❛❧❤♦✳

◆♦ ❞❡❝♦rr❡r ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❢♦r❛♠ ❝♦♥str✉í❞♦s ❞✐✈❡rs♦s ♠♦✲

❞❡❧♦s ❞❡ ✐♥t❡r❛çõ❡s ❛tô♠✐❝❛s ✉t✐❧✐③❛♥❞♦ ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s✳ ▼♦❞❡❧♦s ♠❛✐s s♦✜st✐❝❛❞♦s ♣❛r❛

♠♦❞❡❧❛❣❡♠ ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s✱ ♠❡t❛✐s✱ ❧✐❣❛s ♠❡tá❧✐❝❛s✱ ❡♥tr❡ ♦✉tr♦s✳ P♦❞❡♠♦s ❝✐t❛r ♣♦t❡♥✲

❝✐❛✐s ♣❛r❛ ♠❡t❛✐s ❝♦♠♦ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▼♦rs❡ ❡ ♦ ❡♠❜❡❞❞❡❞✲❛t♦♠ ♠❡t❤♦❞ ✭❊❆▼✮ ❬✷✶✕✷✸❪ ✱

♣♦t❡♥❝✐❛❧ ♣❛r❛ s❡♠✐❝♦♥❞✉t♦r❡s ❝♦♠♦ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❚❡rs♦✛ ❬✷✹❪✱ ❡st❡s ♣♦t❡♥❝✐❛✐s sã♦ ❛❥✉st❛❞♦s

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

q✉❡ sã♦ ❛❥✉st❛❞♦s ♣❛r❛ ♠♦❞❡❧❛r ❞✐r❡t❛♠❡♥t❡ ❛s ❧✐❣❛çõ❡s ♠♦❧❡❝✉❧❛r❡s✱ t❛✐s ❝♦♠♦✿ ❝♦♠♣r✐♠❡♥t♦

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

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

♦r❞❡♠ ❡str✉t✉r❛❧ ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛✱ ❞❡❢❡✐t♦s✱ ♠❡❞✐❞❛s ❞❡ ❡str❡ss❡✱ ❛❞s♦rçã♦ ❞❡ s✉❜stâ♥❝✐❛s ❡♠

s✉♣❡r❢í❝✐❡✱ ❡t❝✳

P❛r❛ q✉❡ ♠♦❞❡❧❡♠♦s ♦ s✐st❡♠❛s ❝♦♠ t❡♠♣❡r❛t✉r❛ ❝♦♥st❛♥t❡✱ ♥ós ✉t✐❧✐③❛♠♦s ♦ ♠ét♦❞♦

❞❡ ◆♦sé✲❍♦♦✈❡r ❬✷✺✱ ✷✻❪✳ ◆❡st❡ ♠ét♦❞♦✱ é ❛❝r❡s❝✐❞♦ ❛ ❤❛♠✐❧t♦♥✐❛♥❛ ❞♦ s✐st❡♠❛ ✉♠ ❣r❛✉ ❞❡

❧✐❜❡r❞❛❞❡ ❡①tr❛ r❡♣r❡s❡♥t❛♥❞♦ ✉♠ r❡s❡r✈❛tór✐♦ ❡①t❡r♥♦✳ ❖ s✐st❡♠❛ ❡♥tã♦ tr♦❝❛ ❝❛❧♦r ❝♦♠ ♦

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

✐♥✐❝✐❛❧♠❡♥t❡ ♣♦r ◆♦sé ❡ ❞❡♣♦✐s ♠❡❧❤♦r❛❞♦ ♣♦r ❍♦♦✈❡r é q✉❡ ❛s ✢✉t✉❛çõ❡s ❡st❛tíst✐❝❛s ❡stã♦ ❞❡

❛❝♦r❞♦ ❝♦♠ ♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦✳

◆♦ ❞❡❝♦rr❡r ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❢ís✐❝❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ t❡♠♦s ✈✐st♦ ✐♥ú♠❡r❛s ❛♣❧✐❝❛çõ❡s

❞♦ ♠ét♦❞♦ ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❡♠ ❢ís✐❝❛ ❞♦ ❡st❛❞♦ só❧✐❞♦✳ ❊st❡ ♠ét♦❞♦ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦

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

❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛✳
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❚r❛❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❛ ♠♦❞❡❧❛❣❡♠ ❞❡ ♠❛t❡r✐❛✐s ♥❛ ♠✐❝r♦ ❡ ♠❛❝r♦❡s❝❛❧❛ é ❢❡✐t❛ ✉t✐❧✐③❛♥❞♦ ❊❧❡✲

♠❡♥t♦s ❋✐♥✐t♦s q✉❡ é ✉♠ ♠ét♦❞♦ ❧❛r❣❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ♥♦ ❝❛♠♣♦ ❞❛ ❡♥❣❡♥❤❛r✐❛ ❡ ❡♠ ♠✉✐t♦s

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

♠ét♦❞♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ♣♦ss✉✐ ❛❧❣✉♥s ♣r♦❜❧❡♠❛s ✐♥❡r❡♥t❡s q✉❛♥❞♦ é ✉t✐❧✐③❛❞♦ ♥♦ tr❛t❛✲

♠❡♥t♦ ❞❡ ♠❛t❡r✐❛✐s s✉❥❡✐t♦s ❛ ❢r❛t✉r❛s✳ ❖ ♠ét♦❞♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❝♦♥s✐st❡ ❡♠ ❞✐✈✐❞✐r ♦

❞♦♠í♥✐♦ ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❡♠ ❡❧❡♠❡♥t♦s ♠❡♥♦r❡s ✭❝♦♥str✉✐r ✉♠❛ ♠❛❧❤❛✮ ❡✱ ❡♠ ❣❡r❛❧✱ ❛ s♦❧✉çã♦

♣❛r❛ ♣♦♥t♦s ❢♦r❛ ❞❡ss❛ ♠❛❧❤❛ sã♦ ♦❜t✐❞❛s ♣♦r ♠❡✐♦ ❞❡ ✐♥t❡r♣♦❧❛çã♦✳ ❊st❡ ♠ét♦❞♦ ❧❛♥ç❛ ♠ã♦

10
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❞❡ ✉♠❛ ❢♦r♠✉❧❛çã♦ ❞✐❢❡r❡♥❝✐❛❧✱ ✐ss♦ s✐❣♥✐✜❝❛ q✉❡✱ ❛ s♦❧✉çã♦ ♣❛r❛ ✉♠ ❞❛❞♦ ♣♦♥t♦ ❞❛ ♠❛❧❤❛ ❞❡✲

♣❡♥❞❡ ❞❡ ❞❡r✐✈❛❞❛s ❧♦❝❛✐s ✭❣r❛♥❞❡③❛s ♣♦♥t✉❛✐s✮✳ ❊st❛ ❢♦r♠✉❧❛çã♦ ❣❡r❛ ✉♠❛ ❣r❛♥❞❡ ❞✐✜❝✉❧❞❛❞❡

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

♣♦♥t♦s ❞♦ ♣r♦❜❧❡♠❛✳

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

P❡r✐❞②♥❛♠✐❝s ❬✷✼❪✳ ❊st❛ t❡♦r✐❛✱ ❡stá ❜❛s❡❛❞❛ ❡♠ ✉♠❛ ❢♦r♠✉❧❛çã♦ ✐♥t❡❣r❛❧✱ ✐st♦ s✐❣♥✐✜❝❛ ❞✐③❡r

q✉❡ ❛s ❣r❛♥❞❡③❛s ♦❜t✐❞❛s sã♦ ♣r♦❞✉③✐❞❛s ♣♦r ✉♠❛ s♦♠❛ ❞❡ ❝♦♥tr✐❜✉✐çõ❡s ♥ã♦ ❧♦❝❛✐s✳ ❆ ❢♦r♠✉✲

❧❛çã♦ t❡♠ s❡♠❡❧❤❛♥ç❛ ❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳ ❊♠ P❡r✐❞②♥❛♠✐❝s t❛♠❜é♠ é ✉t✐❧✐③❛❞♦ ✉♠ r❛✐♦

❞❡ ❝♦rt❡ ♣❛r❛ ❛ ✏✐♥t❡r❛çã♦✑ ❡♥tr❡ ♦s ❡❧❡♠❡♥t♦s✱ ♥❛ ❧✐♥❣✉❛❣❡♠ ❞❛ P❡r✐❞②♥❛♠✐❝s✱ ❡st❡ r❛✐♦ ❞❡

❝♦rt❡ é ❝❤❛♠❛❞♦ ❤♦r✐③♦♥✳ ❆ P❡r✐❞②♥❛♠✐❝s ♣♦ss✐❜✐❧✐t❛ ✉♠ tr❛t❛♠❡♥t♦ ❞✐r❡t♦ ❞❛s ❢r❛t✉r❛s✱ ❡ ❥á

❢♦✐ ❞❡♠♦str❛❞♦ ❡♠ ✐♥ú♠❡r❛s s✐t✉❛çõ❡s q✉❡ ❡st❛ ❢♦r♠✉❧❛çã♦ tr❛t❛ ❛❞❡q✉❛❞❛♠❡♥t❡ ♣r♦❜❧❡♠❛s

t❛✐s ❝♦♠♦✿ r❛♠✐✜❝❛çã♦ ❞❡ ❢r❛t✉r❛s✱ ✈❡❧♦❝✐❞❛❞❡s ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛s✱ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡

❢r❛❣♠❡♥t♦s ❛♣ós ✉♠ ✐♠♣❛❝t♦✱ ❡♥tr❡ ♦✉tr♦s ♣r♦❜❧❡♠❛s✳

◆ós✱ ❡♠ ♣❛r❝❡r✐❛ ❝♦♠ ♣❡sq✉✐s❛❞♦r❡s ❞❛ ❇r♦✇♥ ❯♥✐✈❡rs✐t②✱ ♥♦s ❊st❛❞♦s ❯♥✐❞♦s✱ ❡♥t❡♥❞❡✲

♠♦s q✉❡ ❤á ✉♠ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ❡♠ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ q✉❡ ❛❝♦♣❧❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠

P❡r✐❞②♥❛♠✐❝s✳ ❈♦♠ t❛❧ ❛❝♦♣❧❛♠❡♥t♦✱ ✉♠ ♣r♦❜❧❡♠❛ ✐♥✈✐á✈❡❧ ❞❡ s❡r tr❛t❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s

t❡♦r✐❛s ❜❛s❡❛❞❛s ♥❛ ✐♥t❡r❛çã♦ ❡♥tr❡ át♦♠♦s ♣♦❞❡r✐❛ s❡r s✉❜❞✐✈✐❞✐❞♦ ❞❡ ♠♦❞♦ ❛ tr❛t❛r♠♦s ✉♠❛

♣❡q✉❡♥❛ ♣❛rt❡ ❝♦♠ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡ ✉♠❛ ♣❛rt❡ ♠❛✐♦r ❝♦♠ P❡r✐❞②♥❛♠✐❝s✳ ❋❛③❡♥❞♦ ✉♠

❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ❢♦r♠✉❧❛çõ❡s✱ ♣♦❞❡rí❛♠♦s ❡st✉❞❛r ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❢r❛t✉r❛ ❞❡s❞❡ ♦ ✐♥í✲

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

❛ ♠✐❝r♦ ♦✉ ♠❛❝r♦❡s❝❛❧❛ q✉❡ s❡r✐❛ tr❛t❛❞❛ ❝♦♠ P❡r✐❞②♥❛♠✐❝s✳ ❈♦♠ ✐ss♦ t❡rí❛♠♦s ✉♠ ❝✉st♦

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

◆❡st❛ t❡s❡✱ ♥ós tr❛t❛r❡♠♦s ❞❡ s✐♠✉❧❛çõ❡s ❡♥✈♦❧✈❡♥❞♦ ♠❛t❡r✐❛✐s ♥❛ ♥❛♥♦❡s❝❛❧❛ t❛✐s ❝♦♠♦✱

✜❧♠❡s ✜♥♦s ❡ ♥❛♥♦✜♦s ♠❡tá❧✐❝♦s ✉t✐❧✐③❛♥❞♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳ ▼♦str❛r❡♠♦s r❡s✉❧t❛❞♦s t❡ór✐✲

❝♦s ♣❛r❛ ♦ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s ❡♥✈♦❧✈❡♥❞♦ ✜❧♠❡s ✜♥♦s ❡ ♣r♦❝❡ss♦s ❞❡ s♦❧✲

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

▼♦❧❡❝✉❧❛r ❡ P❡r✐❞②♥❛♠✐❝s✳ ❆♠❜❛s ❛s t❡♦r✐❛s t❡♠ ❣r❛♥❞❡ ❛♣❧✐❝❛çõ❡s ❡♠ ❡♥❣❡♥❤❛r✐❛✱ ♣♦ré♠

❡stã♦ s❡♣❛r❛❞❛s ♣❡❧❛ ❣r❛♥❞❡ ❞✐❢❡r❡♥ç❛ ❞❡ ❡s❝❛❧❛✱ s❡♥❞♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♠❛✐s ❛❞❡q✉❛❞❛

♣❛r❛ tr❛t❛r ♣r♦❜❧❡♠❛s ❡♥✈♦❧✈❡♥❞♦ ❞✐♠❡♥sõ❡s ♥❛♥♦♠étr✐❝❛s ❡ P❡r✐❞②♥❛♠✐❝s ♥♦ tr❛t❛♠❡♥t♦ ❞❡

♣r♦❜❧❡♠❛s ♥❛ ❡s❝❛❧❛ ❞❡ ❝♦♥tí♥✉♦✳ ❈♦♠ ♠ét♦❞♦s ♠✉❧t✐❡s❝❛❧❛ ♥ós ♣♦❞❡♠♦s ❛❝♦♣❧á✲❧❛s ❡ ❡♥✲

tã♦ ♦❜t❡r ✐♥❢♦r♠❛çã♦ ❞❛ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛ ❡ ❧❡✈á✲❧❛ ❛té ❛ ❡s❝❛❧❛ ❞❡ ❝♦♥tí♥✉♦✳ ■st♦ ♣♦❞❡ t❡r

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

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

11



Capítulo 2

Metodologia

2.1 Ferramentas de Modelagem: da nanoescala à macroescala

❆ t❡♦r✐❛ ❡s❝♦❧❤✐❞❛ ♣❛r❛ ♠♦❞❡❧❛r ♦s ♥❛♥♦♠❛t❡r✐❛✐s✱ ❡♠ ❣❡r❛❧✱ s❡rá ❞❡♣❡♥❞❡♥t❡ ❞❛ ❡s❝❛❧❛ ❞❡

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

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

❝♦♠ ♣♦✉❝♦s át♦♠♦s✱ ❞❛ ♦r❞❡♠ ❞❡ ❛té ❛❧❣✉♠❛s ❝❡♥t❡♥❛s✱ ♣♦❞❡♠ s❡r ♠♦❞❡❧❛❞♦s ✉t✐❧✐③❛♥❞♦

t❡♦r✐❛s ❝♦♠♦ ❉❋❚ ✭❉❡♥s✐t② ❋✉♥❝t✐♦♥❛❧ ❚❤❡♦r②✮ ❬✷✽❪ q✉❡ ♣♦❞❡♠ tr❛t❛r ❞❛ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛

❞♦ s✐st❡♠❛✳ P❛r❛ s✐st❡♠❛s ♠❛✐♦r❡s✱ ❛♣r❡s❡♥t❛♥❞♦ ✈ár✐❛s ❝❡♥t❡♥❛s✱ ♠✐❧❤❛r❡s ❡ ❛té ♠✐❧❤õ❡s

❞❡ át♦♠♦s é ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ♣♦t❡♥❝✐❛✐s ✐♥t❡r❛tô♠✐❝♦s ❡♠♣ír✐❝♦s s❡♠❡❧❤❛♥t❡s ❛♦ ♣♦t❡♥❝✐❛❧ ❞❡

▲❡♥♥❛r❞✲❏♦♥❡s ❬✷✾❪✳ ❊st❡s ♣♦t❡♥❝✐❛✐s sã♦ t✐♣✐❝❛♠❡♥t❡ ❜❛s❡❛❞♦s ❡♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡✴♦✉

❝á❧❝✉❧♦s ❛❜✲✐♥✐t✐♦ ❡ ♣♦❞❡♠ s❡r ❛❥✉st❛❞♦s ♣❛r❛ r❡♣r♦❞✉③✐r ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ♠❛t❡r✐❛❧

❝♦♠♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡✱ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✱ ❡♥❡r❣✐❛ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✱ ❡t❝✳ ▼❡s♠♦

♥❡st❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ♣♦t❡♥❝✐❛✐s ❡❢❡t✐✈♦s tr❛t❛❞♦s ❝♦♠ ❞✐♥â♠✐❝❛ ❝❧áss✐❝❛ ❡①✐t❡♠ ❧✐♠✐t❛çõ❡s

t❛♥t♦ ❞❡ t❛♠❛♥❤♦ ❝♦♠♦ ❞❡ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦✳ ◆♦ ❝❛s♦ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♦ t❡♠♣♦ ❞❡

♣❛ss♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦s ❝á❧❝✉❧♦s ❞❡ ✉♠❛ s✐♠✉❧❛çã♦ ❛t♦♠íst✐❝❛ é ♥♦r♠❛❧♠❡♥t❡ ❞❛ ♦r❞❡♠ ❞♦

❢❡♠t♦s❡❣✉♥❞♦ ✭10−15s✮✱ ❡st❡ t❡♠♣♦ ❞♦ ♣❛ss♦ ❞❡✈❡ s❡r ♠❡♥♦r q✉❡ ♦ ♣❡rí♦❞♦ tí♣✐❝♦ ❞❡ ✈✐❜r❛çã♦

❞♦s át♦♠♦s ❞♦ ♠❛t❡r✐❛❧✳ ■st♦ ❧❡✈❛ t❛♠❜é♠ ❛ ✉♠❛ ❧✐♠✐t❛çã♦ ❞♦ t❡♠♣♦ t♦t❛❧ ❞❛ s✐♠✉❧❛çã♦✱

❞❡s❞❡ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ♣❛ss♦s ❞❡✈❡ s❡r ♠✉✐t♦ ❛❧t♦ ♣❛r❛ ❛❧❝❛♥ç❛r♠♦s ✉♠ t❡♠♣♦ ♠❡♥s✉rá✈❡❧ ✭❞❛

♦r❞❡♠ ❞❡ ♠✐❧✐ss❡❣✉♥❞♦s ♦✉ ♠❛✐s✮✳ P♦rt❛♥t♦✱ s✐♠✉❧❛çõ❡s ❛t♦♠íst✐❝❛s ❡stã♦ ❧✐♠✐t❛❞❛s ❡♠ t❡♠♣♦

❡ t❛♠❛♥❤♦✳ ❊♠ ❣❡r❛❧✱ ❛s s✐♠✉❧❛çõ❡s ❡♥✈♦❧✈❡♥❞♦ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠ ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s

❧✐♠✐t❛♠✲s❡ ❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ ❞❡ ❛❧❣✉♠❛s ❞❡③❡♥❛s ❞❡ ♥❛♥♦s❡❣✉♥❞♦s ✭10−9s✮✳ P❛r❛ ❛ ♠❡s♦❡s❝❛❧❛

✭❡s❝❛❧❛ ❡♥tr❡ ♦ ♥í✈❡❧ ❛tô♠✐❝♦ ❡ ♦ ♥í✈❡❧ ♠✐❝r♦s❝ó♣✐❝♦✮ ♦✉ ♠❡s♠♦ ♥❛ ♠❛❝r♦❡s❝❛❧❛✱ ♣♦❞❡♠♦s

✉t✐❧✐③❛r t❡♦r✐❛s ❝♦♠♦ ❞✐♥â♠✐❝❛ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ❬✸✵❪✱ ❉P❉ ✭❉✐ss✐♣❛t✐✈❡ P❛rt✐❝❧❡ ❉②♥❛♠✐❝s✮
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2.2 Dinâmica Molecular 13

❬✸✶❪✳ P❡r✐❞②♥❛♠✐❝s ❬✸✷❪ ♦✉ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❬✸✸❪ ♣❛r❛ ♠♦❞❡❧❛❣❡♠ ♥❡st❛s ❡s❝❛❧❛s✱ ♣♦r ❡①❡♠♣❧♦✳

❆ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❡♥tr❡ ❛s ❞✐❢❡r❡♥t❡s ❡s❝❛❧❛s q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❛ ❞✐❢❡r❡♥t❡s

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

♠❛✐♦r❡s ❞✐✜❝✉❧❞❛❞❡s é ❢❛③❡r ✉♠❛ ♣♦♥t❡ ❡♥tr❡ ❛ ❡s❝❛❧❛ ❛t♦♠íst✐❝❛ ❡ ❛ ♠❛❝r♦❡s❝❛❧❛✳ ◆ã♦ é ♣♦ssí✈❡❧

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

♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ✭❛tô♠✐❝❛✮ ✉s❛♥❞♦ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r✳ P♦rt❛♥t♦✱ ✉♠❛ ♣♦ssí✈❡❧ s♦❧✉çã♦

s❡r✐❛ ❛❝♦♣❧❛r ❡s❝❛❧❛s✳ ■st♦ s✐❣♥✐✜❝❛ ♣❛ss❛r ✐♥❢♦r♠❛çã♦ ❞❛ ♠❡♥♦r ❡s❝❛❧❛ ✭❡s❝❛❧❛ ♠❛✐s ❞❡t❛❧❤❛❞❛✮

♣❛r❛ ❛ ♠❛✐♦r ❡s❝❛❧❛ ✭❣❡r❛❧♠❡♥t❡ s❡♠ ✐♥❢♦r♠❛çã♦ ❛t♦♠íst✐❝❛✮ ❡ ✈✐❝❡✲✈❡rs❛✳ ◆♦s ú❧t✐♠♦s ❛♥♦s✱

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

P♦❞❡♠♦s ❝✐t❛r ❝♦♠♦ ❡①❡♠♣❧♦ ♦ ♠ét♦❞♦ ▼❛❝r♦s❝♦♣✐❝ ❆t♦♠✐st✐❝ ❆❜✲✐♥✐t✐♦ ❉②♥❛♠✐❝s ✭▼❆❆❉✮

❬✸✹❪✱ ♦ ♠ét♦❞♦ ❈♦❛rs❡✲●r❛✐♥❡❞ ▼♦❧❡❝✉❧❛r ❉②♥❛♠✐❝s ✭❈●▼❉✮ ❬✸✺❪✱ ♠ét♦❞♦ ❞❡ P♦♥t❡ ❡♥tr❡

❊s❝❛❧❛s ❬✸✻❪✱ ●r❛❞✐❡♥t ❈♦♥t✐♥✉✉♠ ▼♦❞❡❧ ✭●❈▼✮ ❬✸✼❪✱ ❡t❝✳

❍á t❛♠❜é♠ té❝♥✐❝❛s ♠❛t❡♠át✐❝❛s ❜❛s❡❛❞❛s ❡♠ ❞❡❝♦♠♣♦r ♦ ♣r♦❜❧❡♠❛ ✭❞♦♠í♥✐♦✮ ❡♠ ✈ár✐♦s

s✉❜❞♦♠í♥✐♦s✱ ❡ ❡♥tã♦✱ r❡s♦❧✈❡r ❝❛❞❛ s✉❜❞♦♠í♥✐♦ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡✳ ❖ ♠ét♦❞♦ ❞❡ ❞❡❝♦♠✲

♣♦s✐çã♦ ❞❡ ❙❝❤✇❛r③ ❬✸✽❪ é ♦ ♠❛✐s ❛♥t✐❣♦ ♠ét♦❞♦ ❞❡ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❞♦♠í♥✐♦✳ ❊st❛ té❝♥✐❝❛ é

❜❛s❡❛❞❛ ♥♦ t❡♦r❡♠❛ ❞❡ ❙❝❤✇❛r③ ❡ é t❛♠❜é♠ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❙❝❤✇❛r③ ❆❧t❡r♥❛t✐♥❣ ▼❡t❤♦❞✳ ➱

✉♠ ♠ét♦❞♦ ✐t❡r❛t✐✈♦ ♣❛r❛ ❡♥❝♦♥tr❛r ❛ s♦❧✉çã♦ ❞❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s s♦❜r❡ ✉♠ ❞♦♠í♥✐♦ q✉❡ é

❛ ✉♥✐ã♦ ❞❡ ❞♦✐s s✉❜❞♦♠í♥✐♦s q✉❡ ♣♦ss✉❡♠ ✉♠❛ r❡❣✐ã♦ ❞❡ s♦❜r❡♣♦s✐çã♦ ✭♦✈❡r❧❛♣✮✳ ❆ ✐♥❢♦r♠❛çã♦

❡♥tr❡ s✉❜❞♦♠í♥✐♦s é ♣❛ss❛❞❛ ❛tr❛✈és ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✳ ❈♦♠♦ ♦ ♣r♦❜❧❡♠❛ é r❡s♦❧✈✐❞♦

✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ♥♦s s✉❜❞♦♠í♥✐♦s ♦ ✐♥t❡r❡ss❡ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❙❝❤✇❛r③ ❢♦✐ r❡♥♦✈❛❞♦ ❝♦♠

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

❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠ P❡r✐❞②♥❛♠✐❝s✱ ❞❛r❡♠♦s ♠❛✐♦r❡s ❞❡t❛❧❤❡s ♥♦ ❝❛♣ít✉❧♦ ✺✳ ❱❛♠♦s ❛❣♦r❛

❛♣r❡s❡♥t❛r ✉♠❛ ✈✐sã♦ ❣❡r❛❧ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠ ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s✳

2.2 Dinâmica Molecular

▼✉✐t❛s t❡♦r✐❛s ❥á ❢♦r❛♠ ♣r♦♣♦st❛s ♥❛ t❡♥t❛t✐✈❛ ❞❡ ❝♦♥❤❡❝❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ s✐st❡♠❛s

❛tô♠✐❝♦s✳ ❖ s✉r❣✐♠❡♥t♦ ❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ♣♦ss✐❜✐❧✐t♦✉ ❡st❡ ❝♦♥❤❡❝✐♠❡♥t♦ ❡♠ ❛❧t♦ ♥í✈❡❧

❞❡ ♣r❡❝✐sã♦✳ ◆♦ ❡♥t❛♥t♦✱ ❞❡✈✐❞♦ s✉❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❡ ❛♦ ❛❧t♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ t♦r♥❛✲s❡ ✐♥✲

✈✐á✈❡❧ ♦ ❡st✉❞♦ ❞❡ s✐st❡♠❛s ❣r❛♥❞❡s ✭❝♦♠ ♠✐❧❤❛r❡s ❞❡ át♦♠♦s✮ ✉t✐❧✐③❛♥❞♦ ❝á❧❝✉❧♦s ❞❡ ♣r✐♠❡✐r♦s

♣r✐♥❝í♣✐♦s✳ ❙❡ ✉t✐❧✐③❛r♠♦s ❞✐r❡t❛♠❡♥t❡ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✱ ♦ t❛♠❛♥❤♦ ❞♦s s✐st❡♠❛s

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

❞❡ ❝❡rt♦s ♠❛t❡r✐❛✐s✳ ❊♠ ♠✉✐t♦s ❝❛s♦s ♦ ✉s♦ ❞❡ ❢♦r♠✉❧❛çõ❡s ❜❛s❡❛❞❛s ♥❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

✭♠❡♥♦s ❝✉st♦s❛✮ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛✳ ❉❛s ❢♦r♠✉❧❛çõ❡s ❜❛s❡❛❞❛s ♥❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♦r✐❣✐✲
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2.2 Dinâmica Molecular 14

♥❛r❛♠ ♦✉tr♦s ♠♦❞❡❧♦s ❢✉♥❞❛♠❡♥t❛❞♦s ♥❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ t❛✐s ❝♦♠♦✿ ❢♦r♠✉❧❛çã♦ ❞❛ t❡♦r✐❛

❞♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ✭❉❋❚✮ ❬✷✽❪✱ ❢♦r♠✉❧❛çõ❡s ❚✐❣❤t✲❇✐♥❞✐♥❣ ❬✸✾❪ ❝♦♠ ♠❡♥♦r ♣r❡❝✐sã♦✱

❡♥tr❡ ♦✉tr❛s✳ ❊♠❜♦r❛ ❛ ❉❋❚ r❡❞✉③✐✉ ♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ t❛❧ t❡♦r✐❛ ❛✐♥❞❛ é ❝♦♠♣✉t❛✲

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

♠♦❞❡❧♦s ❡♠♣ír✐❝♦s ❜❛s❡❛❞♦s ❡♠ ♠♦❞♦s ❞❡ ✐♥t❡❣r❛çã♦ ❝❧áss✐❝❛ ✉t✐❧✐③❛♥❞♦ ♣♦t❡♥❝✐❛✐s ❞❡ ✐♥t❡r❛✲

çã♦ ❡❢❡t✐✈♦s q✉❡ ♣♦❞❡♠ ❞❛r ❡①❝❡❧❡♥t❡ r❡s✉❧t❛❞♦s q✉❛♥❞♦ ✉t✐❧✐③❛❞♦s ❛❞❡q✉❛❞❛♠❡♥t❡ ❬✷✾❪✳ ❊st❡s

♣♦t❡♥❝✐❛✐s ♣♦❞❡♠ s❡r ❛❥✉st❛❞♦s ✭♣❛r❛♠❡tr✐③❛❞♦s✮ ❛ ♣❛rt✐r ❞❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦✉ ♠❡s♠♦

❛tr❛✈és ❞❡ ❞❛❞♦s ♦r✐✉♥❞♦s ❞❡ ❝á❧❝✉❧♦s t♦t❛❧♠❡♥t❡ q✉â♥t✐❝♦s q✉❛♥❞♦ ♥ã♦ s❡ ♣♦ss✉✐ ♦ ✈❛❧♦r ❡①✲

♣❡r✐♠❡♥t❛❧ ❞❛ ❣r❛♥❞❡③❛ ❞❡s❡❥❛❞❛✳ ❖s ❝á❧❝✉❧♦s ❡♠♣r❡❣❛❞♦s ❝♦♠ t❛✐s ♣♦t❡♥❝✐❛✐s ❞❡✈❡♠ r❡s♣❡✐t❛r

♦ ❧✐♠✐t❡ ❞❡ ✈❛❧✐❞❛❞❡ ❞❛ ♣❛r❛♠❡tr✐③❛çã♦✳

❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ✭▼❉✮ ❝♦♠ ♣♦t❡♥❝✐❛✐s ❞♦ t✐♣♦ ❡♠❜❡❞❡❞ ❛t♦♠✲♠❡t❤♦❞ ✭❊❆▼✮ ❬✷✶✕✷✸✱✹✵❪

❢♦✐ ✉t✐❧✐③❛❞❛ ❡♠ ♥♦ss♦s tr❛❜❛❧❤♦s✳ ◆ós t✐✈❡♠♦s ♦ ❝✉✐❞❛❞♦ ❞❡ tr❛❜❛❧❤❛r ❝♦♠ s✐st❡♠❛s q✉❡ ❡s✲

t✐✈❡ss❡♠ ❞❡♥tr♦ ❞♦ ❝❛♠♣♦ ❞❡ ✈❛❧✐❞❛❞❡ t❛♥t♦ ❞❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r q✉❛♥t♦ ❞❛ ♣❛r❛♠❡tr✐③❛çã♦

❞♦s ♣♦t❡♥❝✐❛✐s ✉t✐❧✐③❛❞♦s✳ ❱❡r❡♠♦s q✉❡ ▼❉ ♣♦❞❡ ❞❛r ❡①❝❡❧❡♥t❡s r❡s✉❧t❛❞♦s q✉❛♥❞♦ ✉t✐❧✐③❛❞❛

❡♠ s✐st❡♠❛s q✉❡ ❡st❡❥❛♠ ♥♦ r❡❣✐♠❡ ❝❧áss✐❝♦ ♦✉ s❡♠✐✲❝❧áss✐❝♦✳ ◆♦r♠❛❧♠❡♥t❡ ❡st❡s s✐st❡♠❛s

sã♦ ✈♦❧✉♠étr✐❝♦s ❡ ❡♥❝♦♥tr❛♠✲s❡ ❡♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✵✵ ❑✮✳ ▼❡s♠♦

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

❝♦s ❣r❛♥❞❡s ♥ã♦ sã♦ ❝♦♥❞✐çõ❡s s✉✜❝✐❡♥t❡s ♣❛r❛ s❛t✐s❢❛③❡r ❛ ❛♣r♦①✐♠❛çã♦ ❝❧áss✐❝❛✳ ❈❡rt❛♠❡♥t❡

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

s❡❥❛ ✈á❧✐❞♦✳ ❱❡r❡♠♦s q✉❡ ✉♠❛ ❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛

tér♠✐❝♦✳

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

❡ ❛ ♠❡❝â♥✐❝❛ ❝❧áss✐❝❛✳ ◆❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ♦ s✐st❡♠❛ ❛♣r❡s❡♥t❛ ♥í✈❡✐s ❞✐s❝r❡t♦s ❞❡ ❡♥❡r❣✐❛✳

❈❛❞❛ ❡st❛❞♦ é r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❝♦♠♣❧❡①❛ ❝✉❥♦ q✉❛❞r❛❞♦ ❞♦ ♠ó❞✉❧♦ ❞á

❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ ♣❛r❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡st❛❞♦✳ ❆ ❞❡s❝r✐çã♦ ❝❧áss✐❝❛

✭♥ã♦ q✉❛♥t✐③❛❞❛✮ ♣♦❞❡ ❡♠ ❛❧❣✉♥s ❝❛s♦s s❡r ❛♣❧✐❝❛❞❛ ❡♠ ♠❡t❛✐s✳ ▼❛s ❞❡✈❡♠♦s r❡ss❛❧t❛r q✉❡✱

❡♠❜♦r❛✱ ❛❧❣✉♠❛s ❝❛r❛❝t❡ríst✐❝❛s ♣♦ss❛♠ s❡r ❡st✉❞❛❞❛s ✉s❛♥❞♦ ♠❡❝â♥✐❝❛ ❝❧áss✐❝❛✱ ❝❡rt❛♠❡♥t❡

❤á ♠✉✐t♦s ❡❢❡✐t♦s ❡♠ ♠❡t❛✐s só ❡①♣❧✐❝❛❞♦s ♣❡❧❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ❝♦♠♦ ♦ ❝❛s♦ ❞❛ ❝✉r✈❛ ❞❡

❝❛❧♦r ❡s♣❡❝í✜❝♦ ♣♦r t❡♠♣❡r❛t✉r❛✳

❈♦♠♦ ♠❡♥❝✐♦♥❛♠♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ♣❛r❛ ♠♦❞❡❧❛r♠♦s ✉♠ s✐st❡♠❛ ✉t✐❧✐③❛♥❞♦ ❉✐♥â♠✐❝❛ ▼♦✲

❧❡❝✉❧❛r ❛❧❣✉♠❛s ❝♦♥s✐❞❡r❛çõ❡s ❡ ❛♣r♦①✐♠❛çõ❡s sã♦ ♥❡❝❡ssár✐❛s✳ P♦r ❤✐♣ót❡s❡✱ ❡♠ ❉✐♥â♠✐❝❛

▼♦❧❡❝✉❧❛r ❝♦♥s✐❞❡r❛♠♦s ❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ❇♦r♥✲❖♣♣❡♥❤❡✐♠❡r✱ ✐st♦ s✐❣♥✐✜❝❛ q✉❡ ♥❛ ❡s❝❛❧❛ ❞❡

t❡♠♣♦ ❡♠ q✉❡ s❡ ♣❛ss❛ ❛ ❞✐♥â♠✐❝❛ ❛tô♠✐❝❛✱ ❤♦✉✈❡ t❡♠♣♦ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ❛ ❡str✉t✉r❛

❡❧❡trô♥✐❝❛ r❡❧❛①❡ ❛té ❛t✐♥❣✐r ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❡q✉✐❧í❜r✐♦✳ ❇♦r♥ ❡ ❖♣♣❡♥❤❡✐♠❡r ❝♦♥s✐❞❡r❛✲
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r❛♠ q✉❡ ♦s ♥ú❝❧❡♦s ♠♦✈❡♠✲s❡ ♠✉✐t♦ ♠❛✐s ❧❡♥t❛♠❡♥t❡ q✉❡ ♦s ❡❧étr♦♥s ❡ q✉❡ ♣♦r ✐ss♦ é ♣♦ssí✈❡❧

❢❛③❡r t❛❧ ❝♦♥s✐❞❡r❛çã♦✳ ❆ ❛♣r♦①✐♠❛çã♦ ❝❧áss✐❝❛ t❛♠❜é♠ é ❥✉st✐✜❝❛❞❛ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛

tér♠✐❝♦ ❞❡ ❇r♦❣❧✐❡✱ q✉❡ é ❞❛❞♦ ♣♦r✿

Λ =

√

2πℏ2

MkBT
, (2.1)

♦♥❞❡ ▼ é ❛ ♠❛ss❛ ❛tô♠✐❝❛✱ ❚ ❛ t❡♠♣❡r❛t✉r❛ ❡ kB ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✳ ❙❡ ❛ ❛♣r♦①✐✲

♠❛çã♦ ❝❧áss✐❝❛ é ✈á❧✐❞❛ ❡♥tã♦ Λ ≪ a✱ ♦♥❞❡ a é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ✈✐③✐♥❤♦s ❛tô♠✐❝♦s ♠❛✐s

♣ró①✐♠♦s✳ ■ss♦ ♥♦s ✐♥❞✐❝❛ q✉❡ ❡♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s✱ ❛ ❡st❛tíst✐❝❛ ♦❜❡❞❡❝✐❞❛ ♣❡❧♦ ❝♦♥❥✉♥t♦

❞❡ ♣❛rtí❝✉❧❛s ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝❧áss✐❝❛ ✭♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ tér♠✐❝♦ é ✉♠❛

❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛✱ ♠❛s ♥ã♦ s✉✜❝✐❡♥t❡✮✳

❆ ❡✈♦❧✉çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❛tô♠✐❝♦ ❡♠ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r é ❞❡s❡♥✈♦❧✈✐❞❛ ✐♥t❡❣r❛♥❞♦ ❛s

❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❞❡ ♠❛♥❡✐r❛ ❝❧áss✐❝❛✳ P❛r❛ ♠♦❞❡❧❛r ♥♦ ❡♥s❡♠❜❧❡ ♠✐❝r♦❝❛♥ô♥✐❝♦✱ ❞❡✈❡✲

♠♦s r❡s♦❧✈❡r✿

mi
d2−→ri
dt2

=
1

2

N
∑

i 6=j

−→
f (rij) = −∇U (2.2)

♦♥❞❡ mi é ❛ ♠❛ss❛ ❞♦ át♦♠♦ ✐✱ rij é ❛ ❞✐stâ♥❝✐❛ ❞♦ át♦♠♦ i ❛♦ át♦♠♦ j ❡
−→
f (rij) é ❛ ❢♦rç❛

❝❛✉s❛❞❛ ♣❡❧♦ át♦♠♦ j ♥♦ át♦♠♦ i✳ ❖ s♦♠❛tór✐♦ ❞❡ t♦❞❛s ❛s ❢♦rç❛s ❝❛✉s❛❞❛s ♣❡❧❛ ✐♥t❡r❛çã♦

❞❡ t♦❞♦s ♦s át♦♠♦s✱ ❝♦♠ j 6= i✱ é ❛ ❢♦rç❛ t♦t❛❧ s❡♥t✐❞❛ ♣♦r ✉♠❛ ♣❛rtí❝✉❧❛ i✳ ❊ss❛ ❢♦rç❛

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

♥✉♠ér✐❝♦s✳ ❖ ♣♦t❡♥❝✐❛❧ U ❛♣r❡s❡♥t❛❞♦ ♥❛ ❡q✉❛çã♦ ✷✳✷ s❡rá ♠❡❧❤♦r ❞❡s❝r✐t♦ ♥❛s s❡çõ❡s ✷✳✸

❡ ✷✳✻✳ ❉❡ ♣♦ss❡ ❞❛s ❢♦rç❛s✱ ♥❛ ♠❛✐♦r✐❛ ❞♦s tr❛❜❛❧❤♦s ♣✉❜❧✐❝❛❞♦s✱ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ✐♥t❡❣r❛çã♦

❞❡ ❱❡r❧❡t é ✉t✐❧✐③❛❞♦✳ ◆♦ ❝❛s♦ ❞❛ ♠♦❞❡❧❛❣❡♠ ♥♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ❛ ✐♥t❡❣r❛çã♦ é t❛♠❜é♠

❢✉♥❞❛♠❡♥t❛❞❛ ♥❛ s❡❣✉♥❞❛ ❧❡✐ ❞❡ ◆❡✇t♦♥ ❡ ❢❡✐t❛ ❛tr❛✈és ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❱❡r❧❡t✱ ♣♦ré♠✱ é

❛❝♦♣❧❛❞♦ ✉♠ t❡r♠♦st❛t♦ ❛♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞♦ s✐st❡♠❛ ♣❛r❛ ♠❛♥t❡r ❛ t❡♠♣❡r❛t✉r❛ ✜①❛✳ ❖

s✐st❡♠❛ ❡♥tã♦ tr♦❝❛ ❡♥❡r❣✐❛ ❝♦♠ ♦ r❡s❡r✈❛tór✐♦ ❣❛r❛♥t✐♥❞♦ ♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ✭✈❡r ❛♣ê♥❞✐❝❡

❊✮✳ ❖ ♠♦❞❡❧♦ ♣❛r❛ ✜①❛r ❛ t❡♠♣❡r❛t✉r❛ ✉t✐❧✐③❛❞♦ ❡♠ ♥♦ss♦s tr❛❜❛❧❤♦s ❢♦✐ ❞❡s❝r✐t♦ ♣♦r ◆♦sé ❡

❍♦♦✈❡r ❬✷✺✱ ✷✻❪✳ ◆❡st❡ ♠♦❞❡❧♦✱ ❛s ♠é❞✐❛s ❡st❛tíst✐❝❛s sã♦ ♠❛♥t✐❞❛s ❡ ❛s ✢✉t✉❛çõ❡s ❡♠ t♦r♥♦

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

❛tr❛✈és ❞❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥ q✉❡ ♣♦❞❡ ❝♦♥tr♦❧❛r ❛ ✈❡❧♦❝✐❞❛❞❡✱ ♠❛s ♥ã♦

♣r❡s❡r✈❛ ❛s ✢✉t✉❛çõ❡s ❡st❛tíst✐❝❛s ❡♠ t♦r♥♦ ❞❛s ♠é❞✐❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦✳
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2.2.1 O algoritmo de Verlet

❈♦♠♦ ♥ã♦ ♣♦❞❡♠♦s r❡s♦❧✈❡r ❛ ❡q✉❛çã♦ ✷✳✷ ❛♥❛❧✐t✐❝❛♠❡♥t❡✱ ❛ s♦❧✉çã♦ ❞❡st❛ ❡q✉❛çã♦ é ❢❡✐t❛

♥✉♠❡r✐❝❛♠❡♥t❡✳ ❊st❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ ❞❡✈❡ ♣r❡s❡r✈❛r três ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ❡q✉❛çã♦ ✷✳✷✳

✭✐✮ ❉❡✈❡ ❤❛✈❡r ❝♦♥s❡r✈❛çã♦ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞❡ ✉♠ s✐st❡♠❛ ❢❡❝❤❛❞♦✱ ✭✐✐✮ ❞❡✈❡ ❢♦r♥❡❝❡r ✉♠❛

s♦❧✉çã♦ r❡✈❡rsí✈❡❧ ♥♦ t❡♠♣♦ ❡ ✭✐✐✐✮ ❞❡✈❡ ♦❜❡❞❡❝❡r ♦ t❡♦r❡♠❛ ❞❡ ▲✐♦✉✈✐❧❧❡ ♣❛r❛ ♦ ✈♦❧✉♠❡ ❞♦

❡s♣❛ç♦ ❞❡ ❢❛s❡ ✭❖ t❡♦r❡♠❛ ❛✜r♠❛ q✉❡ ❡♠❜♦r❛ ❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡ ♣♦ss❛ ♠✉❞❛r✱ ♦

✈♦❧✉♠❡ ❞♦ ♠❡s♠♦ ♣❡r♠❛♥❡❝❡ ✐♥❛❧t❡r❛❞♦ ❝♦♠ ❛ ❡✈♦❧✉çã♦ ❞♦ s✐st❡♠❛✮✳ ❖ ❛❧❣♦r✐t♠♦ ❞❡ ❱❡r❧❡t

s❛t✐s❢❛③ ❡st❛s ❝♦♥❞✐çõ❡s✳ ❆ ❡✈♦❧✉çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ é ❜❛s❡❛❞❛ ♥❛ ♣♦s✐çã♦ ❝♦rr❡♥t❡

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

❛♥t❡r✐♦r✳ ❖ ❛❧❣♦r✐t♠♦ ❞❡ ❱❡r❧❡t é ✉♠ ❞♦s ♠❛✐s ✉s❛❞♦s ♣❛r❛ ✐♥t❡❣r❛r ❛s ❡q✉❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛

♠♦❧❡❝✉❧❛r✳ P♦❞❡♠♦s ❝❤❡❣❛r ❛ ❡st❡ ❛❧❣♦r✐t♠♦ ❛tr❛✈és ❞❡ ✉♠❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡ ❞❡ ❚❛②❧♦r ❞❛s

❢✉♥çõ❡s −→r (t+ h) ❡ −→r (t− h) ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

−→r (t+ h) = −→r (t) +−→v (t)h+
1

2
−→a (t)h2 +

1

6
−̇→a (t)h3 +O(h4), (2.3)

−→r (t− h) = −→r (t)−−→v (t)h+
1

2
−→a (t)h2 − 1

6
−̇→a (t)h3 +O(h4). (2.4)

❆❞✐❝✐♦♥❛♥❞♦ ❛s ❡①♣r❡ssõ❡s ✷✳✸ ❡ ✷✳✹ ❡ ✐s♦❧❛♥❞♦ −→r (t+ h) t❡♠♦s✿

−→r (t+ h) = 2−→r (t)−−→r (t− h) +−→a (t)(h)2 +❖(h)4, (2.5)

◆❛s ❡q✉❛çõ❡s ❛❝✐♠❛ h r❡♣r❡s❡♥t❛ ♦ ✐♥❝r❡♠❡♥t♦ ❞❡ t❡♠♣♦ ✭♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦✮✳ ❖s t❡r♠♦s

❞❡ q✉❛rt❛ ♦r❞❡♠ ❝♦♥tr✐❜✉❡♠ ❞❡ ♠❛♥❡✐r❛ ❞❡s♣r❡③í✈❡❧ ♣❛r❛ ❛ ❞✐♥â♠✐❝❛ ❞❛❞♦ q✉❡ ♦ ♣❛ss♦ ❞❡

s✐♠✉❧❛çã♦ ✭h✮ é ❞❛ ♦r❞❡♠ ❞❡ 10−15s✳ ❈♦♠ ❛ ❡q✉❛çã♦ ✷✳✺ é ♣♦ssí✈❡❧ t❡r♠♦s ❛ ❡✈♦❧✉çã♦ ❡s♣❛❝✐❛❧

❞♦ s✐st❡♠❛✱ ♠❛s ♥ã♦ ♣♦❞❡♠♦s ♦❜t❡r ❛s ✈❡❧♦❝✐❞❛❞❡s✳ ❖ ❝á❧❝✉❧♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ é ♦❜t✐❞♦ ❡♠ ❞✉❛s

❡t❛♣❛s✿
−→v (t+ h/2) = −→v (t) +

h

2
−→a (t). (2.6)

−→v (t+ h) = −→v (t+ h/2) +
h

2
−→a (t+ h). (2.7)

P❛r❛ ❛s ❡①♣r❡ssõ❡s ✷✳✺ ❡ ✷✳✻ ❡ ✷✳✼ ♦ ❡rr♦ ❞❡ tr✉♥❝❛♠❡♥t♦ ♣♦ss✉✐ q✉❛rt❛ ♦r❞❡♠✳ P♦rt❛♥❞♦✱ s❡

♦ ♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦ ❢♦r ✶ ❢s ✭10−15s✮ ♦ ❡rr♦ ❞❡ tr✉♥❝❛♠❡♥t♦ ❞♦ ❛❧❣♦r✐t♠♦ ♣❛r❛ ✉♠ ♣❛ss♦ ❞❡

s✐♠✉❧❛çã♦ s❡rá 10−60✳

2.2.2 Condições de Contorno

❆ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ✐♠♣♦st❛ ❛ ✉♠ s✐st❡♠❛ ❢ís✐❝♦ é ❞❡ s✉♠❛ ✐♠♣♦rtâ♥❝✐❛✳ ❆ ❧✐♠✐t❛çã♦ ❞♦

t❛♠❛♥❤♦ ❢ís✐❝♦ ✐♠♣♦st❛ ♣❡❧♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣♦❞❡ r❡❞✉③✐r ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ✐♥❢♦r♠❛çã♦ q✉❡

16



2.2.2 Condições de Contorno 17

♣♦❞❡♠♦s ❡①tr❛✐r ❞♦ s✐st❡♠❛ ❡♠ t❡r♠♦s ✈♦❧✉♠étr✐❝♦s✳ ❚❛♠❜é♠ ♣♦❞❡♠♦s ♣❡♥s❛r q✉❡ ❡❢❡✐t♦s

❞❡ s✉♣❡r❢í❝✐❡ ♣♦❞❡♠ ✐♥t❡r❢❡r✐r ♥❛ ♣r♦♣r✐❡❞❛❞❡ q✉❡ s❡ ❞❡s❡❥❛ ♦❜t❡r✳ ❈♦♥t✉❞♦✱ ✐ss♦ ♣♦❞❡ s❡r

s✉♣❡r❛❞♦ ❛tr❛✈és ❞❡ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ♣❡r✐ó❞✐❝❛✳ ❆ ✐❞❡✐❛ ❜ás✐❝❛ ❞❡ ✉♠❛ ❝♦♥❞✐çã♦

♣❡r✐ó❞✐❝❛ ❞❡ ❝♦♥t♦r♥♦ é r❡♣❧✐❝❛r ❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❢♦r♠❛r ✉♠❛ r❡❞❡ ✐♥✜♥✐t❛✳ ◆❡st❡

t✐♣♦ ❞❡ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦✱ át♦♠♦s ♣ró①✐♠♦s às ❢r♦♥t❡✐r❛s ❞❛ ❝❛✐①❛ ♣♦ss✉❡♠ ✈✐③✐♥❤♦s ✈✐rt✉❛✐s

♣❛r❛ ✐♥t❡r❛❣✐r✳ ❊st❡s ✈✐③✐♥❤♦s ✈✐rt✉❛✐s ♣♦ss✉❡♠ ✉♠❛ ❞✐♥â♠✐❝❛ ✐❞ê♥t✐❝❛ ❛♦s át♦♠♦s ❞❛ ❝❛✐①❛

❞❡ s✐♠✉❧❛çã♦ r❡❛❧✳ P♦rt❛♥t♦✱ ♥♦ ❞❡❝♦rr❡r ❞❛ s✐♠✉❧❛çã♦ q✉❛♥❞♦ ✉♠ át♦♠♦ ♠♦✈❡✲s❡ ❞❡♥tr♦ ❞❛

❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ♦ át♦♠♦ ✈✐rt✉❛❧ ❝♦rr❡s♣♦♥❞❡♥t❡ ♥❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ✈✐③✐♥❤❛ ♠♦✈❡✲s❡ ❞❛

♠❡s♠❛ ❢♦r♠❛✳ ❆ss✐♠✱ s❡ ✉♠ át♦♠♦ ✏s❛✐✑ ♣♦r ✉♠ ❧❛❞♦ ❞❛ ❝❛✐①❛ ❡❧❡ ❞❡✈❡ ✏❛♣❛r❡❝❡r✑ ♥♦ ❧❛❞♦

♦♣♦st♦✳ ❯♠❛ ❞❡s✈❛♥t❛❣❡♠ ❞❛ ❝♦♥❞✐çã♦ ♣❡r✐ó❞✐❝❛ ❞❡ ❝♦♥t♦r♥♦ é q✉❡ ❡❧❛ ✐♥✐❜❡ ❛ ♦❝♦rrê♥❝✐❛

❞❡ ✢✉t✉❛çõ❡s ❝♦♠ ❣r❛♥❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ tér♠✐❝♦✳ ■ss♦ ❢❛③ ❝♦♠ q✉❡ ♦ ♠ét♦❞♦ ❛❢❡t❡

s✐♠✉❧❛çõ❡s ❡♥✈♦❧✈❡♥❞♦ ❢❡♥ô♠❡♥♦s ❝rít✐❝♦s ❬✹✶❪✳ ❆ ❋✐❣✳ ✷✳✶ ✐❧✉str❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦

♣❡r✐ó❞✐❝❛✳

Figura 2.1: O quadrado azul representa a caixa de simulação. Ao redor são adicionadas caixas idênticas fazendo com

que átomos que estão próximos ao contorno da caixa (partícula branca) interajam com átomos virtuais evitando efeitos

de superfície. As setas indicam a direção da velocidade dos átomos.

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

♦s át♦♠♦s ❞❛ ❝❛✐①❛ r❡❛❧ ❞❡ s✐♠✉❧❛çã♦ ❡ ♦s át♦♠♦s ❞❛s ❝❛✐①❛s ✐♠❛❣❡♥s ✭ré♣❧✐❝❛s ❞❛ ❝❛✐①❛ ❞❡

s✐♠✉❧❛çã♦ ❜ás✐❝❛✮✳ ➱ ♥❡❝❡ssár✐♦ q✉❡ ❤❛❥❛ ✉♠ ❧✐♠✐t❡ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s át♦♠♦s ❞❛ ❝❛✐①❛

❜ás✐❝❛ ❡ ♦s át♦♠♦s ❞❛ ❝❛✐①❛ ✐♠❛❣❡♠ ♣❛r❛ q✉❡ ♥ã♦ ♦❝♦rr❛ ✐♥t❡r❛çã♦ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ át♦♠♦

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

é ✉t✐❧✐③❛❞♦ ♦ ❝r✐tér✐♦ ❞❛ ✐♠❛❣❡♠ ♠í♥✐♠❛ ♦♥❞❡✱ ✉♠❛ ♣❛rtí❝✉❧❛ ✐♥t❡r❛❣❡ ❝♦♠ t♦❞❛s ❛s ♦✉tr❛s

q✉❡ ❡stã♦ ❞❡♥tr♦ ❞❡ ✉♠❛ r❡❣✐ã♦ ❞❡ ♠❡s♠♦ t❛♠❛♥❤♦ ❡ ❢♦r♠❛ ❞❛ ❝❛✐①❛ ✐♠❛❣❡♠ ❡ ❝♦♠ ❝❡♥tr♦ ♥❛
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2.3 Alguns Potenciais Utilizados em Dinâmica Molecular

❆ ♦❜t❡♥çã♦ ❞❡ ✉♠ ❜♦♠ ♠♦❞❡❧♦ ❞❡ ✐♥t❡r❛çã♦ ❛tô♠✐❝❛ ♥ã♦ é ✉♠ ♣r♦❜❧❡♠❛ tr✐✈✐❛❧✳ ❯♠❛

s♦❧✉çã♦ r✐❣♦r♦s❛ ♣♦❞❡r✐❛ s❡r ❞❛❞❛ ♣❡❧❛ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✱ ♣♦ré♠ é ✐♥✈✐á✈❡❧

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

♦♥❞❡ t❡♠♦s q✉❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s át♦♠♦s é ❞❡♣❡♥❞❡♥t❡ ✉♥✐❝❛♠❡♥t❡ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

❞♦ s✐st❡♠❛✳ ❊♠❜♦r❛ ❡st❛ t❡♦r✐❛ s✐♠♣❧✐✜q✉❡ ❛ s♦❧✉çã♦ ❞❡ s✐st❡♠❛s ❛tô♠✐❝♦s ❛✐♥❞❛ é ♠✉✐t♦ ❝❛r❛

♣❛r❛ s❡r ❛♣❧✐❝❛❞❛ ❛ s✐st❡♠❛s ❝♦♠ ❞❡③❡♥❛s ❞❡ ♥❛♥ô♠❡tr♦s✳ ❊♠ ♠✉✐t♦s ❝❛s♦s ✉♠❛ s♦❧✉çã♦ ♣♦❞❡

s❡r ❞❛❞❛ ✉s❛♥❞♦ ✉♠❛ ❢✉♥çã♦ ♣♦t❡♥❝✐❛❧ q✉❡ ❛♣r♦①✐♠❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s át♦♠♦s✳

❯♠ ❞❛s ✐♥t❡r❛çõ❡s ♠❛✐s s✐♠♣❧❡s é ❞❛❞❛ ♣❡❧♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❬✷✾❪✳ ❊st❡ ♣♦t❡♥❝✐❛❧

é ❜❡♠ ❛❞❡q✉❛❞♦ ♣❛r❛ ❣❛s❡s ✐♥❡rt❡s ❡ ❝♦♠ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡✳ ❖ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ♥ã♦

❞á ❜♦♥s r❡s✉❧t❛❞♦s ♥❛ ♠♦❞❡❧❛❣❡♠ ❞❡ ♠❡t❛✐s✳ P♦r s❡r ✉♠ ♠♦❞❡❧♦ ♣✉r❛♠❡♥t❡ r❡♣r❡s❡♥t❛♥❞♦

✉♠❛ ✐♥t❡r❛çã♦ ❞❡ ♣❛r q✉❛♥❞♦ ✉t✐❧✐③❛❞♦ ❡♠ só❧✐❞♦s ❣❡r❛ ✉♠ ❡rr♦ ♥❛ ♣r❡✈✐sã♦ ❞❛s ❝♦♥t❛♥t❡s

❡❧ást✐❝❛s ❞♦ ♠❛t❡r✐❛❧✳ ❯♠❛ ❢♦r♠❛ ❞❡ ❝♦rr✐❣✐r ✐st♦ s❡r✐❛ ❛❝r❡s❝❡♥t❛♥❞♦ ✉♠ t❡r♠♦ ❞❡ ❡♥❡r❣✐❛

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

❛♣r♦①✐♠❛çã♦ ❡♠ ✉♠❛ ♠♦❞❡❧❛❣❡♠✳

P♦t❡♥❝✐❛✐s ❞♦ ❚✐♣♦ ❊❆▼ ✭❡♠❜❡❞❞❡❞✲❛t♦♠✲♠❡t❤♦❞✮ s✉♣❡r❛♠ ♠✉✐t❛s ❞✐✜❝✉❧❞❛❞❡ ❞❡ ♣♦t❡♥❝✐✲

❛✐s ❡ss❡♥❝✐❛❧♠❡♥t❡ ❞❡ ♣❛r✳ ❖ ♠♦❞❡❧♦ ❊❆▼ ❡stá ❜❛s❡❛❞♦ ♥❛ t❡♦r✐❛ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ❡

♥♦ ❝♦r♦❧ár✐♦ ❞❡ ❙t♦tt ❡ ❩❛r❡♠❜❛ ❬✹✷❪✳ ◆❡st❛ t❡♦r✐❛ ❝❛❞❛ át♦♠♦ é tr❛t❛❞♦ ❝♦♠♦ ✉♠❛ ✐♠♣✉r❡③❛✱

❡ ❛ ❡♥❡r❣✐❛ t♦t❛❧ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ♣❛rt❡ ❡❧❡trô♥✐❝❛ é ❞❛❞❛ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡

❡❧❡trô♥✐❝❛ t♦t❛❧ ❞❡ ❜❛❝❦❣r♦✉♥❞✳ ❆ ✐❞❡✐❛ ❞♦ ♣♦t❡♥❝✐❛❧ ❊❆▼ ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ❞❛ s❡❣✉✐♥t❡

♠❛♥❡✐r❛✿ ❝♦♥s✐❞❡r❡ ✐♥✐❝✐❛❧♠❡♥t❡ ✉♠ ♠❡t❛❧ ♣✉r♦ ✭❤♦st✮ ❝♦♠ ✉♠❛ ❝❡rt❛ ✐♠♣✉r❡③❛✱ ❡♥tã♦ três

❝♦✐s❛s ❞❡✜♥❡♠ ❛ ❡♥❡r❣✐❛ ❞❛ ✐♠♣✉r❡③❛✿ ✭✐✮ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ❜❛❝❦❣r♦✉♥❞ ❞♦ ❤♦st✱ ✭✐✐✮ ❛

♣♦s✐çã♦ ❞❛ ✐♠♣✉r❡③❛ ❡ ✭✐✐✐✮ ♦ t✐♣♦ ❞❡ ✐♠♣✉r❡③❛✳ ❊❆▼ s❡ ❜❛s❡✐❛ ♥❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❢✉♥çã♦

✉♥✐✈❡rs❛❧ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ q✉❡ ❡♥❣❧♦❜❡ ♦ t❡r♠♦ ✭✐✮✱ ❛ ❡①♣r❡ssã♦ ✉♥✐✈❡rs❛❧ s✐❣♥✐✜❝❛ q✉❡ s❡

tr♦❝❛r♠♦s ❛ ✐♠♣✉r❡③❛ ❛ ❡♥❡r❣✐❛ r❡❢❡r❡♥t❡ ❛ ♣❛rt❡ ✭✐✮ ♣❡r♠❛♥❡❝❡ ❛ ♠❡s♠❛✱ ♦✉ s❡❥❛✱ é ✉♠❛

❢✉♥çã♦ ✉♥✐✈❡rs❛❧ ♥♦ s❡♥t✐❞♦ ❞❡ q✉❡ ♥ã♦ ✐♠♣♦rt❛ ♦ t✐♣♦ ❞❡ ✐♠♣✉r❡③❛ ❡st❛ ❢✉♥çã♦ ♣❡r♠❛♥❡❝❡

✐♥❛❧t❡r❛❞❛✳ ❉❡ss❛ ❢♦r♠❛ ♦s ♣♦t❡♥❝✐❛✐s ❞♦ t✐♣♦ ❊❆▼ ♣♦ss✉❡♠ ❞♦✐s t❡r♠♦s✱ ✉♠ r❡♣r❡s❡♥t❛♥❞♦

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

❛s ❡①✐❣ê♥❝✐❛s ✭✐✐✮ ❡ ✭✐✐✐✮ ❞❛ t❡♦r✐❛✱ ♦✉ s❡❥❛✱ ❛ ❡♥❡r❣✐❛ t❛♠❜é♠ ❞❡✈❡ ❞❡♣❡♥❞❡r ❞❛ ♣♦s✐çã♦ ❞❛

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

Utotal = ΓZ,R[ρh(r)], (2.8)

♦♥❞❡ Γ é ❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡✱ Z r❡♣r❡s❡♥t❛ ♦ t✐♣♦ ❞❡ ✐♠♣✉r❡③❛✱ R ❛ ♣♦s✐çã♦ ❞❛

✐♠♣✉r❡③❛✱ ❡ r ❛ ❞✐stâ♥❝✐❛ ❞❡ ❝❛❞❛ át♦♠♦ ❞♦ ❤♦st ❛té ❛ ✐♠♣✉r❡③❛✳ ◆❛ ❛♣r♦①✐♠❛çã♦ ♣❛r❛ ♠❡t❛✐s

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

s❡♠ ❝♦♥s✐❞❡r❛r ❛ ✐♠♣✉r❡③❛✱ ♠❛✐s ✉♠❛ ✐♥t❡r❛çã♦ ❞❡ ♣❛r ❞❛ ✐♠♣✉r❡③❛ ❝♦♠ ♦s át♦♠♦s ❞♦ ❛♠❜✐❡♥t❡

❧♦❝❛❧✳ ❆ ❡q✉❛çã♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ é ❞❛❞❛ ♣♦r✿

Utotal =
1

2

∑

i 6=j

φij(Rij) +
∑

i

Fi(ρh,i). (2.9)

❖ ♣r✐♠❡✐r♦ t❡r♠♦ ✭φ✮ ✜s✐❝❛♠❡♥t❡ é ✉♠ ♣♦t❡♥❝✐❛❧ ❞❡ ✐♥t❡r❛çã♦ ❞❡ ♣❛r✳ F é ❛ ❡♥❡r❣✐❛ ❞❡♣❡♥❞❡♥t❡

❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ❜❛❝❦❣r♦✉♥❞ ρh

P♦❞❡♠♦s t❛♠❜é♠ ❝✐t❛r ♦✉tr♦s ♣♦t❡♥❝✐❛✐s ♣❛r❛ ♠❡t❛✐s ❝♦♠♦✿ ❖ ♣♦t❡♥❝✐❛❧ ❞❡ ●✉♣t❛ ❬✹✸❪✱

♣♦t❡♥❝✐❛✐s ♣❛r❛ s❡♠✐❝♦♥❞✉t♦r❡s ❝♦♠♦ ❚❡rss♦❢ ❬✷✹❪ ❡ ❊❉■P ❬✹✹❪✱ ♣♦t❡♥❝✐❛✐s r❡❛t✐✈♦s ✭❘❊❆❳❋❋✮

❬✹✺❪✱ ❡♥tr❡ ♦✉tr♦s✳

◆❡st❛ t❡s❡ ♥ós ❞❡❞✐❝❛r❡♠♦s ❛ s❡çã♦ ♣❛r❛ ❞❛r ♠❛✐♦r❡s ❞❡t❛❧❤❡s ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲

❏♦♥❡s ❡ ❊❆▼✱ ❡①♣❧✐❝❛♥❞♦ ❝♦♠♦ ♣❛r❛♠❡tr✐③❛r ♣♦t❡♥❝✐❛✐s ❞❡ss❡ t✐♣♦✳ ❋❛r❡♠♦s ✉♠ ❡st✉❞♦ ♠❛✐s

❞❡t❛❧❤❛❞♦ ❡ ♠♦str❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s q✉❡ ♦❜t✐✈❡♠♦s ❛♦ ❛❥✉st❛r ♣❛râ♠❡tr♦s ♣❛r❛ ♠❡t❛✐s ❝♦♠♦

♦✉r♦✱ ♣❧❛t✐♥❛ ❡ ♣r❛t❛ ♥♦s ♣♦t❡♥❝✐❛✐s ❊❆▼✳

2.4 Aplicações da Dinâmica Molecular

P♦❞❡♠♦s ❝✐t❛r tr❛❜❛❧❤♦s r❡❝❡♥t❡s t♦♠❛♥❞♦ ❝♦♠♦ ♣r✐♥❝✐♣❛❧ ❢❡rr❛♠❡♥t❛ ❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉✲

❧❛r ❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❡st✉❞♦ ❞❡ ♥❛♥♦✜♦s ❞❡ ♦✉r♦ ❬✹✻✕✹✽❪✱ ✜❧♠❡s ✜♥♦s ❬✹✾✕✺✶❪✱ ♥❛♥♦t✉❜♦s

❞❡ ❝❛r❜♦♥♦ ❬✺✷❪✱ ❡♥tr❡ ♦✉tr♦s✳ ▼✉✐t♦s ❡①♣❡r✐♠❡♥t♦s t❡♠ ♠♦str❛❞♦ q✉❡ ❛ ❡str✉t✉r❛ ❡ ♣r♦✲

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

❜✉❧❦ ✭✈♦❧✉♠étr✐❝♦✮✳ ❈♦♠♦ ❡①❡♠♣❧♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♥❡st❡ t✐♣♦ ❞❡ ♣r♦❜❧❡♠❛

❣♦st❛rí❛♠♦s ❞❡ ❢❛③❡r ✉♠ ❜r❡✈❡ ❝♦♠❡♥tár✐♦ s♦❜r❡ ♦ tr❛❜❛❧❤♦ ♣✉❜❧✐❝❛❞♦ ♣♦r ❉✐❛♦ ❡ ❝♦❧❛❜♦r❛❞♦✲

r❡s ❬✺✸❪✳ ❚❛❧ tr❛❜❛❧❤♦ ✉s♦✉ ♠ét♦❞♦s s❡♠❡❧❤❛♥t❡s ❛♦s q✉❡ ✉s❛♠♦s ❡ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥❡st❛

t❡s❡✳ ❊❧❡s ♠♦str❛r❛♠ q✉❡ ♥❛♥♦✜♦s ❞❡ ♦✉r♦ ❝♦♠ ár❡❛ ❞❡ s❡çã♦ r❡t❛ ♠❡♥♦r q✉❡ 4.0 nm2✱ ❞❡✲

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

✐♥❞✉③✐❞♦s ❡s♣♦♥t❛♥❡❛♠❡♥t❡ ❛ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❢❛s❡ ❝r✐st❛❧✐♥❛✳ ❊♠ sí♥t❡s❡✱ ❛ ❡♥❡r❣✐❛ ❞❡

s✉♣❡r❢í❝✐❡ ✐♥❞✉③ ❡str❡ss❡ r❡❞✉③✐♥❞♦ ♦ t❛♠❛♥❤♦ ❞♦ ♥❛♥♦✜♦✱ ♠✉❞❛♥❞♦ ❞❡ ✉♠❛ ❢❛s❡ ❢❝❝ ✭❢❛❝❡✲

❝❡♥t❡r❡❞✲❝✉❜✐❝✮ ♣❛r❛ ❜❝t ✭❜♦❞②✲❝❡♥t❡r❡❞✲t❡tr❛❣♦♥❛❧✮✳ ◆❡st❛ s✐♠✉❧❛çã♦ ♦s ♣❡sq✉✐s❛❞♦r❡s ✉s❛r❛♠
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♣♦t❡♥❝✐❛✐s ❞♦ t✐♣♦ ❡♠❜❡❞❡❞ ❛t♦♠✲♠❡t❤♦❞✳ P❛r❛ ❞❡t❡r♠✐♥❛r ❛s ❡str✉t✉r❛s ❞♦s ♥❛♥♦✜♦s ❞❡ ♦✉r♦

❡❧❡s ✉s❛r❛♠ ❛ ♠❡❞✐❞❛ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦ s✐♠❡tr✐❛ ❬✺✹✱✺✺❪ ✭✈❡r ❛♣ê♥❞✐❝❡ ❇✮✳ ❊st❡ ♣❛râ♠❡tr♦

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

♠ét♦❞♦ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ❞❡❢❡✐t♦s ♥❛s ❡str✉t✉r❛s✱ t❛❧ ❝♦♠♦ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❉❛r❡✲

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

❛♣ê♥❞✐❝❡ ❇✳ ❆♣ós ❉✐❛♦ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ▲❛♦ ❡ ▼♦❧❞♦✈❛♥ ❬✺✻❪ ✜③❡r❛♠ ✉♠ tr❛❜❛❧❤♦ s❡♠❡❧❤❛♥t❡

❝♦♠ ♥❛♥♦✜♦s ❞❡ P❛❧á❞✐♦ ✭P❞✮✳ ❖s ❡st✉❞♦s ♠♦str❛r❛♠ q✉❡ q✉❛♥❞♦ ❛ s❡çã♦ r❡t❛ ❞♦ ♥❛♥♦✜♦ ❞❡

P❞ ❛♣r❡s❡♥t❛✈❛ t❛♠❛♥❤♦ ♠❡♥♦r q✉❡ 2.18×2.18 nm2 ♦ ♥❛♥♦✜♦ ♣❛ss❛✈❛ ♣♦r ✉♠❛ tr❛♥s❢♦r♠❛çã♦

❡s♣♦♥tâ♥❡❛ r❡✈❡rsí✈❡❧ ❞❡ ❢❝❝ ♣❛r❛ ❜❝t✳ P❛r❛ ♥❛♥♦✜♦s ♠❛✐♦r❡s é t❛♠❜é♠ ♣♦ssí✈❡❧ ❛t✐♥❣✐r ❛

tr❛♥s❢♦r♠❛çã♦ ❢❝❝ → ❜❝t ❡ ❜❝t → ❢❝❝ ❛tr❛✈és ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❡str❡ss❡ ❞❡ ❝♦♠♣r❡ssã♦ ❡ t❡♥sã♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ✜❣✉r❛ ✷✳✷ ❡ ✷✳✸ ♠♦str❛♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r ❉✐❛♦ ♣❛r❛ ♦ ♥❛♥♦✜♦ ❞❡

♦✉r♦ ❡ ▲❛♦ ♣❛r❛ ♥❛♥♦✜♦ ❞❡ P❞✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆♦t❡ q✉❡ ❛ ♠❡❞✐❞❛ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦

s✐♠❡tr✐❛ ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✷✳✷ é ❧❡✈❡♠❡♥t❡ ♠❛✐♦r ♣❛r❛ ❛ ❢❛s❡ ❜❝t ✭❢❛s❡ ✜♥❛❧ ❛❧❝❛♥ç❛❞❛ ♣❡❧♦

♥❛♥♦✜♦✮ ✐♥❞✐❝❛♥❞♦ ✉♠ ♣❡q✉❡♥♦ ❞❡s✈✐♦ ❞❛ ❢❛s❡ ❢❝❝✳

◆ós t❛♠❜é♠ ✜③❡♠♦s ❡st✉❞♦s t❡ór✐❝♦s ❡♥✈♦❧✈❡♥❞♦ ♥❛♥♦✜♦s ❞❡ ♦✉r♦ ❡ ♣r❛t❛ ❝♦♠ ❞✐â♠❡tr♦s

♠❡♥♦r❡s q✉❡ ✶✵ ♥♠ ❬✹✽❪✳ ❆rt✐❣♦s ❡①♣❡r✐♠❡♥t❛✐s ♠♦str❛r❛♠ q✉❡ ❡st❡s ♥❛♥♦✜♦s ♣♦❞❡♠ s❡r

s♦❧❞❛❞♦s ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ s❡♠ ❛❞✐çã♦ ❞❡ ❝❛❧♦r ♦✉ ❛❧t♦ ❡str❡ss❡ ❬✺✼❪✳ ◆♦ss♦ ❡st✉❞♦

♣ô❞❡ q✉❛♥t✐✜❝❛r ♠❡❧❤♦r ❛ ❝✉r✈❛ ❞❡ str❡ss ✈❡rs✉s str❛✐♥ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛✳ ◆ós ✈✐♠♦s

q✉❡ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❛♣❡♥❛s ✉♠ ❜❛✐①♦ ❡str❡ss❡ é ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ♥❛♥♦✜♦s

s❡❥❛♠ ❝♦♥❡❝t❛❞♦s✳ ❉❛r❡♠♦s ♠❛✐♦r❡s ❞❡t❛❧❤❡s ❞❡st❡ ❡st✉❞♦ ♥♦ ❝❛♣ít✉❧♦ ✹✳

❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♣♦❞❡ s❡r s❡r ❛♣❧✐❝❛❞❛ ❡♠ ❡st✉❞♦s ❞❡ ✜❧♠❡s ✜♥♦s ❬✺✽❪✳ ❘❡❝❡♥t❡♠❡♥t❡

♥ós ♣✉❜❧✐❝❛♠♦s ❛♣❧✐❝❛çõ❡s ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♥♦ ❡st✉❞♦ ❞❡st❡ ♣r♦❜❧❡♠❛s✳ ◆ós ✜③❡♠♦s

s✐♠✉❧❛çõ❡s ❞❡ ❞❡♣♦s✐çõ❡s ❞❡ át♦♠♦s ❞❡ ❝♦❜r❡ ❡♠ ✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡ ♦✉r♦ ❡ át♦♠♦s ❞❡ ❝♦❜r❡

❡♠ ✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡ ♣r❛t❛ ❬✺✶❪✳ ❚❛♠❜é♠ ❞❡♣♦s✐t❛♠♦s át♦♠♦s ❞❡ P❞ ❡♠ ✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡

♦✉r♦ ❬✹✾❪✳ ◆ós ❞❡❞✐❝❛r❡♠♦s ♦ ❝❛♣ít✉❧♦ ✸ ❞❡st❛ t❡s❡ ♣❛r❛ tr❛t❛r♠♦s ♦s ❝❛s♦s ❞❡ ❞❡♣♦s✐çõ❡s ❞❡

♠❡t❛✐s ❡♠ s✉❜str❛t♦s ♠❡tá❧✐❝♦s✳

2.5 Peridynamics e o Acoplamento com Dinâmica Molecular

❚❡♠♦s ✈✐st♦ ❡①❡♠♣❧♦s ❞❡ ❛♣❧✐❝❛çõ❡s ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡♠ ❞✐✈❡rs❛s ár❡❛s✳ ❊st❡ ♠ét♦❞♦

t❡♠ s✐❞♦ ❧❛r❣❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡s✈❡♥❞❛r ♦s ❞❡t❛❧❤❡s ❞❛ ❡str✉t✉r❛ ❛tô♠✐❝❛✳ P♦ré♠✱ ❤á

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

❝♦♠♣✉t❛❝✐♦♥❛❧✳ ▼❡s♠♦ q✉❛♥❞♦ ✉t✐❧✐③❛♠♦s ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s t❛❧ ❝♦♠♦ ♦ ♣♦t❡♥❝✐❛❧ ❊❆▼

❡st❛♠♦s ❧✐♠✐t❛❞♦s ❛ ❡s❝❛❧❛ ❞❡ ♥❛♥ô♠❡tr♦s✱ ✐♥s✉✜❝✐❡♥t❡ ♣❛r❛ s♦❧✉çã♦ ❞❛ ♠❛✐♦r✐❛ ❞♦s ♣r♦❜❧❡♠❛s
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Figura 2.2: Transformação de fase fcc → bct em um

nanofio de ouro orientado na direção [100]. O mapa de

cor representa a medida do parâmetro de centro sime-

tria. Neste caso 9.0 representa o valor máximo e 0.0

o valor mínimo. [Jiankuai Diao, Ken Gall, Martin L.

Dunn. Nature Materials 2, 656 (2003).]

Figura 2.3: Transformação espontânea de fase fcc

→ bct em um nanofio de paládio orientado na direção

[100] com seção reta de 1.78 x 1.78 nm2. A trans-

formação ocorreu em temperatura de 100 K e levou

até 30 ps. Neste caso o nanofio pode ser retornado a

fase fcc através da aplicação de um estresse reverso

(estrese de tensão). [Jijun Lao and Dorel Moldovan.

Applied Physics Letters. 93, 093108 (2008).]

♥♦ ❝❛♠♣♦ ❞❛ ❡♥❣❡♥❤❛r✐❛✳

❱✐♠♦s q✉❡ ♥❛s ú❧t✐♠❛s ❞é❝❛❞❛s ❢♦✐ ♣♦ssí✈❡❧ ❝♦♥str✉✐r ♥♦✈❛s ❢❡rr❛♠❡♥t❛s ❡ té❝♥✐❝❛s ♣❛r❛

s✐♥t❡t✐③❛r ♦❜❥❡t♦s ♥❛ ♥❛♥♦❡s❝❛❧❛✳ ❍♦❥❡ é ♣♦ssí✈❡❧ ♠❛♥✐♣✉❧❛r ❡str✉t✉r❛s ♥❛ ♥❛♥♦❡s❝❛❧❛ ♣❛r❛

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

❣❡♥❤❛r✐❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡s ❝♦♠♣♦♥❡♥t❡s ✭✈❡r ❝❛♣ít✉❧♦ ✶✮✳ ◆♦ ❡♥t❛♥t♦✱ ♥ós ❛✐♥❞❛ ❡st❛♠♦s

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

t✐✈♦s✳ ❆✐♥❞❛ ♥ã♦ ❡♥t❡♥❞❡♠♦s ❜❡♠ ❝♦♠♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ ✐♥✢✉❡♥❝✐❛ ♥❛

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

❡♠ ♠❛t❡r✐❛✐s q✉❡ ❝❛r❡❝❡♠ ❞❡ ♠❛✐♦r ❡♥t❡♥❞✐♠❡♥t♦✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ ▼❉ s❡r✐❛ ❞❡ ❣r❛♥❞❡ ✈❛❧✐❛

♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❡st❡s ❢❡♥ô♠❡♥♦s✱ ♣♦ré♠✱ ♥❛ ❡s❝❛❧❛ ❡♠ q✉❡ ❡ss❛s ❢r❛t✉r❛s ♦❝♦rr❡♠✱ ❛

r❡❛❧✐③❛çã♦ ❞❡ s✐♠✉❧❛çõ❡s ❝♦♠ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r é ✐♥✈✐á✈❡❧✳ ▼✉✐t♦s ♠❛t❡r✐❛✐s ♥❛ ♠✐❝r♦❡s❝❛❧❛

❛♣r❡s❡♥t❛♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ❝♦♥tí♥✉♦ ❡✱ ♣♦rt❛♥t♦✱ s❡r✐❛ ♥❡❝❡ssár✐❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ t❡♦r✐❛s

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

❉❡ ❢❛t♦✱ ♦ ✉s♦ ❞❡ ✉♠ ú♥✐❝♦ ♠ét♦❞♦ t❛❧ ❝♦♠♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♥❛ ♠♦❞❡❧❛❣❡♠ ❞❡ s✐st❡♠❛s

tã♦ ❝♦♠♣❧❡①♦s ♥ã♦ é ❛❞❡q✉❛❞♦✳ ❆ ✐❞❡✐❛ ❡♥tã♦ é ❛❝♦♣❧❛r t❡♦r✐❛s q✉❡ ❢✉♥❝✐♦♥❡♠ ❡♠ ❡s❝❛❧❛s

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

♣♦r ❡①❡♠♣❧♦✱ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❬✺✾❪✳ ❈♦♥t✉❞♦✱ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s

t❡♠ ❝♦♥s✐❞❡rá✈❡❧ ❧✐♠✐t❛çã♦ ♥❛ ❞❡s❝r✐çã♦ ❞❡ ❢r❛t✉r❛s✱ ♥ã♦ s❡♥❞♦ ❛❞❡q✉❛❞♦ ✉t✐❧✐③❛r ❡st❡ ♠ét♦❞♦

♥❡st❛ s✐t✉❛çã♦✳
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◆♦s ú❧t✐♠♦s ❛♥♦s s✉r❣✐✉ ✉♠❛ t❡♦r✐❛ ❝❤❛♠❛❞❛ P❡r✐❞②♥❛♠✐❝s ❬✷✼✱ ✸✷✱ ✻✵❪ q✉❡ ♣♦❞❡ tr❛t❛r

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

❞✐❢❡r❡♥t❡ ❞❛s t❡♦r✐❛s tr❛❞✐❝✐♦♥❛✐s ❞❡ ❝♦♥tí♥✉♦✳ ❆s t❡♦r✐❛s ❝❧áss✐❝❛s ❞❡ ❝♦♥tí♥✉♦ ❡stã♦ ❢✉♥❞❛✲

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

r❡♣r❡s❡♥t❛♠ q✉❛♥t✐❞❛❞❡s ❧♦❝❛✐s✳ ■ss♦ r❡♣r❡s❡♥t❛ ✉♠ ♣r♦❜❧❡♠❛ q✉❛♥❞♦ ❤á ❢r❛t✉r❛s ❡♠ s✉♣❡r❢í✲

❝✐❡✱ ♦♥❞❡ ♥ã♦ é ♣♦ssí✈❡❧ t❡r ❛ ❞❡s❝r✐çã♦ ❞✐r❡t❛ ♣♦r ♥ã♦ ❡①✐st✐r ❛ ❞❡r✐✈❛❞❛ ♥❡st❡s ♣♦♥t♦s✳ ❊♥tã♦✱

❛s ❡q✉❛çõ❡s ❝❧áss✐❝❛s ❞❛ ♠❡❝â♥✐❝❛ ❞♦ ❝♦♥tí♥✉♦ ♥ã♦ ♣♦❞❡♠ s❡r ❛♣❧✐❝❛❞❛s ❞✐r❡t❛♠❡♥t❡ q✉❛♥❞♦

❡①✐st❡ t❛❧ s✐♥❣✉❧❛r✐❞❛❞❡ ✭❢r❛t✉r❛s✮✳ ❆ P❡r✐❞②♥❛♠✐❝s ❡stá ❢✉♥❞❛♠❡♥t❛❞❛ ❡♠ ❡q✉❛çõ❡s ✐♥t❡❣r❛✐s

❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ s♦❢r❡ ❡ss❡s ♣r♦❜❧❡♠❛s ✐♥❡r❡♥t❡s ❛s t❡♦r✐❛s ❝❧áss✐❝❛s ❞❡ ❝♦♥tí♥✉♦✳

❏á ❢♦✐ ❞❡♠♦♥str❛❞♦ q✉❡ P❡r✐❞②♥❛♠✐❝s ♣♦❞❡ ♣r❡✈❡r ❝♦♠ ♣r❡❝✐sã♦ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡

❢❡♥ô♠❡♥♦s ❡♥✈♦❧✈❡♥❞♦ ❞✐♥â♠✐❝❛ ❞❡ ❢r❛t✉r❛s✳ ❋❡♥ô♠❡♥♦s q✉❡ ❛♥t❡s ♥ã♦ ❡r❛♠ ♣♦ssí✈❡✐s s❡r

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

✉t✐❧✐③❛♥❞♦ P❡r✐❞②♥❛♠✐❝s✳ ❈♦♠♦ ❡①❡♠♣❧♦ ♣♦❞❡♠♦s ❝✐t❛r✿ ✭✐✮ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡

❢r❛t✉r❛s❀ ✭✐✐✮ ❉✐ss✐♣❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡♠ ❞✐♥â♠✐❝❛ ❞❡ ❢r❛t✉r❛s❀ ✭✐✐✐✮ ❚r❛♥s✐çã♦ ❞❡ ✉♠❛ ❢r❛t✉r❛

❡stá✈❡❧ ♣❛r❛ ✉♠❛ ❢r❛t✉r❛ ✐♥stá✈❡❧❀ ✭✐✈✮ ❉✐str✐❜✉✐çã♦ ❞❡ ❢r❛❣♠❡♥t♦s ❛♣ós ✉♠ ✐♠♣❛❝t♦✳ ❆❧❣✉♠❛s

❞❡ss❡s r❡s✉❧t❛❞♦s sã♦ ♠♦str❛❞♦s ♥❛s ✜❣✉r❛s ❛❜❛✐①♦✳ ❆ ❋✐❣✳ ✷✳✹ ♠♦str❛ ❛ ❡✈♦❧✉çã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡

❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠❛ ❢r❛t✉r❛ ❬✻✶❪✳ ❆ ✈❡❧♦❝✐❞❛❞❡ ❝r❡s❝❡ ❛té ✉♠ ❝❡rt♦ ❧✐♠✐t❡ ❡ ♦s❝✐❧❛✳ ❊st❡

r❡s✉❧t❛❞♦ ❡stá ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❬✻✷❪✳

Figura 2.4: Histórico de velocidade de propagação de uma fratura em uma placa fina sob tensão nas laterias. [John B.

Aidun and Stewart A. Silling. Computational Methods for Materials. Adaptado de the Joint US-Russian Conference on

Advances in Materials Science, Prague, 2009: “Accurate prediction of dynamic fracture with peridynamics”]

❚❛♠❜é♠ ♣♦❞❡♠♦s ❝✐t❛r ♦ ❝❛s♦ ❞❡ ✉♠❛ ✜♥❛ ♣❧❛❝❛ s✉❥❡✐t❛ ❛ ❣r❛♥❞❡s ❛♣❧✐❝❛çõ❡s ❞❡ t❡♥sõ❡s

❧❛t❡r✐❛s✳ ❙♦❜ ❛❧t♦s ♥í✈❡✐s ❞❡ ❡str❡ss❡✱ ✉♠❛ ú♥✐❝❛ ❢r❛t✉r❛ q✉❡ s❡ ♣r♦♣❛❣❛ ❡♠ ✉♠ ♠❛t❡r✐❛❧ ♣♦❞❡
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Figura 2.5: Propagação de fraturas em vidro sob progressivo aumento de tensão. Nas figuras a tensão aumenta da

esqueda para a direita. As imagens superiores mostram o resultado experimental, enquanto que as imagens inferiores

são as simulações com Peridynamics. [Y. D. Ha and F. Bobaru, Crack Branching Analysis with Peridynamics, Technical

report (Lincoln, NE, Department of Engineering Mechanics, University of Nebraska-Lincoln, May 2009).]

s❡r ❞✐✈✐❞✐❞❛ ❡♠ r❛♠♦s ❬✻✸❪✳ ❖ ♣♦♥t♦ ♦♥❞❡ ♦❝♦rr❡ ❛ ❞✐s♣❡rsã♦ ✭r❛♠✐✜❝❛çã♦✮ ❞❛ ❢r❛t✉r❛ é q✉ã♦

♠❛✐s ♣ró①✐♠♦ ❞♦ ♣♦♥t♦ ✐♥✐❝✐❛❧ ❞❛ ❢r❛t✉r❛ q✉❛♥t♦ ♠❛✐♦r ♦ ♥í✈❡❧ ❞❡ ❡str❡ss❡ q✉❡ ♦ ♠❛t❡r✐❛❧

❡stá s✉❥❡✐t♦✳ ❆ ❋✐❣✳ ✷✳✺ ♠♦str❛ q✉❡ t❛♥t♦ ❛ r❛♠✐✜❝❛çã♦ ❞❛ ❢r❛t✉r❛ ❝♦♠♦ ❛ ♣r♦①✐♠✐❞❛❞❡ ❞♦

♣♦♥t♦ ♦♥❞❡ ♦❝♦rr❡ ❡ss❛ r❛♠✐✜❝❛çã♦ ♣♦❞❡ s❡r ♣r❡✈✐st❛ ♣❡❧❛ P❡r✐❞②♥❛♠✐❝s ❬✻✹❪✳ ❊st❡ r❡s✉❧t❛❞♦

t❛♠❜é♠ ❡stá ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❬✻✸❪✳ ❆s ✐♠❛❣❡♥s s✉♣❡r✐♦r❡s ❞❛

❋✐❣✳ ✷✳✺ ♠♦str❛♠ ♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❢r❛t✉r❛s ❡♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ ❡str❡ss❡✱

❛✉♠❡♥t❛♥❞♦ ❞❛ ❡sq✉❡r❞❛ ♣❛r❛ ❛ ❞✐r❡✐t❛✱ ♠♦str❛♥❞♦ q✉❡ ♦ ♣♦♥t♦ ❞❡ r❛♠✐✜❝❛çã♦ ♦❝♦rr❡ ❝❛❞❛

✈❡③ ♠❛✐s ♣ró①✐♠♦ ❞♦ ♣♦♥t♦ ✐♥✐❝✐❛❧ ❞❛ ❢r❛t✉r❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❡str❡ss❡✳ ◆❛ s✐♠✉❧❛çã♦ ❝♦♠

P❡r✐❞②♥❛♠✐❝s é t❛♠❜é♠ ♦❜s❡r✈❛❞♦ ♦ ♠❡s♠♦✳

❉❛❞♦ ❛ q✉❛❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s q✉❡ ♣♦❞❡♠ s❡r ♦❜t✐❞♦s ❝♦♠ P❡r✐❞②♥❛♠✐❝s ❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡

❞❡ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳ ◆ós ❡♠♣r❡❣❛♠♦s ❡s❢♦rç♦s ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r ✉♠

♠ét♦❞♦ ♠✉❧t✐❡s❝❛❧❛ q✉❡ ❛❝♦♣❧❡ ❛s ❞✉❛s t❡♦r✐❛s✳ ❉❡s❞❡ q✉❡ ▼❉ ❡ P❉ ❡stã♦ ✐♠♣❧❡♠❡♥t❛❞❛s ♥♦

❝ó❞✐❣♦ ▲❆▼▼P❙ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧❛ ❙❆◆❉■❆ ❬✼✹❪ ✭❤tt♣✿✴✴✇✇✇✳s❛♥❞✐❛✳❣♦✈✴✮✱ ♦ ❛❝♦♣❧❛♠❡♥t♦

❡♠ t❡r♠♦s ❞❡ ❝ó❞✐❣♦ ❢♦✐ ❢❛❝✐❧✐t❛❞♦✳ ◆ós ✜③❡♠♦s ✉♠ s✐♠♣❧❡s ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ▼❉ ❡ P❉ ❞❡♥tr♦

❞♦ ♠❡s♠♦ ❢r❛♠❡✇♦r❦ ❞♦ ▲❆▼▼P❙✳ ❊st❡ ❛❝♦♣❧❛♠❡♥t♦ ❢♦✐ ❛❧❝❛♥ç❛❞♦ ♣♦r ♠❡✐♦ ❞♦ ♠ét♦❞♦ ❞❡

❙✇❛rt③ ❝♦♠❡♥t❛❞♦ ♥❛ s❡çã♦ ✷✳✶✳ ◆ós ❞✐s❝✉t✐r❡♠♦s ❡♠ ♠❛✐♦r❡s ❞❡t❛❧❤❡s ❛ t❡♦r✐❛ ❞❡ P❉ ❡ ♦

❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ▼❉ ♥♦ ❝❛♣ít✉❧♦ ✺✳

❯t✐❧✐③❛r❡♠♦s ♥❡st❛ t❡s❡✱ ♠ét♦❞♦s ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♣❛r❛ ❡st✉❞❛r ♥❛♥♦✜♦s ❡ ✜❧♠❡s

✜♥♦s ✭❝❛♣ít✉❧♦s ✸ ❡ ✹✮✳ ❆ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♣❛ss❛ ♣♦r ❛❥✉st❡s ❞❡ ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s

q✉❡ ❡①♣❧✐❝❛r❡♠♦s ♥❛ s❡çã♦ ✷✳✻✳✶✳ ▼♦t✐✈❛❞♦s ♣❡❧❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çõ❡s ✉s❛♥❞♦

▼❉ ❡ P❉ ♥ós t❛♠❜é♠ ❛♣r❡s❡♥t❛r❡♠♦s ✉♠ s✐♠♣❧❡s ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡

P❡r✐❞②♥❛♠✐❝s ♥♦ ❝❛♣ít✉❧♦ ✺✳ ❯♠❛ ❝♦♥❝❧✉sã♦ s❡rá ❞❛❞❛ ♥♦ ❝❛♣ít✉❧♦ ✻✳
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2.6 Potenciais para Dinâmica Molecular

❈♦♠♦ ♦❝♦rr❡♠ ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ át♦♠♦s é ✉♠❛ ❞❛s ♠❛✐s ✐♥tr✐❣❛♥t❡s ♣❡r❣✉♥t❛s ❢❡✐t❛s

♣❡❧❛ ❝✐ê♥❝✐❛✳ ❆ r❡s♣♦st❛ ♥ã♦ é ❝♦♥❤❡❝✐❞❛ ❡①❛t❛♠❡♥t❡✱ ♣♦ré♠ é ♣♦ssí✈❡❧ ❝♦♥str✉✐r ♠♦❞❡❧♦s

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

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

♠♦✈✐♠❡♥t♦ ❡✱ ♣♦rt❛♥t♦✱ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞♦ s✐st❡♠❛✳ ❖ ♣♦t❡♥❝✐❛❧ ❞❡ ✐♥t❡r❛çã♦ ❛tô♠✐❝❛

♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ◆ át♦♠♦s ♣♦❞❡ s❡r ❡①♣r❡ss♦ ❞❡ ♠♦❞♦ ❣❡r❛❧ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛ ❬✹✶❪✿

Utotal =
∑

i

U (1)(ri) +
∑

i

∑

j>i

U (2)(ri, rj) +
∑

i

∑

j>i

∑

k>j>i

U (3)(ri, rj, rk) + ..., (2.10)

♦♥❞❡
∑

i U
(1)(ri) r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❝♦♠ ✉♠ ♣♦ssí✈❡❧ ❝❛♠♣♦ ❡①t❡r♥♦✱ U (2)(ri, rj)

é ❛ ✐♥t❡r❛çã♦ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ♣❛r❡s ❞❡ át♦♠♦s ❡ ♦ t❡r❝❡✐r♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✷✳✾ é ✉♠❛

❝♦♥tr✐❜✉✐çã♦ ❞❡ três ❝♦r♣♦s✳ ❖ ♣♦t❡♥❝✐❛❧ ♣♦❞❡ s❡r ❡①♣❧✐❝✐t❛♠❡♥t❡ ❡s❝r✐t♦ ❝♦♠ ♠✉✐t♦s t❡r♠♦s✳

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

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

✷✳✾ ❞❡✈❡ s❛t✐s❢❛③❡r ❛❧❣✉♥s ✈í♥❝✉❧♦s ♣❛r❛ q✉❡ s❡❥❛ ✜s✐❝❛♠❡♥t❡ ❛❝❡✐tá✈❡❧✳ P♦r ❡①❡♠♣❧♦✿ ♦ t❡r♠♦

❞❡ ♣❛r U (2)(ri, rj) ❞❡✈❡ ♦❜❡❞❡❝❡r s✐♠❡tr✐❛ ❞❡ ♣❡r♠✉t❛çã♦ q✉❛♥t♦ ❛♦s s❡✉s ❛r❣✉♠❡♥t♦s✳ ❆s✲

s✐♠✱ U (2)(ri, rj) = U (2)(rj, ri)✳ ❖ ♠❡s♠♦ ♣❛r❛ ♦ t❡r♠♦ ❞❡ três ❝♦r♣♦s t❡♥❞♦ ❞❡ s❛t✐s❢❛③❡r✱

U (3)(ri, rj, rk) = U (3)(rj, ri, rk) = U (3)(ri, rk, rj) = ...✳ ❉❡ ♠♦❞♦ ❣❡r❛❧✱ ♦s t❡r♠♦s q✉❡ r❡♣r❡✲

s❡♥t❛♠ ❛ ♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ ✐♥t❡r♥❛ ❞❡✈❡♠ ♦❜❡❞❡❝❡r ♣r✐♥❝í♣✐♦s ❞❡ ✐♥✈❛r✐â♥❝✐❛ ♣♦r r♦t❛çã♦ ❡

tr❛♥s❧❛çã♦✳

❯♠ ❞♦s ♠❛✐s s✐♠♣❧❡s ❡①❡♠♣❧♦s ❞❡ ♣♦t❡♥❝✐❛✐s q✉❡ s❡ ❛❞❡q✉❛♠ ❛ ❡q✉❛çã♦ ✷✳✾ é ♦ P♦t❡♥✲

❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ✭▲❏✮✳ ❆♣❡s❛r ❞❡ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ s✐♠♣❧❡s ❡st❡ ♣♦t❡♥❝✐❛❧ ❛✐♥❞❛ é

♠✉✐t♦ ✉s❛❞♦✳ ◆ós ✉s❛r❡♠♦s ❡st❡ s✐♠♣❧❡s ♣♦t❡♥❝✐❛❧ ♣❛r❛ ❞✐s❝✉t✐r ❛ ♠❛t❡♠át✐❝❛ ❡ ❢ís✐❝❛ ❜ás✐❝❛s

♥❡❝❡ssár✐❛s ♣❛r❛ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ✉♠ ♣♦t❡♥❝✐❛❧ ❡♠♣ír✐❝♦✳ ❆ ❡①♣r❡ssã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡

▲❡♥♥❛r❞✲❏♦♥❡s é ✉♠❛ ❢✉♥çã♦ ❞❡ ♣❛r ❞❛❞❛ ♣♦r✿

ULJ =
N−1
∑

i

N
∑

j>i

4ǫ

[

(

σ

rij

)12

−
(

σ

rij

)6
]

, (2.11)

s❡♥❞♦ r ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ✉♠ ♣❛r ❞❡ ♣❛rtí❝✉❧❛s✳ ❖ ✈❛❧♦r ❞❛ ❢♦rç❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❡❧❛s é ❞❛❞❛

♣♦r✿

FLJ = 24ǫ

(

2σ12

r13
− σ6

r7

)

. (2.12)

σ ❡ ǫ sã♦ ♣❛râ♠❡tr♦s q✉❡ ♣r❡❝✐s❛♠ s❡r ❛❥✉st❛❞♦s ♣❛r❛ q✉❡ ♦ ♣♦t❡♥❝✐❛❧ r❡♣r♦❞✉③❛ ❛s ♠❡❞✐❞❛s

❡①♣❡r✐♠❡♥t❛✐s✱ rij é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ át♦♠♦s ❝♦♠ í♥❞✐❝❡s i ❡ j✳ ➱ ❢á❝✐❧ ✈❡r✐✜❝❛r q✉❡ ♦ ♠í♥✐♠♦
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❞❡st❡ ♣♦t❡♥❝✐❛❧ ♦❝♦rr❡ ❡♠ Umin = −ǫ ♣❛r❛ r = 21/6σ✳ ❊st❡ ♣♦t❡♥❝✐❛❧ ♠♦❞❡❧❛ ❜❡♠ ♦s ❣❛s❡s

♥♦❜r❡s ♦♥❞❡ é ♣♦ssí✈❡❧ ♠♦str❛r q✉❡ ❢♦rç❛s ❞❡ ✈❛♥ ❞❡r ❲❛❧❧s ❧❡✈❛♠ ❛ ✉♠ t❡r♠♦ ❛tr❛t✐✈♦ ❞♦

t✐♣♦ 1/r6 ❡ q✉❡ ❡stá ❡♠ ❛❝♦r❞♦ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ♣r♦♣♦s✐t❛❞❛♠❡♥t❡✳ ❆ ♣❛rt❡ r❡♣✉❧s✐✈❛ é ♠❛✐s

❝♦♠♣❧✐❝❛❞❛✱ ♥♦ ❡♥t❛♥t♦✱ ❢♦✐ t♦♠❛❞❛ t❡♥❞♦ ❡①♣♦❡♥t❡ ✶✷✱ ❡ss❡ t❡r♠♦ t❡♥❞❡ ❛ ❝r❡s❝❡r ❢♦rt❡♠❡♥t❡

♣❛r❛ ✈❛❧♦r❡s ❞❡ rij ♠❡♥♦r❡s q✉❡ σ✳ ❯♠❛ ✐♠♣♦rt❛♥t❡ q✉❡stã♦ s❡r✐❛✿ ❈♦♠♦ ❡♥❝♦♥tr❛r ♦s ✈❛❧✲

♦r❡s ❞♦s ♣❛râ♠❡tr♦s σ ❡ ǫ ❄ P♦r ❡①❡♠♣❧♦✱ ♣❛r❛ ♦ ◆❡ô♥✐♦✭◆❡✮ σ = 2, 74 Å ❡ ǫ = 0, 0031 eV ✳

◆♦ ❝❛s♦ ❞❡ ❍é❧✐♦✱ σ = 2.56 Å ❡ ǫ = 0.00088 eV ✱ ♦s ♣❛râ♠❡tr♦s sã♦ ♦❜t✐❞♦s ♣❡❧♦ ❛❥✉st❡ ❞❛s

♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ♥❛ ❢❛s❡ ❣❛s♦s❛ ❡♠ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ❬✼✺❪✳ ❆ ❜✉s❝❛ ❞♦s ♣❛râ♠❡✲

tr♦s é ❢❡✐t❛✱ ♥❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s✱ ❛tr❛✈és ❞❡ ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ♠✐♥✐♠✐③❛çã♦✳ ❇✉s❝❛✲s❡

♣❛râ♠❡tr♦s q✉❡ ♠✐♥✐♠✐③❡♠ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s ♣r❡❞✐t❛s ♣❡❧♦ ❝♦♥❥✉♥t♦ ❞❡

♣❛râ♠❡tr♦s ❡ ❛s ❣r❛♥❞❡③❛s ♠❡❞✐❞❛s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡✈❡ ♦❜❡❞❡❝❡r ❝❡rt♦s

✈í♥❝✉❧♦s ❞❡ ♥❛t✉r❡③❛ ❢ís✐❝❛ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❡q✉✐❧í❜r✐♦ ❞♦ ❝r✐st❛❧ ♥❛ ❝♦♥st❛♥t❡ ❞❡ r❡❞❡

❡①❛t❛✱ ❣❛r❛♥t✐♥❞♦ q✉❡ ♥ã♦ ❤á ❢♦rç❛s ❧íq✉✐❞❛s r♦t❛❝✐♦♥❛♥❞♦✱ tr❛♥s❧❛❞❛♥❞♦ ♦✉ ♠❡s♠♦ t♦r❝❡♥❞♦

♦ ❝r✐st❛❧ ♥♦ ❡q✉✐❧í❜r✐♦✳ ❉❡s❞❡ q✉❡ ❤á ❣r❛♥❞❡③❛s ♣❛r❛ ❛s q✉❛✐s ♥ã♦ ❞✐s♣♦♠♦s ❞❡ ♠❡❞✐❞❛s ❡①♣❡r✲

✐♠❡♥t❛✐s✱ é ♣♦ssí✈❡❧ ❛❞✐❝✐♦♥❛r ❛♦ ❛❥✉st❡ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❞❡ ❝á❧❝✉❧♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s✱

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

❋✐s✐❝❛♠❡♥t❡ ❛ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ❞♦ ♣♦t❡♥❝✐❛❧ ♣r❡❝✐s❛ s❡r t❡st❛❞❛✳ ❖ q✉❡ ♣♦❞❡♠♦s ❞✐③❡r

s♦❜r❡ ❛ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s❄ ❉❡s❞❡ q✉❡ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❧❡✈♦✉

❞❡ ♠❛♥❡✐r❛ ✏❢♦rç❛❞❛✑ ❛ t❡r♠♦s ❛❧❣✉♠❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♠❡❞✐❞❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ❡

s✉♣♦♥❞♦ q✉❡ ♦ ❛❥✉st❡ ❢♦✐ ♣♦ssí✈❡❧ ✭♦ q✉❡ ♥❡♠ s❡♠♣r❡ é ✈❡r❞❛❞❡✮✱ ❡s♣❡r❛♠♦s q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s

❛❥✉st❛❞❛s s❡❥❛♠ ❜❡♠ ❞❡s❝r✐t❛s✳ ❆ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ❞♦ ♣♦t❡♥❝✐❛❧ ❞✐③ r❡s♣❡✐t♦ ❛♦ ❝á❧❝✉❧♦ ❞❛s

❣r❛♥❞❡③❛s ♥ã♦ ♣❛r❛♠❡tr✐③❛❞❛s ❞✉r❛♥t❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ✜tt✐♥❣✳ ❈♦♠♦ s❡r✐❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞♦ ♣♦t❡♥❝✐❛❧ ❞✐❛♥t❡ ❞❡ s✐t✉❛çõ❡s ♥ã♦ ❛❥✉st❛❞❛s❄ ❱❡❥❛♠♦s ♦ ❝❛s♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲

❏♦♥❡s ❛♣❧✐❝❛❞♦ ❛ ♠♦❧é❝✉❧❛s ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ❙❡ t♦♠❛r♠♦s σ = 0.725r0 ❡ ǫ = 0, 657e2/r0 ♦♥❞❡

❞❡✜♥✐♠♦s e2 = 14, 4eV.Å ❡ r0 = 0.529Å✱ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s t❛♠❜é♠ ♣♦❞❡ s❡r

✉t✐❧✐③❛❞♦ ❝♦♠ ❜♦❛ ♣r❡❝✐sã♦ ♣❛r❛ ♠♦❞❡❧❛r ♠♦❧é❝✉❧❛s ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ◗✉❛♥❞♦ ❝♦♠♣❛r❛♠♦s ❛

❡♥❡r❣✐❛ ♠♦❞❡❧❛❞❛ ♣❡❧♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❛ ❡♥❡r❣✐❛ ♦❜t✐❞❛ ❞❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ ❞❛

❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ♣❛r❛ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❤✐❞r♦❣ê♥✐♦ ✈❡♠♦s q✉❡ ❛s s♦❧✉çõ❡s sã♦ ❜❛st❛♥t❡

♣ró①✐♠❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛♦ r❡❞♦r ❞♦ ♠í♥✐♠♦ ❞❡ ❡♥❡r❣✐❛✳ ❆ ❝♦♠♣❛r❛çã♦ ♣♦❞❡ s❡r ✈✐st❛ ♥♦

❣rá✜❝♦ ❛❜❛✐①♦ r❡t✐r❛❞♦ ❞❛ r❡❢❡rê♥❝✐❛ ❬✼✺❪✳

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

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

✈✐❜r❛çõ❡s ❞❛ ♠♦❧é❝✉❧❛ ❞❡ H2✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛ ♥ã♦ ❢♦✐ ❧❡✈❛❞❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❞✉r❛♥t❡ ♦

♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❜✉s❝❛ ❞♦ ♣❛râ♠❡tr♦s σ ❡ ǫ✳ ❱❛♠♦s ❡♥tã♦ ✈❡r q✉❛❧ ❛ ♣r❡✈✐sã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡
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Figura 2.6: Energia em função da separação dos prótons na molécula de Hidrogênio prevista pelo potencial de

Lennard-Jones e a previsão feita pela mecânica quântica. νint representa a energia interna (na ausência de campo

externo) da molécula em função da separação dos prótons. e2 = 14, 4 eV.Å, r0 = 0, 529 Å.[Ellad B. Tadmor and

Ronald E. Miller, Modeling Materials, continuum, atomistic and multiscale techniques, Cambridge, (2011).]

▲❏ ♣❛r❛ t❛❧ ❣r❛♥❞❡③❛✳ ❉♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s t❡r❡♠♦s✿ d2ULJ/dr
2 = 0, 5117e2/r30 ♦♥❞❡

r0 = 0.529Å ❡ e2 = 14, 4 eV.Å ✳ P❛r❛ ♦ ❝❛s♦ q✉â♥t✐❝♦✱ r❡s♦❧✈❡♥❞♦ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r

♥✉♠❡r✐❝❛♠❡♥t❡ ❡♥❝♦♥tr❛r❡♠♦s ♦ ✈❛❧♦r ❞❡ 0, 625e2/r30 ♣❛r❛ ❛ ♠❡s♠❛ ❣r❛♥❞❡③❛ ❬✼✺❪✳ ◆♦ ♠♦❞❡❧♦

❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s t❛❧ ❣r❛♥❞❡③❛ é ❛♣❡♥❛s ✷✵✪ ♠❛✐♦r✱ ♠♦str❛♥❞♦ q✉❡ ❡ss❛ ❣r❛♥❞❡③❛✱ ♠❡s♠♦

♥ã♦ s❡♥❞♦ ❝♦♥s✐❞❡r❛❞❛ ❞✐r❡t❛♠❡♥t❡ ♥❛ ♣❛r❛♠❡tr✐③❛çã♦✱ ♦ ♣♦t❡♥❝✐❛❧ ❡stá ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠

❛ ♣r❡✈✐sã♦ ❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛✳

❙❡ ✐♥❝❧✉✐r♠♦s ✉♠ t❡r♠♦ ❛❞✐t✐✈♦ ❞❡ três ❝♦r♣♦s ❛♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s✱ ♣♦❞❡♠♦s

♠♦❞❡❧❛r ❝♦♠ ♠❛✐s ♣r❡❝✐sã♦ ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ ❣❛s❡s ♥♦❜r❡s✳ ■ss♦ ♣♦❞❡ s❡r ❡①❡♠♣❧✐✜❝❛❞♦ ♣❡❧♦

♣♦t❡♥❝✐❛❧ ❞❡ ❆①✐❧r♦❞✲❚❡❧❧❡r ❬✼✻❪✱ ♦♥❞❡ ❛ ❡①♣r❡ssã♦ é ❞❛❞❛ ♣♦r✿

UAT = ULJ +
N−2
∑

i

N−1
∑

j>i

N
∑

k>j

Z

[

1 + 3cosθicosθjcosθk
(rijrikrjk)3

]

(2.13)

= ULJ +
N−2
∑

i

N−1
∑

j>i

N
∑

k>j

Z

[

r2ijr
2
jkr

2
ik − 3(−→rik · −→rjk)(−→rik · −→rij)(−→rij · −→rjk)

r5ijr
5
jkr

5
ik

]

(2.14)

❖♥❞❡ Z é ✉♠❛ ❝♦♥st❛♥t❡ ❛ s❡r ❛❥✉st❛❞❛✳ θi✱ θj ❡ θk sã♦ ♦s â♥❣✉❧♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛

❋✐❣✉r❛ ✷✳✼✳ ❖ ♣r✐♠❡✐r♦ t❡r♠♦ é ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❡ ♦ s❡❣✉♥❞♦ é ✉♠ t❡r♠♦ ❞❡ três

❝♦r♣♦s q✉❡ ❛✉♠❡♥t❛ ❛ ♣r❡❝✐sã♦ ❞❛ s✐♠✉❧❛çã♦✱ ♣♦ré♠ ❡♠ ❛❧❣✉♥s ❝❛s♦s ✐ss♦ ♣♦❞❡ s❡r ❝✉st♦s♦

❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ t♦r♥❛♥❞♦ ✐♥✈✐á✈❡❧ ❛ ❡①❡❝✉çã♦ ❞♦ ❝á❧❝✉❧♦✳

2.6.1 O potencial EAM e como encontrar seus parâmetros

◆♦s tr❛❜❛❧❤♦s ❝♦♠ ♠♦❞❡❧❛❣❡♠ ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❛♣r❡s❡♥t❛❞♦s ♥❡st❛ ❚❡s❡✱ ♥ós ✉t✐✲
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Figura 2.7: Representação de uma configuração de átomos levando em conta a interação de três corpos.

❧✐③❛♠♦s ♦ ❡♠❜❡❞❞❡❞✲❛t♦♠✲♠❡t❤♦❞ ✭❊❆▼✮✳ ❊st❡ ♠♦❞❡❧♦ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ át♦♠♦s ❢♦✐ ♣r♦✲

♣♦st♦ ✐♥✐❝✐❛❧♠❡♥t❡ ♣♦r ❉❛✇ ❛♥❞ ❇❛s❦❡s ❬✷✶✱ ✷✷❪ ♣❛r❛ ♠♦❞❡❧❛r ❢r❛t✉r❛s ❞❡ ◆✐ ♥❛ ♣r❡s❡♥ç❛ ❞❡

❍✐❞r♦❣ê♥✐♦✳ P♦st❡r✐♦r♠❡♥t❡ ❋♦✐❧❡s✱ ❇❛s❦❡s ❡ ❉❛✇ ❬✷✸❪ ♣❛r❛♠❡tr✐③❛r❛♠ ♦ ♣♦t❡♥❝✐❛❧ ♣❛r❛ ✉♠

♥ú♠❡r♦ ♠❛✐♦r ❞❡ ❡❧❡♠❡♥t♦s ❢❝❝✳ ❖ ♠♦❞❡❧♦ t❡♠ s✐❞♦ ❛♣❧✐❝❛❞♦ ❝♦♠ s✉❝❡ss♦ ❛♦s ❡st✉❞♦s ❞❡

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

♦✉tr♦s✳ ❊st❡ ♣♦t❡♥❝✐❛❧ ❡stá ❢✉♥❞❛♠❡♥t❛❞♦ ♠❛t❡♠❛t✐❝❛♠❡♥t❡ ❡♠ ✉♠ ❝♦r♦❧ár✐♦ ♣r♦♣♦st♦ ♣♦r

❙t♦tt ❡ ❩❛r❡♠❜❛ ❬✹✷❪ ♦♥❞❡ é ❛✜r♠❛❞♦ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ✉♠❛ ✐♠♣✉r❡③❛ ❡♠ ✉♠ ❤♦st é ✉♠ ❢✉♥✲

❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞♦ s✐st❡♠❛ s❡♠ ✐♠♣✉r❡③❛✱ ♦✉ ❛✐♥❞❛✱ q✉❡ ❛ ❡♥❡r❣✐❛ ❡♠❜❡❞❞✐♥❣

❞❡ ✉♠❛ ✐♠♣✉r❡③❛ é ✉♠❛ ❢✉♥çã♦ ❛♣❡♥❛s ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞♦ ❤♦st ❛♥t❡s ❞❛ ✐♠♣✉r❡③❛

s❡r ❛❞✐❝✐♦♥❛❞❛✳ ❆ ✐♥t❡r❛çã♦ ❞❡ ♣❛r ❡♥tr❡ ❛ ✐♠♣✉r❡③❛ ❡ ♦ ❤♦st ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ♣♦s✐çã♦

❞❛ ✐♠♣✉r❡③❛ ❡ ♦ t✐♣♦ ❞❡ ✐♠♣✉r❡③❛✳ P♦ré♠✱ ❛ ❡♥❡r❣✐❛ r❡❧❛❝✐♦♥❛❞❛ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♥ã♦

❞❡♣❡♥❞❡ ❞♦ t✐♣♦ ❞❡ ✐♠♣✉r❡③❛ ♥❡♠ ❞❛ s✉❛ ♣♦s✐çã♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ❡♥❡r❣✐❛ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛

❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ❜❛❝❦❣r♦✉♥❞ ♥❛ ♣♦s✐çã♦ ❞❛ ✐♠♣✉r❡③❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❝❛❞❛ át♦♠♦ ♣♦❞❡

s❡r tr❛t❛❞♦ ❝♦♠♦ ✉♠❛ ✐♠♣✉r❡③❛ ✏❡♠❜❡❜✐❞❛✑ ♥♦ ❤♦st✳

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

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

❧✐♥❡❛r ❝♦♥tr✐❜✉í❞❛ ♣♦r ❝❛❞❛ át♦♠♦ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✳ ◆♦ ❝❛s♦ ❞❡ ♠❡t❛✐s ❢❝❝✱ ❡st❛ ❛♣r♦①✐♠❛çã♦

♠♦str❛✲s❡ s❡r ♠❛✐s ❡✜❝✐❡♥t❡ q✉❡ ❡♠ ♠❡t❛✐s ❜❝❝✳ ❊♠ ♠✉✐t♦s ❝❛s♦s ✉♠ s✐♠♣❧❡s ♠♦❞❡❧♦ ❞❡ ❞❡♥✲

s✐❞❛❞❡ ♣♦❞❡ ❞❛r ❡①❝❡❧❡♥t❡s r❡s✉❧t❛❞♦s ❛♣❧✐❝❛❞♦s ❛ ♠❡t❛✐s✳ ❉❡s❞❡ q✉❡ ♦ ♠♦❞❡❧♦ ❊❆▼ é ♦r✐✉♥❞♦

❞❡ ✉♠ ❝♦r♦❧ár✐♦ ❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛✱ s❡r✐❛ ♣♦ssí✈❡❧ ♠♦❞❡❧❛r q✉❛❧q✉❡r t✐♣♦ ❞❡ át♦♠♦✱ ✐♥❝❧✉s✐✈❡

s❡♠✐❝♦♥❞✉t♦r❡s✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ Γ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♥ã♦ é ❝♦♥❤❡❝✐❞❛✱ ♦

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

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

✉♥✐❢♦r♠❡ ❛❝r❡s❝❡♥t❛♥❞♦ t❡r♠♦s ❞❡ três ❝♦r♣♦s ❝♦♠♦ ♠♦str❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧

❞❡ ❆①✐❧r♦❞✲❚❡❧❧❡r✳ ◆♦ ❡♥t❛♥t♦✱ ♦✉tr♦s t✐♣♦s ❞❡ ❝♦rr❡çã♦ ♣❛r❛ ♦ ❊❆▼ t❡♠ s✐❞♦ ♣r♦♣♦st❛s✱ ❡♥tr❡

❡❧❛s ♣♦❞❡♠♦s ❝✐t❛r ❛ ❝♦rr❡çã♦ ❞❡ ❣r❛❞✐❡♥t❡ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛✳ ◆♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦
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♣♦r ●✳ ❲✉ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✼✼❪✱ ♦s ♣❡sq✉✐s❛❞♦r❡s ❛❝r❡s❝❡♥t❛r❛♠ t❡r♠♦s ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠

r❡❧❛t✐✈♦s ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❡ ♠♦str❛r❛♠ q✉❡ ❛ ♣r❡✈✐sã♦ ❞♦ ♠♦❞❡❧♦ ♣❛r❛ ♠✉✐t❛s ❣r❛♥❞❡③❛s

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

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

◆❛ ❛♣r♦①✐♠❛çã♦ ♣❛r❛ ♠❡t❛✐s✱ ❛ ❡♥❡r❣✐❛ t♦t❛❧ é ❞❛❞❛ ♣❡❧❛ s♦♠❛ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡

❞❡ ❜❛❝❦❣r♦✉♥❞ ♠❡❞✐❞❛ ❡♠ ✉♠❛ ✐♠♣✉r❡③❛✱ s❡♠ ❝♦♥s✐❞❡r❛r ❛ ✐♠♣✉r❡③❛✱ ♠❛✐s ✉♠❛ ✐♥t❡r❛çã♦

❡❧❡tr♦stát✐❝❛ ❞❡ ♣❛r ❞❛ ✐♠♣✉r❡③❛ ❝♦♠ ♦s át♦♠♦s ❞♦ ❛♠❜✐❡♥t❡ ❧♦❝❛❧✳ ❆ ❡q✉❛çã♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛

♣♦t❡♥❝✐❛❧ é ❞❛❞❛ ♣♦r✿

Utotal =
1

2

∑

i 6=j

φij(Rij) +
∑

i

Fi(ρh,i), (2.15)

♦ ♣r✐♠❡✐r♦ t❡r♠♦ ✭φ✮ é ✉♠ ♣♦t❡♥❝✐❛❧ ❞❡ ✐♥t❡r❛çã♦ ❞❡ ♣❛r ❞❛❞♦ ♣❡❧❛ ♠❡t❛❞❡ ❞❛ s♦♠❛ ❞❛s

✐♥t❡r❛çõ❡s ❞❡ t♦❞♦s ♦s át♦♠♦s✳ ❖ s❡❣✉♥❞♦ t❡r♠♦ ✜s✐❝❛♠❡♥t❡ r❡s✉❧t❛ ♥❛ ♥❛t✉r❡③❛ ❞❡ ♠✉✐t♦s

❝♦r♣♦s ❞♦ ♣♦t❡♥❝✐❛❧ ❊❆▼✳ F é ❛ ❡♥❡r❣✐❛ ❡♠❜❡❞❞✐♥❣ q✉❡ é ✉♠❛ ❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

ρ✳ ◆♦t❡ q✉❡ ♦ s❡❣✉♥❞♦ t❡r♠♦ ♥ã♦ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ✐♠♣✉r❡③❛✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ♠❡s♠❛

❢✉♥çã♦ F ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❡♥❡r❣✐❛ ❞❡ ✉♠ át♦♠♦ ❡♠ ✉♠ ♠❡t❛❧ ♣✉r♦ ♦✉ ❡♠ ✉♠

♠❡t❛❧ ❝♦♠ ✐♠♣✉r❡③❛s✳ ❊ss❡ é ♦ ♣r✐♥❝í♣✐♦ ❜ás✐❝♦ ♣❛r❛ ♠♦❞❡❧❛r ❧✐❣❛s✳ ❆ ❢✉♥çã♦ F é ❛ ♠❡s♠❛✱

s❡♥❞♦ ♥❡❝❡ssár✐♦ ❛♣❡♥❛s ❛ tr♦❝❛ ❞❛ ❢✉♥çã♦ ❞❡ ♣❛r ✭φ✮✳

❊♠ ♠✉✐t♦s ❝❛s♦s✱ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ♣❛r ❡♥tr❡ ❞✐❢❡r❡♥t❡s ❡s♣é❝✐❡s ❛tô♠✐❝❛s é t♦♠❛❞♦ ❞❛ ❢ór♠✉❧❛

♣r♦♣♦st❛ ♣♦r ❏♦❤♥s♦♥ ❬✼✽❪✳

φab(r) =
1

2

[

f b(r)

fa(r)
φa(r) +

fa(r)

f b(r)
φb(r)

]

, (2.16)

a ❡ b ✐♥❞✐❝❛♠ ❛s ❡s♣é❝✐❡s ❛tô♠✐❝❛s ❡ fa ❡ f b sã♦ ❛s ❢✉♥çõ❡s r❡♣r❡s❡♥t❛♥❞♦ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

❞❡ ❡❧❡♠❡♥t♦s t✐♣♦ a ❡ b✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆♥❛❧♦❣❛♠❡♥t❡ φa ❡ φb r❡♣r❡s❡♥t❛♠ ❛s ❢✉♥çõ❡s ❞❡ ♣❛r

♣❛r❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❡s♣é❝✐❡s ❞♦ ♠❡s♠♦ t✐♣♦✳ ◆♦ ❝❛s♦ ❞❡ ♠❡t❛✐s✱ ✈❡r❡♠♦s q✉❡ ❛ ✉t✐❧✐③❛çã♦

❞❡ ✉♠ ❢✉♥çã♦ ❡①♣♦♥❡♥❝✐❛❧ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ é ✉♠❛ ❜♦❛ ❛♣r♦①✐♠❛çã♦✳

❆s ❢✉♥çõ❡s F ❡ φ ❝♦♠♦ ❞❡s❝r✐t❛s ♥❛ ❡q✉❛çã♦ ✷✳✶✺ ♣♦ss✉❡♠ ♣❛râ♠❡tr♦s q✉❡ ❞❡✈❡♠ s❡r ❛❥✉s✲

t❛❞❛s ❞❡ ♠♦❞♦ ❛ r❡♣r♦❞✉③✐r❡♠ ❡①❛t❛♠❡♥t❡ ❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s✳ ❉❡♥tr❡ ❡st❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s

♣♦❞❡♠♦s ❝✐t❛r✿ ❝♦♥st❛♥t❡ ❞❡ r❡❞❡ ♥♦ ❡q✉✐❧í❜r✐♦✱ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✱ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✱ ❡♥❡r❣✐❛

❞❡ ❢♦r♠❛çã♦ ❞❡ ✈❛❝â♥❝✐❛✱ ❡♥❡r❣✐❛ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✱ ❢r❡q✉ê♥❝✐❛ ❞❡ ❢ô♥♦♥s✱ ❡♥tr❡ ♦✉tr❛s✳

❱❡r❡♠♦s q✉❡ ❛ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡✈❡ s❡r ♠❛✐s ✐♠♣♦rt❛♥t❡ q✉❡ ✉♠ ✐♥t❡♥s♦ ❛❥✉st❡

❞❡ ♣❛râ♠❡tr♦s✳ ❯♠❛ ❢r❛s❡ ❢❛♠♦s❛ é ❛tr✐❜✉í❞❛ ❛ ❏♦❤♥ ❱♦♥ ◆❡✉♠❛♥♥✿ ✧❉❡✐✲♠❡ ✺ ♣❛râ♠❡tr♦s ❡

❛❥✉st♦ ✉♠ ❡❧❡❢❛♥t❡✧✳ ❊ é ✈❡r❞❛❞❡✦ ❚❛❧ ❛✜r♠❛çã♦ t♦r♥♦✉✲s❡ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ ❡ ❞❡ ♣✉❜❧✐❝❛çã♦

❝✐❡♥tí✜❝❛ ♥♦ ❛rt✐❣♦ ✐♥t✐t✉❧❛❞♦ ❉r❛✇✐♥❣ ❛♥ ❡❧❡♣❤❛♥t ✇✐t❤ ❢♦✉r ❝♦♠♣❧❡① ♣❛r❛♠❡t❡rs ❬✼✾❪✳ ◆❛

28



2.6.1 O potencial EAM e como encontrar seus parâmetros 29

❋✐❣✉r❛ ✷✳✽ ♥ós ♠♦str❛♠♦s ✉♠ ❡❧❡❢❛♥t❡ ❛❥✉st❛❞♦ ♣♦r sér✐❡ ❞❡ ❋♦✉r✐❡r ❝♦♥t❡♥❞♦ ✺ ❡ ✶✸ ♣❛râ✲

♠❡tr♦s✳ ❆ ✐❧✉str❛çã♦ ❢♦✐ t♦♠❛❞❛ ❞❡ ❤tt♣✿✴✴❞❡♠♦♥str❛t✐♦♥s✳✇♦❧❢r❛♠✳❝♦♠✴❋✐tt✐♥❣❆♥❊❧❡♣❤❛♥t✴✳

❈♦♠ ❝✐♥❝♦ ♣❛râ♠❡tr♦s é ♣♦ssí✈❡❧ ✈✐s✉❛❧✐③❛r ♦ ❡❧❡❢❛♥t❡✳ ❙❡ ❛❞✐❝✐♦♥❛r♠♦s ♠❛✐s ♣❛râ♠❡tr♦s ♦

❡❧❡❢❛♥t❡ t♦r♥❛✲s❡ ♠❛✐s ❜❡♠ ❞❡✜♥✐❞♦✳

Figura 2.8: Elefante parametrizado por 5 (esquerda) e 13 parâmetros (direita) utilizando série de Fourier.

[http://demonstrations.wolfram.com/FittingAnElephant/.]

❆ ❣r❛♥❞❡ q✉❡stã♦ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❛♦ ✏❡❧❡❢❛♥t❡✑ ❡♠ s✐t✉❛çõ❡s ❢♦r❛ ❞♦ ❛❥✉st❡ ❞❡ ♣❛râ♠❡tr♦s✳

❖❜✈✐❛♠❡♥t❡✱ s❡ ✐♠❛❣✐♥❛r♠♦s ♦ ❡❧❡❢❛♥t❡ ❞❛ ❋✐❣✳ ✷✳✽ ❢♦r s✉❜♠❡t✐❞♦ ❛ t❡♥sõ❡s✱ ♦ ♠♦❞❡❧♦ ❞❡ sér✐❡

❞❡ ❋♦✉r✐❡r ❝❡rt❛♠❡♥t❡ ♥ã♦ r❡s♣♦♥❞❡rá ❝♦rr❡t❛♠❡♥t❡✳ ◆❡st❡ ❝❛s♦✱ ✉♠ ♠í♥✐♠♦ ❞❡ ♠✉❞❛♥ç❛

❢❡✐t❛ ❛♦ ❡❧❡❢❛♥t❡ ❥á s❡r✐❛ s✉✜❝✐❡♥t❡ ♣❛r❛ ✈❡r q✉❡ t❛❧ ♠♦❞❡❧♦ só ❢✉♥❝✐♦♥❛ ❡♠ ✉♠❛ s✐t✉❛çã♦

♠✉✐t♦ ❡s♣❡❝í✜❝❛ ✭♣❛rt✐❝✉❧❛r✮✳ ◆❛ ♠♦❞❡❧❛❣❡♠ ❢ís✐❝❛✱ ♦ ♠❛✐s ✐♠♣♦rt❛♥t❡ é q✉❡ ❛ ❢ís✐❝❛ ❡st❡❥❛

❡♠❜✉t✐❞❛ ♥♦ ♣♦t❡♥❝✐❛❧✳ ❖ ✐❞❡❛❧ é q✉❡ ♦ ❝♦♥❥✉♥t♦ ❞❡ ♣❛râ♠❡tr♦s r❡♣r❡s❡♥t❡ ✉♠❛ s♦❧✉çã♦ ❢ís✐❝❛

❞♦ ♠♦❞❡❧♦✳ ❉❡ss❛ ❢♦r♠❛ ❛s s✐t✉❛çõ❡s ♥ã♦ ♣❛r❛♠❡tr✐③❛❞❛s ❡st❛r✐❛♠ ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ❛

r❡❛❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ✈✐♠♦s ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s✱ q✉❛♥❞♦ ❝❛❧❝✉❧❛♠♦s ❛ ✏❝♦♥st❛♥t❡

❡❧ást✐❝❛✑ ❞❛ ❧✐❣❛çã♦ ❡♥tr❡ át♦♠♦s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥❛ ♠♦❧é❝✉❧❛ ❞❡ H2✳

❖ ❡sq✉❡♠❛ ✐♥✐❝✐❛❧ ❞♦ ❊❆▼ ♣r♦♣♦st♦ ♣♦r ❉❛✇ ❡ ❇❛s❦❡s é s✐♠♣❧❡s ❬✷✶✱ ✷✷❪✳ ❈♦♠♦ ♠❡♥✲

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

◆♦ ❡♥t❛♥t♦✱ ❛ ❡♥❡r❣✐❛ ❛ss♦❝✐❛❞❛ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♥❛ ♣r♦♣♦st❛ ❞❡ ❉❛✇ é ♦❜t✐❞❛ ❛tr❛✈és

❞❡ ✉♠ s♣❧✐♥❡ ❝ú❜✐❝♦✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ❛ ❡♥❡r❣✐❛ é ❝♦♥str✉í❞❛ ♥✉♠❡r✐❝❛♠❡♥t❡ ♣❛r❛ ❛❥✉st❛r

♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❊st❡ t✐♣♦ ❞❡ ♣r♦❝❡❞✐♠❡♥t♦ ✭❛ ❢❛❧t❛ ❞❡ ✉♠❛ ❡①♣r❡ssã♦ ❛♥❛❧ít✐❝❛✮ t♦r♥❛

❞✐❢í❝✐❧ ✐♥❝❧✉✐r ❡①t❡♥sõ❡s q✉❡ ❝♦rr✐❥❛♠ ❛ ❡♥❡r❣✐❛✳ ❋♦✐❧❡s✱ ❇❛s❦❡s ❡ ❉❛✇ ❬✷✸❪ ✜③❡r❛♠ ✉♠❛ ✈❡rsã♦

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

❞❡ ❘♦s❡ ❬✻✾❪ ❞❛❞❛ ♣♦r✿

E(a) = −Ecoh(1 + a∗)e−a∗ , (2.17)

♦♥❞❡ Ecoh é ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦ ❡♠ ♣r❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛ ③❡r♦✱ a∗ ♠❡❞❡ ♦ q✉❛♥t♦ ❛ ❝♦♥t❛♥t❡
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r❡❞❡ s❡ ❞❡s✈✐❛ ❞❛ ❝♦♥st❛♥t❡ ❞❡ r❡❞❡ ♥♦ ❡q✉✐❧í❜r✐♦✱ ❡ é ❞❛❞❛ ♣♦r✿

a∗ = (a/a0 − 1)/(Ecoh/9BΩ0)
1/2, (2.18)

B é ♦ ♠ó❞✉❧♦ ✈♦❧✉♠étr✐❝♦ ❇✉❧❦ ▼♦❞✉❧✉s ❞♦ ♠❛t❡r✐❛❧✱ a é ♦ ❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❛ ❢❛s❡

❝♦♥❞❡♥s❛❞❛✱ a0 ❛ ❝♦♥st❛♥t❡ ❞❡ r❡❞❡ ♥♦ ❡q✉✐❧í❜r✐♦ ❡ Ω0 é ♦ ✈♦❧✉♠❡ ❛tô♠✐❝♦ ♥♦ ❡q✉✐❧í❜r✐♦✳

◆❛ ♣r♦♣♦st❛ ❞❡ ❋♦✐❧❡s✱ ❇❛s❦❡s ❡ ❉❛✇ ❛ ❡♥❡r❣✐❛ ❞❡ ♣❛r ❛ss✉♠❡ ✉♠❛ ❢♦r♠❛ ❛♥❛❧ít✐❝❛✳ ❆

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

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

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

q✉❡ ❛ ❡q✉❛çã♦ ❞❡ ❡st❛❞♦ ❞❡ ❘♦s❡✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ é ♣r❡✈✐st♦ ♣♦r t❡♦r✐❛s ❞❡ ♠❡✐♦

❡❢❡t✐✈♦ ❡ t❡♦r✐❛s ❞❡ q✉❛s❡ át♦♠♦✳ ❈♦♠ ✐ss♦ ❛❧❣✉♥s ♠♦❞❡❧♦s ❞❡ ❊❆▼ s✉r❣✐r❛♠ ♣❛r❛ ❝♦rr✐❣✐r

❡st❡s ♣r♦❜❧❡♠❛s✳ ◆❛ ♣r♦♣♦st❛ ♣✉❜❧✐❝❛❞❛ ♣♦r ❈❛✐ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✹✵❪ ♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❡♥❡r❣✐❛

t❡♠ ❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

F (ρ) = −F0

[

1− ln

(

ρ

ρe

)n](
ρ

ρe

)n

+ F1

(

ρ

ρe

)

. (2.19)

❯♠❛ s✐♠♣❧❡s ❢✉♥çã♦ ❡①♣♦♥❡♥❝✐❛❧ é ✉s❛❞❛ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞♦ ❜✉❧❦

❡ s✉♣❡r❢í❝✐❡ ❧✐✈r❡✳ ◆❡st❛ ❛♣r♦①✐♠❛çã♦ t♦♠❛♠♦s ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❛tô♠✐❝❛ ❝♦♠♦ s❡♥❞♦✿

f(r) = feexp [−χ (r − re)] , (2.20)

♦♥❞❡ fe é ✉♠❛ ❝♦♥st❛♥t❡ ❛r❜✐trár✐❛ t♦♠❛❞❛ ✐❣✉❛❧ ❛ ✉♥✐❞❛❞❡ ♣❛r❛ ♠❡t❛✐s ♣✉r♦s✳ χ é ✉♠

♣❛râ♠❡tr♦ ❞♦ ♠♦❞❡❧♦ ❡ re é ❛ ❞✐stâ♥❝✐❛ ❞❡ ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s ♥♦ ❡q✉✐❧í❜r✐♦✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛

❛♣r♦①✐♠❛çã♦ ❞❡ s✉♣❡r♣♦s✐çã♦ ❧✐♥❡❛r ❞❛ ❞❡♥s✐❞❛❞❡s ❡❧❡trô♥✐❝❛s ❞♦s át♦♠♦s ✐♥❞✐✈✐❞✉❛✐s✱ ♣♦❞❡♠♦s

❡s❝r❡✈❡r ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ t♦t❛❧ ❞❡ ❜❛❝❦❣r♦✉♥❞ ❡♠ ✉♠ át♦♠♦ ❝♦♠♦✿

ρi =
∑

j 6=i

f(rji). (2.21)

◆♦t❡ q✉❡ ❛ ❢✉♥çã♦ F é ✉♠❛ ❢✉♥çã♦ ✉♥✐✈❡rs❛❧✱ ♥ã♦ ❞❡♣❡♥❞❡ ❞♦ t✐♣♦ ❞❡ ✐♠♣✉r❡③❛ q✉❡ é ❛❞✐❝✐♦♥❛❞❛

❛♦ s✐st❡♠❛✱ ♠❛s ❛♣❡♥❛s ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ❜❛❝❦❣r♦✉♥❞✳ P♦r ❡①❡♠♣❧♦✱ s❡ ♠♦❞❡❧❛r♠♦s

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

❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ♥ã♦ é ♥❡❝❡ssár✐♦ r❡❝❛❧❝✉❧❛r ❛ ❢✉♥çã♦ F ✭❡❧❛ é ✉♥✐✈❡rs❛❧✮✳ ➱ ♥❡❝❡ssár✐♦ ❛♣❡♥❛s

r❡❝❛❧❝✉❧❛r ❛ ❢✉♥çã♦ ❞❡ ♣❛r φ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✳ ✷✳✶✻✳ ❚❛❧ ❢✉♥çã♦ φ é t♦♠❛❞❛ ❛♥❛❧✐t✐❝❛♠❡♥t❡

❝♦♠♦ s❡♥❞♦✿

φ(r) = −α [1 + β (r/ra − 1)] exp [−β (r/ra − 1)] . (2.22)
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◆♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ❈❛✐ t❡♠♦s ❡❢❡t✐✈❛♠❡♥t❡ ✺ ♣❛râ♠❡tr♦s✱ F1✱ χ✱ α✱ β ❡ ra✳ F0 é t♦♠❛❞♦

❝♦♠♦ s❡♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦ ❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ✈❛❝â♥❝✐❛✱ n = 0, 5✳

◆ós ❝♦♥str✉í♠♦s ✉♠ ♣r♦❣r❛♠❛ q✉❡ ♣♦❞❡ ♣❛r❛♠❡tr✐③❛r ❢✉♥çõ❡s ❞♦ ♠♦❞❡❧♦ ❊❆▼✳ ❈♦♠♦ ❡①❡♠♣❧♦

❞❡ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s✱ ♥ós t♦♠❛♠♦s ♦ ♠♦❞❡❧♦ ❞❡ ❊❆▼ ❞❡s❝r✐t♦ ❛❝✐♠❛ ❡

♦ r❡♣❛r❛♠❡tr✐③❛♠♦s ✉t✐❧✐③❛♥❞♦ ♠ét♦❞♦s ❞❡ ❜✉s❝❛ ❞❡ ♣❛râ♠❡tr♦s ❞✐❢❡r❡♥t❡s ❞♦ ♣✉❜❧✐❝❛❞♦ ♣♦r

❈❛✐✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ♥ós ❝♦♥s❡❣✉✐♠♦s ♣❛r❛ ❛❧❣✉♥s ❡❧❡♠❡♥t♦s ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♣❛râ♠❡tr♦s

q✉❡ ❧❡✈❛♠ ❛ ✉♠ ♠❡❧❤♦r ❛❥✉st❡ ❞❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s✿ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✱ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s

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

♣❛râ♠❡tr♦s ✈❛♠♦s ❡♥t❡♥❞❡r ✉♠ ♣♦✉❝♦ ♠❛✐s s♦❜r❡ ♦ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦ ♥❛ r❡❢❡rê♥❝✐❛ ❬✹✵❪✳

❈❛✐ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ✉t✐❧✐③❛r❛♠ ♦ ♠ét♦❞♦ s✐♠♣❧❡① ❬✽✵❪ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦s ♣❛râ♠❡tr♦s F1✱

χ✱ α✱ β ❡ ra✳ ❊st❛ té❝♥✐❝❛ t❡♠ ❧❛r❣❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❡♠ ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ ♦t✐♠✐③❛çã♦ ❧✐♥❡❛r ❡

♥ã♦ ❧✐♥❡❛r✳ ❈♦♥t✉❞♦✱ ♦ ♠ét♦❞♦ ♣♦❞❡ ❝♦♥✈❡r❣✐r ♣❛r❛ ♣♦♥t♦s ♥ã♦ ❡st❛❝✐♦♥ár✐♦s ✭♣♦♥t♦s

❞❡ ❣r❛❞✐❡♥t❡ ♥ã♦ ♥✉❧♦✮✳ ❚❛❧ ♠ét♦❞♦ ❡stá ❜❛s❡❛❞♦ ♥♦ ❝♦♥❝❡✐t♦ ❞❡ s✐♠♣❧❡①✳ ●r♦ss❡✐r❛♠❡♥t❡

❢❛❧❛♥❞♦✱ ♦ s✐♠♣❧❡① é ✉♠ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❞❛ ❣❡♥❡r❛❧✐③❛çã♦ ♥✲❞✐♠❡♥s✐♦♥❛❧ ❞❡ ♣♦❧í❣♦♥♦s✳ P♦r

❡①❡♠♣❧♦✱ ✉♠ s❡❣♠❡♥t♦ ❞❡ r❡t❛ ♣♦ss✉✐ ✷ ✏✈ért✐❝❡s✑ ✭❡①tr❡♠♦s✮ ♥♦ ❡s♣❛ç♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ✭✶❉✮✱

✉♠ tr✐â♥❣✉❧♦ ♣♦ss✉✐ ✸ ✈ért✐❝❡s ♥♦ ❡s♣❛ç♦ ❜✐❞✐♠❡♥s✐♦♥❛❧ ✭✷❉✮✱ ✉♠ t❡tr❛❡❞r♦ ♣♦ss✉✐ ✹ ✈ért✐❝❡s ♥♦

❡s♣❛ç♦ tr✐❞✐♠❡♥s✐♦♥❛❧ ✭✸❉✮ ❡ ❛ss✐♠ ♣♦r ❞✐❛♥t❡✳ ❊♠ ❣❡r❛❧✱ ♦ s✐♠♣❧❡① ♣♦ss✉✐ N + 1 ✈ért✐❝❡s ♥♦

❡s♣❛ç♦ N ❞✐♠❡♥s✐♦♥❛❧✳ ❆ ❋✐❣✳ ✷✳✾ ✐❧✉str❛ ❙✐♠♣❧❡① ♥✲❞✐♠❡♥s✐♦♥❛✐s q✉❡ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ♥❛

Figura 2.9: Ilustração do Simplex n-dimensional

té❝♥✐❝❛✳ ❆tr❛✈és ❞❡ ✉♠ ❛❧❣♦r✐t♠♦ ❤❡✉ríst✐❝♦ ♦ s✐♠♣❧❡① é r❡♠♦❞❡❧❛❞♦ ❞❡ ♠♦❞♦ ❛ ❝♦♥✈❡r❣✐r ♣❛r❛

✉♠ ♣♦♥t♦ ❞❡ ♠í♥✐♠♦✳ ❊①❡♠♣❧♦✿ ❙❡ ❛ ❢✉♥çã♦ é tr✐❞✐♠❡♥s✐♦♥❛❧ ❛s ❝✉r✈❛s ❞❡ ♥í✈❡❧ ❡stã♦ ♥♦ ❡s♣❛ç♦

❜✐❞✐♠❡♥s✐♦♥❛❧ ❡♥tã♦ ✉s❛r❡♠♦s ✉♠ tr✐â♥❣✉❧♦ ❝♦♠♦ s✐♠♣❧❡①✳ ❆ ❋✐❣✳ ✷✳✾ ✐❧✉str❛ ♦s ♣♦ssí✈❡✐s ♥✲

❞✐♠❡♥s✐♦♥❛✐s s✐♠♣❧❡① ❡ ♥❛ ❋✐❣✳ ✷✳✶✵ ♠♦str❛♠♦s ✉♠❛ s✐t✉❛çã♦ ♦♥❞❡ ♦ ♠ét♦❞♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦

❝♦♠ s✉❝❡ss♦ ♣❛r❛ ✉♠❛ ❢✉♥çã♦ ❞❡ ❍✐♠♠❡❧❜❧❛✉ ❞❛❞❛ ♣♦r✿ f(x, y) = (x2+y−11)2+(x+y2−7)2✳

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

❛tr❛✈és ❞❡ ❡①♣❛♥sã♦✱ ❝♦♥tr❛çã♦ ❡ r❡✢❡①ã♦ ❞♦s s❡❣♠❡♥t♦s ❞♦ s✐♠♣❧❡① ❝♦♥❢♦r♠❡ ❛ s❡q✉ê♥❝✐❛ ♥❛

❋✐❣✳ ✷✳✶✵ ✭❛✲❢✮✳ ❈♦♠♦ ♠❡♥❝✐♦♥❛♠♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ❡st❡ ♠ét♦❞♦ ♣♦❞❡ ❝♦♥✈❡r❣✐r ♣❛r❛ ♣♦♥t♦s

♥ã♦ ❡st❛❝✐♦♥ár✐♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡ q✉❛♥❞♦ ❛s ❞❡r✐✈❛❞❛s sã♦ ♠✉✐t♦ ♣ró①✐♠❛s ❞❡ ③❡r♦ ❡ ❛ ❢✉♥çã♦

❝♦♥✈❡r❣❡ ♠✉✐t♦ s✉❛✈❡♠❡♥t❡ ♣❛r❛ ✉♠ ♠í♥✐♠♦✳
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Figura 2.10: Sucessão de simplex durante minimização da função de Himmelblau

◆ós ✐♠♣❧❡♠❡♥t❛♠♦s ✉♠ s✐♠♣❧❡s ❡ ❝♦♥❤❡❝✐❞♦ ♠ét♦❞♦ ❜❛s❡❛❞♦ ♥❛ ♠❡❞✐❞❛ ❞♦ ❣r❛❞✐❡♥t❡✳

❖ ♠ét♦❞♦ é ❝❤❛♠❛❞♦ ●r❛❞✐❡♥t ❞❡s❝❡♥t ♦✉ st❡❡♣❡st ❞❡s❝❡♥t✳ P❛r❛ ❡♥❝♦♥tr❛r ♦ ♣♦♥t♦ ❞❡

♠í♥✐♠♦ ❜❛st❛ t♦♠❛r ♦ ♥❡❣❛t✐✈♦ ❞♦ ❣r❛❞✐❡♥t❡ ❡ ✏❝❛♠✐♥❤❛r✑ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❝♦♠ ♣❛s✲

s♦s ♣r♦♣♦r❝✐♦♥❛✐s ❛♦ ❣r❛❞✐❡♥t❡✳ ❙✉♣♦♥❤❛ q✉❡ t❡♠♦s ✉♠❛ ❢✉♥çã♦ ♠✉❧t✐✈❛r✐á✈❡❧ ❋(❳)✱ ❳ =

(x0, x1, x2, x3, ...)✳ ❙✉♣♦♥❤❛ ❛✐♥❞❛ q✉❡ ❋(❳) é ❞✐❢❡r❡♥❝✐á✈❡❧ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❡ ✉♠ ♣♦♥t♦ ❛ =

(a0, a1, a2, a3, ...)✳ ❉❡ss❛ ❢♦r♠❛✱ s❡ t♦♠❛r♠♦s ✉♠ ♣♦♥t♦ ❜ t❛❧ q✉❡ ❜ = ❛ − γ∇❋(❛)✱ ❝♦♠ γ

s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥♦✱ t❡r❡♠♦s ❋(❜) ≤ ❋(❛) ♣❛r❛ γ → 0✳ ❊♥tã♦✱ t♦♠❛♥❞♦ ❝♦♠♦ ✏❝❤✉t❡✑

✐♥✐❝✐❛❧ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♣❛râ♠❡tr♦s ❳0 ♣❛r❛ ♦ ♠í♥✐♠♦ ❞❡ F ✱ t❡r❡♠♦s ❛ s❡q✉ê♥❝✐❛✿

❳n+1 = ❳n − γn∇F (❳n), n ≥ 0. (2.23)
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P♦rt❛♥t♦✱

F (X0) ≥ F (X1) ≥ F (X2) ≥ ... (2.24)

P❛r❛ ❛❧❣✉♠❛s ❛♣❧✐❝❛çõ❡s ♦ ♠ét♦❞♦ st❡❡♣❡st ❞❡s❝❡♥t ♣♦❞❡ s❡r r❡❧❛t✐✈❛♠❡♥t❡ ❧❡♥t♦✳ ❊①✐st❡♠

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

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

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

❞❡s❝❡♥t ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ❡♠ ♣r♦❜❧❡♠❛s ♥ã♦ ❧✐♥❡❛r❡s✱ ♣♦ré♠ ❛♣r❡s❡♥t❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦

③✐❣✲③❛❣ q✉❛♥❞♦ ❛ ❝✉r✈❛t✉r❛ ♣ró①✐♠❛ ❛♦ ♣♦♥t♦ ❞❡ ♠í♥✐♠♦ t❡♠ ✈❛❧♦r❡s ♠✉✐t♦ ❞✐❢❡r❡♥t❡s ♣❛r❛

❞✐❢❡r❡♥t❡s ❞✐r❡çõ❡s ✭♣r♦❜❧❡♠❛ ♠❛❧ ❝♦♥❞✐❝✐♦♥❛❞♦✮✳ P❛r❛ ❡st❡s ♣r♦❜❧❡♠❛s ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦

st❡❡♣❡st ❞❡s❝❡♥t t♦r♥❛✲s❡ ♠❛✐s ❧❡♥t❛ ❡ ♦ ♣❛ss♦ γ ❞❡✈❡ s❡r r❡❞✉③✐❞♦✳ P❛r❛ ♥ós✱ ❛ ♣❛❧❛✈r❛ ❧❡♥t♦

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

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

t❡♠♣♦ ❞❡ ❜✉s❝❛ ❞❡ ♣❛râ♠❡tr♦s q✉❡ ♠ét♦❞♦s ♠❛✐s s♦✜st✐❝❛❞♦s ❝♦♠ ✐♠♣❧❡♠❡♥t❛çã♦ ✉♠ ♣♦✉❝♦

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

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

❞❛❞♦ ♣♦♥t♦✳ ◆♦t❡ q✉❡ ♦ ♥❡❣❛t✐✈♦ ❞♦ ❣r❛❞✐❡♥t❡ é ♦rt♦❣♦♥❛❧ ❛ ❝✉r✈❛ ❞❡ ♥í✈❡❧ ❧❡✈❛♥❞♦ ❛♦ ♠í♥✐♠♦

❞❛ ❢✉♥çã♦✳

Figura 2.11: Ilustração do método steepest descent

❆ ✈❛♥t❛❣❡♠ ❞♦ st❡❡♣❡st ❞❡s❝❡♥t s♦❜r❡ ♦ ♠ét♦❞♦ s✐♠♣❧❡① é q✉❡ ♥♦ ♣r✐♠❡✐r♦ ♥ós ♣♦❞❡♠♦s

❛❝♦♠♣❛♥❤❛r ❝✉✐❞❛❞♦s❛♠❡♥t❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❣r❛❞✐❡♥t❡ ♣ró①✐♠♦ ❛♦ ♣♦♥t♦ ❞❡ ♠í♥✐♠♦✳ ❏á

♦ ♠ét♦❞♦ s✐♠♣❧❡①✱ ♣♦r ❧✐♠✐t❛çõ❡s ♥♦ ❝r✐tér✐♦ ❞❡ ♣❛r❛❞❛✱ ♣♦❞❡ ❝♦♥✈❡r❣✐r ❡♠ ✉♠ ♣♦♥t♦ ♦♥❞❡

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

s✉❛✈❡♠❡♥t❡✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ♦s ♠ét♦❞♦ ❞❡r✐✈❛t✐✈♦s ✭❝♦♠ ❞❡r✐✈❛❞❛s✮ ❡①✐❣❡♠ ❛ ❡①✐stê♥❝✐❛ ❞❡

❢✉♥çõ❡s ❞✐❢❡r❡♥❝✐á✈❡✐s ♠❡s♠♦ q✉❡ ❛✐♥❞❛ s❡❥❛ ❝♦♥❤❡❝✐❞❛ ❛♣❡♥❛s ♥✉♠❡r✐❝❛♠❡♥t❡✳ P❛r❛ ♠✉✐t❛s
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❝❧❛ss❡s ❞❡ ♣r♦❜❧❡♠❛s ♥❡♠ s❡♠♣r❡ ✐ss♦ é ♣♦ssí✈❡❧✱ ❧❡✈❛♥❞♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❛♦ ✉s♦ ❞❡ té❝♥✐❝❛s

♥ã♦ ❞❡r✐✈❛t✐✈❛s ❝♦♠♦ é ♦ ❝❛s♦ ❞♦ ♠ét♦❞♦ s✐♠♣❧❡①✳

P❛r❛ ♣❛r❛♠❡tr✐③❛r♠♦s ✉♠ ♣♦t❡♥❝✐❛❧ ♣r❡❝✐s❛♠♦s ❝❛❧❝✉❧❛r ❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s ♣r❡✈✐st❛s ♣❡❧♦

♠❡s♠♦✳ ◆♦ ♥♦ss♦ ❝❛s♦✱ ✈❛♠♦s ❛❥✉st❛r ✻ ❣r❛♥❞❡③❛s✿ ✸ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✱ ♦ ♣❛râ♠❡tr♦ ❞❡

r❡❞❡✱ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦ ❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ✈❛❝â♥❝✐❛✳ ❉❡✈❡♠♦s s❛❧✐❡♥t❛r q✉❡ ♦

♣❛râ♠❡tr♦ ❞❡ r❡❞❡ é ❣❛r❛♥t✐❞♦ s❡r ❛❥✉st❛❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ✈❛❧♦r ❡①♣❡r✐♠❡♥t❛❧ ❡①❛t♦✳ ■st♦

é ❢❡✐t♦ ❝♦♥str✉✐♥❞♦ ✉♠❛ r❡❞❡ ❢❝❝ ♥♦ ❡q✉✐❧í❜r✐♦ ❝♦♠ ✉♠ ✈í♥❝✉❧♦ ♥♦ ❡①❛t♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡✳

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

♣ró①✐♠♦s ♣♦ssí✈❡✐s ❞♦ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❆ss✐♠✱ ✈❛♠♦s ♠✐♥✐♠✐③❛r ♦ ❞❡s✈✐♦ ♣❡r❝❡♥t✉❛❧

q✉❛❞rát✐❝♦ ♠é❞✐♦ ❞❛❞♦ ♣♦r✿

Erms =
√

X2
rms/n (2.25)

❖♥❞❡ n é ♦ ♥ú♠❡r♦ ❞❡ ❣r❛♥❞❡③❛s ❛❥✉st❛❞❛s ❡ X2
rms é ❡s❝r✐t♦ ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛✿

X2
rms = [(aexp − a)/aexp]

2 +
[

(Ecoh(exp) − Ecoh)/Ecoh(exp)

]2

+
[

(c11(exp) − c11)/c11(exp)
]2

+
[

(c12(exp) − c12)/c12(exp)
]2

+
[

(c44(exp) − c44)/c44(exp)
]2

+
[

(Evac(exp) − Evac)/Evac(exp)

]2
. (2.26)

a✱ Ecoh✱ Evac✱ c11✱ c12✱ c44✱ sã♦ ❛s ❣r❛♥❞❡③❛s ♣❛râ♠❡tr♦ ❞❡ r❡❞❡✱ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✱ ❡♥❡r❣✐❛ ❞❡

✈❛❝â♥❝✐❛ ❡ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣r❡✈✐st❛ ♣❡❧♦ ♠♦❞❡❧♦ ❝♦♥❢♦r♠❡ ♦s ♣❛râ♠❡tr♦s

❞❡ ❡♥tr❛❞❛ ✭F1✱ χ✱ α✱ β ❡ ra✳ F0 ✮✳ ❖ í♥❞✐❝❡ (exp) r❡♣r❡s❡♥t❛ ♦ ✈❛❧♦r ♠❡❞✐❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

❖ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦ ❡ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ✈❛❝â♥❝✐❛ sã♦ ❞❛❞♦s ♣♦r✿

Ecoh = −
[

F (ρ̄) +
1

2

∑

m

φ(am)

]

(2.27)

Evac = −1

2

∑

m

φ(am) +
∑

m

[F (ρ̄− ρm)− F (ρ̄)] + Erelax (2.28)

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✱ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ✈❛❝â♥❝✐❛✱ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ❡

♦ ✈í♥❝✉❧♦ ❞❡ ❡q✉✐❧í❜r✐♦ ♥ós ❞❡✜♥✐♠♦s ρ̄ =
∑

m ρ(am)✱ ♦♥❞❡ am é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ✈✐③✐♥❤♦s ♥♦

❡q✉✐❧í❜r✐♦ ❝♦♠ m ✈❛r✐❛♥❞♦ ✶ ❛té ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ át♦♠♦s✳ ❚❛♠❜é♠ ❞❡✜♥✐♠♦s φ̄ =
∑

m φ(am)✳

❆s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞❛s ♥✉♠❡r✐❝❛♠❡♥t❡ ❛tr❛✈és ❞❡✿

cijkl =
∂2✉

∂ǫij∂ǫkl
, (2.29)
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♦♥❞❡ ✉ r❡♣r❡s❡♥t❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❡ ǫ ♦ str❛✐♥✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ q✉❡ t♦♠❛♠♦s ♥❡st❡

tr❛❜❛❧❤♦ ❢♦✐ ❝❛❧❝✉❧❛r ❛♥❛❧✐t✐❝❛♠❡♥t❡ ❛s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✳ ❖ ❝á❧❝✉❧♦ ❛♥❛❧ít✐❝♦ só ❢♦✐ ♣♦ssí✈❡❧

❞❡✈✐❞♦ ❛ s✐♠♣❧✐❝✐❞❛❞❡ ❞♦ ♣♦t❡♥❝✐❛❧✱ ❡♠ ❣❡r❛❧ ♦ ❝á❧❝✉❧♦ ♥✉♠ér✐❝♦ é ♠❛✐s ✈✐á✈❡❧✳ ❉❡✜♥✐♥❞♦

φ′
m = [dφ(r)/dr]r=am ❡ ρ′m = [dρ(r)/dr]r=am ❛s ❡①♣r❡ssõ❡s ❛♥❛❧ít✐❝❛s sã♦ ❬✷✷❪✿

cijkl = (Bijkl + F ′(ρ̄)Wijkl + F ′′(ρ̄)VijVkl)/Ω0, (2.30)

♦♥❞❡ Ω0 é ♦ ✈♦❧✉♠❡ ❛tô♠✐❝♦ s❡♠ ❞❡❢♦r♠❛çã♦✱ Vij ✱ Bijkl ❡ Wijkl sã♦ ❞❛❞♦s ♣♦r✿

Vij =
1

2

∑

m

ρ′ma
m
i a

m
j /a

m (2.31)

Bijkl =
1

2

∑

m

(φ′′
m − φ′

m/a
m)ami a

m
j a

m
k a

m
l /(a

m)2, (2.32)

Wijkl =
1

2

∑

m

(ρ′′m − ρ′m/a
m)ami a

m
j a

m
k a

m
l /(a

m)2. (2.33)

P❛r❛ ❝r✐st❛✐s ❝ú❜✐❝♦s ❛s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s sã♦✿

C11 = [B11 + F ′(ρ̄)W11 + F ′′(ρ̄)(V11)
2]/Ω0 (2.34)

C12 = [B12 + F ′(ρ̄)W12 + F ′′(ρ̄)(V11)
2]/Ω0 (2.35)

C44 = [B12 + F ′(ρ̄)W12]/Ω0. (2.36)

❆ ❝♦♥❞✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❞❡✈❡ s❡r s❛t✐s❢❡✐t❛ ❛tr❛✈és ❞♦ s❡❣✉✐♥t❡ ✈í♥❝✉❧♦✿

Aij + F ′(ρ̄)Vij = 0, (2.37)

❝♦♠ Aij ❞❛❞♦ ♣♦r✿

Aij =
1

2

∑

m

φ′
ma

m
i a

m
j /a

m. (2.38)

❆ ❝♦♥❞✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❣❛r❛♥t❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ ❝r✐st❛❧ ♥❛ ❝♦♥st❛♥t❡ ❞❡ r❡❞❡ ❞❡✜♥✐❞❛✳ ❆❧é♠

❞✐ss♦✱ ❞❡✈❡♠♦s ❞❡✜♥✐r ❡♠ ♥♦ss♦ ❛❥✉st❡ ✉♠ r❛✐♦ ❞❡ ❝♦rt❡ ♣❛r❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♣❛r❡s ❞❡ át♦♠♦s✳

❯♠ r❛✐♦ ❞❡ ❝♦rt❡ é ♥❡❝❡ssár✐♦ ♣♦rq✉❡ ❛s ❞✐♠❡♥sõ❡s ❞❛ r❡❞❡ ❛ s❡r❡♠ ❛❥✉st❛❞❛s sã♦ ♠❡♥♦r❡s

q✉❡ ❛ ♣r❛t✐❝❛❞❛ ♥❛s s✐♠✉❧❛çõ❡s✳ ❙❡ ♥ã♦ ❞❡✜♥✐r♠♦s ✉♠ r❛✐♦ ❞❡ ❝♦rt❡ ♣♦❞❡♠♦s ❛❧❝❛♥ç❛r ✉♠

♣❡r❢❡✐t♦ ❛❥✉st❡ ❞♦s ♣❛râ♠❡tr♦s✱ ♠❛s q✉❛♥❞♦ s✐♠✉❧❛♠♦s s✐st❡♠❛s ❝♦♠ ❞✐♠❡♥sõ❡s ♠❛✐♦r❡s q✉❡

♣r❛t✐❝❛❞❛s ♥❛ ♣❛r❛♠❡tr✐③❛çã♦ ♣♦❞❡r❡♠♦s t❡r ✉♠ ❣r❛♥❞❡ ❡rr♦✳ ■ss♦ ♣♦rq✉❡ ♦s át♦♠♦s q✉❡

♥ã♦ ❢♦r❛♠ ❧❡✈❛❞♦s ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♥❛ ♣❛r❛♠❡tr✐③❛çã♦ ♣♦❞❡♠ ✐♥t❡r❛❣✐r s❡♠ ♥❡♥❤✉♠❛ ❡♥❡r❣✐❛

♣r❡✈✐❛♠❡♥t❡ ❛❥✉st❛❞❛ ✭s❡♠ ❝♦♥tr♦❧❡✮✳ P♦rt❛♥t♦✱ ❞❡✈❡ s❡r ❣❛r❛♥t✐❞❛ ✉♠❛ ❞✐stâ♥❝✐❛ ❧✐♠✐t❡ ❞❡
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✐♥t❡r❛çã♦✳ ◆♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❈❛✐ ❡st❛ ❞✐stâ♥❝✐❛ ❢♦✐ t♦♠❛❞❛ ❞❡ ♠♦❞♦ ❛ ❝♦♥s✐❞❡r❛r ❛ ✐♥t❡r❛çã♦ ❛té

q✉✐♥t♦s ✈✐③✐♥❤♦s✳ ➪t♦♠♦s ❝♦♠ ❞✐stâ♥❝✐❛ ♠❛✐♦r q✉❡ 1.65a0 ♥ã♦ ✐♥t❡r❛❣❡♠ ♥❡st❛ ❛♣r♦①✐♠❛çã♦✳

❊st❡ r❛✐♦ ❞❡ ❝♦rt❡ r❡♣r❡s❡♥t❛ ✉♠ s✐st❡♠❛ ❝ú❜✐❝♦ ❝♦♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✽✵ át♦♠♦s ♣❛r❛ s❡r

❝♦♥s✐❞❡r❛❞♦ ❞✉r❛♥t❡ ❛ ♣❛r❛♠❡tr✐③❛çã♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♥ós t❛♠❜é♠ ❛❞✐❝✐♦♥❛♠♦s ♦ r❛✐♦ ❞❡ ❝♦rt❡

❝♦♠♦ s❡♥❞♦ ♠❛✐s ✉♠ ✈í♥❝✉❧♦ ❛ s❡r s❛t✐s❢❡✐t♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❜✉s❝❛ ❞❡ ♣❛râ♠❡tr♦s✳

❖ ✈í♥❝✉❧♦ é ❡s❝r✐t♦ ❞❡ ♠♦❞♦ ♠✉✐t♦ s✐♠♣❧❡s✿

Utotal(Rc) = 0. (2.39)

❖ ❣r❛♥❞❡ ♣r♦❜❧❡♠❛ ❡♥❝♦♥tr❛✲s❡ ❡♠ ♠✐♥✐♠✐③❛r ❛ ❢✉♥çã♦ X ❝♦♥s✐❞❡r❛♥❞♦ ♦s ✈í♥❝✉❧♦s✳ ◆ós ✉t✐✲

❧✐③❛♠♦s ✉♠ ♠ét♦❞♦ ❞❛s ❢✉♥çõ❡s ❞❡ ♣❡♥❛❧✐❞❛❞❡ ♦✉ ✭♣❡♥❛❧t② ♠❡t❤♦❞✮ ❬✽✶❪✳ ❊st❡ ♠ét♦❞♦ ❝♦♥s✐st❡

❡♠ tr♦❝❛r ♦ ♣r♦❜❧❡♠❛ ❝♦♠ ✈í♥❝✉❧♦s ♣♦r ✉♠ ♣r♦❜❧❡♠❛ s❡♠ ✈í♥❝✉❧♦s✳ ❆ ✐❞❡✐❛ é ♠✐♥✐♠✐③❛r ✉♠❛

❢✉♥çã♦ X ′
rms ❛♦ ✐♥✈és ❞❡ Xrms✳ ❚❡♠♦s ❡♥tã♦✿

X ′
rms = X +

N
∑

i

λig
2
i (x0, x1, x2, x3, ...). (2.40)

N é ♦ ♥ú♠❡r♦ ❞❡ ✈í♥❝✉❧♦s✳ gi(x0, x1, x2, x3, ...) = 0 sã♦ ♦s ✈í♥❝✉❧♦s✳ λi é ❝❤❛♠❛❞♦ ♣❡♥❛❧t② ❡

❞❡✈❡ s❡r ❣r❛♥❞❡ s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ ❢♦r❝❡ gi → 0 ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❞❡ X ′
rms ♦✉

❛✐♥❞❛✱ ♣♦r ❤✐♣ót❡s❡✱ ❞❡✈❡♠♦s t❡r λi → ∞ ✐♠♣❧✐❝❛♥❞♦ gi → 0 ♣❛r❛ q✉❡ X ′
rms s❡❥❛ ♠✐♥✐♠✐③❛❞❛✳

➱ ♣♦ssí✈❡❧ ♠♦str❛r q✉❡ ❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ t❛♠❜é♠ ❧❡✈❛ ❛ ♠✐♥✐♠✐③❛çã♦ ❞❛ ❢✉♥çã♦ X ❬✽✶❪✳

❆❣♦r❛✱ r❡s♦❧✈❡♠♦s ♦ ♣r♦❜❧❡♠❛ s❡♠ ✈í♥❝✉❧♦s ♣❛r❛ X ′ ✉s❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ ❣r❛❞✐❡♥t❡ ❞❡s❝r✐t♦

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

♣❛râ♠❡tr♦s✳ ❉❡ ♣♦ss❡ ❞♦s ♣❛râ♠❡tr♦s✱ ❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s sã♦ ❝❛❧❝✉❧❛s ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞♦

♠ét♦❞♦ ❞❡ ❜✉s❝❛✳ ❚❡♠♦s ♦ ❝✉✐❞❛❞♦ ❞❡ ✈❡r✐✜❝❛r s❡ ♦s ✈í♥❝✉❧♦s ❡stã♦ ❞❡ ❢❛t♦ s❛t✐s❢❡✐t♦s ❞❡♥tr♦ ❞❡

✉♠ ❝r✐tér✐♦ ❞❡ ♣r❡❝✐sã♦ ❡st❛❜❡❧❡❝✐❞♦✳ ◆ós t♦♠❛♠♦s ❝r✐tér✐♦s ❞❡ ♣r❡❝✐sã♦ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r♠♦s

♣❛râ♠❡tr♦s q✉❡ s❛t✐s❢❛ç❛♠ ♦s ✈í♥❝✉❧♦s ❝♦♠ ♠❛✐s ♣r❡❝✐sã♦ q✉❡ ♦s ♣❛râ♠❡tr♦s ♣✉❜❧✐❝❛❞♦s ♣♦r

❈❛✐ ❡ ❝♦❧❛❜♦r❛❞♦r❡s✳ ❆ ❡q✉❛çã♦ ❛ s❡r ♠✐♥✐♠✐③❛❞❛ ❡♠ ♥♦ss♦ ❝❛s♦ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❞❛ s❡❣✉✐♥t❡

❢♦r♠❛✿

X ′
rms = X + λequil(Vequil)

2 + λRc
(VRc

), (2.41)

♦♥❞❡ λequil r❡♣r❡s❡♥t❛ ♦ ♣❡♥❛❧t② ♣❛r❛ ♦ ✈í♥❝✉❧♦ ❞♦ ❡q✉✐❧í❜r✐♦ ❞❡♥♦t❛❞♦ ♣♦r Vequil = Aij +

F ′(ρ̄)Vij ❝♦♠ Vij ❡ Aij ❞❡s❝r✐t♦s ♥❛s ❡①♣r❡ssõ❡s ✷✳✸✶ ❡ ✷✳✸✽✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆♥❛❧♦❣❛♠❡♥t❡

λRc
r❡♣r❡s❡♥t❛ ♦ ♣❡♥❛❧t② ♣❛r❛ ♦ ✈í♥❝✉❧♦ ❞♦ r❛✐♦ ❞❡ ❝♦rt❡ ❡①♣r❡ss♦ ♣♦r VRc

= Utotal(Rc)✳

❊♠ ❣❡r❛❧ ♦ ❡sq✉❡♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❋✐❣✳ ✷✳✶✷✳ ■♥✐❝✐❛❧♠❡♥t❡ ♦

♣r♦❣r❛♠❛ ❣❡r❛ ✉♠❛ r❡❞❡ ❢❝❝✳ ◆ós ❞❛♠♦s ✉♠ ✏❝❤✉t❡✏ ✐♥✐❝✐❛❧ ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ ♣❛râ♠❡tr♦s✳
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❆s ❣r❛♥❞❡③❛s ❢ís✐❝❛s sã♦ ❝❛❧❝✉❧❛❞❛s ❡ ❡♥tã♦ ❛✈❛❧✐❛♠♦s ♦ ✈❛❧♦r ❞❡ X ❡ X ′✳ ❖ ❣r❛❞✐❡♥t❡ ❞❡ X ′

é ❝❛❧❝✉❧❛❞♦ ♣❛r❛ q✉❡ ♣♦ss❛♠♦s ❝❛♠✐♥❤❛r ♥❛ ❞✐r❡çã♦ q✉❡ ♠✐♥✐♠✐③❛ X ❡ t❛♠❜é♠ X ′✳ ❖ ❝✐❝❧♦

s❡ r❡♣❡t❡ ❛té ❛t✐♥❣✐r♠♦s ✉♠ ✈❛❧♦r ♠✉✐t♦ ❜❛✐①♦ ❞❡ ❣r❛❞✐❡♥t❡ ❝♦♠ ❝♦♥✈❡r❣ê♥❝✐❛ ♠✉✐t♦ ❧❡♥t❛✳

❉❡ ✐♥í❝✐♦✱ ♦s ✈í♥❝✉❧♦s ♥ã♦ sã♦ s❛t✐s❢❡✐t♦s✱ ♦ q✉❡ ❞❡s❝❛rt❛ ❛ ♣❛r❛❞❛ ❞♦ ❛❧❣♦r✐t♠♦✱ ♣♦ré♠✱ ❛♣ós

✉♠ ❝❡rt♦ ♥ú♠❡r♦ ❞❡ ✐t❡r❛çõ❡s✱ ❛s ❡①♣r❡ssõ❡s ❞♦s ✈í♥❝✉❧♦s Vequil ❡ VRc
t❡♥❞❡♠ ❛ ③❡r♦✳ ❚♦❞♦ ♦

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

Figura 2.12: Ilustração do Algoritmo de busca.

❱❛♠♦s ❛♣r❡s❡♥t❛r ♦s r❡s✉❧t❛❞♦s q✉❡ ♦❜t✐✈❡♠♦s ❝♦♠ ♦ ♥♦✈♦ ♣r♦❝❡❞✐❡♠♥t♦ ❞❡ ♣❛r❛♠❡tr✐③❛✲

çã♦✳
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❆ ❋✐❣✳ ✷✳✶✸ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ❞♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✱ ❡♥❡r❣✐❛ ❞❡ ✈❛❝â♥❝✐❛✱ ♣❛râ♠❡tr♦

❞❡ r❡❞❡ ❡ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ♣❛r❛ ❆✉✳ ❆ t❛❜❡❧❛ ❢❛③ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s

♣♦r ♥ós ❡ ♦s ♦❜t✐❞♦s ♣♦r ❈❛✐ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ❆✉✳ ❆ ❞✐❢❡r❡♥ç❛ s✉r❣❡ ♥❛s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✱

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

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

❞♦s ♣❛râ♠❡tr♦s✱ ♥ã♦ ❤♦✉✈❡ ✉♠❛ ♠✉❞❛♥ç❛ ♥♦ ♠♦❞❡❧♦✳ ❆♥t❡r✐♦r♠❡♥t❡ ♥ós ❝♦♠❡♥t❛♠♦s q✉❡ ♦

♠ét♦❞♦ s✐♠♣❧❡① t❡♠ ❞✐✜❝✉❧❞❛❞❡ ♣❛r❛ ♣♦♥t♦s ❝♦♠ ❜❛✐①♦ ❣r❛❞✐❡♥t❡ ♦♥❞❡ ❛ ✈✐③✐♥❤❛ç❛ ❝♦♥✈❡r❣❡

♠✉✐t♦ s✉❛✈❡♠❡♥t❡ ♣❛r❛ ♦ ♠í♥✐♠♦✳ ❉❡ss❛ ❢♦r♠❛ q✉❛♥❞♦ ❛♣❧✐❝❛♠♦s ♦s ♣❛râ♠❡tr♦s ❡♥❝♦♥tr❛❞♦s

♣♦r ❈❛✐ ❡♠ ♥♦ss♦ ♣r♦❣r❛♠❛ ♣✉❞❡♠♦s ♣❡r❝❡❜❡r q✉❡ ♦ ❣r❛❞✐❡♥t❡ é ❜❡♠ ♣ró①✐♠♦ ❞❡ ③❡r♦✱ ♠❛s

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

♣❛r❛♠❡tr✐③❛çã♦✳ ❆ ♠❡❧❤♦r✐❛ ♥❛s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✱ ❛♣❡s❛r ❞❡ ♣❡q✉❡♥❛✱ ❢❛③ ❞✐❢❡r❡♥ç❛✳ ◆♦t❡

q✉❡ ❛s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ❡stã♦ ❞✐r❡t❛♠❡♥t❡ ❛ss♦❝✐❛❞❛s ❛s ♠❡❞✐❞❛s ❞♦ ❣r❛❞✐❡♥t❡ ❡ ❞❡ s✉❛

❞❡r✐✈❛❞❛✳ ■st♦ ❡①♣❧✐❝❛ ❛ ♠❡❧❤♦r s❡♥s✐❜✐❧✐❞❛❞❡ ❡♠ tr❛t❛r t❛❧ ❛❥✉st❡ ♣♦r ✉♠ ♠ét♦❞♦ ❞❡ ❣r❛❞✐❡♥t❡

❡ ♥ã♦ ♣❡❧♦ ♠ét♦❞♦ s✐♠♣❧❡①✳

❖s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s ❡♥❝♦♥tr❛❞♦s ♣♦r ♥ós sã♦✿ χ = 4.179203✱ α = 0.397525✱ β =

4.284861✱ F1 = 0.490043✱ ❡ ra = 2.063771✳ ❖s ♣❛râ♠❡tr♦s ❡♥❝♦♥tr❛❞♦s ♣♦r ❈❛✐ sã♦✿ χ = 4.00✱
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Figura 2.13: Comparação entre grandezas físicas obtidas com nossos parâmetros e parâmetros obtidos por Cai e

colaboradores.

α = 0.2774✱ β = 5.7177✱ F1 = 0.4728✱ ❡ ra = 2.4336✳ ❖ ❞❡s✈✐♦ ♣❡r❝❡♥t✉❛❧ ♠é❞✐♦ q✉❛❞rát✐❝♦ é

0.48% ♣❛r❛ ♥♦ss♦s ♣❛râ♠❡tr♦s ❡ 3.074% ♣❛r❛ ♦s ♣❛râ♠❡tr♦s ❞❡ ❈❛✐✳

❖ q✉❡ ♣♦❞❡♠♦s ❢❛❧❛r s♦❜r❡ ❛ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ❞❡st❡ ♥♦✈♦ ❛❥✉st❡❄ ◆ã♦ t❡rí❛♠♦s ❢♦rç❛❞♦

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

❞❡ ❣r❛♥❞❡③❛s q✉❡ ♥ã♦ ❢♦r❛♠ ❛❥✉st❛❞❛s❄ ◗✉❛♥❞♦ ❛♥❛❧✐s❛♠♦s ❛ ❝✉r✈❛ ❞❡ ❡♥❡r❣✐❛ t♦t❛❧ ❝♦♠ ❛

✈❛r✐❛çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❡ ❝♦♠♣❛r❛♠♦s ❝♦♠ ❛ ❡q✉❛çã♦ ❞❡ ❡st❛❞♦ ❞❡ ❘♦s❡ ✭✈❡r ❋✐❣✳ ✷✳✶✹✮✱

✈❡♠♦s q✉❡ ♥♦ss♦s ♣❛râ♠❡tr♦s ♣r♦❞✉③❡♠ ❛té ♠❡s♠♦ ✉♠❛ ♠❡❧❤♦r ❛♣r♦①✐♠❛çã♦ ❞❛ ❢✉♥çã♦ ❞❡

❡st❛❞♦✳ ◆❡♥❤✉♠ ✈í♥❝✉❧♦ ❢♦✐ ✐♠♣♦st♦ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ♣❛r❛ q✉❡ t❛❧ ❝✉r✈❛ ❢♦ss❡ s❛t✐s❢❡✐t❛✳ ❆

tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ✈❡✐♦ ❞♦ ♠♦❞❡❧♦ ❢ís✐❝♦✳

Figura 2.14: Energia Total em termos do parâmetro de rede. A curva azul é o resultado obtido com nossos parâmetros,

a curva vermelha é o resultado obtido por Cai e a curva amarela vem da equação de estado de Rose.

❯♠❛ ♦✉tr❛ ♠❛♥❡✐r❛ ❞❡ ✈❡r ❛ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ é ❝❛❧❝✉❧❛♥❞♦ ❛ ❝✉r✈❛ ❞❡ ❞✐s♣❡rsã♦

❞❡ ❢ô♥♦♥s✳ ◆ós ✜③❡♠♦s ❡st❡ ❝❛❧❝✉❧♦ ✉t✐❧✐③❛♥❞♦ ✉♠ ♣r♦❣r❛♠❛ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ♥ós✳ ■st♦

♣♦ss✐❜✐❧✐t❛ q✉❡ ❢✉t✉r❛♠❡♥t❡ ❡st❡ ❝ó❞✐❣♦ s❡❥❛ ✐♥❝♦r♣♦r❛❞♦ ❛♦ ❝ó❞✐❣♦ ❞❡ ♣❛r❛♠❡tr✐③❛çã♦ ♣❛r❛

q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ♦ ❛❥✉st❡ ❞❡ ♣♦♥t♦s ❞❛ ❝✉r✈❛ ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❢ô♥♦♥s✳ ❆ ♣❛rt❡ ❞❛ ♠❡t♦❞♦❧♦❣✐❛

t❡ór✐❝❛ ♣❛r❛ ♦ ❝❛❧❝✉❧♦ ❞❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ❢ô♥♦♥s ❡stá ❡①♣❧✐❝❛❞❛ ♥♦ ❛♣ê♥❞✐❝❡ ❈✳ ◆❛s ❋✐❣✳ ✷✳✶✺ ❡

✷✳✶✻ ❛ ❝✉r✈❛ é ♠♦str❛❞❛ ♣❛r❛ ❝♦❜r❡ ❡ ♣r❛t❛✳ ▼❛✐s ✉♠❛ ✈❡③ ♥ã♦ ❤♦✉✈❡ ♥❡♥❤✉♠ ❛❥✉st❡ ♣❛r❛ q✉❡

❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ❢ô♥♦♥s ❢♦ss❡♠ ❜❡♠ ❞❡s❝r✐t❛s✳ ❆ ♣r❡✈✐sã♦ ❞❡st❡ ♠♦❞❡❧♦ ❞❡ ❊❆▼ ❡stá ❡♠ ót✐♠♦
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❛❝♦r❞♦ ❝♦♠ ♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧✱ ♠♦str❛♥❞♦ q✉❡ ❡st❡ ♣♦t❡♥❝✐❛❧ t❡♠ ❜♦❛ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡✳

◆ós t❛♠❜é♠ ❝♦♥s❡❣✉✐♠♦s ✉♠❛ ❧❡✈❡ ♠❡❧❤♦r✐❛ ♣❛r❛ ❆❣ ❡ Pt✳ P❛r❛ ♦s ♦✉tr♦s ♠❡t❛✐s ✭P❞✱ ❆❧✱

❈✉ ❡ ◆✐✮ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ♠❡❧❤♦r❛r ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛ r❡❢❡rê♥❝✐❛ ❬✹✵❪

Figura 2.15: Curva de dispersão de fônons para Ag nas direções de simetria. Dados experimentais obtidos de G.

Nilson e S. Rolandson, Phys.Rev. B 22, 2393 (1973)

Figura 2.16: Curva de dispersão de fônons para Cu nas direções de simetria. Dados experimentais obtidos de G.

Nilson e S. Rolandson, Phys.Rev. B 22, 2393 (1973)

2.8 Outros modelos de EAM

❊①✐st❡ ✉♠❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡ ❞❡ ♠♦❞❡❧♦s ❞❡ ❊❆▼ q✉❡ ❡♠ ❣❡r❛❧ ❞✐❢❡r❡♠ ♥♦ ♠♦❞❡❧♦ ❞❡ ❢✉♥çã♦

❞❡ ♣❛r φ✱ ♥❛ ❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ F ❡ ♥♦ ❝♦♥❥✉♥t♦ ❞❡ ❣r❛♥❞❡③❛s ❛❥✉st❛❞❛s✳ ❱❛♠♦s

♠♦str❛r ♠❛✐s ❛❧❣✉♥s ♠♦❞❡❧♦s ❞❡ ❊❆▼ q✉❡ ❢♦r❛♠ ✉s❛❞♦s ♣♦r ♥ós ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦ss♦s

tr❛❜❛❧❤♦s✳

◆♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ❩❤♦✉ ❬✽✷❪ ❛ ❢✉♥çã♦ ❞❡ ♣❛r é t♦♠❛❞❛ ❝♦♠♦ s❡♥❞♦✿

φ(r) =
Aexp[−α(r/re − 1)]

1 + (r/re − κ)20
− Bexp[−β(r/re − 1)]

1 + (r/re − λ)20
, (2.42)

♦♥❞❡ re é ❛ ❞✐stâ♥❝✐❛ ❞❡ ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s ♥♦ ❡q✉✐❧í❜r✐♦✱ A✱ B α ❡ β sã♦ ✹ ♣❛râ♠❡tr♦s ❛❥✉stá✈❡✐s✱

κ ❡ λ sã♦ ❞♦✐s ♣❛râ♠❡tr♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦ r❛✐♦ ❞❡ ❝♦rt❡✳ ❆ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ é
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t♦♠❛❞❛ ❝♦♠ ❛ ♠❡s♠❛ ❢♦r♠❛ ❞♦ t❡r♠♦ ❛tr❛t✐✈♦ ❞❛ ❢✉♥çã♦ ❞❡ ♣❛r ❝♦♠ ♦ ♠❡s♠♦ ✈❛❧♦r ❞❡ β ❡ λ✳

❆ ❞❡♥s✐❞❛❞❡ ✜❝❛✿

f(r) = fe
Bexp[−β(r/re − 1)]

1 + (r/re − λ)20
. (2.43)

❆ ♠✉❞❛♥ç❛ ♣r✐♥❝✐♣❛❧ ✈❡♠ ♥❛ ❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ F ✳ ❩❤♦✉ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ✉t✐✲

❧✐③❛r❛♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ✸ ❡q✉❛çõ❡s ♣❛r❛ F q✉❡ tr❛❜❛❧❤❛♠ ❡♠ ❞✐❢❡r❡♥t❡s ✐♥t❡r✈❛❧♦s ❞❡ ❞❡♥s✐❞❛❞❡

❡❧❡trô♥✐❝❛✳ ❙ã♦ ❡①✐❣✐❞❛s q✉❡ ❡st❛s ❡q✉❛çõ❡s s❡❥❛♠ ❝♦♥t✐♥✉❛♠❡♥t❡ ❞✐❢❡r❡♥❝✐á✈❡✐s ♥♦s ❧✐♠✐t❡s ❞♦s

✐♥t❡r✈❛❧♦s✳ ❊st❛s ❡q✉❛çõ❡s sã♦✿

F (ρ) =
3

∑

i=0

Fni

(

ρ

ρn
− 1

)i

, (2.44)

❝♦♠ ρ < ρn ✱ s❡♥❞♦ ρn = 0.85ρe✳ Fni✱ Fi ❡ Fe sã♦ ♣❛râ♠❡tr♦s ❛ s❡r❡♠ ❛❥✉st❛❞♦s

F (ρ) =
3

∑

i=0

Fi

(

ρ

ρe
− 1

)i

, (2.45)

❝♦♠ ρn ≤ ρ < ρ0 s❡♥❞♦ ρ0 = 1.15ρe✳

F (ρ) = Fe

[

1− ln

(

ρ

ρe

)η](
ρ

ρe

)η

, (2.46)

❝♦♠ ρ0 ≤ ρ✳ ❈♦♠ ❡ss❡ ❛rr❛♥❥♦ sã♦ ♣❛r❛♠❡tr✐③❛❞♦s ✶✻ ♠❡t❛✐s✳ ❖s ♣❛râ♠❡tr♦s sã♦ ❛❥✉st❛❞♦s

♣❛r❛ r❡♣r♦❞✉③✐r❡♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❜ás✐❝❛s ♥♦ ❜✉❧❦ t❛✐s ❝♦♠♦ ❝♦♥st❛♥t❡ ❞❡ r❡❞❡✱ ❝♦♥st❛♥t❡s

❡❧ást✐❝❛s✱ ♠ó❞✉❧♦ ✈♦❧✉♠étr✐❝♦✱ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ✈❛❝â♥❝✐❛ ❡ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✳

❯♠ ♠♦❞❡❧♦ s❡♠❡❧❤❛♥t❡ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❇✐♥ ❬✽✸❪ ❡ ❝♦❧❛❜♦r❛❞♦r❡s✳ ◆♦ ❡♥t❛♥t♦ ❇✐♥ ❙❤❛♥

❛❥✉st♦✉ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❞❛❞♦s ♦r✐✉♥❞♦s ❞❡ ❝á❧❝✉❧♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ♣❛r❛ P❞ ❡

❆✉✱ ♦ q✉❡ t♦r♥♦✉ ♦ ♣♦t❡♥❝✐❛❧ ♠❛✐s ♣r❡❝✐s♦✳ ❱❡r❡♠♦s ♥♦ ❝❛♣ít✉❧♦ s❡❣✉✐♥t❡ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡

st❛❝❦✐♥❣ ❢❛✉❧ts ♣r❡✈✐st❛ ❡♠ P❞ ♣❛r❛ ❡st❡ ♣♦t❡♥❝✐❛❧ é ♠❛✐s ❜❡♠ ❞❡s❝r✐t❛ q✉❡ ❣r❛♥❞❡ ♣❛rt❡ ❞♦s

♣♦t❡♥❝✐❛✐s ❊❆▼✳

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

r❡s ❬✼✼❪✳ P♦t❡♥❝✐❛✐s ❊❆▼ t❡♠ ❣r❛♥❞❡ ❞✐✜❝✉❧❞❛❞❡ ♥❛ ♠♦❞❡❧❛❣❡♠ ♦♥❞❡ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

s♦❢r❡ ❣r❛♥❞❡ ✈❛r✐❛çõ❡s✱ q✉❛♥❞♦ ♦ ❣r❛❞✐❡♥t❡ ❞❛ ❞❡♥s✐❞❛❞❡ t♦r♥❛✲s❡ ❣r❛♥❞❡✱ ❡rr♦s ❢✉♥❞❛♠❡♥✲

t❛✐s s✉r❣❡♠✳ ❆ r❛③ã♦ ❞✐ss♦ ✈❡♠ ❞❛ ♣ró♣r✐❛ ❢ís✐❝❛ ❡♠❜✉t✐❞❛ ♥♦ ❊❆▼ q✉❡ ❝♦♥s✐❞❡r❛ ❛♣❡♥❛s

❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ✉♥✐❢♦r♠❡✳ ❆ ♣r♦♣♦st❛ ❞♦s ♣❡sq✉✐s❛❞♦r❡s ❢♦✐ ❡♥tã♦ ❝♦rr✐❣✐r ♦

❡♠❜❡❞❞❡❞✲❛t♦♠ ♠❡t❤♦❞ ✐♥tr♦❞✉③✐♥❞♦ ❝♦rr❡çõ❡s ❞❡ ❣r❛❞✐❡♥t❡ ❛♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ❛❞✐❝✐♦✲

♥❛♥❞♦ t❡r♠♦s ❞❡ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ❡ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛✳ ▼♦t✐✈❛❞♦s ♣♦r ❝♦rr❡çõ❡s

✈✐♥❞❛s ❞❡ ❛♣r♦①✐♠❛çõ❡s ❞❡ ❣r❛❞✐❡♥t❡ ❣❡♥❡r❛❧✐③❛❞♦ ❢♦✐ ♣♦ssí✈❡❧ ❝♦rr✐❣✐r ♦ ♠♦❞❡❧♦ ♣❛r❛ tr❛✲

❜❛❧❤❛r ❝♦♠ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♥ã♦ ❤♦♠♦❣ê♥❡❛ ❞❡ ❜❛❝❦❣r♦✉♥❞✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ t♦r♥❛ ♦
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2.8 Outros modelos de EAM 41

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

❛♣❧✐❝❛r❛♠ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❛♦ ❆❧✉♠í♥✐♦✱ ❤♦✉✈❡ ✉♠❛ ❣r❛♥❞❡ ♠❡❧❤♦r✐❛ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❢ô♥♦♥s

❡ ♥❛ ❞❡s❝r✐çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ st❛❝❦✐♥❣ ❢❛✉❧ts ❣❡♥❡r❛❧✐③❛❞♦s s❡♠ q✉❡ ❡st❛s ❣r❛♥❞❡③❛s ❢♦ss❡♠

✐♥❝❧✉í❞❛s ♥❛ ♣❛r❛♠❡tr✐③❛çã♦✳
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Capítulo 3

Dinâmica Molecular Aplicada a Filmes Finos

3.1 Uma visão geral sobre tipos de crescimento.

❆ ❢ís✐❝❛ ❞❡ s✉♣❡r❢í❝✐❡s é ✉♠❛ ár❡❛ q✉❡ t❡♠ r❡❝❡❜✐❞♦ ♠✉✐t❛ ❛t❡♥çã♦ ♥♦s ú❧t✐♠♦s ❛♥♦s ♣♦r s✉❛

❣r❛♥❞❡ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❡♠ t❡❝♥♦❧♦❣✐❛✳ ❆s ❛♣❧✐❝❛çõ❡s ✈ã♦ ❞❡s❞❡ r❡✈❡st✐♠❡♥t♦s ót✐❝♦s✱ ♣r♦t❡çã♦

❝♦♥tr❛ ❝♦rr♦sã♦✱ ❛té ❞✐s♣♦s✐t✐✈♦s ❜❛s❡❛❞♦s ❡♠ ♠✉❧t✐❝❛♠❛❞❛s ♠❛❣♥ét✐❝❛s✳ ❯♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s

❞❡s❝♦❜❡rt❛s ❞❛ ❛t✉❛❧✐❞❛❞❡ é ❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❣✐❣❛♥t❡ ❬✽✹❪ q✉❡ t❡♠ ❝♦♠♦ ❜❛s❡ ❡str✉t✉r❛❧

♦s ✜❧♠❡s ✜♥♦s✱ ❛❧t❡r♥❛♥❞♦ ❝❛♠❛❞❛s ❢❡rr♦♠❛❣♥ét✐❝❛s ❡ ♥ã♦ ♠❛❣♥ét✐❝❛s✳ ❍á t❛♠❜é♠ ✉♠❛ ❢♦rt❡

❛♣❧✐❝❛çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s ❬✽✺❪✳ ❖s ♣♦♥t♦s q✉â♥✲

t✐❝♦s ♣♦❞❡♠ s❡r s✐♥t❡t✐③❛❞♦s ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❡♣♦s✐çã♦ ❞❡ át♦♠♦s s♦❜r❡ ✉♠❛ s✉♣❡r❢í❝✐❡✱

❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ●❡ ❞❡♣♦s✐t❛❞♦ s♦❜r❡ ❙✐✭✶✵✵✮ ♦♥❞❡ ♦❝♦rr❡ ❛ ♥✉❝❧❡❛çã♦ ❞❡ ✐❧❤❛s ❢♦r♠❛♥❞♦ ♦s

♣♦♥t♦s q✉â♥t✐❝♦s✳ ❯♠ ❡s❢♦rç♦ ❝♦♥s✐❞❡rá✈❡❧ t❡♠ s✐❞♦ ❢❡✐t♦ ♣❛r❛ ❝♦♥tr♦❧❛r ❛ ♦r❣❛♥✐③❛çã♦✱ ❞❡♥s✐✲

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

❡str✉t✉r❛s ♣♦❞❡ ❢♦r♥❡❝❡r té❝♥✐❝❛s ❞❡ ❢❛❜r✐❝❛çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ♥❛ ✐♥❞ústr✐❛ ♠✐❝r♦❡❧❡trô♥✐❝❛✳

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

tr❛❜❛❧❤♦s ❬✽✻✕✽✽❪✳ ❚rês ♠♦❞❡❧♦s ❞❡ ❝r❡s❝✐♠❡♥t♦ ❡♣✐t❛①✐❛❧ sã♦✱ ❡♠ ❣❡r❛❧✱ ❝♦♥s✐❞❡r❛❞♦s✿ ✭✐✮

✉♠ ❝r❡s❝✐♠❡♥t♦ ❝❛♠❛❞❛ ♣♦r ❝❛♠❛❞❛ ❧❛②❡r✲❜②✲❧❛②❡r t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ✭❋r❛♥❦✲❱❛♥ ❞❡r

▼❡r✇❡r✮ ✭❋▼✮✱ ✭✐✐✮ ❝❛♠❛❞❛ ♠❛✐s ✐❧❤❛s ❧❛②❡r✲♣❧✉s✲✐s❧❛♥❞ ❝♦♥❤❡❝✐❞♦ ♣♦r ✭❙tr❛♥s❦✐✲❑r❛st❛♥♦✈✮

✭❙❑✮✱ ✭✐✐✐✮ ❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ❛♣❡♥❛s ❞❡ ✐❧❤❛s ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❱♦❧♠❡r✲❲❡❜❡r ✭❱❲✮✳ ◆♦ ♠♦❞♦

❧❛②❡r✲❜②✲❧❛②❡r ♦s át♦♠♦s s❡ ❞❡♣♦s✐t❛♠ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ♥♦s sít✐♦s ❞❛ s✉♣❡r❢í❝✐❡ r❡s✉❧t❛♥❞♦ ❡♠

✉♠❛ s✉♣❡r❢í❝✐❡ ❛tô♠✐❝❛ ❝♦♠ ❜❛✐①❛ r✉❣♦s✐❞❛❞❡ ✭✏❧✐s❛✑✮ ❢♦r♠❛♥❞♦ ❝❛♠❛❞❛s✳ ◆♦ ♠♦❞♦ ❱♦❧♠❡r✲

❲❡❜❡r t❡♠♦s ♦ ❝r❡s❝✐♠❡♥t♦ ❛tr❛✈és ❞❡ ✐❧❤❛s✱ ❡ ♥♦ ♠♦❞♦ ❧❛②❡r✲♣❧✉s✲✐s❧❛♥❞ t❡♠♦s ✉♠ ❝r❡s❝✐♠❡♥t♦

✐♥✐❝✐❛❧ ♥♦ ♠♦❞♦ ❧❛②❡r✲❜②✲❧❛②❡r ❡ ❞❡♣♦✐s ♦❝♦rr❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✐❧❤❛s✱ ❝♦♥✜❣✉r❛♥❞♦ ✉♠ ♠♦❞♦

✐♥t❡r♠❡❞✐ár✐♦ ❡♥tr❡ ♦ ❱❲ ❡ ❋▼✳ ❆ ❋✐❣✳ ✸✳✶ ✐❧✉str❛ ♦s ♠♦❞♦s ❞❡ ❝r❡s❝✐♠❡♥t♦✳

❉✐✈❡rs♦s ❢❛t♦r❡s ♣♦❞❡♠ ✐♥✢✉❡♥❝✐❛r ♦ ♠♦❞♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❧❡✈❛♥❞♦ ❛ ✉♠ ❞♦s ❝❛s♦s ❝✐t❛❞♦s
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3.1 Uma visão geral sobre tipos de crescimento. 43

Figura 3.1: Modos de crescimento epitaxial. (a) formação de ilhas (Volmer Weber). (b) crescimento

por camadas (Frank-Van der Merwer). (c) crescimento por camadas e ilhas, SK (layer-plus-island). http :

//en.wikipedia.org/wiki/Stranski−Krastanovgrowth.

❛❝✐♠❛✳ P♦r ❡①❡♠♣❧♦✿ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❞❡♣♦s✐çã♦✱ t❛①❛ ❞❡ ❞❡♣♦s✐çã♦✱ â♥❣✉❧♦ ❞❡ ❞❡♣♦s✐çã♦✱

❡♥❡r❣✐❛ ❧✐✈r❡ ❞❡ s✉♣❡r❢í❝✐❡✱ ❡ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s ♣❛râ♠❡tr♦s ❞❡ r❡❞❡ ❞♦ s✉❜str❛t♦ ❡ ❞♦ ✜❧♠❡

❞❡♣♦s✐t❛❞♦ sã♦ ❢❛t♦r❡s q✉❡ ❞❡t❡r♠✐♥❛♠ ♦s t✐♣♦s ❞❡ ❝r❡s❝✐♠❡♥t♦✳ ❊♥tr❡ ❡st❡s ❡①❡♠♣❧♦s ❞❡

❣r❛♥❞❡③❛s ✈❛♠♦s ❞❡st❛❝❛r ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❡ ❛ ❡♥❡r❣✐❛ ❞❡ s✉♣❡r❢í❝✐❡✳ ❆♠❜♦s

t❡♠ ✉♠ ❡❢❡✐t♦ ♥♦tá✈❡❧ ♥❛ ♠♦r❢♦❧♦❣✐❛ ❞♦ ✜❧♠❡✳ ◗✉❛♥❞♦ ♦s át♦♠♦s ❞❡♣♦s✐t❛❞♦s r❡❧❛①❛♠ ♥♦ sít✐♦s

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

❝❛✉s❛♥❞♦ str❛✐♥ r❡s✉❧t❛♥t❡ ❞♦ ❞❡s❝❛s❛♠❡♥t♦ ❡♥tr❡ ❛s r❡❞❡s✳ ■st♦ ❝♦♥tr✐❜✉✐ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❞❛

✐♥t❡r❢❛❝❡✱ q✉❡ é ✉♠ ♣❛râ♠❡tr♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ ♠♦❞♦ ❞❡ ❝r❡s❝✐♠❡♥t♦✳ ◆♦ ❝❛s♦

❧❛②❡r✲❜②✲❧❛②❡r✱ ❛ ✐♥t❡r❛çã♦ ❛tô♠✐❝❛ ❡♥tr❡ ♦ s✉❜str❛t♦ ❡ ♦ ✜❧♠❡ é ♠❛✐s ❢♦rt❡ ❡ ♠❛✐s ❛tr❛t✐✈❛s

q✉❡ ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ ♦s át♦♠♦s ❞♦ ✜❧♠❡ ❞❡♣♦s✐t❛❞♦✳ ◆❡st❡ ❢♦r♠❛❧✐s♠♦✱ ♦ ❝r❡s❝✐♠❡♥t♦ ❧❛②❡r✲

❜②✲❧❛②❡r ❞❡ ✉♠ s✉❜str❛t♦ ❆ s♦❜r❡ ✉♠ s✉❜str❛t♦ ❇ ❡①✐❣❡ q✉❡✿

∆γ = γA + γi − γB ≤ 0, (3.1)

♦♥❞❡ γA ❡ γB sã♦ ❛s ❡♥❡r❣✐❛s ❧✐✈r❡s ❞❡ s✉♣❡r❢í❝✐❡s ❞❡ ❆ ❡ ❇✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ γi ❛ ❡♥❡r❣✐❛

❧✐✈r❡ ❞❛ ✐♥t❡r❢❛❝❡✱ q✉❡ ♣♦r s✉❛ ✈❡③ ❞❡♣❡♥❞❡ ❞♦ str❛✐♥ ❡ ❞❛ ❢♦rç❛ ❞❡ ✐♥t❡r❛çã♦ ♥❛ ✐♥t❡r❢❛❝❡

❡♥tr❡ ❛s ❡s♣é❝✐❡s q✉í♠✐❝❛s ❆ ❡ ❇✳ ❆ ❡q✉❛çã♦ ✸✳✶ ✐♥❞✐❝❛ q✉❡ q✉❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❡ s✉♣❡r❢í❝✐❡ ❞♦

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

t❡r❡♠♦s ✉♠❛ ❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❧❛②❡r✲❜②✲❧❛②❡r✳ ◆♦t❡ q✉❡ s❡ ❛ ❡♥❡r❣✐❛ ❞♦

s✉❜str❛t♦ ❛✉♠❡♥t❛ ❡st❡ t✐♣♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ é ❢❛❝✐❧✐t❛❞♦✳ P♦ré♠✱ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦

❞❡ ❝❛♠❛❞❛s ❞❡♣♦s✐t❛❞❛s✱ é ❡s♣❡r❛❞♦ ✉♠ ❝r❡s❝✐♠❡♥t♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❢❛❝❡ ✭γi✮ ❞❡ t❛❧ ❢♦r♠❛

q✉❡✱ ❡♠ ❛❧❣✉♠❛ ❡s♣❡ss✉r❛✱ γA + γi ❡①❝❡❞❡rá γB ❡ ♦ ♠♦❞♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ♣❛ss❛ ❞❡ ❧❛②❡r✲

❜②✲❧❛②❡r ♣❛r❛ ❧❛②❡r✲♣❧✉s✲✐s❧❛♥❞✱ ♦✉ s❡❥❛✱ ♦❝♦rr❡ ❛ ♥✉❝❧❡❛çã♦ ❞❡ ✐❧❤❛s ❛♣ós ❛❧❣✉♠❛s ❝❛♠❛❞❛s

❞❡♣♦s✐t❛❞❛s ✭❛♣ós ✉♠❛ ❡s♣❡ss✉r❛ ❝rít✐❝❛✮✳ ❖ ❝r❡s❝✐♠❡♥t♦ ❱♦❧♠❡r✲❲❡❜❡r ❢✉♥❝✐♦♥❛ ❞❡ ♠❛♥❡✐r❛
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♦♣♦st❛ ❛♦ ❧❛②❡r✲❜②✲❧❛②❡r✳ P♦❞❡ ♦❝♦rr❡r q✉❡ ❛ ❡q✉❛çã♦ ✸✳✶ ♥✉♥❝❛ s❡❥❛ s❛t✐s❢❡✐t❛ ❡♠ r❛③ã♦ ❞❡ γA
s❡r ♠❛✐♦r q✉❡ γB✱ s❡♠♣r❡ ❧❡✈❛♥❞♦ ❛ ♥✉❝❧❡❛çã♦ ❞❡ ✐❧❤❛s ❞❡s❞❡ ♦ ✐♥í❝✐♦ ❞❛ ❞❡♣♦s✐çã♦ ❝❛✉s❛♥❞♦

❞❡s❞❡ ♦ ✐♥í❝✐♦ ❛♦ ✭❝r❡s❝✐♠❡♥t♦ ❱♦❧♠❡r✲❲❡❜❡r✮✳ ➱ ♠❛✐s ❝♦♠✉♠ q✉❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❱❲ ♦❝♦rr❛

❡♠ ♠❡t❛✐s ❞❡♣♦s✐t❛❞♦s s♦❜r❡ ✐s♦❧❛♥t❡s✳ ❖ ❝r❡s❝✐♠❡♥t♦ ❧❛②❡r✲❜②✲❧❛②❡r ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞♦ ❡♠

❛❧❣✉♥s s✐st❡♠❛s ♠❡tá❧✐❝♦s ❝♦♠♦ ✈❡r❡♠♦s ❡♠ ♠❛✐s ❞❡t❛❧❤❡s ❛❞✐❛♥t❡✳ ❏á ♦ ♠♦❞♦ ❝♦♠ ❢♦r♠❛çã♦

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

♠❡t❛❧ s♦❜r❡ s❡♠✐❝♦♥❞✉t♦r✱ ❣ás s♦❜r❡ ♠❡t❛❧ ❡ ♦✉tr♦s✳

❯♠ ❡st✉❞♦ ❡s♣❡❝í✜❝♦ q✉❡ ❝❤❛♠❛ ❛t❡♥çã♦ q✉❛♥t♦ ❛♦s ❡❢❡✐t♦s q✉❡ ♦ ❞❡s❝❛s❛♠❡♥t♦ ❞❛ r❡❞❡

♣♦❞❡ ❝❛✉s❛r s❡rá ❛♣r❡s❡♥t❛❞♦ ❛ s❡❣✉✐r✳

3.1.1 O crescimento layer-by-layer e a transformação de Bain.

❊♠ ✶✾✷✹ ❇❛✐♥ ❬✻✼❪ s✉❣❡r✐✉ q✉❡ ❝r✐st❛✐s ❢❝❝ ♣♦❞❡r✐❛♠ s❡r tr❛♥s❢♦r♠❛❞♦s ❝♦♥t✐♥✉❛♠❡♥t❡ ❡♠

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

❡st❛s r❡❞❡s ✭❢❝❝ ♦✉ ❜❝❝✮ ♣♦❞❡♠ s❡r ❞❡s❝r✐t❛s ❛tr❛✈és ❞❡ ❝é❧✉❧❛s ✉♥✐tár✐❛s ❜❝t ✭❜♦❞②✲❝❡♥t❡r❡❞✲

t❡tr❛❣♦♥❛❧✮ ❝♦♠ ❝♦♥st❛♥t❡s ❞❡ r❡❞❡ a ❡ b ✭a = b✮ ❡ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❛ r❛③ã♦ c/a✳ P❛r❛ ✉♠❛

r❡❞❡ ❜❝❝ t❡♠♦s c/a = 1✱ ❡ ♣❛r❛ ❡str✉t✉r❛s ❢❝❝ c/a =
√
2✳ P❛r❛ q✉❡ ❤❛❥❛ ❛ tr❛♥s❢♦r♠❛çã♦

❞❡ ❇❛✐♥ ✭✉♠❛ r❡❞❡ ❢❝❝ tr❛♥s❢♦r♠❛r✲s❡ ❝♦♥t✐♥✉❛♠❡♥t❡ ❡♠ ✉♠❛ r❡❞❡ ❜❝❝✮ é ♥❡❝❡ssár✐♦

q✉❡ ❛ r❡❞❡ ❢❝❝ s♦❢r❛ ✉♠❛ ❡①♣❛♥sã♦ ❜✐❛①✐❛❧ ♥❛s ❞✐r❡çõ❡s ❬✶✵✵❪ ❡ ❬✵✶✵❪ ❡ s✐♠✉❧t❛♥❡❛♠❡♥t❡ t❡♥❤❛

r❡❞✉çã♦ ♥❛ ❞✐r❡çã♦ ❬✵✵✶❪✳ ❊st❛ ❡①♣❛♥sã♦ ♥♦ ♣❛râ♠❡tr♦ a ❡ b ❞❡✈❡♠ s❡r ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✷✪✳

❯♠❛ ♠❛♥❡✐r❛ ❞❡ ❝♦♥s❡❣✉✐r ❡st❛ ❡①♣❛♥sã♦ ♦✉ str❛✐♥ ♥❡❝❡ssár✐♦ ♣❛r❛ ♦❜t❡r ❛ tr❛♥s❢♦r♠❛çã♦ ❞❡

❢❝❝ ♣❛r❛ ❜❝❝ é ❝r❡s❝❡r ✜❧♠❡s ✜♥♦s s♦❜r❡ s✉❜str❛t♦s ❝♦♠ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

✶✷✪ ♠❛✐♦r q✉❡ ♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❞♦ ✜❧♠❡✳ ◆❡st❡ ❝❛s♦✱ ♦ s✉❜str❛t♦ ♣♦❞❡ ❛❣✐r ❝♦♠♦ ✉♠

♠♦❧❞❡✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ✜❧♠❡ ❞❡♣♦s✐t❛❞♦ ❝r❡sç❛ ❝❛♠❛❞❛ ♣♦r ❝❛♠❛❞❛

❝♦♠ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ♠♦❞✐✜❝❛❞♦✳ ❖ ♠❡❝❛♥✐s♠♦ ❞❡ tr❛♥s❢♦r♠❛çã♦ ♣♦❞❡ s❡r ❡♥t❡♥❞✐❞♦ ♣♦r

♠❡✐♦ ❞❛ ❋✐❣✳ ✸✳✷✳ ❆ ❡str✉t✉r❛ ❢❝❝ ❝♦♠ ❜❛s❡ ❢♦r♠❛❞❛ ♣♦r át♦♠♦s ✶✲✹ é ❡①♣❛♥❞✐❞❛ ♥❛ ❞✐r❡çã♦

❬✶✵✵❪ ❡ ❬✵✶✵❪ ❝♦♠ s✐♠✉❧tâ♥❡❛ ❝♦♠♣r❡ssã♦ ♥❛ ❞✐r❡çã♦ ❬✵✵✶❪✳ ❚❛❧ ♠✉❞❛♥ç❛ ❧❡✈❛ ❛ ❢♦r♠❛çã♦ ❞❡

✉♠❛ r❡❞❡ ❜❝❝✳ ◆♦t❡ q✉❡ ♦s ❡✐①♦s ❝r✐st❛❧♦❣rá✜❝♦s ❞❛ ❢❛s❡ ❜❝❝ ♥ã♦ ❝♦✐♥❝✐❞❡♠ ❝♦♠ ♦s ❞❛ ❢❛s❡ ❢❝❝✳

❈♦♠♦ ❡①❡♠♣❧♦ ♣♦❞❡♠♦s ❝✐t❛r ♦s ❝❛s♦s ❞❡ ❝♦❜r❡ ❞❡♣♦s✐t❛❞♦ s♦❜r❡ ♦✉r♦ ✭❈✉✴❆✉✭✶✵✵✮✮ ♦✉

❝♦❜r❡ s♦❜r❡ ♣r❛t❛ ✭❈✉✴❆❣✭✶✵✵✮✮✳ ❊st❡s s✐st❡♠❛s ♣♦ss✉❡♠ ❞❡s❝❛s❛♠❡♥t♦s ♠✉✐t♦ ♣ró①✐♠♦s ❛♦

♣r♦♣♦st♦ ♣♦r ❇❛✐♥✳ ◆♦t❡ q✉❡ ♥♦ ❝❛s♦ ❈✉✴❆✉✭✶✵✵✮ t❡♠♦s❀ a ❂ ✸✳✻✶✺ Å ♣❛r❛ ❝♦❜r❡ ❡ ✹✳✵✽ Å

♣❛r❛ ♦✉r♦✱ s❡♥❞♦ ✶✷✳✽ ✪ ♦ ❞❡s❝❛s❛♠❡♥t♦ ❡♥tr❡ ❛s r❡❞❡s✳ P❛r❛ ♦ ❝❛s♦ ❈✉✴❆❣✭✶✵✵✮✱ a❂✹✳✵✾ Å

♣❛r❛ ♣r❛t❛✱ t❡♥❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♦ ♠❡s♠♦ ❞❡s❝❛s❛♠❡♥t♦ q✉❡ ♦ ❝❛s♦ ❈✉✴❆✉✭✶✵✵✮✳ ◆❡st❡s
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Figura 3.2: Representação esquemática da transformação proposta por Bain. Uma rede fcc sujeita a uma expansão

biaxial de a e b transformando-se em uma rede bcc. Z. S. Pereira and E. Z. da Silva, Physical Review B, 79, 115404

(2009).

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

❞❛s ♣r✐♠❡✐r❛s ❝❛♠❛❞❛s ❞❡ ❝♦❜r❡ t❛♥t♦ ♣❛r❛ ❈✉✴❆✉✭✶✵✵✮ ❝♦♠♦ ♣❛r❛ ❈✉✴❆❣✭✶✵✵✮ ❬✻✺✱ ✻✻❪✳ ❖s

❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❛ ✸✵✵ ❑✳ ❆♦ ❞❡♣♦s✐t❛r❡♠ ❈✉ s♦❜r❡ ❆✉ ♦✉ ❆❣✭✶✵✵✮ ♦ s✐st❡♠❛

❝r❡s❝❡ ❡♠ ✉♠❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞✐❢❡r❡♥t❡ ✭❜❝❝✮ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♣r❡✈✐sã♦ ❞❡ ❇❛✐♥✳ ◆♦

❡♥t❛♥t♦✱ t❛❧ ❢❛s❡ ❝r❡s❝❡ s♦❜ ❡str❡ss❡ ❝♦♠ ❡♥❡r❣✐❛ ✉♠ ♣♦✉❝♦ ❛❝✐♠❛ ❞❛ ❢❛s❡ ♠❡t❛❡stá✈❡❧ ♣❛r❛ ❛

❡str✉t✉r❛ ❜❝❝✳ ❉❡ss❛ ❢♦r♠❛✱ é ❡s♣❡r❛❞♦ q✉❡ ❡st❡ t✐♣♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ s❡ ♠❛♥t❡♥❤❛ ❛♣❡♥❛s ❛té

✉♠❛ ❡s♣❡ss✉r❛ ❝rít✐❝❛ ❝♦♠♦ ♣r❡✈✐st♦ ♣❡❧❛ ❡q✉❛çã♦ ✸✳✶✳ ❆♣ós ✉♠ ❝❡rt♦ ♥ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s

❞❡♣♦s✐t❛❞❛s✱ ♦ s✐st❡♠❛ r❡❧❛①❛ ♦ ❡str❡ss❡ ❛r♠❛③❡♥❛❞♦ r❡t♦♠❛♥❞♦ ♦ ♣❛❞rã♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❢❝❝✳

P♦ré♠✱ ❛ r❡❧❛①❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❣❡r❛ ❡♠ ♠✉✐t♦s ❝❛s♦s ❛ ❢♦r♠❛çã♦ ❞❡ ♣❛❞rõ❡s ❞❡ ❞❡❢♦r♠❛çã♦

❡♠ t♦❞♦ ♦ ✜❧♠❡✳ ◆❛ ❡①♣❡r✐ê♥❝✐❛ r❡❛❧✐③❛❞❛ ♣♦r ❖❝❦♦ ❡ ❝♦❧❛❜♦r❛❞♦r❡s✱ q✉❛♥❞♦ át♦♠♦s ❞❡

❝♦❜r❡ sã♦ ❞❡♣♦s✐t❛❞♦s s♦❜r❡ ✉♠ s✉❜str❛t♦ ❞❡ ❆✉✭✵✵✶✮✱ ❝♦❜r❡ ❝r❡s❝❡✉ ♥❛ ❢❛s❡ ❜❝❝ ❛té ✶✶ ▼▲

✭♠♦♥♦❧❛②❡rs✮ ❛♣ós ❡st❡ ♥ú♠❡r♦ ❝rít✐❝♦ ❞❡ ❝❛♠❛❞❛s ♦ ✜❧♠❡ ✜♥♦ ♣❛ss❛ ❝♦♥t✐♥✉❛♠❡♥t❡ ❞❡ ❜❝❝

♣❛r❛ ❢❝❝ r❡❧❛①❛♥❞♦ ♦ ❡str❡ss❡ ❡♠ t♦❞♦ ♦ ✜❧♠❡ ❡ ❝❛✉s❛♥❞♦ ❞❡❢♦r♠❛çõ❡s ♥♦ ✜❧♠❡ ❞❡♣♦s✐t❛❞♦

❝❤❡❣❛♥❞♦ ❛té ❛♦ s✉❜str❛t♦✳ ❆ ❋✐❣✳ ✸✳✸ ♠♦str❛ ❛ ✐♠❛❣❡♠ ❙❚▼ ✐♥ s✐t✉ ❛♣ós ✶✶ ▼▲ ❞❡ ❝♦❜r❡

❞❡♣♦s✐t❛❞❛s s♦❜r❡ ❆✉✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ✉♠ ♣❛❞rã♦ ❞❡ ❞❡❢♦r♠❛çã♦ ♦♥❞✉❧❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡

❣❡r❛♥❞♦ ✉♠❛ ✜❣✉r❛ q✉❡ ❧❡♠❜r❛ str✐♣❡s✳ ❖s ♣❡sq✉✐s❛❞♦r❡s ♠❡❞✐r❛♠ ❛ ❧❛r❣✉r❛ ❡♥tr❡ ❡st❡s

str✐♣❡s ❡♠ 59Å✳ ❙✐♠✐❧❛r ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣♦r P❢❡✐❢❡r ♣❛r❛ ♦ ❝❛s♦ ❞❡ ❈♦❜r❡

s♦❜r❡ ❆❣ ❬✻✻❪✳ ❋♦✐ ✈❡r✐✜❝❛❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ❝♦❜r❡ s♦❜r❡ ❆❣✭✵✵✶✮ ❝r❡s❝❡ ♥❛ ❢❛s❡ ❜❝❝

❛té ✉♠❛ ❡s♣❡ss✉r❛ ❝rít✐❝❛ ❞❡ ✶✵ ▼▲ ❡ ❛♣ós ✶✵ ▼▲ s✉r❣❡♠ str✐♣❡s ❝♦♠ s❡♣❛r❛çã♦ ❡♥tr❡ ✺✼ ❡

✻✶ Å✳ ➱ ✐♠♣♦rt❛♥t❡ s❛❧✐❡♥t❛r q✉❡ ❛ ❧❛r❣✉r❛ ❞❡st❡s str✐♣❡s ❛✉♠❡♥t❛♠ ❝♦♠ ♦ ❝r❡s❝❡♥t❡ ♥ú♠❡r♦

❞❡ ❝❛♠❛❞❛s ❞❡♣♦s✐t❛❞❛s✱ ❛ ❢♦r♠❛çã♦ ❞❡ str✐♣❡s ♥❛ ❝❛♠❛❞❛ ♠❛✐s ❡①t❡r♥❛s ♥ã♦ ❢♦r❛♠ ♠❛✐s

♦❜s❡r✈❛❞❛s ❛♣ós ✷✵ ▼▲ ❞❡♣♦s✐t❛❞❛s ❡♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ❈✉✴✭✵✵✶✮❆✉ ♦✉ ❈✉✴✭✵✵✶✮❆❣✳

❯♠ ♠♦❞❡❧♦ q✉❡ ❡①♣❧✐❝❛ ❡st❡ ♣❛❞rã♦ ♦♥❞✉❧❛❞♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✳ ✸✳✹✳ ❆ ❢❛s❡ ❜❝❝

❞♦ ✜❧♠❡ ❝♦♠ ❞✐r❡çã♦ ❬✶✶✵❪ ❡stá ❧✐❣❛❞❛ ❛ ❞✐r❡çã♦ ❬✶✵✵❪ s❡♠ ❞❡s❧♦❝❛♠❡♥t♦s ❞❡ ♣❧❛♥♦s✳ ◆❡st❡
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3.1.1 O crescimento layer-by-layer e a transformação de Bain. 46

Figura 3.3: Imagem STM in situ exibindo a superfície de Cobre sobre Au(001) após a deposição de 11 ML. B. M.

Ocko, I. K. Robinson, M. Weinert, R. J. Randler, and D. M. Kolb, Phys. Rev. Lett. 83, 780 (1999).

Figura 3.4: Modelo esquemático da modulação do filme sem deslocamentos planares. As linhas vermelhas indicam

as bordas de uma determinada região ortorrômbica com outra e a junção com os planos 110. M.A. Pfeifer, O. Robacha,

B.M. Ockob, I.K. Robinson, Physica B 357, 152 (2005).

♠♦❞❡❧♦✱ t❛♥t♦ ♥❛ ❤♦r✐③♦♥t❛❧ ❝♦♠♦ ♥❛ ✈❡rt✐❝❛❧ sã♦ ♠❛♥t✐❞❛s ❞✐st♦rçõ❡s ❞❡ 0.5Å ❣❡r❛♥❞♦ ❢❛s❡s

♦rt♦rrô♠❜✐❝❛s ❛♦ ❧♦♥❣♦ ❞♦ ✜❧♠❡✳

❯♠❛ ♦✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ s❡r✐❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❧❛②❡r✲❜②✲❧❛②❡r ❞❡ ♠❡t❛✐s ❢❝❝ ❝♦♠ ♣❡q✉❡♥♦

❞❡s❝❛s❛♠❡♥t♦✳ ❈♦♥t✉❞♦✱ ❡st❡ t✐♣♦ ❞❡ ❞❡♣♦s✐çã♦ ♥ã♦ ❣❡r❛ tr❛♥s❢♦r♠❛çõ❡s ❞❡ ❢❛s❡ ❝♦♠♣❧❡t❛s

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

❢♦r♠❛çã♦ ❞❡ ❢❛s❡s ❜❝t ❡♠ ♣❛rt❡s ❞♦ ✜❧♠❡✳ ◆❡st❡s ❝❛s♦s✱ ❡♠ ❣❡r❛❧✱ ❛ t❡♥❞ê♥❝✐❛ é ♦❝♦rr❡r ✉♠

❧✐♠✐t❛❞♦ ♥ú♠❡r♦ ❞❡ ❞❡❢❡✐t♦s ♣❧❛♥❛r❡s ✭❞❡s❧♦❝❛♠❡♥t♦s✮ ♥♦ ✜❧♠❡ ❞❡♣♦s✐t❛❞♦✳ ❈♦♠♦ ♦ s✉❜str❛t♦

❢✉♥❝✐♦♥❛ s✐♠✐❧❛r ❛ ✉♠ ♠♦❧❞❡ ♣❛r❛ ♦ ✜❧♠❡✱ ❡st❡ ♠❡❝❛♥✐s♠♦ ❝❛✉s❛ str❛✐♥✱ ❡❧❡✈❛♥❞♦ ♦ ❡str❡ss❡

❡ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞♦ ✜❧♠❡✳ ❖s ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ❝r✐st❛❧✐♥♦s ♦✉ ♦✉tr♦s ❞❡❢❡✐t♦s sã♦

♦s ♠❡❝❛♥✐s♠♦s r❡s♣♦♥sá✈❡✐s ♣❡❧❛ r❡❞✉çã♦ ❞❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞♦ ✜❧♠❡✱ ❧❡✈❛♥❞♦ ❛ ❢♦r♠❛çã♦ ❞❡

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

❞❡❢❡✐t♦s ♦✉ ♣❛❞rõ❡s ❞❡ ❞❡❢♦r♠❛çõ❡s ❝♦♠♦ ♦s ♦❜s❡r✈❛❞♦s ♥❛ ❞❡♣♦s✐çã♦ ❞❡ ❈✉ s♦❜r❡ ❆✉ ❝✐t❛❞❛

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

❈♦♠♦ ♠❡♥❝✐♦♥❛♠♦s✱ ♦ ❞❡s❝❛s❛♠❡♥t♦ ❡♥tr❡ ❛s r❡❞❡s ♥ã♦ ❝♦♥st✐t✉✐ ♦ ú♥✐❝♦ ❢❛t♦r q✉❡ ❞❡✲

t❡r♠✐♥❛ ♦ t✐♣♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ♦✉ ❛s ❞❡❢♦r♠❛çõ❡s q✉❡ ♣♦❞❡♠ ♦❝♦rr❡r ♥♦ ✜❧♠❡ ❛♣ós ❛❧❝❛♥ç❛r

❛ ❡s♣❡ss✉r❛ ❝rít✐❝❛✳ ❆ t❡♠♣❡r❛t✉r❛ t❛♠❜é♠ t❡♠ ❢♦rt❡ ✐♥✢✉ê♥❝✐❛ ♥❛ ❡s♣❡ss✉r❛ ❝rít✐❝❛ ❡ ♥❛
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3.1.1 O crescimento layer-by-layer e a transformação de Bain. 47

Figura 3.5: Os Stripes de Pd sobre W(110) com o crescimento da temperatura. A direção dos stripes está ao longo da

direção [11̄0]. A imagem tem 1µm2. T. O. Mentes, A. Locatelli, L. Abelle, and E. Bauer, Phys. Rev. Lett. 101, 085701

(2008).

♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦s str✐♣❡s✳ ❆❧é♠ ❞✐ss♦✱ ❡①✐st❡ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦ ♦♥❞❡ ♦s str✐♣❡s

❞❡s❛♣❛r❡❝❡♠✳ ❯♠ ✐♥t❡r❡ss❛♥t❡ ❡①❡♠♣❧♦ ❡♥❝♦♥tr❛✲s❡ ♥❛ ❞❡♣♦s✐çã♦ ❞❡ P❞ s♦❜r❡ ❲✭✶✶✵✮✳ ▼❡♥t❡s

❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✽✾❪ ♦❜s❡r✈❛r❛♠ ✉s❛♥❞♦ ❧♦✇✲❡♥❡r❣② ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ✭▲❊❊▼✮ ✉♠ ♣❛❞rã♦

❞❡ str✐♣❡s ♥❛ ❞❡♣♦s✐çã♦ ❞❡ P❞✴❲✭✶✶✵✮✳ ❊st❡s str✐♣❡s sã♦ ❢♦rt❡♠❡♥t❡ r❡❞✉③✐❞♦s ❛♣ós ❛ t❡♠✲

♣❡r❛t✉r❛ ❞❡ ✶✶✵✵ ❑ ❡ ❞❡s❛♣❛r❡❝❡♠ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✶✼✵ ❑✳ ❆ ❋✐❣✳ ✸✳✺ ♠♦str❛ ❡st❛

❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✳

◆❡st❡ r❛❝✐♦❝í♥✐♦✱ ❋✐❣✉❡r❛ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✾✵❪ t❛♠❜é♠ ❝r❡s❝❡r❛♠ ❆✉ s♦❜r❡ ❲✭✶✶✵✮ ❡

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

③❡r❛ ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦ ❞❡ ♦r❞❡♠✲❞❡s♦r❞❡♠ ✭♦r❞❡r✲❞✐s♦r❞❡r tr❛♥s✐t✐♦♥✮ ✭❖❉❚✮✳ ❆

❋✐❣✳ ✸✳✺ ♠♦str❛ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ✐♠❛❣❡♥s ❢❡✐t❛s ✉s❛♥❞♦ ▲❊❊▼ t♦♠❛❞❛ ❡♠ ✉♠ ♥ú♠❡r♦

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

Figura 3.6: (a-f) Sequência de imagens feitas através de LEEM para Au sobre W(110) mudando a temperatura. As

imagens possuem 4µm de largura. J. de la Figuera, F. Léonard, N. C. Bartelt, R. Stumpf, and K. F. McCarty, Phys. Rev.

Lett. 100, 186102 (2008).
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3.2 Aplicando dinâmica molecular a deposição de Cu sobre Ag(100)
e Cu sobre Au(100).

◆ós r❡❛❧✐③❛♠♦s s✐♠✉❧❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠ ♣♦t❡♥❝✐❛✐s ❊❆▼ ✭❞❡s❝r✐t♦s ♥♦ ❝❛♣í✲

t✉❧♦ ✷✮ ❡ ♣✉❞❡♠♦s ✈❡r✐✜❝❛r ❞❡ ♠❛♥❡✐r❛ ❝❧❛r❛ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r ❖❝❦♦ ❡ P❢❡✐❢❡r ❡♠

♣ré✈✐♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❞❡♣♦s✐çã♦ ❞❡ ❝♦❜r❡ s♦❜r❡ ♦✉r♦ ❡ ❝♦❜r❡ s♦❜r❡ ♣r❛t❛ ❬✻✺✱✻✻❪✳ ◆ós ♣✉❞❡✲

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

♣❛ss❛ ❛♦ s❡r ❞❡♣♦s✐t❛❞♦ ♥❛s s✉♣❡r❢í❝✐❡s ❞❡ ♣r❛t❛ ♦✉ ♦✉r♦✳ ❆❧é♠ ❞✐ss♦✱ ♥♦ss♦ ❡st✉❞♦ t❡ór✐❝♦

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

❛t✉r❛✱ ❡st✉❞♦ ♥ã♦ r❡❧❛t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ❚❛♠❜é♠ ❢♦✐ ♣♦ssí✈❡❧ ❛tr❛✈és ❞♦ ❝á❧❝✉❧♦ ❞♦ ♣r♦❞✉t♦

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

♥ã♦ r❡❧❛t❛❞♦ ♥♦s tr❛❜❛❧❤♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❖❝❦♦ ❡ P❢❡✐❢❡r✳

◆❡st❛ s✐♠✉❧❛çã♦ é ❝r✐❛❞❛ ✉♠❛ r❡❞❡ ❢❝❝ ❝♦♠ ❞✐♠❡♥sõ❡s 13.9× 13.9× 2.45 nm3 t❡♥❞♦ ✷✻✳✻✷✹

♣♦♥t♦s r❡♣r❡s❡♥t❛♥❞♦ át♦♠♦s✳ ❊st❛ r❡❞❡ s✐♠✉❧❛ ♦ s✉❜str❛t♦ ❞❡ ♦✉r♦ ♦✉ ♣r❛t❛✳ ❈❛❞❛ ♣♦♥t♦

❞❛ r❡❞❡ é ♠♦❞❡❧❛❞♦ ♣♦r ✐♥t❡r❛çõ❡s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ❊❆▼✳ ❆ ❞✐♥â♠✐❝❛ ❞❡st❛ r❡❞❡ é

❢❡✐t❛ ❛tr❛✈és ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❱❡r❧❡t ❬✶✾✱✷✵❪ ✐♥t❡❣r❛♥❞♦ ❛s ❡q✉❛çõ❡s ❝❧❛ss✐❝❛♠❡♥t❡ ♥♦ ❡♥s❡♠❜❧❡

❝❛♥ô♥✐❝♦ ❝♦♠ ♣❛ss♦s ❞❡ ✶ ❢s✳ ❆ t❡♠♣❡r❛t✉r❛ é ♣♦st❛ ✉s❛♥❞♦ t❡r♠♦st❛t♦ ❞❡ ◆♦sé✲❍♦♦✈❡r ✭✈❡r

❛♣ê♥❞✐❝❡ ❊✮✳ ❆s ❢❛❝❡s ❧❛t❡r✐❛s ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ sã♦ ♠❛♥t✐❞❛s s♦❜ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡

❝♦♥t♦r♥♦ ❡ ❛ ❞✐r❡çã♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ é ♠❛♥t✐❞❛ ❧✐✈r❡✱ ❡①❝❡t♦ ♣❛r❛ ❛ ✸ ú❧t✐♠❛s ❝❛♠❛❞❛s ✐♥❢❡r✐♦r❡s

q✉❡ sã♦ ♠❛♥t✐❞❛s ✜①❛s ♣♦r ♥ã♦ t❡r❡♠ s✉❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ✐♥t❡❣r❛❞❛s✳

❖s át♦♠♦s sã♦ ❞❡♣♦s✐t❛❞♦s r❛♥❞♦♠✐❝❛♠❡♥t❡ s♦❜r❡ ♦ s✉❜str❛t♦ ❝♦♠ t❛①❛ ❡q✉✐✈❛❧❡♥t❡ ❛ ✶

❝❛♠❛❞❛ ✭✶ ▼▲✮ ❛ ❝❛❞❛ ✶✵✷✳✺ ♣s✳ ■♥✐❝✐❛❧♠❡♥t❡ ♥ós ✈❡r✐✜❝❛♠♦s q✉❡ ♦s át♦♠♦s ❞❡ ❝♦❜r❡ ❝r❡s❝❡r❛♠

❡♠ ✉♠❛ ❢❛s❡ ❜❝❝ ❛♦ ✐♥✈és ❞❡ ❢❝❝✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ r❡❧❛t♦ ❡①♣❡r✐♠❡♥t❛❧✳ ❆s ❛♥á❧✐s❡s ❢♦r❛♠ ❢❡✐t❛s

❡♠ ❞✐✈❡rs♦s ♥ú♠❡r♦s ❞❡ ❝❛♠❛❞❛s ❞❡♣♦s✐t❛❞❛s ❡ ✈❛r✐❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛✳ ❆ ❡str✉t✉r❛s ❢♦r❛♠

✐❞❡♥t✐✜❝❛❞❛s ❛tr❛✈és ❞❡ ✉♠ ♠ét♦❞♦ ❜❛s❡❛❞♦ ♥❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ♣r♦♣♦st♦ ♣♦r ❆❧❝❦❧❛♥❞ ❡

❏♦♥❡s ❬✻✽❪ ✭✈❡r ❛♣ê♥❞✐❝❡ ❆✮✳ ❊st❡ ♠ét♦❞♦ ♣♦ss✐❜✐❧✐t❛ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞♦ ❛♠❜✐❡♥t❡ ❧♦❝❛❧ ❞❛ r❡❞❡

❡♠ q✉❡ ❝❛❞❛ át♦♠♦ ❡♥❝♦♥tr❛✲s❡✱ ♠❛r❝❛♥❞♦✲♦ ❝♦♠♦ ❢❝❝✱ ❜❝❝✱ ❤❝♣ ♦✉ ♠❡s♠♦ ❞❡s❝♦♥❤❡❝✐❞♦✱ ❝❛s♦

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

s♦❜r❡ ♦ s✉❜str❛t♦ ❞❡ ♣r❛t❛✱ ♦ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦ ♠♦str♦✉ q✉❡ ♦ ✜❧♠❡ ❡stá ♥❛ ❢❛s❡ ❜❝❝ ❞❡♣❡♥❞❡♥❞♦

❞❛ t❡♠♣❡r❛t✉r❛ ❡ ❞♦ ♥ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s ❞❡♣♦s✐t❛❞❛s✳

◆ós ✈❡r✐✜❝❛♠♦s q✉❡ ❡♠ ✸✵✵ ❑✱ ♥♦ ❝❛s♦ ❈✉✴❆✉✭✶✵✵✮✱ ❛♣ós ❛ ❞❡♣♦s✐çã♦ ❞❡ ✶✶ ▼▲ ✭♠♦♥♦✲

❝❛♠❛❞❛s✮ ♦ ❡str❡ss❡ ❛r♠❛③❡♥❛❞♦ é ❧✐❜❡r❛❞♦ ♥♦ ❝❛s♦ ❈✉✴❆❣✭✶✵✵✮ ❡♥tr❡ ✾ ❡ ✶✵ ▼▲ ✳ ■st♦ ♣♦❞❡

s❡r ✈✐st♦ ❛tr❛✈és ❞♦ ❝á❧❝✉❧♦ ❞♦ ♣r♦❞✉t♦ ❡s♣❡ss✉r❛✲❡str❡ss❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✸✳✽ ♣❛r❛ ♦ ❝❛s♦

❈✉ s♦❜r❡ ❆✉✳ ❖ ❡str❡ss❡ ❝❛✐ r❛♣✐❞❛♠❡♥t❡ ❡♥tr❡ ✶✶ ❡ ✶✷ ▼▲ ❞❡♣♦s✐t❛❞❛s ❝❛✉s❛♥❞♦ ❞❡❢♦r♠❛çõ❡s
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Figura 3.7: Transformação estrutural de cobre sobre prata para um filme com 15 ML depositadas em 360 K. Os

átomos coloridos em azul representam fase bcc, verde indicam faze fcc, branco representa hcp e cinza são estruturas não

identificadas pelo método. Z. S. Pereira and E. Z. da Silva, Physical Review B, 79, 115404 (2009).

♥♦ ✜❧♠❡✳ ■st♦ ❣❡r❛ ❞❡❢♦r♠❛çõ❡s q✉❡ ♣✉❞❡r❛♠ s❡r ✈❡r✐✜❝❛❞❛s t❛♥t♦ ♥♦ ✜❧♠❡ ❞❡ ❝♦❜r❡ ✭♠❛✐s

✐♥t❡♥s❛✮ ❝♦♠♦ ♥♦ s✉❜str❛t♦ ❞❡ ♦✉r♦ ♦✉ ♣r❛t❛ ✭♠❡♥♦s ✐♥t❡♥s❛✮✳ ❈♦♠♦ r❡s✉❧t❛❞♦ ❞❡ t❛❧ ❞❡❢♦r✲

♠❛çã♦✱ ♦❝♦rr❡✉ ♥♦ ✜❧♠❡ ✜♥♦ ✉♠ ♣❛❞rã♦ ❞❡ str✐♣❡s ♠♦str❛❞♦s ♥❛ ❋✐❣✳ ✸✳✾✳ ❆ ❧❛r❣✉r❛ ❞❡st❡s

str✐♣❡s ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ❡ ♦❜t✐✈❡♠♦s ✉♠ ❡①❝❡❧❡♥t❡ ❛❝♦r❞♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❆

❧❛r❣✉r❛ ❞♦s str✐♣❡s✱ ❡♠ ✸✵✵ ❑✱ ♠❡❞✐❞❛ ❧♦❣♦ ❛♣ós ❛ ❞❡♣♦s✐çã♦ ❞❛ ❝❛♠❛❞❛ ❝rít✐❝❛ ❢♦r❛♠ ✺✼ ❡ ✻✶

Å ♣❛r❛ ❈✉✴❆❣✭✶✵✵✮ ❡ ❈✉✴❆✉✭✶✵✵✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

Figura 3.8: Evolução do tensor de estresse. Cálculo do produto espessura-estresse por camada. Z. S. Pereira and E. Z.

da Silva, Physical Review B, 79, 115404 (2009).

❆s ❞✐r❡çõ❡s ❬✶✵✵❪ ❡ ❬✵✶✵❪ ❞❛ r❡❞❡ ❜❝❝ s♦❜r❡ ♦ s✉❜str❛t♦ ❢♦r❛♠ ❣✐r❛❞❛s ❞❡ ✹✺➦ ❝♦♥❢♦r♠❡

✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✸✳✷✳ ■ss♦ ❧❡✈❛ ❛♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛s ❞✐r❡çõ❡s ❞♦ str✐♣❡s ♠♦str❛❞♦s ♥❛ ❋✐❣✳

✸✳✾✳ ◆ós ♣✉❞❡♠♦s ♠♦str❛r q✉❡ ❛ ❢❛s❡ ❞❡ ❝r❡s❝✐♠❡♥t♦ t❡♠ ❢♦rt❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛✳

❆ss✐♠✱ ✉♠ ✜❧♠❡ ❞❡ ❝♦❜r❡ ❝♦♠ ✶✸ ❝❛♠❛❞❛s ❞❡♣♦s✐t❛❞❛s s♦❜r❡ ✉♠ s✉❜str❛t♦ ❞❡ ♣r❛t❛ ♣♦❞❡ s❡r

q✉❛s❡ ❝♦♠♣❧❡t❛♠❡♥t❡ ❜❝❝ ❡♠ ✹✵✵ ❑✱ ♣♦ré♠ s❡ s✉❛ t❡♠♣❡r❛t✉r❛ ❢♦r r❡❞✉③✐❞❛ ❛ ✸✵✵ ❑ ❛ ❢❛s❡ ❜❝❝

é ❢♦rt❡♠❡♥t❡ ♣❡r❞✐❞❛ ❣❡r❛♥❞♦ ♠✉✐t♦s ❞❡❢❡✐t♦s ♥♦ ✜❧♠❡✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s str✐♣❡s

♣♦❞❡ s❡r ❛❧❛r❣❛❞❛ ♦✉ r❡❞✉③✐❞❛ ❞❡♣❡♥❞❡♥❞♦ ❞❛ t❡♠♣❡r❛t✉r❛✳ ❆ ❋✐❣✳ ✸✳✶✵ ♠♦str❛ ❛ ❞❡♣❡♥❞ê♥❝✐❛
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❞❛ ❢❛s❡ ❜❝❝ ❡♠ t❡r♠♦s ❞❛ t❡♠♣❡r❛t✉r❛✳ ❈♦♠ ✶✺ ▼▲ ❡♠ ✸✻✵ ❑ q✉❛s❡ t♦❞♦ ✜❧♠❡ ❞❡♣♦s✐t❛❞♦

❡stá ♥✉❝❧❡❛❞♦ ❜❝❝ ✭✾✻✳✷✾✪✮✱ ♠❛s s❡ r❡❞✉③✐r♠♦s ❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ✸✺✵ ❑ ❤á ✉♠❛ q✉❡❞❛ ♥❛

♥✉❝❧❡❛çã♦ ❜❝❝ q✉❡ ♣❛ss❛ ❞❡ ✾✻✳✷✾✪ ♣❛r❛ ✺✻✳✺✹✪✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ q✉❛♥❞♦ ❝♦♠♣❛r❛♠♦s

♦ ❞❡❝r❡s❝✐♠❡♥t♦ ❞❛ ❢❛s❡ ❜❝❝ ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✸✳✶✵ ❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s ❡♠ ✉♠❛ ❞❛❞❛

t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦✱ ❛ q✉❡❞❛ ♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ át♦♠♦s ✐❞❡♥t✐✜❝❛❞♦s ❝♦♠♦ ❜❝❝ é ♠❛✐s

❛❝❡♥t✉❛❞❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s ❞❡♣♦s✐t❛❞❛s✳ ❱❡❥❛ q✉❡ ❝♦♠ ✶✶ ▼▲ ❡♠ ✷✵✵

❑ ❛ ♥✉❝❧❡❛çã♦ ❜❝❝ é ❞❡ q✉❛s❡ ✼✵✪✱ ♣♦ré♠ ❝♦♠ ✶✺ ▼▲ ❞❡♣♦s✐t❛❞❛s ❛♣❡♥❛s ✸✺✪✳ ■ss♦ ♠♦str❛

q✉❡ ❝♦♠ ✶✶ ▼▲ ❛✐♥❞❛ ❡①✐st❡ ❢♦rt❡ ✐♥✢✉ê♥❝✐❛ ❞♦ s✉❜str❛t♦ ❡ ❛ t❡♥sã♦ ❜✐❛①✐❛❧ s❡ ♠❛♥té♠ ♣♦r

q✉❛s❡ t♦❞♦ ✜❧♠❡✱ ❞✐❢❡r❡♥t❡ ❞❡ q✉❛♥❞♦ sã♦ ❞❡♣♦s✐t❛❞♦s ✉♠ ♥ú♠❡r♦ ❣r❛♥❞❡ ❞❡ ❝❛♠❛❞❛s ✭✶✺✲✷✵

▼▲✮✳

Figura 3.9: (a) filme de cobre com 11.5 ML em 300 K. Para a visualização foi usado um plano de corte com normal

[110]. A região A representa uma região de alto strain normal compressivo e B representa baixo strain normal com-

pressivo. Cinza escuro e cinza claro são as cores utilizadas para representarem os átomos de Cu e Ag, respectivamente.

(b) e (c) As imagens mostram a primeira monocamada de cobre sobre prata (as camadas acimas foram feitas invisíveis).

Após a deposição da nona camada o filme inicia a formação de stripes. Z. S. Pereira and E. Z. da Silva, Physical Review

B, 79, 115404 (2009).

Figura 3.10: Porcentagem de átomos nucleados bcc como função da temperatura após deposição de 11, 13, 15, 18

ML. O gráfico inserido apresenta a temperatura de transição de bcc para bct aproximadamente linear com a espessura.

Z. S. Pereira and E. Z. da Silva, Physical Review B, 79, 115404 (2009).
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◆ós ♠♦str❛♠♦s q✉❡ ♥♦ss♦ ♠♦❞❡❧♦ t❡ór✐❝♦ ♣r♦♣♦r❝✐♦♥♦✉ r❡s✉❧t❛❞♦s q✉❡ ❡stã♦ ❡♠ ❜♦♠ ❛❝♦r❞♦

❝♦♠ ❡①♣❡r✐♠❡♥t♦s✳ ❆❧é♠ ❞✐ss♦✱ ♥ós ♣✉❞❡♠♦s ❛♠♣❧✐❛r ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❛tr❛✈és ❞♦ ❝á❧❝✉❧♦ ❞♦

❡str❡ss❡ ❡ ✜③❡♠♦s ✉♠❛ q✉❛♥t✐✜❝❛çã♦ ❞❛ ❢❛s❡ ❜❝❝ ❝♦♠♦ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❡ ❡s♣❡ss✉r❛

❞♦ ✜❧♠❡✳ ◆ós ✉s❛♠♦s té❝♥✐❝❛ s❡♠❡❧❤❛♥t❡ ♣❛r❛ ❡st✉❞❛r P❞ s♦❜r❡ ❆✉ ✭✶✵✵✮✳ ◆❡st❡ ❝❛s♦ ♦

❞❡s❝❛s❛♠❡♥t♦ ❞❛s r❡❞❡s t❡♠ ❞✐❢❡r❡♥ç❛s ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✳✽✪✳ ■ss♦ ❧❡✈♦✉ ❛ ❡❢❡✐t♦s ❜❡♠

❞✐❢❡r❡♥t❡s✳ ❚❛❧ ❡st✉❞♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ♥❛ ♣ró①✐♠❛ s❡❝çã♦✳

3.3 Aplicando dinâmica molecular a deposição de Pd sobre Au(100)

P❞ t❡♠ s✐❞♦ ✉♠ ♠❡t❛❧ ✐♥t❡♥s✐✈❛♠❡♥t❡ ❡st✉❞❛❞♦ ❞❡✈✐❞♦ s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❝❛t❛❧ít✐❝❛s ❬✾✺❪✳

❊♠❜♦r❛ P❞ s❡❥❛ ✉♠ ♠❛t❡r✐❛❧ ♣❛r❛♠❛❣♥ét✐❝♦ ❡♠ s✉❛ ❢❛s❡ ❡stá✈❡❧ ❢❝❝✱ ♠✉✐t♦s ❡st✉❞♦s ❡①♣❡r✐♠❡♥✲

t❛✐s t❡♠ ♠♦str❛❞♦ ❢♦rt❡s ❡✈✐❞ê♥❝✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❡ ♠♦♠❡♥t♦ ❢❡rr♦♠❛❣♥ét✐❝♦ ❡♠ ♥❛♥♦♣❛rtí❝✉✲

❧❛s ❞❡ P❞ ❬✾✻✕✶✵✵❪✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ P❞ t❛♠❜é♠ t❡♠ s✐❞♦ ✈❡r✐✜❝❛❞♦ ❡♠ tr❛❜❛❧❤♦s

t❡ór✐❝♦s ❡♥✈♦❧✈❡♥❞♦ ♣❡q✉❡♥♦s ❛❣❧♦♠❡r❛❞♦s ❞❡ át♦♠♦s ❞❡ P❞ ❬✶✵✶✕✶✵✸❪✳ ❚❛❧ ❝♦♠♣♦rt❛♠❡♥t♦

♠❛❣♥ét✐❝♦ é ❛tr✐❜✉í❞♦ ❛ ❡①♣❛♥sã♦ ❞❡ ✈♦❧✉♠❡✱ ♠✉❞❛♥ç❛s ♥❛ s✐♠❡tr✐❛ ❞♦ ❝r✐st❛❧ ♦✉ ❞❡❢❡✐t♦s

♥❛ r❡❞❡ ❢❝❝✱ ❝♦♠♦ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ t❡①t✐tst❛❝❦✐♥❣ ❢❛✉❧ts ❡ t✇✐♥ ❜♦✉❞❛r✐❡s✳ ❉❡❢❡✐t♦s ❞♦

t✐♣♦ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ q✉❡❜r❛♠ ❛ s✐♠❡tr✐❛ ❝ú❜✐❝❛ ❡ ❞❡s❧♦❝❛♠ ♦s ♣❧❛♥♦s ✭✶✶✶✮ ❢♦r♠❛♥❞♦

❡str✉t✉r❛s ❤❝♣ ✭❤❡①❛❣♦♥❛❧✲❝❧♦s❡❞✲♣❛❝❦❡❞✮✳ ❊st❡s ❞❡❢❡✐t♦s sã♦ ❝♦♠✉♥s ❞✉r❛♥t❡ ♣r♦❝❡ss♦s ❞❡

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

❝❛s♦s✱ é ❞✐❢í❝✐❧ ❡✈✐t❛r s✉❛ ❢♦r♠❛çã♦ ❞❡st❡s ❞❡❢❡✐t♦s ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦✳ ❱✐✲

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

❣❡r❛r ♣❛❞rõ❡s ❞❡ ❞❡❢♦r♠❛çã♦ ❛♦ ❧♦♥❣♦ ❞♦ ✜❧♠❡✳ ❚♦❞♦s ❡st❡s ♣♦ssí✈❡✐s ❡❢❡✐t♦s ✈✐s❧✉♠❜r❛♠ ❛♣❧✐✲

❝❛çõ❡s ❡♠ ♥❛♥♦❝✐ê♥❝✐❛ ❡ ♥♦s ♠♦t✐✈♦✉ ❛ ❡st✉❞❛r ✜❧♠❡s ✜♥♦s ❞❡ P❞ ❞❡♣♦s✐t❛❞♦s s♦❜r❡ ❆✉✭✶✵✵✮

q✉❡ ♣♦❞❡r✐❛♠ t❡r ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡ ❛♦ ❝❛s♦ ❈✉ s♦❜r❡ ❆✉ ✈✐st♦ ♥❛ s❡❝çã♦ ❛♥t❡r✐♦r✱

♣♦ré♠✱ ♥♦ ❝❛s♦ P❞ s♦❜r❡ ❆✉✱ ♦ ❞❡s❝❛s❛♠❡♥t♦ é ♠✉✐t♦ ♠❡♥♦r ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✳✽✪✮ ♦ q✉❡

♥ã♦ ❧❡✈❛ ❛ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❢❛s❡✱ ❛♦ ✐♥✈és ❞✐ss♦✱ ♦❜s❡r✈❛♠♦s ❛ ❢♦r♠❛çã♦ ❞❡ ♠✉✐t♦s ❞❡❢❡✐t♦s

♦❜❡❞❡❝❡♥❞♦ ✉♠ ♣❛❞rã♦✳

❖ ♠♦❞♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ é ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❝♦♥str✉✐r♠♦s ✉♠ ♠♦❞❡❧♦ q✉❡ s❡ ❛❞❡q✉❡ ❛♦ ❡①✲

♣❡r✐♠❡♥t♦✳ ▲✐✉ ❡ ❇❛r❞❡r r❡❧❛t❛r❛♠ ❡♠ ❡①♣❡r✐♠❡♥t♦s ❜❛s❡❛❞♦s ❡♠ ▲❊❊❉ ✭❧♦✇✲❡♥❡r❣② ❡❧❡❝tr♦♥

❞✐✛r❛❝t✐♦♥✮ q✉❡ P❞ s♦❜r❡ ❆✉ ♣♦❞❡ ❝r❡s❝❡r ❧❛②❡r✲❜②✲❧❛②❡r ❡♠ ✸✵✵ ❑ ❬✶✵✹❪✳ ❊♠ ♥♦ss❛ s✐♠✉❧❛çã♦✱

P❞ ❝r❡s❝❡✉ ❧❛②❡r✲❜②✲❧❛②❡r s♦❜ ❡str❡ss❡ ❝♦♠ ❡①♣❛♥sã♦ ❜✐❛①✐❛❧ ❞♦s ♣❛râ♠❡tr♦s a ❡ b ❞❡ ❛♣r♦①✐✲

♠❛❞❛♠❡♥t❡ ✹✳✽✪✳ ❆♣ós ✉♠❛ ❡s♣❡ss✉r❛ ❝rít✐❝❛✱ ❛ ❡str✉t✉r❛ ❞❡ P❞ r❡❧❛①♦✉ s✉r❣✐♥❞♦ ❞❡❢❡✐t♦s ❞♦

t✐♣♦ st❛❝❦✐♥❣ ❢❛✉❧ts ♥♦s ♣❧❛♥♦s ✭✶✶✶✮ ❞♦ ❝r✐st❛❧✳ ◆ós ❡♠♣r❡❣❛♠♦s ❞♦✐s ♠ét♦❞♦s ❞✐st✐♥t♦s ♣❛r❛

❛♥❛❧✐s❛r ❛s ❡str✉t✉r❛s q✉❡ ❢♦r❛♠ ❢♦r♠❛❞❛s ❞✉r❛♥t❡ ❛ ❞❡♣♦s✐çã♦✳ ❖ ♣r✐♠❡✐r♦ ❞❡❧❡s✱ ♦ ♠ét♦❞♦ ❞❡
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❆❝❦❧❛♥❞✲❏♦♥❡s ✭✈❡r ❛♣ê♥❞✐❝❡ ❆✮✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❛s ❡str✉t✉r❛s ❞❛ ♠❡s♠❛ ♠❛♥❡✐r❛

q✉❡ ♥♦ ❝❛s♦ ❈✉ s♦❜r❡ ❆✉ ♦✉ ❆❣✭✶✵✵✮✳ ❖ s❡❣✉♥❞♦ ♠ét♦❞♦✱ ❛ ♠❡❞✐❞❛ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲

s✐♠❡tr✐❛ ✭✈❡r ❛♣ê♥❞✐❝❡ ❇✮✱ t❛♠❜é♠ ❢♦✐ ✉t✐❧✐③❛❞❛ ❝♦♠♦ ❝♦♠♣❧❡♠❡♥t❛çã♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦s

t✐♣♦s ❞❡ ❞❡❢❡✐t♦s ❡♥❝♦♥tr❛❞♦s ♥❡st❡ ♣r♦❝❡ss♦✳ ❖ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ✭❝✮ ♠❡❞❡ ❛

q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛ ❞❛ ❡str✉t✉r❛ ❞❡ ✉♠ ❝r✐st❛❧✳ ❉❡❢❡✐t♦s q✉❡❜r❛♠ ❛ s✐♠❡tr✐❛ ❞❡ ✉♠ ❝r✐st❛❧ ❡

♣♦❞❡♠ t❡r ✉♠❛ r❡❣r❛ ♠❛t❡♠át✐❝❛ ❜❡♠ ❞❡✜♥✐❞❛ ♣♦ss✐❜✐❧✐t❛♥❞♦ ✉♠❛ q✉❛♥t✐✜❝❛çã♦ ❞❡st❛ q✉❡❜r❛

❞❡ s✐♠❡tr✐❛ ❬✺✹✱✺✺✱✶✵✺❪✳ P❛r❛ ✉♠ ♣❡r❢❡✐t♦ st❛❝❦✐♥❣ ❢❛✉❧t ♦ ✈❛❧♦r ❞❡ ❝ é ✐❣✉❛❧ ❛ ✵✳✵✹✶✻ ❬✺✹❪✳ P❛r❛

✉♠ ❝r✐st❛❧ ❢❝❝ ♣❡r❢❡✐t♦ ❝❂✵ ❡ ♠❡s♠♦ ❡♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ♥ã♦ ❞❡✈❡ ❡①❝❡❞❡r ✵✳✵✶✳ P♦rt❛♥t♦✱

é ♣♦ssí✈❡❧ ❞✐st✐♥❣✉✐r ❡♥tr❡ st❛❝❦✐♥❣ ❢❛✉❧ts ❡ ✉♠ r✉í❞♦ tér♠✐❝♦✳

◆ós ❛♣r❡s❡♥t❛r❡♠♦s ❡st❛ s✐♠✉❧❛çã♦ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿ ◆❛ s✉❜s❡❝çã♦ ✸✳✸✳✶ ♥ós ❞✐s❝✉t✐r❡✲

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

◆❛ s✉❜s❡❝çã♦ ✸✳✸✳✷ ♥ós ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s q✉❛♥❞♦ ✉s❛♠♦s ♦ ♠ét♦❞♦ ❞❡

❆❝❦❧❛♥❞✲❏♦♥❡s ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛s ❡str✉t✉r❛s ♦❜t✐❞❛s ♥♦ ✜❧♠❡ ✜♥♦ ❞❡ P❞ ❝♦♠♦ ❢❝❝✱ ❜❝❝✱ ❤❝♣

♦✉ ❞❡s❝♦♥❤❡❝✐❞♦✳ ❆✐♥❞❛ ♥❛ s✉❜s❡❝çã♦ ✸✳✸✳✶ ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s q✉❛♥❞♦

❝❛❧❝✉❧❛♠♦s ♦ ❡s♣❛ç❛♠❡♥t♦ ❡♥tr❡ ❛s ♠♦♥♦❝❛♠❛❞❛s ❞♦ ✜❧♠❡ ❞❡ P❞ ❡ ♦ ❝á❧❝✉❧♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦✲

♦r❞❡♥❛çã♦✳ ◆❛ s✉❜s❡❝çã♦ ✸✳✸✳✷ ♥ós ❛♥❛❧✐s❛r❡♠♦s ❛s ❡str✉t✉r❛s ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞♦ ♣❛râ♠❡tr♦

❞❡ s✐♠❡tr✐❛✳ ◆❛ s✉❜s❡❝çã♦ ✸✳✸✳✸ ♥ós ❡st✉❞❛r❡♠♦s ❛ ❡✈♦❧✉çã♦ ❞♦ t❡♥s♦r ❞❡ ❡str❡ss❡ ❞✉r❛♥t❡ ♦

❝r❡s❝✐♠❡♥t♦✳ ❊ ♣♦r ✜♠✱ ♥❛ s✉❜s❡❝çã♦ ✸✳✸✳✹ ❛♣r❡s❡♥t❛r❡♠♦s ♥♦ss❛s ❝♦♥❝❧✉sõ❡s✳

3.3.1 Potencial e procedimento computacional

◆ós ✉t✐❧✐③❛♠♦s ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠ ♣♦t❡♥❝✐❛✐s ❞♦ t✐♣♦ ❊❆▼ ✉s❛♥❞♦ ♦ ❝ó❞✐❣♦ ▲❆▼▼P❙

♣❛r❛ ♠♦❞❡❧❛r ❛ ❞❡♣♦s✐çã♦ ❞❡ P❞ s♦❜r❡ ❆✉✳ ❋♦r❛♠ ✉s❛❞♦s ✸ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❊❆▼✳ ✭✐✮ ❖

♠♦❞❡❧♦ ❊❆▼ ♣r♦♣♦st♦ ♣♦r ❋♦✐❧❡s ❬✷✸❪ q✉❡ ❛❥✉st❛ ❛ ❝♦♥st❛♥t❡ ❞❡ r❡❞❡✱ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✱

❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ❡ ❝❛❧♦r ❞❡ s♦❧✉çã♦ ❞❛ ❧✐❣❛ ❜✐♥ár✐❛ P❞✲❆✉✳ ✭✐✐✮ ❖ ♣♦t❡♥❝✐❛❧ ♣r♦♣♦st♦ ♣♦r

❩❤♦✉ ❬✽✷❪ q✉❡ ♣♦ss✉✐ ✉♠❛ ❢♦r♠❛ ❛♥❛❧ít✐❝❛ ♣❛r❛ ❛ ❢✉♥çã♦ ❞❡♥s✐❞❛❞❡ ❡ t❛♠❜é♠ ❛❥✉st❛ ✈ár✐♦s

❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ✭✐✐✮ ❆ ♣❛r❛♠❡tr✐③❛çã♦ ♣r♦♣♦st❛ ♣♦r ❙❤❛♥ ❡ ❝♦❧❛❜♦r❛❞♦r❡s q✉❡ é ✉♠❛

♠♦❞✐✜❝❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ♣r♦♣♦st♦ ♣♦r ❩❤♦✉ ✐♥❝❧✉✐♥❞♦ ✈ár✐♦s ❞❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡ ❝❛❧❝✉❧❛❞♦s

♣♦r ♠ét♦❞♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ❬✽✸❪✳ ❊st❡s ♣♦t❡♥❝✐❛✐s ❢♦r❛♠ ❞✐s❝✉t✐❞♦s ♥♦ ❝❛♣ít✉❧♦ ✷✳

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

❡str❡ss❡ ❛♣ós ❛ ❞❡♣♦s✐çã♦ ❞❡ ✉♠ ♥ú♠❡r♦ ❝rít✐❝♦ ❞❡ ❝❛♠❛❞❛s✳ ❉❡s❞❡ q✉❡ ♥ós ✈❡r✐✜❝❛♠♦s ❛

❢♦r♠❛çã♦ ❞❡ ❞❡❢❡✐t♦s ❞♦ t✐♣♦ st❛❝❦✐♥❣ ❢❛✉❧ts✱ ♥ós ❥✉❧❣❛♠♦s ✐♠♣♦rt❛♥t❡ ♦ ❝á❧❝✉❧♦ ❛ ❛♥❡r❣✐❛ ❞❡

st❛❝❦✐♥❣ ❢❛✉❧ts ♣❛r❛ P❞ ✭γsf ✮ ♣r❡✈✐st❛ ♣♦r ❝❛❞❛ ♣♦t❡♥❝✐❛❧ ✉s❛❞♦ ♥❡st❛ ♠♦❞❡❧❛❣❡♠✳ ▼❡❧❤♦r

q✉❡ s✐♠♣❧❡s♠❡♥t❡ ❝❛❧❝✉❧❛r ❛ ❡♥❡r❣✐❛ ❞❡ st❛❝❦✐♥❣ ❢❛✉❧ts✱ ♥ós ❝❛❧❝✉❧❛♠♦s ❛ ❝✉r✈❛ ❣❡♥❡r❛❧✐③❛❞❛
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❞❡ st❛❝❦✐♥❣ ❢❛✉❧ts ✭♣❧❛♥❛r ❢❛✉❧t ❡♥❡r❣②✮ ✭●P❋✮ q✉❡ ❢♦r♥❡❝❡ ✉♠ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞♦ ❝✉st♦

❡♥❡r❣ét✐❝♦ ♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞❡ss❡s ❞❡❢❡✐t♦s q✉❡ s✐♠♣❧❡s♠❡♥t❡ ❛ ❡♥❡r❣✐❛ ❞♦ ❞❡❢❡✐t♦ ❥á ❢♦r♠❛❞♦✳

◆❛ ❋✐❣ ✸✳✶✶ ♥ós ♠♦str❛♠♦s ❛ ❝✉r✈❛ ●P❋ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞♦s ✸ ❞✐❢❡r❡♥t❡s ♣♦t❡♥❝✐❛✐s ❝✐t❛❞♦s

❛♥t❡r✐♦r♠❡♥t❡✳ ❊st❛ ❝✉r✈❛ ♠♦str❛ ♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦ ♣❛r❛ ✏❞❡s❧✐③❛r✏ ✉♠ ♣❧❛♥♦ (111) ♥❛ ❞✐r❡çã♦

[112̄]✳ γus é ♦ ♠❛✐s ❜❛✐①♦ ✈❛❧♦r ❛ s❡r s✉♣❡r❛❞♦ ♣❛r❛ q✉❡ ♦❝♦rr❛ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ ❞❡❢❡✐t♦ ❞❡

❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ γsf ✳ ❖s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ♣❛r❛ γsf ❢♦r❛♠ ✽✺ mJ/m2

♣❛r❛ ♦ ♣♦t❡♥❝✐❛❧ ♣r♦♣♦st♦ ♣♦r ❙❤❛♥✱ γsf = 55 mJ/m2 ♣❛r❛ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❩❤♦✉ ❡ γsf = 51

mJ/m2 ♣❛r❛ ♣♦t❡♥❝✐❛❧ ❞❡ ❋♦✐❧❡s✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ✈❛❧♦r ❡①♣❡r✐♠❡♥t❛❧ é ✶✸✵ mJ/m2 ❬✶✵✻❪✳ ❆

❡♥❡r❣✐❛ ❞❡ st❛❝❦✐♥❣ ❢❛✉❧t ✐♥stá✈❡❧ γus ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❡♠ ✷✶✽ mJ/m2✱ ✶✽✼ mJ/m2✱ ✶✻✷ mJ/m2

♣❛r❛ ♦s ♣♦t❡♥❝✐❛✐s ❞❡ ❙❤❛♥✱ ❩❤♦✉ ❡ ❋♦✐❧❡s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ r❛③ã♦ γsf/γus = 0, 39 ♣❛r❛ ♦

♣♦t❡♥❝✐❛❧ ❞❡ ❙❤❛♥ ♠♦str❛ ✉♠❛ ♠❡❧❤♦r ❡st❛❜✐❧✐❞❛❞❡ ❞❡ss❡s ❞❡❢❡✐t♦s ♣❧❛♥❛r❡s✳ ❆❧é♠ ❞✐ss♦✱ ✉♠

❝♦♠♣❧❡t♦ ❞❡s❧♦❝❛♠❡♥t♦ ♥❛ ❞✐r❡çã♦ ❬✶✶✵❪ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ❡♠ ✻✹✻ mJ/m2✳ P♦rt❛♥t♦ ❛té ♠❡s♠♦ s❡

✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ♥❛ ❞✐r❡çã♦ [110] ❢♦r s❡♣❛r❛❞♦ ❡♠ ❞♦✐s ♣❛r❝✐❛✐s ❞❡s❧♦❝❛♠❡♥t♦s t❡rí❛♠♦s ✉♠❛

❝♦♥s✐❞❡rá✈❡❧ ❡♥❡r❣✐❛ ❡ ♣♦r ❡st❛ r❛③ã♦ ❡❧❡s ♥ã♦ sã♦ ♦❜s❡r✈❛❞♦s✳ ❉❡s❞❡ q✉❡ ♦❜t✐✈❡♠♦s r❡s✉❧t❛❞♦s

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

❙❤❛♥✳ ◆ós ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✉s❛♥❞♦ ❡st❡ ♠♦❞❡❧♦✳ ◆♦ ❡♥t❛♥t♦✱ ♥♦ss♦s

❝á❧❝✉❧♦s ♠♦str❛r❛♠ ❛❝♦r❞♦ q✉❛❧✐t❛t✐✈♦ ♠❡s♠♦ q✉❛♥❞♦ ✉t✐❧✐③❛♠♦s ♦s ♦✉tr♦s ♠♦❞❡❧♦s✳

Figura 3.11: Curva de energia por unidade de área para falha de empilhamento generalizada (generalized planar

fault (GPF)) para deslizamento de planos (111) na direção [112̄]. γsf é a energia por unidade de área de uma falha de

empilhamento instável e γus representa a energia para a falha de empilhamento estável. Z. S. Pereira and E. Z. da Silva,

Physical Review B, 81, 195417 (2010).

◆ós ❞❡♣♦s✐t❛♠♦s P❞ s♦❜r❡ ❆✉ s❡♠❡❧❤❛♥t❡ ❛♦ ❝❛s♦ ❈✉ s♦❜r❡ ❆✉ ♦✉ ❆❣✳ ■♥✐❝✐❛❧♠❡♥t❡ ❢♦✐

❝♦♥str✉í❞❛ ✉♠❛ r❡❞❡ ❢❝❝ r❡♣r❡s❡♥t❛♥❞♦ ♦ s✉❜str❛t♦ ❞❡ ❆✉ ❝♦♠ ❞✐♠❡♥sõ❡s 13.4×13.4×6.1 nm3✳
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❖ s✉❜str❛t♦ é ♠♦❞❡❧❛❞♦ ♥♦ ❡♠s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ s❡♥❞♦ s✉❛ t❡♠♣❡r❛t✉r❛ ✸✵✵ ❑ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦

t❡r♠♦st❛t♦ ❞❡ ◆♦sé✲❍♦♦✈❡r ❬✷✺❪✳ ❚❛❧ s✉❜str❛t♦ ❢♦✐ r❡❧❛①❛❞♦ ♣♦r ✸✵✵ ♣s ❞❡ ♠♦❞♦ q✉❡ ❛s ❡q✉❛çõ❡s

❞♦ ♠♦✈✐♠❡♥t♦ sã♦ ♦❜t✐❞❛s ✉s❛♥❞♦ ♦ ❛❧❣♦r✐t♦♠♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❱❡r❧❡t ❬✶✾✱ ✷✵❪✳ ❖ s✉❜str❛t♦

é ❢♦r♠❛❞♦ ♣♦r ✸✶ ❝❛♠❛❞❛s✱ ❛♣ós ❛ r❡❧❛①❛çã♦ ❞♦ s✉❜str❛t♦✱ ♥ós ❞❡♣♦s✐t❛♠♦s r❛♥❞♦♠✐❝❛♠❡♥t❡

át♦♠♦s ❞❡ P❞ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ❆✉✭✶✵✵✮ t❛❧ q✉❡✱ ❡♠ ♠é❞✐❛✱ ✉♠❛ ♠♦♥♦❝❛♠❛❞❛ ❢♦✐ ❞❡♣♦s✐t❛❞❛

❛ ❝❛❞❛ ✷✵✵ ♣s ❡ ❞❡♣♦✐s r❡❧❛①❛❞❛ ♣♦r ♠❛✐s ✷✵✵ ♣s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❡str❡ss❡✳ ◆ós ✉t✐❧✐③❛♠♦s

❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ♥❛s ❢❛❝❡s ❧❛t❡r✐❛s ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✱ ♣♦ré♠ ❛ ❞✐r❡çã♦ ❞❡

❝r❡s❝✐♠❡♥t♦ ❢♦✐ ♠❛♥t✐❞❛ ❧✐✈r❡✱ ❡①❝❡t♦ ♣❛r❛ ❛ ❜❛s❡ ❞♦ s✉❜str❛t♦ ♦♥❞❡ ✸ ❝❛♠❛❞❛s ❢♦r❛♠ ♠❛♥t✐❞❛s

❝♦♥❣❡❧❛❞❛s ✭❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ♥ã♦ ❢♦r❛♠ ✐♥t❡❣r❛❞❛s✮✳ ❖ t❡♠♣♦ t♦t❛❧ ❞❡ s✐♠✉❧❛çã♦ ❢♦✐

❞❡ ✻✳✸ ♥s ✉s❛♥❞♦ ♣❛ss♦s ❞❡ ✶ ❢s✳

❚♦❞♦s ♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✵✵ ❑✳ P❛r❛ ♠♦str❛r q✉❡ ❛s ❡str✉t✉r❛s

♦❜t✐❞❛s sã♦ r♦❜✉st❛s ❡♠ ✉♠ ❧❛r❣♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❛♣ós ❛ ❞❡♣♦s✐çã♦✱ ❛ t❡♠♣❡r❛t✉r❛

❢♦✐ ❣r❛❞✉❛❧♠❡♥t❡ ❡❧❡✈❛❞❛ ❞❡ ✸✵✵ ❛ ✻✵✵ ❑ ❡♠ ✸✵✵ ♣s✳ ❊♥tã♦ ❢♦✐ ♠❛♥t✐❞❛ ❡♠ ✻✵✵ ❑ ♣♦r ✷✵✵ ♣s

❡ ❞❡♣♦✐s r❡❞✉③✐❞❛ ❛ ✶✵✵ ❑ ❡♠ ✺✵✵ ♣s✳ ❊st❡ t✐♣♦ ❞❡ ♣r♦❝❡❞✐♠❡♥t♦ é ❝❤❛♠❛❞♦ ❛♥♥❡❛❧✐♥❣ ❡ s❡r✈❡

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

❞❡ t❡♠♣❡r❛t✉r❛ ❢♦r❛♠ ❡ss❡♥❝✐❛❧♠❡♥t❡ ❛s ♠❡s♠❛s ❞❛s ❡st✉❞❛s ❡♠ ✸✵✵ ❑✳
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❆s ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s ♦❜t✐❞❛s ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ✉s❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s ❬✻✽❪

✭✈❡r ❛♣ê♥❞✐❝❡ ❆✮✳ ❊st❡ ♠ét♦❞♦ ❡stá ❜❛s❡❛❞♦ ♥❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❛s ❡str✉t✉r❛s ♣♦r ♠❡✐♦ ❞❡ ✉♠

❛❧❣♦r✐t♠♦ ❤❡✉ríst✐❝♦✳ ❆ ✐❞❡✐❛ s❡ ❜❛s❡✐❛ ❡♠ ❝♦♠♣❛r❛r ❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❡ r❛❞✐❛❧ ❞❡ ✉♠❛

r❡❞❡ ♣❡r❢❡✐t❛ ♦✉ r❡❞❡s ❝♦♠ ♣❡q✉❡♥❛s ❞✐st♦rçõ❡s ❛ r❡❞❡ ❡♠ q✉❡stã♦✳ ❈❛❞❛ r❡❞❡ t❡♠ ✉♠❛

❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❝❛r❛❝t❡ríst✐❝❛ ❡ ❝❛❞❛ át♦♠♦ ❞❛ r❡❞❡ ❡stá ❡♠ ✈♦❧t❛ ❞❡ ✉♠ ❛♠❜✐❡♥t❡ q✉❡

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

❝❛❞❛ át♦♠♦ ♣♦❞❡ s❡r ♠❛r❝❛❞♦ ❝♦♠ ❡st❛♥❞♦ ❡♠ ✉♠ ❛♠❜✐❡♥t❡ ❢❝❝✱ ❜❝❝✱ ♦✉ ❤❝♣ ♦✉ ❛té ♠❡s♠♦

♦✉tr♦s t✐♣♦s ❞❡ r❡❞❡✳ ❈❡rt❛♠❡♥t❡ ❤á ♣❛rtí❝✉❧❛s q✉❡ ♥ã♦ s❡ ❡♥❝❛✐①❛♠ ❡♠ ♥❡♥❤✉♠❛ ❞❡st❛s

s✐t✉❛çõ❡s ❡♥tã♦ ♦ ♠ét♦❞♦ ❛s ♠❛r❝❛ ❝♦♠♦ ✑❞❡s❝♦♥❤❡❝✐❞❛✏✱ ❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♦s át♦♠♦s ❞❡

✉♠❛ s✉♣❡r❢í❝✐❡✳

❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❛ ❡str✉t✉r❛ sã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣ ✸✳✶✷✳ ❆té ✽ ▼▲

❛ ❡str✉t✉r❛ ❝r❡s❝❡ ❢❝❝ s❡♠ ❞❡❢❡✐t♦s✳ ❊♠❜♦r❛ ❡st❛s ❡str✉t✉r❛s s❡❥❛♠ ❢❝❝✱ ✈❡r❡♠♦s ♥❛ s✉❜s❡❝çã♦

✸✳✸✳✹ q✉❡ ❛ ❛♥á❧✐s❡ ❞♦ t❡♥s♦r ❞❡ ❡str❡ss❡ ♠♦str❛ q✉❡ ❡st❛s ❡str✉t✉r❛s ❡stã♦ ❡str❡ss❛❞❛s ❡✱

♣♦rt❛♥t♦✱ ♥ós t❡♠♦s ✉♠❛ r❡❞❡ ❢❝❝ ✐♥stá✈❡❧✳ ❆❝✐♠❛ ❞❡ ✽ ▼▲ ❞❡♣♦s✐t❛❞❛s✱ ✐♥✐❝✐❛✲s❡ ✉♠ ♣r♦❝❡ss♦

❞❡ r❡❧❛①❛çã♦ ❛té q✉❡ t♦❞❛ ❡str✉t✉r❛ ❞♦ ✜❧♠❡ r❡❧❛①❛ ❡ ❞❡❢❡✐t♦s ❜❡♠ ❞❡✜♥✐❞♦s ❛♣❛r❡❝❡♠✳ ❊st❡
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Figura 3.12: Análise das estruturas de Pd/Au(100) feita pelo método de Ackland-Jones, parte I. Evolução do tensor

de estresse. Verde indica átomos em um ambiente fcc, vermelho representa átomos marcados em ambiente hcp, azul

representa estrutura bcc e cinza são átomos onde o método não pôde identificar o ambiente estrutural. Somente parte do

substrato é mostrado na direção [100]. Z. S. Pereira and E. Z. da Silva, Physical Review B, 81, 195417 (2010).

❞❡❢❡✐t♦s ♣❧❛♥❛r❡s ♦❝♦rr❡♠ ♥♦s ♣❧❛♥♦s ✭✶✶✶✮ ❡ sã♦ ✐❞❡♥t✐✜❝❛❞♦s ❝♦♠♦ t❡♥❞♦ ✉♠❛ ❡str✉t✉r❛ ❤❝♣✳

❆ ❋✐❣✳ ✸✳✶✸ ♠♦str❛ ❝♦rt❡s ♥❛ ❞✐r❡çã♦ ❬✶✵✵❪ ❡♠ ❞✐❢❡r❡♥t❡s ♣r♦❢✉♥❞✐❞❛❞❡s ❛♣ós ♦ ❝r❡s❝✐♠❡♥t♦ ❞❡

✶✺ ▼▲✳ ■st♦ ♠♦str♦✉ ✉♠ ♣❛❞rã♦ ❞❡ss❡s ❞❡❢❡✐t♦s ❡♠ t♦❞❛ ❛ ❡str✉t✉r❛ ❞♦ ✜❧♠❡ ❞❡ P❞✳

Figura 3.13: Análise das estruturas de Pd/Au(100) feita pelo método de Ackland-Jones, parte II. Análise feita após 15

ML depositadas. Foram tomados alguns corte na direção [100]. (a) 10 ML, (b) 6 ML, e (c) 3 ML. As cores tem mesmo

significado que as apresentadas na Fig. 3.12. Z. S. Pereira and E. Z. da Silva, Physical Review B, 81, 195417 (2010).

◆ós t❛♠❜é♠ ❛♥❛❧✐s❛♠♦s ♦ ❡s♣❛ç❛♠❡♥t♦ ♠é❞✐♦ ❡♥tr❡ ❛s ♠♦♥♦❝❛♠❛❞❛s ♥❛ ❞✐r❡çã♦ ❞❡ ❝r❡s❝✐✲

♠❡♥t♦ ❡ ❡♥❝♦♥tr❛♠♦s ✶✳✽ Å✱ ♠❡♥♦r q✉❡ ✶✳✾✹ ♣❛r❛ ❛ r❡❞❡ ❞❡ P❞ ❡stá✈❡❧✳ P❛r❛ ♣❡q✉❡♥❛s

❞❡❢♦r♠❛çõ❡s ♦ str❛✐♥ ❞❡ ❝♦♠♣r❡ssã♦ ♥♦r♠❛❧ ✭∆✮ é ❞❛❞♦ ♣♦r ∆ = (dfilm − dbulk)/(dfilm) ❬✶✵✼❪✱

♦♥❞❡ dfilm ❡ dbulk sã♦ ❛s ❞✐stâ♥❝✐❛s ❡♥tr❡ ❛s ♠♦♥♦❝❛♠❛❞❛s ❞♦ ✜❧♠❡ ❞❡ P❞ ❡ ❞❡ P❞ ✈♦❧✉♠étr✐❝♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛ ♦ ✜❧♠❡ ❞❡ P❞ ∆ = −8%✳

◆ós t❛♠❜é♠ ❝❛❧❝✉❧❛♠♦s ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❡ ♦❜t❡♠♦s ✶✷✱ ❡①❝❡t♦ ♥❛ s✉♣❡r❢í❝✐❡✱

♠❡s♠♦ ♥❛ r❡❣✐ã♦ ❞❡ ✐♥t❡r❢❛❝❡ ❡ ♥❛s r❡❣✐õ❡s ♦♥❞❡ ♦❝♦rr❡r❛♠ ❞❡❢❡✐t♦s✱ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦

♦❜t✐❞♦ ❢♦✐ ✶✷ ✐♥❞✐❝❛♥❞♦ ✉♠❛ r❡❞❡ ❢❝❝ ♦✉ ❤❝♣ ❝♦♠♦ é ❡s♣❡r❛❞♦ ♣❛r❛ ❡st❛s r❡❞❡s✳ ♣❛r❛ r❡❛❧✐③❛r

❡st❡s ❝á❧❝✉❧♦s ♥ós ✉t✐❧✐③❛♠♦s ✉♠ r❛✐♦ ❞❡ ❝♦rt❡ ❞❡ ✸✳✶ Å ♣❛r❛ P❞✲P❞ ❡ ✸✳✷✺ Å ♣❛r❛ P❞✲❆✉ ❡

❆✉✲❆✉✳
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❆♥t❡r✐♦r♠❡♥t❡ ♥ós ♠♦str❛♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s✳ ◆ós

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

❡str✉t✉r❛s ❞♦ ✜❧♠❡✳ ❖ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦ s✐♠❡tr✐❛ ✭❛♣ê♥❞✐❝❡ ❇✮✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠

♦ ❝❡♥tr♦ s✐♠❡tr✐❛ é ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✸✳✶✹✳ ❖ ❝á❧❝✉❧♦ ❢♦✐ ❢❡✐t♦ ♣❛r❛ t♦❞♦ ♦ s✐st❡♠❛ ❬P❞✲❆✉✭✶✵✵✮❪✳

❙♦♠❡♥t❡ át♦♠♦s ❝♦♠ ✵✳✵✷ < ❝ < ✵✳✷✵ sã♦ ♠♦str❛❞♦s✳ ❆s s✉♣❡r❢í❝✐❡s ♠♦str❛❞❛s s❡ s♦❜r❡♣õ❡♠

❛ ✉♠❛ s✉♣❡r❢í❝✐❡ ❝♦♠ ✈❡t♦r ♥♦r♠❛❧ ❛ ❞✐r❡çã♦ ❬✶✶✶❪ ♦✉ ♦rt♦❣♦♥❛❧ ✭s✐♠étr✐❝❛✮✳ ❆ ♠❛✐♦r✐❛ ❞♦s

át♦♠♦s ❡①✐❜✐r❛♠ ✵✳✵✹ < ❝ < ✵✳✵✽ ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ✈❛❧♦r❡s ❡s♣❡r❛❞♦s ♣❛r❛ st❛❝❦✐♥❣ ❢❛✉❧ts✳

❚♦❞♦s ♦s ♦✉tr♦s át♦♠♦s✱ ❡①❝❡t♦✱ át♦♠♦s ❞❛ s✉♣❡r❢í❝✐❡ t♦♣♦ ❞♦ ✜❧♠❡ ❞❡ P❞ ♦✉ ❜❛s❡ ❞♦ s✉❜str❛t♦

❞❡ ❆✉✱ ❛♣r❡s❡♥t❛r❛♠ ❝ < ✵✳✵✷ ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ❡s♣❡r❛❞♦ ♣❛r❛ ❡str✉t✉r❛s ❢❝❝✳ ❈♦♠♦ ♥ós

t❡♠♦s ✈✐st♦ ♥❛ ❋✐❣✳ ✸✳✶✹✱ ❡♠❜♦r❛ ♥ós t❡♥❤❛♠♦s ❛♣❧✐❝❛❞♦ ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s ✭❝♦♠ ❞✐❢❡r❡♥t❡s

♣r✐♥❝í♣✐♦s✮ ♣❛r❛ ❛♥❛❧✐s❛r ❛s ❡str✉t✉r❛s✱ ❛♠❜♦s✱ ❝á❧❝✉❧♦ ❞❡ ❝ ♦✉ ♦ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s

❡stã♦ ❡♠ ❛❝♦r❞♦ ❝♦♠ ♦ t✐♣♦ ❞❡ ❞❡❢❡✐t♦ ❡ ❛ ❧♦❝❛❧✐③❛çã♦ ❞❡st❡ ❞❡❢❡✐t♦s ♥♦ ✜❧♠❡✳

Figura 3.14: Cálculo do parâmetro de centro simetria c para Pd sobre Au(100) mostrado através de um mapa de cores.

Quase todos os átomos apresentam c no intervalo de 0.04 < c < 0.08. Z. S. Pereira and E. Z. da Silva, Physical Review

B, 81, 195417 (2010).

3.3.4 Resultados e discussões para análise do estresse

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

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

❢♦r❛♠ ❞✐s❝✉t✐❞♦s ❝♦♠ r❡❧❛çã♦ ❛ ♥❛t✉r❡③❛ ❞❛s ❡str✉t✉r❛s✱ ❛❣♦r❛ ♥ós ❛♣r❡s❡♥t❛r❡♠♦s r❛③õ❡s

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

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

♣♦❞❡♠♦s ❞✐s❝r✐♠✐♥❛r ❡♥tr❡ ❡str❡ss❡ ❞❡ ❝♦♠♣r❡ssã♦ ❡ ❡str❡ss❡ ❞❡ t❡♥sã♦ ❡ ♣♦rt❛♥t♦✱ é ✉♠❛
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❢❡rr❛♠❡♥t❛ ♣❛r❛ q✉❛♥t✐t❛t✐✈❛♠❡♥t❡ ❡♥t❡♥❞❡r ♦ ♣r♦❝❡ss♦ q✉❡ ♦❝♦rr❡ ♥♦ ✜❧♠❡✳ ❖s ❝á❧❝✉❧♦s

♠♦str❛r❛♠ ✉♠❛ ♠✉❞❛♥ç❛ ♥❛ ❝✉r✈❛ ❞♦ ♣r♦❞✉t♦ ❡s♣❡ss✉r❛✲❡str❡ss❡✱ ♠❛r❝❛♥❞♦ ♠✉❞❛♥ç❛ ❞❛

r❡❞❡ ❢❝❝ ❡str❡ss❛❞❛ ♣❛r❛ ✉♠ r❡❞❡ ❢❝❝ ♠❛✐s r❡❧❛①❛❞❛ ♣♦ré♠ ❝♦♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❞❡❢❡✐t♦s ❞♦ t✐♣♦

st❛❝❦✐♥❣ ❢❛✉❧ts ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♣❡❧♦s ♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ❞❡ ❡str✉t✉r❛ ❛♥t❡r✐♦r♠❡♥t❡ ❞✐s❝✉t✐❞♦s✳

Figura 3.15: Evolução do tensor de estresse para Pd sobre Au(100). Cálculo do produto espessura-estresse em função

do número de camadas depositadas. Z. S. Pereira and E. Z. da Silva, Physical Review B, 81, 195417 (2010).

❆ ❋✐❣✳ ✸✳✶✺ ♠♦str❛ ♦ ♣r♦❞✉t♦ ❡s♣❡ss✉r❛ ❡str❡ss❡ ❝♦♥tr❛ ♦ ♥ú♠❡r♦ ❞❡ ♠♦♥♦❝❛♠❛❞❛s ❞❡✲

♣♦s✐t❛❞❛s✳ ❈❛❞❛ ♣♦♥t♦ r❡♣r❡s❡♥t❛ ♦ ❝á❧❝✉❧♦ ❞♦ ♣r♦❞✉t♦ ❡s♣❡ss✉r❛✲❡str❡ss❡ r❡❛❧✐③❛❞♦ ❢❛③❡♥❞♦ ❛

♠é❞✐❛ ❞❡ ✹✵✳✵✵✵ ♠❡❞✐❞❛s ❡♠ ✹✵ ♣s ❛♣ós ✶✻✵ ♣s ❞❡ r❡❧❛①❛çã♦ ♣♦r ❝❛♠❛❞❛✳ ❖ ❣rá✜❝♦ ♠♦str❛

q✉❡ ❛ ✐♥❝❧✐♥❛çã♦ ❞❛ ❝✉r✈❛ σ.h é ♣♦s✐t✐✈❛✱ ✐♥❞✐❝❛♥❞♦ ❡str❡ss❡ ❞❡ t❡♥sã♦✳ ❆ ♠❡❞✐❞❛ q✉❡ ♦ ✜❧♠❡ é

❝r❡s❝✐❞♦ ♦ ♣r♦❞✉t♦ ❡s♣❡ss✉r❛✲❡str❡ss❡ ❛✉♠❡♥t❛✱ ♣♦ré♠✱ ❡♠ ✉♠ ❞❛❞♦ ♣♦♥t♦ ✭❡♥tr❡ ✽ ❡ ✾ ▼▲✮✱

❛ ❝✉r✈❛ t❡♠ ✉♠❛ ♠✉❞❛♥ç❛ ❞❡ ✐♥❝❧✐♥❛çã♦ ♣❛r❛ ✈❛❧♦r❡s ♠❛✐s ❜❛✐①♦s✱ ♠♦str❛♥❞♦ ✉♠❛ r❡❧❛①❛çã♦

❞❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❛r♠❛③❡♥❛❞❛ ♥♦ ✜❧♠❡ ❛tr❛✈és ❞♦s ❞❡❢❡✐t♦s ❛♥t❡r✐♦r♠❡♥t❡ ❛♣r❡s❡♥t❛❞♦s✳ ❖

❝á❧❝✉❧♦ ❞♦ ✐♥❝r❡♠❡♥t♦ ❞♦ ❡str❡ss❡ ♣♦r ❝❛♠❛❞❛ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❧✐♥❡❛r✱ ♣♦ré♠ tr♦❝❛ ❞❡ ✐♥✲

❝❧✐♥❛çã♦ ❡♥tr❡ ✽ ❡ ✾ ▼▲ ♣❛ss❛♥❞♦ ❞❡ (∆σ.h)/ML❂ ✷✳✽✸ ●P❛✳➴✴▼▲ ♣❛r❛ (∆σ.h)/ML❂ ✶✳✺

●P❛✳➴✴▼▲✳ ■st♦ ♠♦str❛ q✉❡ ❛ r❡❧❛①❛çã♦ ❞❛ ❡str✉t✉r❛ ❞♦ ✜❧♠❡ ❡stá ❡♠ ❛❝♦r❞♦ ❝♦♠ ♦s ♠ét♦❞♦s

♣ré✈✐♦s q✉❡ ✉s❛♠♦s ♣❛r❛ ❛♥❛❧✐s❛r ❛s ❡str✉t✉r❛s✳ ➱ ♣♦ssí✈❡❧ ✈❡r q✉❡ ❛♣ós ✽ ▼▲ ♦ ✜❧♠❡ ✐♥✐❝✐❛ ♦

♣r♦❝❡ss♦ ❞❡ r❡❧❛①❛çã♦✳

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

❡♥❝♦♥tr❛❞♦s ❞✐❢❡r❡♥t❡s r❡❧❛t♦s s♦❜r❡ ♦ ♥ú♠❡r♦ ❞❡ ♠♦♥♦❝❛♠❛❞❛s q✉❡ P❞ ♣♦❞❡ ❝r❡s❝❡ ❧❛②❡r✲❜②✲

❧❛②❡r✳ ❏á ❢♦✐ r❡❧❛t❛❞♦ ✻✱ ✶✵ ❡ ❛té ✶✹ ▼▲ ❬✶✵✽❪✳ ❖s ❞✐❢❡r❡♥t❡s r❡❧❛t♦s ♣♦❞❡♠ ✈✐r ❞❡ ❞✐❢❡r❡♥t❡s té❝✲

♥✐❝❛s ✉t✐❧✐③❛❞❛s ♥♦ ❝r❡s❝✐♠❡♥t♦ ❞❡st❡s ✜❧♠❡s ✜♥♦s✳ ❈♦♥t✉❞♦ ♥❡♥❤✉♠ ❞❡st❡s tr❛❜❛❧❤♦s t✐✈❡r❛♠

❢♦❝♦ ♥❛ ❛♥á❧✐s❡ ❞❡ ❞❡❢❡✐t♦s ♣❧❛♥❛r❡s ❞✉r❛♥t❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞♦ ✜❧♠❡✳
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◆ós ❛♣r❡s❡♥t❛♠♦s ❛♣❧✐❝❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ♥❛ ❞❡♣♦s✐çã♦ ❞❡ P❞ s♦❜r❡ ❆✉✭✶✵✵✮✳

▼♦str❛♠♦s q✉❡ ♦ ✜❧♠❡ ❞❡ P❞ ❝r❡s❝❡ ❡str❡ss❛❞♦✱ ♠❛s ❝♦♠ ❛ ❞❡♣♦s✐çã♦ ❞❛ ♥♦♥❛ ❝❛♠❛❞❛ ✐♥✐❝✐❛✲s❡

✉♠ ♣r♦❝❡ss♦ ❞❡ r❡❧❛①❛çã♦ ❣❡r❛♥❞♦ ❞❡❢❡✐t♦s ❞♦ t✐♣♦ st❛❝❦✐♥❣ ❢❛✉❧ts✳ ❊st❡ ❞❡❢❡✐t♦s ♦❝♦rr❡♠ ❡♠

❛❧❣✉♥s ♣❧❛♥♦s ✭✶✶✶✮ ❞♦ ❝r✐st❛❧ ❞❡ P❞ ❝♦♠ ✉♠ ❡s♣❛ç❛♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦✱ ♣r♦♠♦✈❡♥❞♦ ✉♠

♣❛❞rã♦ ❞❡ ❞❡❢❡✐t♦s✳ ❊st❡ ♠❡❝❛♥✐s♠♦ ❢♦✐ ❛♥❛❧✐s❛❞♦ ♣♦r ✸ ♠ét♦❞♦s ✐♥❞❡♣❡♥❞❡♥t❡s ❡ t♦❞♦s ❞❡r❛♠

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

❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ P❞ s♦❜r❡ ❆✉✭✶✵✵✮✳
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Capítulo 4

Simulações do Processo de Solda Fria em
Nanofios Metálicos

❈♦♠ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛s ♣❡sq✉✐s❛s ❡♠ ♥❛♥♦❡❧❡trô♥✐❝❛ s✉r❣❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ té❝♥✐❝❛s q✉❡

t♦r♥❡♠ ♣♦ssí✈❡❧ ❛ ✐♥t❡r❝♦♥❡①ã♦ ❡♥tr❡ ♥❛♥♦❝♦♥t❛t♦s✳ ➱ r❛③♦á✈❡❧ ♣❡♥s❛r q✉❡ té❝♥✐❝❛s ❞❡ s♦❧✲

❞❛❣❡♠ ❡♥tr❡ ♥❛♥♦❝♦♥t❛t♦s ♥❡❝❡ss✐t❡♠ s❡r ❜❡♠ ❡♥t❡♥❞✐❞❛s ❡ ❞♦♠✐♥❛❞❛s ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞❡

❞✐s♣♦s✐t✐✈♦s ❡♠ ♠✐❝r♦❡❧❡trô♥✐❝❛✳ ❯♠❛ ♠❛♥❡✐r❛ ❞❡ s♦❧❞❛r ♥❛♥♦✜♦s s❡r✐❛ ❛tr❛✈és ❞♦ ♣r♦❝❡ss♦ ❞❡

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

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

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

q✉❡ ❡♥✈♦❧✈❡♠ ❞❡s✈✐♦s ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ♥❛♥♦✜♦s✳

◆❡st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t❛r❡♠♦s ❛❧❣✉♠❛s s✐♠✉❧❛çõ❡s q✉❡ r❡❛❧✐③❛♠♦s ♣❛r❛ ❡st✉❞❛r ♦ ♣r♦❝❡ss♦

❞❡ s♦❧❞❛❣❡♠ ❢r✐❛ ✭❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✮ ❡♠ ♥❛♥♦✜♦s ♠❡tá❧✐❝♦s✳ ■♥✐❝✐❛❧♠❡♥t❡ ❛♣r❡s❡♥t❛r❡✲

♠♦s ❝♦♥❝❡✐t♦s s♦❜r❡ ♥❛♥♦✜♦s ❡ s✉❛ sí♥t❡s❡ ✭s❡❝çã♦ ✹✳✶✮✳ ❖ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❥✉♥t❛♠❡♥t❡

❝♦♠ ❛❧❣✉♥s ❡①♣❡r✐♠❡♥t♦s ❥á r❡❛❧✐③❛❞♦s s❡rã♦ ❞✐s❝✉t✐❞♦s ♥❛ s❡❝çã♦ ✭✹✳✷✮✳ ❉❡♣♦✐s ❛♣r❡s❡♥t❛r❡✲

♠♦s ♥♦ss❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ s♦❜r❡ s♦❧❞❛ ❢r✐❛ ❡ ♠♦str❛r❡♠♦s ❝♦♠♦ ♥♦ss♦s r❡s✉❧t❛❞♦s

❛✉①✐❧✐❛♠ ♥♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❡st❡ ♣r♦❝❡ss♦✳

4.1 Nanofios Metálicos

❖ ♥❛♥♦✜♦s ♣r♦❞✉③✐❞♦s ❡♠ ❧❛❜♦r❛tór✐♦ ♣♦❞❡♠ ✈❛r✐❛r ❞❡s❞❡ ✉♠❛ ❝❛❞❡✐❛ ❛tô♠✐❝❛ ❧✐♥❡❛r ✭át♦✲

♠♦s ❡♥✜❧❡✐r❛❞♦s✮ ❛té ♥❛♥♦✜♦s ❝♦♠ ❞❡③❡♥❛s ❞❡ ♥❛♥ô♠❡tr♦s ❞❡ ❞✐â♠❡tr♦✳ ❊st❡s ♥❛♥♦✜♦s ♣♦✲

❞❡♠ s❡r s✐♥t❡t✐③❛❞♦s ❛tr❛✈és ❞❡ té❝♥✐❝❛s ❡♥✈♦❧✈❡♥❞♦ ❡q✉✐♣❛♠❡♥t♦s ❞❡ ♠✐❝r♦s❝♦♣✐❛ t❛✐s ❝♦♠♦

❆❋▼ ✭♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛✮ ❡ ❙❚▼ ✭♠✐❝r♦s❝ó♣✐♦ ❞❡ t✉♥❡❧❛♠❡♥t♦✮✳ ❈♦♠♦ ❡①❡♠♣❧♦
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❞❡ té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s ♥❛ sí♥t❡s❡ ❞❡ ♥❛♥♦✜♦ ♣♦❞❡♠♦s ❝✐t❛r ♦ ♣✐♥ ♣❧❛t❡ ❬✶✶✵❪✱ ♦♥❞❡ ❛ ♣♦♥t❛

❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ t✉♥❡❧❛♠❡♥t♦ t♦❝❛ ❛ s✉♣❡r❢í❝✐❡ ❞❡ ✉♠ ✜❧♠❡ ✜♥♦✳ ❆♣ós ❡st❡ ❝♦♥t❛t♦ ❛

♣♦♥t❛ é r❡t✐r❛❞❛ ❢♦r♠❛♥❞♦ ✉♠ ♥❛♥♦✜♦ ❡♥tr❡ ♦s át♦♠♦s q✉❡ ❛❞❡r✐r❛♠ ❛ ♣♦♥t❛ ❡ ❛ s✉♣❡r❢í❝✐❡

❞♦ ✜❧♠❡✳ ❊st❛ té❝♥✐❝❛ t❡♥❞❡ ❛ ❣❡r❛r ❝❛❞❡✐❛s ❛tô♠✐❝❛s ❧✐♥❡❛r❡s✳ ❖s ♥❛♥♦✜♦s ♣♦❞❡♠ t❛♠❜é♠

s❡r s✐♥t❡t✐③❛❞♦s ♣♦r ❛♣❧✐❝❛çõ❡s ❞❡ ❢❡✐①❡s ❞❡ ❡❧étr♦♥s ❡♠ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❛♠♦str❛✳ ❆ ✐❞❡✐❛ é

✏r❡❝♦rt❛r✑ ✉♠ ✜❧♠❡ ✜♥♦ ♠❡tá❧✐❝♦ ♣❛r❛ ♦❜t❡r ♦s ♥❛♥♦✜♦s✱ ❡st❛ té❝♥✐❝❛ t❛♠❜é♠ é ✉t✐❧✐③❛❞❛ ♣❛r❛

❢❛③❡r ♥❛♥♦❡s❝✉❧t✉r❛s ❬✶✶✶❪✳ ❯♠ ♦✉tr♦ ♠♦❞♦ ❞❡ sí♥t❡s❡ s❡r✐❛ ❛tr❛✈és ❞❛ ♥❛♥♦❧✐t♦❣r❛✜❛✱ ♦♥❞❡ ❛

♣♦♥t❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛ é ✉t✐❧✐③❛❞❛ ♣❛r❛ r✐s❝❛r ❛ s✉♣❡r❢í❝✐❡ ❞❡ ✉♠ ♠❛t❡r✐❛❧

♣r♦❞✉③✐♥❞♦ ✉♠ ♠♦❧❞❡ ❬✶✶✷❪✳ ❆♣ós ❡st❡ ♠♦❧❞❡ s❡r ❝♦♥str✉í❞♦✱ sã♦ ❞❡♣♦s✐t❛❞♦s s♦❜r❡ ♦ r✐s❝♦

át♦♠♦s ❞♦ ♠❡t❛❧ ♣❛r❛ s✐♥t❡t✐③❛r ♦ ♥❛♥♦✜♦✳ ❯♠❛ ♦✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ♣❛r❛ s✐♥t❡t✐③❛r ♥❛♥♦✜♦s

s❡r✐❛ ❛tr❛✈és ❞❛ ❞❡♣♦s✐çã♦ ❡❧❡tr♦q✉í♠✐❝❛ ❡♥tr❡ ❛ ♣♦♥t❛ ❞❡ ✉♠ ❙❚▼ ❡ ✉♠ ❡❧❡tr♦❞♦ ❞❡ ♦✉r♦✳ ❊♠

♠✉✐t❛s s✐t✉❛çõ❡s ♦s ♥❛♥♦✜♦s ♣♦❞❡♠ s❡r s✐♥t❡t✐③❛❞♦s ♣♦r ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞❡ té❝♥✐❝❛s ❡♥✈♦❧✲

✈❡♥❞♦ ❡q✉✐♣❛♠❡♥t♦s ❞❡ ♠✐❝r♦s❝♦♣✐❛✳ ❯♠❛ ♣♦ss✐❜✐❧✐❞❛❞❡ s❡r✐❛ s✐♥t❡t✐③❛r ♥❛♥♦✜♦s ✉s❛♥❞♦ ✉♠

♠✐❝r♦s❝ó♣✐♦ ❞❡ tr❛♥s♠✐ssã♦ ❡❧❡trô♥✐❝❛ ❞❡ ❛❧t❛ r❡s♦❧✉çã♦ ✭❤✐❣❤✲r❡s♦❧✉t✐♦♥ tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥

♠✐❝r♦s❝♦♣❡✮ ✭❍❘❚❊▼✮ ❡q✉✐♣❛❞♦ ❝♦♠ ❛ ♣♦♥t❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✭❙❚▼✮ ❬✶✶✸❪✳

❆ ♠✐❝r♦❡❧❡trô♥✐❝❛ t❡♠ r❡❞✉③✐❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ♦ t❛♠❛♥❤♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ✐♥t❡r♥♦s ❞♦s

❞✐s♣♦s✐t✐✈♦s✱ ❡st❛♠♦s✱ ❝❛❞❛ ✈❡③ ♠❛✐s✱ ❝❤❡❣❛♥❞♦ ♣ró①✐♠♦s ❛♦ ❧✐♠✐t❡ ❢ís✐❝♦ ♣❛r❛ ❛s t❡❝♥♦❧♦✲

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

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

❞❡ ✐♥t❡r❝♦♥❡①ã♦ ♣♦❞❡ s❡r ♣❡♥s❛❞♦ ❞❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ♦❝♦rr❡ ♥❛ ❡s❝❛❧❛ ♠❛❝r♦s❝ó♣✐❝❛

q✉❛♥❞♦ ✉♠ ✜♦ ♣r❡❝✐s❛ s❡r s♦❧❞❛❞♦ ❛ ♦✉tr♦✳ ◆♦ ❡♥t❛♥t♦✱ ♠✉✐t❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ✭♠❡❝â♥✐❝❛s✱

❡❧étr✐❝❛s✱ ó♣t✐❝❛s ❡ ♠❛❣♥ét✐❝❛s✮ ❞♦s ✜♦s ♥❛ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛ ✭♥❛♥♦✜♦s✮ ❞✐❢❡r❡♠ ❢♦rt❡♠❡♥t❡

❞❛s ♣r♦♣r✐❡❞❛❞❡s ♥❛ ❡s❝❛❧❛ ♠❛❝r♦s❝ó♣✐❝❛✳ P❛r❛ ❡①❡♠♣❧✐✜❝❛r ❡st❛s ❞✐❢❡r❡♥ç❛s t♦♠❡♠♦s ❝♦♠♦

❡①❡♠♣❧♦ ♦ str❡ss ❞❡ r✉♣t✉r❛ ❞❡ ✜♦s ♠❡tá❧✐❝♦s✳ ❚❛❧ ♣r♦♣r✐❡❞❛❞❡ ❛♣r❡s❡♥t❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦

♥ã♦ ✐♥t✉✐t✐✈♦ ❞❡♣❡♥❞❡♥t❡ ❞♦ ❞✐â♠❡tr♦ ❞♦ ✜♦✳ ❖ str❡ss ❞❡ r✉♣t✉r❛ ❞♦s ✜♦s ♠❡tá❧✐❝♦s ❛✉♠❡♥t❛

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

❞❡♠ ❞❡ ✺ ❛ ✶✵ ✈❡③❡s✮ ♣❛r❛ ♥❛♥♦✜♦s q✉❡ ♣❛r❛ ♠✐❝r♦✜♦s ✭✜♦s ♠❡tá❧✐❝♦s ❝♦♠ ❞✐â♠❡tr♦ ❞❛ ♦r❞❡♠

❞♦ ♠✐❝r♦♠❡tr♦✮ ❬✶✵✾❪✳ ◆❛s ♣❛❧❛✈r❛s ❞❡ ❛❧❣✉♥s t❡ór✐❝♦s ✧q✉❛♥t♦ ♠❡♥♦r ♠❛✐s ❢♦rt❡✧ ❬✶✵✾❪✱ ♦✉

s❡❥❛✱ q✉❛♥t♦ ♠❛✐s ❛ ❡s❝❛❧❛ é r❡❞✉③✐❞❛ ♠❛✐s ❛ t❡♥sã♦ ❞❡ q✉❡❜r❛ ❞❡st❡s ♥❛♥♦✜♦s ❝r❡s❝❡✳ ❊st❡s

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

❡s❢♦rç♦ ♣❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ♦ ❡♥t❡♥❞✐♠❡♥t♦✳
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4.2 O Processo de Soldagem Fria

❆ s♦❧❞❛❣❡♠ ❡♥tr❡ ♠❡t❛✐s t❡♠ s✐❞♦ ✉t✐❧✐③❛❞❛ ❞❡s❞❡ ❛ ❡r❛ ❞♦ ❇r♦♥③❡ q✉❛♥❞♦ ♦ ❤♦♠❡♠

❝♦♠❡ç♦✉ ❛ ✉s❛r ♦ ❝♦❜r❡ ❡ ❧✐❣❛s ❞❡ ❝♦❜r❡ ❡ ❡st❛♥❤♦ ❬✶✶✹❪✳ ❆ té❝♥✐❝❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ✉♠ ♣r♦❝❡ss♦

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

q✉❡ s❡rã♦ ❝♦♥❡❝t❛❞❛s✳ ❯♠ ♦✉tr♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ✉t✐❧✐③❛♥❞♦ ❛❧t❛s ♣r❡ssõ❡s✱ ♣♦ré♠ ❢❡✐t♦

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

❝❡ss♦✱ ❥á ❝♦♥❤❡❝✐❞♦ sé❝✉❧♦s ❛trás✱ ❢♦✐ r❡❧❛t❛❞♦ ♣♦r ❇❛rt❤♦❧♦♠❛❡✉s ❆♥❣❧✐❝✉s ✭✉♠ ❡♥❝✐❝❧♦♣❡❞✐st❛

❞♦ sé❝✉❧♦ ❳■■✮ ❡ ✜❝♦✉ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ s♦❧❞❛❣❡♠ ❢r✐❛ ✭❝♦❧❞ ✇❡❧❞✐♥❣✮✳ P♦ré♠✱ ❡st❡ ♣r♦❝❡❞✐♠❡♥t♦

❞❡ s♦❧❞❛❣❡♠✱ ✉t✐❧✐③❛♥❞♦ ❛❧t❛s ♣r❡ssõ❡s ♣♦❞❡ ♥ã♦ s❡r út✐❧ q✉❛♥❞♦ ❛♣❧✐❝❛❞♦ ❛ ❞✐s♣♦s✐t✐✈♦s ♥❛

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

♣♦r ❛♣❧✐❝❛r ❛❧t❛s ♣r❡ssõ❡s ♣♦❞❡ ❞❡s❝❛r❛❝t❡r✐③❛r ♦ ♠❛t❡r✐❛❧ ❡♠ q✉❡stã♦✳ ❙❡r✐❛ ❡♥tã♦ ✐♥t❡r❡ss❛♥t❡

✉♠ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ q✉❡ ♥ã♦ ❞❡s❝❛r❛❝t❡r✐③❛ss❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ♠❛t❡r✐❛❧✳ ❚❛❧

♣r♦❝❡ss♦ ♥ã♦ ❞❡✈❡ ❡♥✈♦❧✈❡r ❛❧t♦ str❡ss ♥❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❝❛❧♦r✳

❙♦♠❡♥t❡ ♥♦s ❛♥♦s ✺✵✱ ♣❡sq✉✐s❛❞♦r❡s ♠♦str❛r❛♠ ❬✶✶✽✱✶✶✾❪ q✉❡ é ♣♦ssí✈❡❧ r❡❛❧✐③❛r ❛❞❡sã♦ ❞❡

♠❡t❛✐s ❝♦♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①❛s ♣r❡ssõ❡s ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ♣♦ré♠✱ ❡st❡s ❡①♣❡r✐♠❡♥t♦s

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

❡①tr❡♠❛♠❡♥t❡ ❧✐♠♣❛s✳ ❆s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ❣❛♥❤❛♥❞♦ ❛♣❡r❢❡✐ç♦❛♠❡♥t♦ ❡✱ ❡♠ ✶✾✾✶✱

✉♠ ✐♠♣♦rt❛♥t❡ tr❛❜❛❧❤♦ ♣✉❜❧✐❝❛❞♦ ♣♦r ❋❡r❣✉s♦♥ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✶✷✵❪ ♠♦str♦✉ q✉❡ ✜❧♠❡s ✜♥♦s

❞❡ ♦✉r♦ ♣✉❞❡r❛♠ s❡r s♦❧❞❛❞♦s ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ s♦❜ ✉♠ r❡❣✐♠❡ ❞❡ ❜❛✐①❛ ♣r❡ssã♦ ❡ ❡♠

❛♠❜✐❡♥t❡ ❛t♠♦s❢ér✐❝♦✳

◆♦ ú❧t✐♠♦s ❛♥♦s✱ ♣❡sq✉✐s❛❞♦r❡s t❡♠ ❝♦♥s❡❣✉✐❞♦ ❝♦♠ s✉❝❡ss♦ ❥✉♥t❛r ✭s♦❧❞❛r✮ ♥❛♥♦❡str✉t✉r❛s

t❛✐s ❝♦♠♦ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✱ ♥❛♥♦♣❛rtí❝✉❧❛s✱ ♥❛♥♦✜♦s ♠❡tá❧✐❝♦s ♦✉ s❡♠✐❝♦♥❞✉t♦r❡s ❬✶✶✺✱

✶✶✻❪✳ ❉✐❢❡r❡♥t❡s té❝♥✐❝❛s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s t❛✐s ❝♦♠♦✱ ❛tr❛✈❡ss❛r ✉♠ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛

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

♦✉ ❡❧étr♦♥s ❧♦❝❛❧✐③❛❞♦s ❬✶✶✼❪ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r ✉♠ ♣r♦❝❡ss♦ ❝♦♠ ♠❛✐s ❛❝✉rá❝✐❛✳ ❊♠❜♦r❛✱ ❡st❡s

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

❧♦❝❛❧ ♦✉ r❡❧❛t✐✈♦ ❛❧t♦ str❡ss✱ ♦ q✉❡ ♣♦❞❡♠ ❛❧t❡r❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❞✐s♣♦s✐t✐✈♦ ♦r✐❣✐♥❛❧✳ P♦r

❡st❛s r❛③õ❡s✱ ❡①✐st❡ ✉♠ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ♣r♦❝❡ss♦s ❞❡ s♦❧❞❛❣❡♠

q✉❡ ♣r❡s❡r✈❡♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♦r✐❣✐♥❛✐s ❞❛s ♥❛♥♦❡str✉t✉r❛s✱ s❡♠ ♠✉❞❛♥ç❛s ♥❛s ♣r♦♣r✐❡❞❛❞❡s

♠❡❝â♥✐❝❛s ❬✶✷✶❪✳ P♦rt❛♥t♦✱ ❛ ❜✉s❝❛ ♣♦r ✉♠ ♣r♦❝❡ss♦ ❡♥✈♦❧✈❡♥❞♦ ❜❛✐①♦ str❡ss✱ s❡♠ ❢r✐❝çã♦✱ ❡

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

♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ❞✐s♣♦s✐t✐✈♦s✳

▼❛✐s r❡❝❡♥t❡♠❡♥t❡ ✭✷✵✶✵✮✱ ❝♦♠ ♦ ❛✈❛♥ç♦ ❞❛s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ▲✉ ❡ ❝♦❧❛❜♦r❛❞♦r❡s
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❬✶✶✸❪ ♠♦str❛r❛♠ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ♥❛♥♦✜♦s ❞❡ ♦✉r♦ ❝♦♠ ❞✐â♠❡tr♦ ❡♥tr❡ ✸ ❡ ✶✵ ♥♠ ♣♦❞❡♠

s❡r s♦❧❞❛❞♦s ✉t✐❧✐③❛♥❞♦ ❜❛✐①♦ str❡ss s✐♠♣❧❡s♠❡♥t❡ ♣♦♥❞♦✲♦s ❡♠ ❝♦♥t❛t♦✳ ❊st❡ ❝♦♥t❛t♦ ♣♦❞❡ s❡r

❢❡✐t♦ ♠❛♥✐♣✉❧❛♥❞♦ ✉♠ ♥❛♥♦✜♦ ❡♠ ❞✐r❡çã♦ ❛♦ ♦✉tr♦ ❛té ❛ s♦❧❞❛❣❡♠ s❡r ❛❧❝❛♥ç❛❞❛✳ ❖s ♠♦❞♦s

❞❡ ❝♦♥t❛t♦s ♣♦❞❡♠ s❡r✿ ❝❛❜❡ç❛ ❝♦♠ ❝❛❜❡ç❛ ✭♣♦♥t❛ ❞❡ ✉♠ ♥❛♥♦✜♦ ❝♦♠ ❛ ♣♦♥t❛ ❞♦ ♦✉tr♦✮✱

❧❛❞♦ ❝♦♠ ❧❛❞♦ ✭❡♥❝♦st❛♥❞♦ ♦ ❧❛❞♦ ❞❡ ✉♠ ♥❛♥♦✜♦ ❝♦♠ ♦ ❧❛❞♦ ❞♦ ♦✉tr♦✮ ♦✉ ❧❛❞♦ ❝♦♠ ❝❛❜❡ç❛

✭❡♥❝♦st❛♥❞♦ ❛ ♣♦♥t❛ ❞❡ ✉♠ ♥❛♥♦✜♦ ♥❛ ❧❛t❡r❛❧ ❞♦ ♦✉tr♦✮✳ ▲✉ ❡ ❝♦❧❛❜♦r❛❞♦r❡s t❛♠❜é♠ r❡❧❛t❛r❛♠

q✉❡ ♦ ♠❡s♠♦ ♣r♦❝❡ss♦ t❛♠❜é♠ ❢♦✐ ♣♦ssí✈❡❧ q✉❛♥❞♦ ✉t✐❧✐③❛r❛♠ ♥❛♥♦✜♦s ❞❡ ♣r❛t❛✳ ❉❡ ♠♦❞♦

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

♥❛♥♦✜♦s✱ ✉♠ ❞❡ ♣r❛t❛ ❡ ♦✉tr♦ ❞❡ ♦✉r♦✳

Figura 4.1: O esquema mostra as geometrias de solda para nanofios de ouro com diâmetro menor que 10 nm. (a)

representa o esquema cabeça com cabeça e (b) mostra o esquema lado com lado. δ representa a deflexão do nanofio

ao solda-lo no modo lado com lado. (c) é a imagem obtida por HRTEM quando um longo nanofio foi manipulado em

direção a um curto nanofio. Y. Lu, J. Y. Huang, C. Wang, S. Sun, J. Lou, Nature Nanotechnology 5, 218 (2010).

Figura 4.2: Experimento de soldagem cabeça com cabeça usando dois nanofios de ouro. O nanofio da direita é

aproximado ao da esquerda. (a) mostra os nanofios imediatamente antes de serem soldados. (b) mostra o ponto de solda

relaxado após o processo. Y. Lu, J. Y. Huang, C. Wang, S. Sun, J. Lou, Nature Nanotechnology 5, 218 (2010).

❆ ❋✐❣✳ ✹✳✶ ✭❛✮ ❡ ✭❜✮ ✐❧✉str❛♠ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❝❛❜❡ç❛ ❝♦♠ ❝❛❜❡ç❛ ❡ ❧❛❞♦ ❝♦♠

❧❛❞♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❋✐❣✳ ✹✳✶ ✭❝✮ é ✉♠❛ ✐♠❛❣❡♠ ❢❡✐t❛ ♣♦r ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❡❧étr♦♥s
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❞❡ ❛❧t❛ r❡s♦❧✉çã♦ ✭❍❘❚❊▼✮ q✉❡ ♠♦str❛ ❝♦♠♦ ♦ ♥❛♥♦✜♦ ♣♦❞❡ s❡r ♠❛♥✐♣✉❧❛❞♦ ❞❡ ❡♥❝♦♥tr♦ ❛♦

♦✉tr♦ ♥❛♥♦✜♦✳ ❆ ❋✐❣ ✹✳✷ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ q✉❛♥❞♦ ♦s ♥❛♥♦✜♦s ❞❡ ♦✉r♦ sã♦

♠❛♥✐♣✉❧❛❞♦s ❝❛❜❡ç❛ ❝♦♠ ❝❛❜❡ç❛✳ ❖ ♥❛♥♦✜♦ ❞❛ ❞✐r❡✐t❛ é ❧❡✈❛❞♦ ❡♠ ❞✐r❡çã♦ ❛♦ ❞❛ ❡sq✉❡r❞❛✱ ♦

♣r♦❝❡ss♦ é ❛❧❝❛♥ç❛❞♦ ❡♠ ❛❧❣✉♥s s❡❣✉♥❞♦s✳ ❆ ❋✐❣✳ ✹✳✷ ✭❛✮ é ❛ ✐♠❛❣❡♠ ❍❘❚❊▼ q✉❡ ♠♦str❛ ♦s

♣r♦❝❡ss♦ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡s ❞♦ ❝♦♥t❛t♦✱ ❡ ❛ ♣❛rt❡ ✭❜✮ ♠♦str❛ ♦ ♥❛♥♦✜♦ ❛♣ós ♦ ♣♦♥t♦ ❞❡ s♦❧❞❛

❡st❛r r❡❧❛①❛❞♦✳ ❯♠ ♣r♦❝❡ss♦ s❡♠❡❧❤❛♥t❡ é ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✹✳✸ ✭✐♠❛❣❡♠ ❍❘❚❊▼✮✱ ♣♦ré♠✱

♣❛r❛ ❡st❡ ❝❛s♦✱ ♦ ❡①♣❡r✐♠❡♥t♦ ❢♦✐ r❡❛❧✐③❛❞♦ ❝♦❧♦❝❛♥❞♦ ♦s ♥❛♥♦✜♦s ❧❛❞♦ ❝♦♠ ❧❛❞♦✳ ❆ ❋✐❣ ✹✳✸

✭❛✲❝✮ ♠♦str❛ ♦ ♥❛♥♦✜♦ s❡♥❞♦ s♦❧❞❛❞♦ ❣r❛❞❛t✐✈❛♠❡♥t❡✳ ❆ ♣❛rt❡ ✭❝✮ ♠♦str❛ ♦ ♥❛♥♦✜♦ r❡❧❛①❛❞♦

❛♣ós ❛❧❣✉♥s ♠✐♥✉t♦s✳

Figura 4.3: Imagens de HRTEM. Experimento de soldagem lado com lado usando dois nanofios de ouro. O processo

foi completado em 34 segundos. As figuras mostram imediatamente antes do contato, após 55 segundos, e após 4

minutos de relaxação da esquerda para a direita, respectivamente. Y. Lu, J. Y. Huang, C. Wang, S. Sun, J. Lou, Nature

Nanotechnology 5, 218 (2010).

❖s ❛✉t♦r❡s ❞♦ tr❛❜❛❧❤♦ ❡①♣❡r✐♠❡♥t❛❧ t❛♠❜é♠ t❡st❛r❛♠ ❛ q✉❛❧✐❞❛❞❡ ❞❛ s♦❧❞❛ q✉❡❜r❛♥❞♦

♥♦✈❛♠❡♥t❡ ♦s ♥❛♥♦✜♦s ❡ ✈❡r✐✜❝❛r❛♠ q✉❡ ♦ ♣♦♥t♦ ❞❡ q✉❡❜r❛ ♣♦❞❡ ♦❝♦rr❡r ❡♠ ♣♦♥t♦s ❞✐st✐♥t♦s

❛♦ ♣♦♥t♦ ❞❡ s♦❧❞❛✳ ❖s ❛✉t♦r❡s t❛♠❜é♠ ♠♦str❛♠ q✉❡ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦s ♥❛♥♦✜♦s ♥ã♦

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

❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛ ♥ã♦ ❢♦✐ ✈❡r✐✜❝❛❞❛✱ ❡ ♦s ♥❛♥♦✜♦s ♠❛♥t✐✈❡r❛♠ ❛ ♦r✐❡♥t❛çã♦ ❞❛ r❡❞❡

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

❞❡ ❞✐❢✉sã♦ ❛ss✐st✐❞❛ ❡ ♦r✐❡♥t❛çã♦ ❝r✐st❛❧✐♥❛✳ ❆ ❞✐❢✉sã♦ ❞❡ át♦♠♦s ♠❡tá❧✐❝♦s ❡♠ s✉♣❡r❢í❝✐❡s

♠❡tá❧✐❝❛s r❡q✉❡r ❡♥❡r❣✐❛s ❞❛ ♦r❞❡♠ ❞❡ ✶ ❡❱ ♦✉ ♠❡♥♦s ✭❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ ❞❡ ❞✐❢✉sã♦ ♣❛r❛

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

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

♠❡❝â♥✐❝❛ ❞♦ ♥❛♥♦✜♦s ❢♦r♥❡❝❡♠ ❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛ ♦❝♦rrê♥❝✐❛ ❞❛ s♦❧❞❛ ❢r✐❛✳

❆ ❣r❛♥❞❡ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞❡st❡s ♥❛♥♦✜♦s ♥❛ ❝♦♥str✉çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ♠✐❝r♦❡❧❡trô♥✐❝♦s ♥♦s
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♠♦t✐✈♦✉ ❛ ❡st✉❞❛r t❛❧ ♣r♦❝❡ss♦✳ ❖s r❡s✉❧t❛❞♦s s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ♣ró①✐♠❛ s❡❝çã♦✳

4.3 Simulações do Processo de Soldagem Fria

◆ós r❡❛❧✐③❛♠♦s s✐♠✉❧❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ✉s❛♥❞♦ ♣♦t❡♥❝✐❛✐s ❊❆▼ ♣❛r❛ ❡st✉❞❛r ♦

♣r♦❝❡ss♦ ❞❡ s♦❧❞❛ ❡♥tr❡ ♥❛♥♦✜♦s ❞❡ ♦✉r♦ ✭❆✉✲❆✉✮✱ ♣r❛t❛ ✭❆✉✲❆❣✮ ❡ ♣r❛t❛ ❡ ♦✉r♦ ✭❆✉✲❆❣✮ ❝♦♠

✹✳✸ ♥♠ ❞❡ ❞✐â♠❡tr♦ ❡♠ ✸✵✵ ❑✳ ❖❜t✐✈❡♠♦s r❡s✉❧t❛❞♦s ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ♦s ❡①♣❡r✐♠❡♥t♦s ❡✱

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

♣r♦❝❡ss♦ ❞❡ s♦❧❞❛✳ ◆ós ❛❧❝❛♥ç❛♠♦s t❡♦r✐❝❛♠❡♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛ ❢r✐❛✳ ❈♦♥str✉í♠♦s ✷

♥❛♥♦✜♦s ❛ ♣❛rt✐r ❞❛ r✉♣t✉r❛ ✭q✉❡❜r❛✮ ❞❡ ✉♠ ú♥✐❝♦ ♥❛♥♦✜♦✳ ❆♣ós ♦ ♣r♦❝❡ss♦ ❞❡ r✉♣t✉r❛✱ ♦♥❞❡ é

❛♣❧✐❝❛❞♦ ✉♠ ❛❧t♦ str❡ss ❛♦ ♥❛♥♦✜♦✱ ❣❡r❛♥❞♦ ❞❡❢❡✐t♦s ♦✉ ❛té ♠❡s♠♦ ❢❛③❡♥❞♦✲♦ ♣❡r❞❡r ❛ ❡str✉t✉r❛

❢❝❝ ❡♠ ❛❧❣✉♠❛s ♣❛rt❡s✱ é ♣♦ssí✈❡❧ q✉❡ ♦ ♥❛♥♦✜♦ s❡❥❛ r❡❝♦♥str✉í❞♦ ❞❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡ ❛♦ ♦❜t✐❞♦

♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❛♥t❡r✐♦r♠❡♥t❡ ❛♣r❡s❡♥t❛❞♦✳ ❖ ❡stá❣✐♦ ✜♥❛❧ ♦❜t✐❞♦ ♣♦r ♥♦ss❛s s✐♠✉❧❛çõ❡s

♣♦ss✉✐ ❛♣❡♥❛s ❛❧❣✉♥s ❞❡❢❡✐t♦s✳ ➱ ✐♠♣♦rt❛♥t❡ s❛❧✐❡♥t❛r q✉❡ ❜❛✐①❛ ♣r❡ssã♦ ❢♦✐ ♥❡❝❡ssár✐❛ ♣❛r❛

♦❜t❡r t❛❧ ♥❛♥♦✜♦✳ ❖ ❝á❧❝✉❧♦ ❞♦ t❡♥s♦r ❞❡ str❡ss ♠♦str♦✉ ✉♠ ❜❛✐①♦ ✈❛❧♦r ♠é❞✐♦ ❞✉r❛♥t❡ ♦

♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❝♦♠ ♦s❝✐❧❛çõ❡s ✐♥❞✐❝❛♥❞♦ ❡stá❣✐♦s ❞❡ t❡♥sã♦ ❡ r❡❧❛①❛çã♦✳

◆ós ❛♣r❡s❡♥t❛r❡♠♦s ❡st❡ tr❛❜❛❧❤♦ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿ ◆❛ s✉❜s❡❝çã♦ ✹✳✸✳✶ ✭▼♦❞❡❧♦ ❡ ▼ét♦❞♦

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

✹✳✸✳✷ ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s ❡ ❛ ❞✐s❝✉ssã♦ q✉❛♥❞♦ ♥ós s♦❧❞❛♠♦s ♥❛♥♦✜♦s ❞❡ ❆✉✲❆✉

❝❛❜❡ç❛ ❝♦♠ ❝❛❜❡ç❛ ❡ ❧❛❞♦ ❝♦♠ ❧❛❞♦✳ ❉❡♣♦✐s ❞✐s❝✉t✐r❡♠♦s ♦ ❝❛s♦ ❞❡ ♥❛♥♦✜♦s ❆❣✲❆❣ ✭❝❛❜❡ç❛

❝♦♠ ❝❛❜❡ç❛✮✱ ❡♠ s❡❣✉✐❞❛ ❡st✉❞❛r❡♠♦s ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛ ❢r✐❛ ❡♥tr❡ ♥❛♥♦✜♦s ❆✉✲❆❣ ❡ ❛ q✉❡❜r❛

❞❡ss❡s ♥❛♥♦✜♦s✳ P♦r ✜♠✱ ❛♣r❡s❡♥t❛r❡♠♦s ❝♦♥❝❧✉sõ❡s ❡ ♣❡rs♣❡❝t✐✈❛s✳

4.3.1 Modelo e Método computacional

◆ós ♠♦❞❡❧❛♠♦s ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❢r✐❛ ❡♥tr❡ ♠❡t❛✐s ✉s❛♥❞♦ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s

❜❛s❡❛❞❛s ❡♠ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠ ❡♠❜❡❞❡❞✲❛t♦♠✲♠❡t❤♦❞ ✭❊❆▼✮ ♣r♦♣♦st♦ ♣♦r ❩❤♦✉ ❝♦♥✲

❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✷✳ ❊st❡ ♠♦❞❡❧♦ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♠❡t❛✐s é s✐♠✐❧❛r ❛♦ ❊❆▼

♦r✐❣✐♥❛❧ ♣r♦♣♦st♦ ♣♦r ❋♦✐❧❡s✱ ❇❛s❦❡s ❡ ❉❛✇ ❬✷✷❪ t❛♠❜é♠ ❥á ❞✐s❝✉t✐❞♦s ♥❛q✉❡❧❡ ❝❛♣ít✉❧♦✳ ◆♦

❡♥t❛♥t♦✱ ♦ ♠♦❞❡❧♦ ❞❡ ❩❤♦✉ ✉t✐❧✐③❛ ✉♠❛ ❢♦r♠❛ ❞✐❢❡r❡♥t❡ ❞❛ ❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛✱

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

❡ ♣r❛t❛✳

❖s ❝á❧❝✉❧♦s ♣❛r❛ ✐♥t❡❣r❛r ❛s ❡q✉❛çõ❡s ❞❛ ❞✐♥â♠✐❝❛ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ✉t✐❧✐③❛♥❞♦ ♦ ❝ó❞✐❣♦

▲❆▼▼P❙ ✭♠❛✐♦r❡s ❞❡t❛❧❤❡s s♦❜r❡ ♦ ❝ó❞✐❣♦ ▲❆▼▼P❙ sã♦ ❞❛❞♦s ♥♦ ❛♣ê♥❞✐❝❡ ❉✮✳ ❆s ❡q✉❛çõ❡s

❞❡ ♠♦✈✐♠❡♥t♦ ❢♦r❛♠ ♦❜t✐❞❛s ✉s❛♥❞♦ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ❱❡r❧❡t ❝♦♠ ♣❛ss♦s ❞❡ ✶ ❢s ✭10−15s✮✳ ❖
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❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ❢♦✐ ♦❜t✐❞♦ ♣♦r ♠❡✐♦ ❞❡ t❡r♠♦st❛t♦s ❞❡ ◆♦sé✲❍♦♦✈❡r✳ ❆ ✐❞❡✐❛ ♣❛r❛ ♠❛♥t❡r ❛

t❡♠♣❡r❛t✉r❛ ❞❡ ✉♠ s✐st❡♠❛ ✜①❛ é ❛❝♦♣❧❛r ❛ ❤❛♠✐❧t♦♥✐❛♥❛ ❞❡st❡ s✐st❡♠❛ t❡r♠♦st❛t♦s ✈✐rt✉❛✐s

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

❡ss❛ ♠❡t♦❞♦❧♦❣✐❛ ❛ t❡♠♣❡r❛t✉r❛ ❞♦s ♥❛♥♦✜♦s ❢♦r❛♠ ❛❥✉st❛❞❛s ❡♠ ✸✵✵ ❑✳

P❛r❛ ♦❜t❡r ♦ ♥❛♥♦✜♦✱ ✉♠ ❧❛r❣♦ ❜❧♦❝♦ ❞❡ ♣♦♥t♦s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✉♠❛ r❡❞❡ ❢❝❝ é ❝♦♥s✲

tr✉í❞♦ ❡ ❞❡♣♦✐s é s❡❧❡❝✐♦♥❛❞❛ ❛♣❡♥❛s ✉♠❛ r❡❣✐ã♦ ❡♠ ❢♦r♠❛ ❝✐❧í♥❞r✐❝❛ ❡ ❝♦♠ ❡✐①♦ ❧♦♥❣✐t✉❞✐♥❛❧

♥❛ ❞✐r❡çã♦ ❬✶✵✵❪ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❞✐♠❡♥sõ❡s ❞❡s❡❥❛❞❛s ❞♦ ♥❛♥♦✜♦✳ ◆❛ ♣r❡s❡♥t❡ s✐♠✉❧❛çã♦✱

♥ós ❝♦♥str✉í♠♦s ♥❛♥♦✜♦s ❞❡ ♦✉r♦ ❝♦♠ ❞✐â♠❡tr♦ ❞❡ ✹✳✸ ♥♠ ❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✷✵✳✹ ♥♠✳ ❖s

♥❛♥♦✜♦s ❢♦r❛♠ r❡❧❛①❛❞♦s ❡✱ ❛♣ós ❛ r❡❧❛①❛çã♦✱ ♦s át♦♠♦s ♥♦s ú❧t✐♠♦s ✼ ♣❧❛♥♦s 100 ❡♠ ❛♠❜❛s

❡①tr❡♠✐❞❛❞❡s ❞♦ ♥❛♥♦✜♦ ❢♦r❛♠ ❝♦♥✜❣✉r❛❞♦s ♣❛r❛ q✉❡ s✉❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ♥ã♦ ❢♦ss❡♠

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

❞♦s ♥❛♥♦✜♦s ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ♣❛r❛ ♠❛♥✐♣✉❧❛r ♦s ♣ró♣r✐♦s ♥❛♥♦✜♦s✱ ♣r♦♠♦✈❡♥❞♦ ♦ ❝♦♥t❛t♦ ♣❛r❛

❛ s♦❧❞❛❣❡♠ ♦✉ t❡♥s✐♦♥❛♥❞♦ ♦s ♥❛♥♦✜♦s ♣❛r❛ q✉❡❜rá✲❧♦s✳

❆ q✉❡❜r❛ ❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ sã♦ ❛t✐♥❣✐❞♦s ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛✿ Pr✐♠❡✐r♦ q✉❡❜r❛♠♦s

♦s ♥❛♥♦✜♦s ♣r❡✈✐❛♠❡♥t❡ ❝♦♥str✉í❞♦s✳ ❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛✱ ♦s ♣❧❛♥♦s ❝♦♥❣❡❧❛❞♦s ♥❛s

❡①tr❡♠✐❞❛❞❡s sã♦ ♠♦✈✐❞♦s ❛ ✉♠❛ t❛①❛ ♠é❞✐❛ ❞❡ ✵✳✽ Å ❛ ❝❛❞❛ ✷✵ ♣s (10−12s)✱ r❡♣r❡s❡♥t❛♥❞♦

✵✱✹✪ ❞❡ str❛✐♥ ❛ ❝❛❞❛ ✷✵ ♣s✳ ❆ss✐♠✱ ♥ós ♣r♦❞✉③✐♠♦s ❞♦✐s ♥♦✈♦s ♥❛♥♦✜♦s q✉❡ ✐♥✐❝✐❛rã♦ ♦

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

t❛①❛ ❞❡ ✵✳✷ Å ❛ ❝❛❞❛ ✷✵ ♣s r❡♣r❡s❡♥t❛♥❞♦ ✵✳✶ ✪ ❞❡ str❛✐♥ ❛ ❝❛❞❛ ✷✵ ♣s✳ ❖ ♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛ ❢♦✐

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

♦♥❞❡ tr❛t❛♠♦s ♦ ♣r♦❜❧❡♠❛ ✉s❛♥❞♦ t❛①❛s ❞❡ str❛✐♥ ❞❡ s♦❧❞❛❣❡♠ ♠❛✐s ❜❛✐①❛s q✉❡ ❞✉r❛♥t❡ ♦

♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛✱ r❡❛❧✐③❛❞♦ ✉♥✐❝❛♠❡♥t❡ ✈✐s❛♥❞♦ ♦❜t❡r ♦s ♥❛♥♦✜♦s q✉❡❜r❛❞♦s✳

P❛r❛ ❛♥❛❧✐s❛r ♦s r❡s✉❧t❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠✱ três ♠ét♦❞♦s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s✿ ✭✐✮ ❖

♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s ♣❛r❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❛s ❡str✉t✉r❛s ✭✈❡r ❛♣ê♥❞✐❝❡✮✱ ✭✐✐✮ ♦ ♣❛râ♠❡tr♦

❞❡ ❝❡♥tr♦ s✐♠❡tr✐❛ ✭✈❡r ❛♣ê♥❞✐❝❡ ✳✳✮✱ ✭✐✐✐✮ ♦ ❝á❧❝✉❧♦ ❞❛ ❡✈♦❧✉çã♦ ❞♦ t❡♥s♦r ❞❡ str❡ss✳ ❖ ♠ét♦❞♦

♣r♦♣♦st♦ ♣♦r ❆❝❦❧❛♥❞ ♣♦❞❡ ✐❞❡♥t✐✜❝❛r s❡ ✉♠ át♦♠♦ ❡stá ❡♠ ✉♠ ❛♠❜✐❡♥t❡ ❢❝❝✱ ❜❝❝ ♦✉ ❤❝♣

❛tr❛✈és ❞❡ ✉♠ ❛❧❣♦r✐t♠♦ ❤❡✉ríst✐❝♦✳ ❙❡ ♥ã♦ é ♣♦ssí✈❡❧ q✉❡ ♦ ❛❧❣♦r✐t♠♦ ✐❞❡♥t✐✜q✉❡ ✉♠ ❞❡t❡r✲

♠✐♥❛❞♦ ♣♦♥t♦ ❞❛ r❡❞❡ ✭át♦♠♦✮✱ ♦ ♠ét♦❞♦ ♠❛r❝❛ t❛❧ ♣♦♥t♦ ❝♦♠♦ ❞❡s❝♦♥❤❡❝✐❞♦✳ ❏á ❛ ♠❡❞✐❞❛

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

❞❡❢❡✐t♦s ♦✉ q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛ ♥♦ ❝r✐st❛❧✳ ❙❡ ✉♠ át♦♠♦ ❡stá ❡♠ ✉♠ ❛♠❜✐❡♥t❡ t♦t❛❧♠❡♥t❡

s✐♠étr✐❝♦ ✭❝♦♠♦ ❝❛❞❛ át♦♠♦ ❡♠ ✉♠❛ r❡❞❡ ❢❝❝✮ t❛❧ ♣❛râ♠❡tr♦ é t♦♠❛❞♦ ❝♦♠♦ s❡♥❞♦ ♥✉❧♦ ✭s❡♠

♥❡♥❤✉♠❛ q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛ ❡str✉t✉r❛❧✮✳ ◗✉❛♥❞♦ ✉♠ át♦♠♦ ❡♠ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ é ❞❡s❧♦❝❛❞♦

♦❝♦rr❡ ✉♠❛ q✉❡❜r❛ ❞❛ s✐♠❡tr✐❛ ❡ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ é ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦✱ t❡♥❞♦ ✈❛❧♦r ❝❛r❛❝✲

t❡ríst✐❝♦s ♣❛r❛ ❞❡t❡r♠✐♥❛❞♦s t✐♣♦s ❞❡ ❞❡❢❡✐t♦s✳ ❖ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦
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❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❛ ♠❡❞✐❞❛ ❞♦ ♣❛râ♠❡tr♦ ❞❡ s✐♠❡tr✐❛ ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❡ ❞❡❢❡✐t♦s✳

❋✐♥❛❧♠❡♥t❡✱ ✉♠ ♠♦❞♦ ❞❡ q✉❛♥t✐✜❝❛r ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛ ♣♦❞❡ s❡r ❛❧❝❛♥ç❛❞♦ ♣❡❧❛ ❛♥á❧✐s❡

❞♦ t❡♥s♦r ❞❡ str❡ss✳ ❊♥q✉❛♥t♦ ❛s ❛♥á❧✐s❡s q✉❡ ❢❛r❡♠♦s ❝♦♠ ♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ❡

♦ ♠ét♦❞♦ ❞❡ ❆❝❦❛❧❛♥❞✲❏♦♥❡s s❡rã♦ ❞❡ ♥❛t✉r❡③❛ ❡str✉t✉r❛❧✱ ♦ t❡♥s♦r ❞❡ str❡ss é út✐❧ ❡♠ ✉♠❛

❞✐s❝✉ssã♦ ❡♥❡r❣ét✐❝❛ q✉❡ ❧❡✈❡ ❛ ❢♦r♠❛çã♦ ❞❛ s♦❧❞❛ ❢r✐❛✳ ❆ ❝✉r✈❛ ❞❡ str❡ss ✈❡rs✉s str❛✐♥ ✭str❛✐♥

❞❡✜♥✐❞♦ ❝♦♠♦ ε = (L− L0)/L0✮ é ❝❛♣❛③ ❞❡ ❞❡s❝r✐♠✐♥❛r ❡♥tr❡ str❡ss ❞❡ ❝♦♠♣r❡ssã♦ ♦✉ t❡♥sã♦

❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛✱ ♣❡r♠✐t✐♥❞♦ ✉♠❛ ✈✐sã♦ ♠❛✐s ❣❡♥❡r❛❧✐③❛❞❛ ❞♦ ❢❡♥ô♠❡♥♦✳ ❆ ❝✉r✈❛

❞❡ str❡ss ✈❡rs✉s str❛✐♥ ❞❡ ✈✐r✐❛❧ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✳ ✹✳✶ ❞❛❞❛ ♣♦r✿

Παβ =
1

Ω

{

−
∑

i

miν
α
i ν

β
i +

1

2

∑

i

∑

i 6=j

F α
ijr

β
ij

}

. (4.1)

❖♥❞❡ Ω é ♦ ✈♦❧✉♠❡ ❞♦ s✐st❡♠❛✱ mi é ❛ ♠❛ss❛ ❞♦ ✐✲és✐♠♦ át♦♠♦ ❡ να
i é ❛ ✈❡❧♦❝✐❞❛❞❡ ♥❛ ❞✐r❡çã♦

α✱ ♦s í♥❞✐❝❡s α ❛♥❞ β ❞❡♥♦t❛♠ ❛s ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s✱ rβij é ❛ ❝♦♠♣♦♥❡♥t❡ β ❞♦ ✈❡t♦r q✉❡

s❡♣❛r❛ ♦s át♦♠♦s i ❡ j✱ F α
ij é ❛ ❝♦♠♣♦♥❡♥t❡ α ❞❛ ❢♦rç❛ ❡♥tr❡ ♦s át♦♠♦s i ❛♥❞ j✳ ❖ str❡ss ❞❡ ✈✐r✐❛❧

é ❡q✉✐✈❛❧❡♥t❡ ❛♦ str❡ss ❞❡ ❝♦♥tí♥✉♦ ❞❡ ❈❛✉❝❤② ❬✾✹❪✳ ❈♦♠ ❡st❛s ❢❡rr❛♠❡♥t❛s ♥ós ❛♥❛❧✐s❛r❡♠♦s

♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✳

4.3.2 Resultados e Discussão

Figura 4.4: Quebra de um nanofio de ouro orientado na direção [100]. Antes de ser quebrado, o nanofio mostrado

no topo da figura tem diâmetro D = 4.3 nm e comprimento L0 = 20.4 nm. A imagem do meio exibe o mesmo nanofio

muito próximo ao ponto de quebra. A imagem inferior apresenta a mesma estrutura analisando as estruturas. A imagem

mostra um corte feito com um plano paralelo ao eixo longitudinal do nanofio. L0 é o comprimento inicial do nanofio e

D o diâmetro. Z. S. Pereira and E. Z. sa Silva, Journal of Physical Chemistry C, 115, 22870 (2011).

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

♣❛rt✐r ❞❛ q✉❡❜r❛ ❞❡ ✉♠ ♥❛♥♦✜♦ ♣❡r❢❡✐t♦✳ ❊st❡ ♣r♦❝❡ss♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✳ ✹✳✹✳ ❆ ✐♠❛❣❡♠

❞♦ t♦♣♦ ❡①✐❜❡ ✉♠ ♥❛♥♦✜♦ ♣❡r❢❡✐t♦ ✉s❛❞♦ ♣❛r❛ ✐♥✐❝✐❛r ❛ s✐♠✉❧❛çã♦✳ ❆ ✐♠❛❣❡♠ ❞♦ ♠❡✐♦ ♥❛
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❋✐❣✳ ✹✳✹ ♠♦str❛ ♦ ♥❛♥♦✜♦ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡s ❞❛ q✉❡❜r❛ t♦t❛❧✳ ❆s ❡str✉t✉r❛s q✉❡ ❡stã♦

✐❞❡♥t✐✜❝❛❞❛s ♥❛ ✐♠❛❣❡♠ ✐♥❢❡r✐♦r ♠♦str❛♠ ✉♠ ❝♦rt❡ ♣❛r❛❧❡❧♦ ❛♦ ❡✐①♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ♥❛♥♦✜♦✳

◆❡st❛ ✐♠❛❣❡♠ ❛s ❡str✉t✉r❛s ♠❛r❝❛❞❛s ❝♦♠♦ ❤❝♣ ❝♦rr❡s♣♦♥❞❡♠ ❛ ❞❡❢❡✐t♦s ❞♦ t✐♣♦ st❛❝❦✐♥❣

❢❛✉❧ts ❡ ❢♦r❛♠ ♣r♦❞✉③✐❞♦s ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ r✉♣t✉r❛✳ ❊st❡s ♠❡s♠♦ ❞❡❢❡✐t♦s t❛♠❜é♠ sã♦

✐❞❡♥t✐✜❝❛❞♦s ♥❛ ❛♥á❧✐s❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ✭❝✮ ✭♥ã♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✹✳✹✮✳ ❆s

♠❡s♠❛s ❡str✉t✉r❛s ❛♣r❡s❡♥t❛❞❛s ❝♦♠♦ ❤❝♣ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s ❢♦r❛♠ ♠❛r❝❛❞❛s

❝♦♠ ♣❛râ♠❡tr♦ ❝ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❡str✉t✉r❛s ❤❝♣✳

Figura 4.5: (a) Dois nanofios de ouro relaxados, formados a partir da quebra mostrada na Fig.4.4. (b) Estágio inicial

do processo de soldagem. (c) Processo de soldagem com 11% de strain. (d) solda com 3.3 % de strain. (e-h) São os

mesmo quadros mostrados entre (a-d) analisando as estrutura pelo método de Ackland-Jones. (i-l) São os mesmo quadros

mostrados entre (a-d) analisando as estrutura pelo parâmetro de centro-simetria. O mapa de cor indica: 0 representa uma

rede fcc perfeita, o valor cresce com a quebra de simetria da rede. 0.7 indica átomos com baixa inversão de simetria, em

geral, átomos da superfície. Para ajudar na visualização interna do nanofio, nos quadros (e-l) são mostrados um plano

de corte paralelo ao eixo longitudinal do nanofio. Z. S. Pereira and E. Z. sa Silva, Journal of Physical Chemistry C, 115,

22870 (2011).

❆♣ós ♦ ♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛ q✉❡ ♦❝♦rr❡✉ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✽✪ ❞❡ str❛✐♥ ✭t♦♠❛♥❞♦

❝♦♠♦ r❡❢❡rê♥❝✐❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ✐♥✐❝✐❛❧ ❞❡ ✷✵✳✹ ♥♠✮✱ ♦s ❞♦✐s ♥❛♥♦✜♦s ♣r♦❞✉③✐❞♦s ❢♦r❛♠ ❞❡✐①❛✲
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❞♦s r❡❧❛①❛r ♣♦r ✷✵✵ ♣s ❞❡ ♠♦❞♦ q✉❡ ❡❧❡s ❡✈♦❧✉ír❛♠ ♣❛r❛ ❛s ❢♦r♠❛s ♠♦str❛❞❛s ♥❛ ❋✐❣✳ ✹✳✺ ✭❛✮✳

❊ss❛ r❡❝♦♥str✉çã♦ é ✐♥❞✉③✐❞❛ ❡s♣♦♥t❛♥❡❛♠❡♥t❡ ♣❡❧♦ str❡ss ❞❡ s✉♣❡r❢í❝✐❡ ✭♦✉ ♠❛✐s ❛❞❡q✉❛❞❛✲

♠❡♥t❡ ♣❡❧❛ r❛③ã♦ ❡♥tr❡ ❛ ❡♥❡r❣✐❛ ❞❡ s✉♣❡r❢í❝✐❡ ❡ ✈♦❧✉♠❡✮✳ ❊st❡ ♣r♦❝❡ss♦ ❞❡ r❡❧❛①❛çã♦ ❥á ❢♦✐

❞❡♠♦str❛❞♦ ♣♦r ♦✉tr♦s ♣❡sq✉✐s❛❞♦r❡s ❬✺✸❪✳ P♦rt❛♥t♦✱ ♥❡st❡ ❝❛s♦✱ ❤♦✉✈❡ ✉♠❛ r❡❞✉çã♦ ♥❛t✉r❛❧

♥♦ ❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ❞♦ ♥❛♥♦✜♦ ✭❝♦♠ r❡❧❛çã♦ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡s ❞❛ q✉❡❜r❛✮ ♠✉❞❛♥❞♦ ❞❡

✸✽✪ ♣❛r❛ ✶✽✳✺✪ ❞❡ str❛✐♥ ✭♠❡❞✐❞❛ ❞♦ str❛✐♥ ❝♦♠ ❜❛s❡ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ✐♥✐❝✐❛❧ ❞♦ ♥❛♥♦✜♦✮✳

❖s ❞♦✐s ♥❛♥♦✜♦s ♦❜t✐❞♦s ❢♦r❛♠ ❡♥tã♦ s♦❧❞❛❞♦s ♣♦♥❞♦✲♦s s✐♠♣❧❡s♠❡♥t❡ ❡♠ ❝♦♥t❛t♦✱ ♠♦✈❡♥❞♦

♦s ♣❧❛♥♦s ❞❛s ❡①tr❡♠✐❞❛❞❡s ❛♥t❡r✐♦r♠❡♥t❡ ❝♦♥❣❡❧❛❞♦s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ✉♠ ♥❛♥♦✜♦ ❝❛♠✐♥❤❡

❡♠ ❞✐r❡çã♦ ❛♦ ♦✉tr♦✱ ❢♦rç❛♥❞♦✲♦s ❛ ❢❛③❡r❡♠ ❝♦♥t❛t♦ s❡♠ ♥❡♥❤✉♠ ♦✉tr♦ ❛❥✉st❡ ♦✉ ❛❧✐♥❤❛♠❡♥t♦✳

❆ ❋✐❣✳ ✹✳✺ ✭❜✮ ♠♦str❛ ♦ ✐♥í❝✐♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ✭✶✽✳✺ ✪ ❞❡ str❛✐♥✮✳ ◆❛s ✐♠❛❣❡♥s

✭❝✮ ❡ ✭❞✮ sã♦ ♠♦str❛❞❛s ❛ ❡✈♦❧✉çã♦ ❞♦ ♣r♦❝❡ss♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❝♦♠ str❛✐♥s ❞❡ ✶✶ ❡

✸✳✸ ✪✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❛ ✐♠❛❣❡♠ ✜♥❛❧ ✭❞✮ ❢♦r❛♠ ❡♥❝♦♥tr❛❞♦s ♣♦✉❝♦s ❞❡❢❡✐t♦s✱ ♦ ♣r♦❝❡ss♦

❞❡ s♦❧❞❛❣❡♠ ♥ã♦ ❛❞✐❝✐♦♥♦✉ ❞❡❢❡✐t♦s ❛♦s ♥❛♥♦✜♦s✳ ➱ ♣♦ssí✈❡❧ ✈❡r q✉❡ ♦s ❞❡❢❡✐t♦s ♦r✐✉♥❞♦s ❞♦

♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛ ❢♦r❛♠ ❛té ♠❡s♠♦ r❡❞✉③✐❞♦s ❝♦♠ ♦ ♣r♦❝❡❞✐♠❡♥t♦✱ t♦r♥❛♥❞♦ ♦ ♥❛♥♦✜♦ ♠✉✐t♦

♣ró①✐♠♦ ❞♦ ♦r✐❣✐♥❛❧ ❛♥t❡s ❞❛ q✉❡❜r❛✳

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

✐♠❛❣❡♥s ✭❡✲❤✮ ♠♦str❛❞❛s ♥❛ ❋✐❣✳ ✹✳✺ sã♦ r❡s♣❡❝t✐✈❛s ❛s ✐♠❛❣❡♥s ✭❛✲❞✮✳ ❆s ✐♠❛❣❡♥s ✭❣✮ ❡ ✭❤✮

♠♦str❛♠ q✉❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ t♦♠❛❞♦ ❛❝✐♠❛ r❡❝♦♥stró✐ ❛s ❡str✉t✉r❛s✳ ◆❡st❛ ❛♥á❧✐s❡✱ ❛ ♠❛✐♦r✐❛

❞♦s át♦♠♦s sã♦ ✐❞❡♥t✐✜❝❛❞♦s ❝♦♠ ❢❝❝ ❡ ❛♣❡♥❛s ❛❧❣✉♥s ❞❡❢❡✐t♦s ✐❞❡♥t✐✜❝❛❞♦s ❝♦♠ st❛❝❦✐♥❣ ❢❛✉❧ts

sã♦ ❡①✐❜✐❞♦s✳ ❱❛❧❡ r❡ss❛❧t❛r q✉❡ ♦s ♣♦t❡♥❝✐❛✐s ❊❆▼✱ ❡♠ ❣❡r❛❧✱ s✉❜❡st✐♠❛♠ ❛ ❡♥❡r❣✐❛ ❞❡ st❛❝❦✐♥❣

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

❈♦♥t✉❞♦✱ ✐st♦ ♥ã♦ é ♦❜s❡r✈❛❞♦ ♥❡st❡s ❝á❧❝✉❧♦s✳ ❈♦♠♦ ♥ós ♠♦str❛r❡♠♦s ♥♦s ❝á❧❝✉❧♦s ❞♦ t❡♥s♦r

❞❡ str❡ss ❡st❡ ♣r♦❝❡ss♦ ♦❝♦rr❡✉ ♠❡❞✐❛♥t❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❜❛✐①♦ str❡ss ❡ ♣♦✉❝♦ tr❛❜❛❧❤♦ ❢♦r♥❡❝✐❞♦

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

s♦❧❞❛❣❡♠✳

❆s ✐♠❛❣❡♥s ✭✐✲❧✮ ❞❛ ❋✐❣✳ ✹✳✺ t❛♠❜é♠ ❝♦rr♦❜♦r❛♠ ♣❛r❛ ❛ ♣ré✈✐❛ ❝♦♥❝❧✉sã♦✳ ❆ ❛♥á❧✐s❡ ❞♦

♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦ s✐♠❡tr✐❛ ❝♦♥✜r♠♦✉ ❛ ❢♦r♠❛çã♦ ❞❡ ♣♦✉❝♦s ❞❡❢❡✐t♦s✳ ❆ ♠❡❞✐❞❛❞❛ ❞❡ ❝ é

q✉❛s❡ ♥✉❧❛ ❡♠ t♦❞♦ ♦ ♥❛♥♦✜♦ ✭✐♥❞✐❝❛♥❞♦ ✉♠❛ ❡str✉t✉r❛ q✉❛s❡ ♣❡r❢❡✐t❛✮ ❝♦♠ ❛❧❣✉♥s át♦♠♦s

❡①✐❜✐♥❞♦ ♦ ✈❛❧♦r ❞❡ ❝ ❡♥tr❡ ✵✳✶ ❡ ✵✳✷ ♥❛ r❡❣✐ã♦ ❞❡ st❛❝❦✐♥❣ ❢❛✉❧ts✳

❆ ❋✐❣ ✹✳✻✳ ♠♦str❛ ❛ ❝✉r✈❛ ❞❡ str❡ss ❧♦♥❣✐t✉❞✐♥❛❧ ✈❡s✉s str❛✐♥✳ ❊♠ ♥♦ss♦s ❝á❧❝✉❧♦s✱ ❝❛❞❛

♣♦♥t♦ ❞❛ ❝✉r✈❛ r❡♣r❡s❡♥t❛ ♦ str❡ss ♠é❞✐♦ s♦❜ ✶✵✵✵ ♠❡❞✐❞❛s ❡♠ ✷✵ ♣s✳ ❊♠ ✶✽✳✺✪✱ ♥❛ ✐♠❛❣❡♠

✭❜✮ ❞❛ ❋✐❣✳ ✹✳✻✱ ♦ str❡ss ❛✉♠❡♥t❛ r❡♣❡♥t✐♥❛♠❡♥t❡✱ ❝♦♠ ✐ss♦ ❛ ❢♦rç❛ ❛♣❧✐❝❛❞❛ ❛♦s ❡①tr❡♠♦s ❞♦

♥❛♥♦✜♦ ❞❡✈❡ s❡r ♠❛✐♦r ♣❛r❛ q✉❡ ♦ ♥❛♥♦✜♦ ♣❡r♠❛♥❡ç❛ ♥❡st❡ ❡stá❣✐♦ ✭✶✽✳✺✪ ❞❡ str❛✐♥✮✳ ❊st❡

❛✉♠❡♥t♦ r❡♣❡♥t✐♥♦ ♥♦ str❡ss r❡♣r❡s❡♥t❛ ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ❛ s♦❧❞❛❣❡♠ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♣ós
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Figura 4.6: Curva de stress versus strain para durante o processo de solda (Au-Au). O gráfico inserido mostra a curva

de stress versus strain durante o processo de quebra. No gráfico, (a) refere-se as imagens (a, e, i) da Fig.4.5. Da mesma

forma, (b) refere-se as imagens (b, f, j), (c) está associado as imagens (c, g, k) e (d) refere-se as imagens (d, h, l) na Fig.

4.5. Z. S. Pereira and E. Z. sa Silva, Journal of Physical Chemistry C, 115, 22870 (2011).

❝♦❧♦❝❛r♠♦s ♦s ♥❛♥♦✜♦s ❡♠ ❝♦♥t❛t♦✳ ❊st❛ t❡♥sã♦ é ♣r♦✈♦❝❛❞❛ ♣♦r ❢♦rç❛s ❞❡ ❧✐❣❛çõ❡s ♥♦ ♣♦♥t♦

❞❡ ❥✉♥çã♦✳ ❖ str❡ss ♣♦s✐t✐✈♦ s✐❣♥✐✜❝❛ q✉❡ ♦ ♥❛♥♦✜♦ t❡♥❞❡ ❛ s❡ r❡❞✉③✐r✱ ❡♥tã♦ é ♥❡❝❡ssár✐♦ q✉❡

❛♣❧✐q✉❡♠♦s ✉♠❛ ❢♦rç❛ ❡①tr❛✱ ❝♦♥trár✐❛ ❛♦ s❡♥t✐❞♦ ❞❡ r❡❞✉çã♦ ❞♦ ♥❛♥♦✜♦✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱

❛s ❢♦rç❛s q✉❡ ♦ r❡st❛♥t❡ ❞♦ ♥❛♥♦✜♦ ❢❛③ ♥❛s ❡①tr❡♠✐❞❛❞❡s ❛♣♦♥t❛♠ ❡♠ ❞✐r❡çã♦ ❛ ❥✉♥çã♦ ✭♣❛r❛

❞❡♥tr♦✮ q✉❛♥❞♦ ♦ str❡ss é ♣♦s✐t✐✈♦✱ ❡ ❛♣♦♥t❛♠ ❡♠ ♦♣♦s✐çã♦ ❛♦ s❡♥t✐❞♦ ❞❛ ❥✉♥çã♦ ✭♣❛r❛ ❢♦r❛✮

q✉❛♥❞♦ ♦ str❡ss é ♥❡❣❛t✐✈♦✳

❖ str❡ss ♦s❝✐❧❛ ♣♦s✐t✐✈❛♠❡♥t❡ ❛té ✶✸✳✻✽✪ ♦♥❞❡✱ ♥❡st❡ ♠♦♠❡♥t♦✱ é ❛♣❧✐❝❛❞♦ ✉♠ str❡ss ❛❞✐✲

❝✐♦♥❛❧ ❞❡ ❝♦♠♣r❡ssã♦ ♣❛r❛ ❝♦♥t✐♥✉❛r ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠✳ P♦rt❛♥t♦ ♦ ♣r♦❝❡ss♦ é ✉♠❛

s❡q✉ê♥❝✐❛ ❞❡ str❡ss ❝♦♠♣r❡ss✐✈♦ s❡❣✉✐❞♦s ❞❡ str❡ss ❞❡ ❡stá❣✐♦s ❞❡ r❡❧❛①❛çã♦ ❛ss♦❝✐❛❞♦s ❝♦♠

r❡❛rr❛♥❥♦s ❡str✉t✉r❛✐s ❡①✐❜✐❞♦s ❡♠ ✉♠ ♣❛❞rã♦ ③✐❣✲③❛❣✳ ❖ ♠á①✐♠♦ ❞❡ str❡ss ❞❡ ❝♦♠♣r❡ssã♦ ❢♦✐

❛t✐♥❣✐❞♦ ❡♠ ✼✪ ❞❡ str❛✐♥✳ ❆♣ós ❡st❡ ❡stá❣✐♦ ♦ str❡ss é ❛❧✐✈✐❛❞♦ ❡ r❡t♦r♥❛ ❛ ✈❛❧♦r❡s ♣♦s✐t✐✈♦s

❡♠ t♦r♥♦ ❞❡ ✸✪ ❞❡ str❛✐♥ ♠♦str❛♥❞♦ ♥♦✈❛♠❡♥t❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ❛ s♦❧❞❛ ❢r✐❛✳ ◆❡st❡ ♣r♦❝❡ss♦✱

♦ ♥❛♥♦✜♦ ❢♦✐ r❡❞✉③✐❞♦ ❛té ♦ t❛♠❛♥❤♦ ♦r✐❣✐♥❛❧ ❡ ♦ ❝á❧❝✉❧♦ ❞♦ str❡ss ❢♦✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ③❡r♦✳

◆♦t❡ q✉❡ ♦s ✈❛❧♦r❡s ❞❡ str❡ss ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ♥ã♦ ❢♦r❛♠ ❛❧t♦s✱ ♠❡♥♦r q✉❡ ✵✳✻ ●P❛✳ ▲❡♠✲

❜r❛♥❞♦ q✉❡ ♦ ♥❛♥♦✜♦ t❡♠ r❛✐♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷ ♥♠✱ t❡r❡♠♦s ❡♠ t❡r♠♦s ❞❡ ❢♦rç❛ ❛♣❧✐❝❛❞❛

♠á①✐♠❛ ❛♦s ❡①tr❡♠♦s ❞♦ ♥❛♥♦✜♦ ❛♣❡♥❛s ❛❧❣✉♥s ♥❛♥♦♥❡✇t♦♥s ✭∼ ✼✳✺ ♥◆✮✳ ❈❡rt❛♠❡♥t❡ ❡①✐st✐✉

♠✉❞❛♥ç❛s ♥❛ ♠♦r❢♦❧♦❣✐❛ ❞♦ ♥❛♥♦✜♦✱ ♣♦ré♠✱ ♥ós ❡♥t❡♥❞❡♠♦s q✉❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❛♣❡♥❛s ✸

✪ ❡♥tr❡ ♦ ♥❛♥♦✜♦ ♦r✐❣✐♥❛❧ ❡ ♦ ♥❛♥♦✜♦ s♦❧❞❛❞♦ é ♠í♥✐♠❛✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♥♦ ♥❛♥♦✜♦

s♦❧❞❛❞♦ ✜♥❛❧✱ ❛ ❡str✉t✉r❛ ❢❝❝ ❢♦✐ ♦❜t✐❞❛ ♥❛ r❡❣✐ã♦ ❞❡ s♦❧❞❛✱ ❝♦♠♦ ❝❧❛r❛♠❡♥t❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✳

✹✳✺✳ ❖s ♣♦♥t♦s ✭❛✮✲✭❞✮ ❞❛ ❋✐❣✳ ✹✳✻ ❝♦rr❡s♣♦♥❞❡♠ ❛s ❡str✉t✉r❛s ✭❛✮✲✭❞✮ ♥❛ ❋✐❣✳ ✹✳✺✳

❆ s♦❧❞❛ ❢r✐❛ ♣♦❞❡ s❡r ❛❧❝❛♥ç❛❞❛ ❡♠ ✈ár✐❛s ❣❡♦♠❡tr✐❛s✳ ◆ós t❛♠❜é♠ ❛♥❛❧✐s❛♠♦s ♦ ❝❛s♦
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Figura 4.7: Processo de Solda fria Au-Au, Lado com Lado. As imagens do lado esquerdo (a-e) mostram a evolução

do Nanofio e as imagens do lado direito (f-j) dão a análise do parâmetro de centro-simetria. No estágio final de soldagem

pode ser visto a formação de poucos defeitos. Z. S. Pereira and E. Z. sa Silva, Journal of Physical Chemistry C, 115,

22870 (2011).

❧❛❞♦ ❝♦♠ ❧❛❞♦✳ ❊♠ ❛♥❛❧♦❣✐❛ ❛♦ ❝❛s♦ ❝❛❜❡ç❛ ❝♦♠ ❝❛❜❡ç❛✱ ♥ós s✐♠✉❧❛♠♦s ♦ ❝❛s♦ ❧❛❞♦ ❝♦♠ ❧❛❞♦

♣♦♥❞♦ ♦s ♥❛♥♦✜♦s ❡♠ ❝♦♥t❛t♦ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✳ ✹✳✼✱ ♣r♦♠♦✈❡♥❞♦ ♦ ❝♦♥t❛t♦ ❝♦♠ ❛ ♠❡s♠❛ t❛①❛

q✉❡ ♥♦ ❝❛s♦ ❝❛❜❡ç❛ ❝♦♠ ❝❛❜❡ç❛✳ ❆ ❛♥á❧✐s❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ♠♦str❛❞♦ ♥❛ ❋✐❣✳

✹✳✼✭❢✲❥✮✱ ❡✈✐❞❡♥❝✐❛ ♠❛✐s ✉♠❛ ✈❡③ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ♦❝♦rr❡✉ ❝♦♠ ❜❛✐①♦ str❡ss✳ ◆♦

✜♠ ❞♦ ♣r♦❝❡ss♦ ✉♠❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❝♦♠ ♣♦✉❝♦s ❞❡❢❡✐t♦s ❢♦✐ ❛❧❝❛♥ç❛❞❛ r❡❝✉♣❡r❛♥❞♦ ❛s

❝❛r❛❝t❡ríst✐❝❛s ♦r✐❣✐♥❛✐s ❞♦ ♥❛♥♦✜♦✳ ❯♠❛ ❛♥á❧✐s❡ ♠❛✐s ❞❡t❛❧❤❛❞❛ ❞♦ t❡♥s♦r ❞❡ str❡ss r❡✈❡❧❛

q✉❡ t♦❞❛s ❛s s❡✐s ❝♦♠♣♦♥❡♥t❡s ❞♦ t❡♥s♦r ❞❡ str❡ss Παβ ❝♦♠♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❊q✳ ✹✳✶ t❡♠

✈❛❧♦r❡s ♠✉✐t♦ ♠❡♥♦r❡s q✉❡ ♦ str❡ss ❞❡ r✉♣t✉r❛✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠ ♠á①✐♠♦ ❛❜s♦❧✉t♦ ❞❡ ✵✳✷ ●♣❛

♣❛r❛ ❛s ❝♦♠♣♦♥❡♥t❡s Πxy ♦✉ Πxz ♦✉ Πyz✱ ❡ ✉♠ ♠á①✐♠♦ ✈❛❧♦r ❞❡ ✵✳✻ ●P❛ ♣❛r❛ ❛s ❝♦♠♣♦♥❡♥t❡s

Πxx ♦✉ Πyy ♦✉ Πzz✳ ◆❡st❡ ❝❛s♦✱ s❡ t♦♠❛r♠♦s ✉♠ ár❡❛ ❧❛t❡r❛❧ ❞❡ ❝♦♥t❛t♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

4nm2 t❡r❡♠♦s ✉♠❛ ❢♦rç❛ ♠á①✐♠❛ ❞❡ ✵✳✽ ♥◆✳ ❆ ❋✐❣✳ ✹✳✼✭❡✮ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❝❛s♦ r❡❧❛①❛❞♦ ❛♣ós

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

✈❛❧♦r❡s ♠✉✐t♦ ♣ró①✐♠♦s ❞❡ ③❡r♦ ✭❋✐❣✳ ✹✳✼ ✭❥✮✮✳

◆ós t❛♠❜é♠ ❡st✉❞❛♠♦s ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ♣❛r❛ ♥❛♥♦✜♦s ❞❡ ♣r❛t❛✳ ❉❡ ♠♦❞♦ s✐♠✐❧❛r ❛♦

❝❛s♦ ❆✉✲❆✉✱ ❛♣ós ❛ ❡✈♦❧✉çã♦ ❞❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r✱ ♥ós ✜③❡♠♦s ❝á❧❝✉❧♦s ❞❛ ❛♥á❧✐s❡ ❡str✉t✉r❛❧

❡ ❞♦ t❡♥s♦r ❞❡ str❡ss✱ ❡①✐❜✐❞♦s ♥❛s ❋✐❣✳ ✹✳✽ ❡ ❋✐❣✳ ✹✳✾✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆ós ♦❜s❡r✈❛♠♦s q✉❡

♣❛r❛ ♦s ♥❛♥♦✜♦s ❞❡ ♣r❛t❛✱ ❛ r✉♣t✉r❛ ♦❝♦rr❡✉ ❝♦♠ ✹✾ ✪ ❞❡ str❛✐♥ ✭♠♦str❛❞♦ ♥♦ ❣rá✜❝♦ ✐♥s❡r✐❞♦

❞❛ ❋✐❣✳ ✹✳✾✮✳ ❆♣ós ❡st❛ r✉♣t✉r❛ ♦ ♥❛♥♦✜♦ r❡t♦r♥❛ ❛ ✶✳✷✺ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ♦r✐❣✐♥❛❧ ❞❡✈✐❞♦

❛♦ ♣r♦❝❡ss♦ ❞❡ r❡❧❛①❛çã♦✳ ❖s ♥❛♥♦✜♦s ❞❡ ♦✉r♦ t❛♠❜é♠ ❛♣r❡s❡♥t❛r❛♠ r❡❞✉çã♦ ❡s♣♦♥tâ♥❡❛ ❞❡

❝♦♠♣r✐♠❡♥t♦ ❝❤❡❣❛♥❞♦ ❛té ✶✳✶✽ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ✐♥✐❝✐❛❧✳ ❆ ❛♥á❧✐s❡ ❡str✉t✉r❛❧ é ♠♦str❛❞❛ ♥❛
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Figura 4.8: Quebra e solda fria em Nanofios de Prata analisados pelo método de Ackland-Jones (imagens do lado

esquerdo). As imagens do lado direito indicam a medida do parâmetro de centro-simetria. (a) e (h) mostram o nanofio

original. As imagens (b-e) e (j-l) mostram sucessivos estágios do processo de quebra. O processo de soldagem (f) e (m)

são exibidos com 18% de strain, (g) e (n) dão o processo final de soldagem em 0% strain. Z. S. Pereira and E. Z. sa

Silva, Journal of Physical Chemistry C, 115, 22870 (2011).

❋✐❣✳ ✹✳✽✳ ◆❡st❡ ❝❛s♦✱ ♥ós ❛♣r❡s❡♥t❛♠♦s ❛ ❛♥á❧✐s❡ ❞❛ q✉❡❜r❛ ❡ s♦❧❞❛ ❞♦s ♥❛♥♦✜♦s ❞❡ ♣r❛t❛ ❝♦♠

♦ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s ✭✐♠❛❣❡♠ ❛ ❡sq✉❡r❞❛✮ ❡ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ✭✐♠❛❣❡♠ ❛

❞✐r❡✐t❛✮✱ ❛s ✐♠❛❣❡♥s ✭❛✮ ❡ ✭❤✮ ❞❛ ❋✐❣✳ ✹✳✽ sã♦ ✐♠❛❣❡♥s ❞♦ ♥❛♥♦✜♦ ♦r✐❣✐♥❛❧ ❞❡ ❆❣ ✭❞✐â♠❡tr♦ ❞❡

✹✳✸ ♥♠✮✳ ❖ ♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛ é ❡①✐❜✐❞♦ ♥❛s ✐♠❛❣❡♥s ✭❜✲❡✮ ❡ ✭✐✲❧✮✱ q✉❡ ♠♦str❛♠ s✉❝❡ss✐✈♦s

❡stá❣✐♦s ❞❡st❡ ♣r♦❝❡ss♦✳ ❖s ❞♦✐s ♥❛♥♦✜♦s ♣r♦❞✉③✐❞♦s sã♦ ❡♥tã♦ s♦❧❞❛❞♦s ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦

♥❛s ✐♠❛❣❡♥s ✭❢✮ ❡ ✭♠✮ ❝♦♠ ✶✽✪ ❞❡ str❛✐♥ ❡ ✜♥❛❧♠❡♥t❡ ✭❣✮ ❡ ✭♥✮ ❝♦♠ ✵✪ ❞❡ str❛✐♥✱ ♠♦str❛♥❞♦

✉♠ ♥❛♥♦✜♦ ✜♥❛❧ ❝♦♠ ♣♦✉❝♦s ❞❡❢❡✐t♦s✳

Figura 4.9: Curva de stress versus strain durante para soldagem entre nanofios de Prata. O gráfico inserido mostra a

curva stress versus strain durante o processo de quebra do nanofio de prata. Z. S. Pereira and E. Z. sa Silva, Journal of

Physical Chemistry C, 115, 22870 (2011).
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Figura 4.10: Solda fria entre nanofios de prata e ouro (Ag-Au). (a) Mostra os dois nanofios de Ag e Au antes da solda.

(b) e (c) são estágios intermediários do processo de solda. (d) mostra a estrutura final. As estruturas são mostradas no

quadros (e-h) correspondentes aos quadros (a-d), respectivamente. Z. S. Pereira and E. Z. sa Silva, Journal of Physical

Chemistry C, 115, 22870 (2011).

❆ ❝✉r✈❛ ❞❡ str❡ss ✈❡rs✉s str❛✐♥ é ♠♦str❛❞❛ ♥❛ ❋✐❣✳ ✹✳✾✳ ❙✐♠✐❧❛r ❛♦ ❝❛s♦ ❝♦♠ ♦s ♥❛♥♦✜♦s ❞❡

♦✉r♦✱ ♦ str❡ss é s❡❣✉✐❞♦ ♣♦r ❡stá❣✐♦s ❞❡ r❡❧❛①❛çã♦ ❡♠ ✉♠❛ ❢♦r♠❛ ③✐❣✲③❛❣✳ ❖ ✈❛❧♦r ❞❡ str❡ss é

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

q✉❡❜r❛✳ Pró①✐♠♦ ❛♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ✭✷✳✺✲✶✪ ❞❡ ❡❧♦♥❣❛çã♦✮ ♦ ♥❛♥♦✜♦ ❛♣r❡s❡♥t❛

♥♦✈❛♠❡♥t❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ❛ s♦❧❞❛❣❡♠✳

❖ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❢r✐❛ ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦ ❝♦♠ ❞✐❢❡r❡♥t❡s ♠❡t❛✐s ✭❆✉✲❆❣✮✳ Pr❛t❛ ❡

♦✉r♦ t❡♠ ♣❛râ♠❡tr♦s ❞❡ r❡❞❡ ♠✉✐t♦ ♣ró①✐♠♦s ✭✹✳✵✽ ♣❛r❛ ❆✉ ❡ ✹✳✵✾ ♣❛r❛ ❆❣✮✳ ◆ós t♦♠❛♠♦s

❞♦✐s ♥❛♥♦✜♦✱ ✉♠ ❞❡ ♣r❛t❛ ❡ ♦✉tr♦ ❞❡ ♦✉r♦✱ ♣r❡✈✐❛♠❡♥t❡ q✉❡❜r❛❞♦s ❡ ❝♦♠ ♠❡s♠❛ ♦r✐❡♥t❛çã♦

❝r✐st❛❧✐♥❛✳ ❖s ♥❛♥♦✜♦s ❡①✐❜✐❞♦s ♥❛ ❋✐❣✳ ✹✳✶✵ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❡st✉❞❛r ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛

❡♥tr❡ ♥❛♥♦✜♦s ❞❡ ❆❣✲❆✉✳ ❆♣❡s❛r ❞❡st❡s ♥❛♥♦✜♦s s❡r❡♠ ♠♦❞❡❧❛❞♦s ♣♦r ♠❡t❛✐s ❞✐❢❡r❡♥t❡s✱

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

❛♥t❡r✐♦r♠❡♥t❡✳ ❆ ❋✐❣✳ ✹✳✶✵ ✭❛✮ ♠♦str❛ ♦s ❞♦✐s ♥❛♥♦✜♦s ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡s ❞❡ ✐♥❝✐❛r ♦

♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠✳ ❆s ✐♠❛❣❡♥s ✭❜✮ ❡ ✭❝✮ ♠♦str❛♠ ❞♦✐s ♣❛ss♦s ✐♥t❡r♠❡❞✐ár✐♦s ♥♦ ♣r♦❝❡ss♦

❞❡ s♦❧❞❛❣❡♠✳ ❆♥á❧✐s❡s ❞❛s ❡str✉t✉r❛s ❢♦r❛♠ ❢❡✐t❛s ♣❛r❛ ✈❡r✐✜❝❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ s♦❧❞❛✱ ✐st♦

❡stá ♠♦str❛❞♦ ♥❛s ✐♠❛❣❡♥s ✭❢✮ ❡ ✭❣✮ ❞❛ ❋✐❣✳ ✹✳✶✵✳ ❉❡ ♠♦❞♦ s✐♠✐❧❛r ❛♦s ❝❛s♦s ❞❡ ♦✉r♦ ❡ ♣r❛t❛

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

❞♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ✭❋✐❣✳✼❤✮ ❛s ❡str✉t✉r❛s ❞♦ ♥❛♥♦✜♦ ❆✉✲❆❣ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞❛ ❢❝❝

✐♥❝❧✉✐♥❞♦ ❛ r❡❣✐ã♦ ❞❡ s♦❧❞❛❣❡♠ ❝♦♠ ♣♦✉❝♦s ❞❡❢❡✐t♦s ♣❧❛♥❛r❡s ✭st❛❝❦✐♥❣ ❢❛✉❧ts✮✳ ❚❛✐s ❞❡❢❡✐t♦s

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

♥❛♥♦✜♦ ❝♦♥str✉í❞♦ ♣❛r❛ s❡r ✉t✐❧✐③❛❞♦ ♥❛ s♦❧❞❛❣❡♠✳

P❛r❛ ♠❡❧❤♦r ❡♥t❡♥❞❡r ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❞♦s ♥❛♥♦✜♦s ♠✐st♦s ❞❡ ❆✉✲❆❣ ♠♦str❛❞♦s ♥❛

❋✐❣✳ ✹✳✶✵✱ ❛ ❝✉r✈❛ ❞❡ str❡ss ✈❡rs✉s str❛✐♥ t❛♠❜é♠ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❡ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✳ ✹✳✶✶✳
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Figura 4.11: Curva de stress versus strain durante o processo de soldagem entre nanofios de prata e ouro mostrado na

Fig.Z. S. Pereira and E. Z. sa Silva, Journal of Physical Chemistry C, 115, 22870 (2011).

❊stá ❝✉r✈❛ ❢♦✐ ♦❜t✐❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ❞♦s ♥❛♥♦✜♦s r❡❧❛①❛❞♦s ❢♦r♠❛❞♦s ♣❡❧❛

r❡s♣❡❝t✐✈❛ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❞♦s át♦♠♦s ❞♦s ❞♦✐s ♣ré✈✐♦s ♥❛♥♦✜♦s✳ ◆❡st❡ ❝❛s♦✱ ♦ ❡stá❣✐♦ ✐♥✐❝✐❛❧

❞♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ✐♥✐❝✐❛✲s❡ ❡♠ ✸✹✪ ❞❡ str❛✐♥✳ ◆ós ♣♦❞❡♠♦s ✈❡r ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ❛

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

❞❡❝r❡s❝❡♠ ♦ str❡ss ❛ ♠❡❞✐❞❛ q✉❡ ♦ str❛✐♥ ❞✐♠✐♥✉✐ ❛té ✉♠ ❧✐♠✐t❡ ❞❡ ✶✶✪ ✳ ❊st❡ ♣r♦❝❡ss♦ é

❡♥tã♦ r❡✈❡rt✐❞♦ ❡♥tr❡ ✶✶ ❡ ✸✪ ❝r❡s❝❡♥❞♦ ♥♦✈❛♠❡♥t❡ ♦ str❡ss ❞❡ t❡♥sã♦ ❛♦ ✐♥✈és ❞♦ str❡ss ❞❡

❝♦♠♣r❡ssã♦ ❝♦♠♦ ♣♦❞❡r✐❛ s❡r ❡s♣❡r❛❞♦✳ ❈♦♠ ✐ss♦✱ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ é r❡✐♥✐❝✐❛❞♦ ❝♦♠

❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❜❛✐①♦ str❡ss ✭♠á①✐♠♦ ❞❡ ✵✳✹ ●♣❛✮ t❡♥❞♦ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛♦s ❝❛s♦s

❛♥t❡r✐♦r♠❡♥t❡ ♠♦str❛❞♦s✳

Figura 4.12: Quebra do nanofio de prata e ouro formado após a soldagem. (a) estrutura do nanofio formado após a

soldagem, (b) estágio intermediário do processo de quebra. (c) mostra a quebra do nanofio em um ponto diferente do

ponto de solda. As análises das estruturas são mostradas nas imagens (d-f). Z. S. Pereira and E. Z. sa Silva, Journal of

Physical Chemistry C, 115, 22870 (2011).

❆♣ós ✉♠ ❝♦♠♣❧❡t♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✹✳✶✵✱ ♥ós ✉s❛♠♦s ❡st❡

♥♦✈♦ ♥❛♥♦✜♦ ❞❡ ♦✉r♦ ❡ ♣r❛t❛ s♦❧❞❛❞♦s ♣❛r❛ ❡st✉❞❛r ♦ ♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛ ❞❡st❡ ♥♦✈♦ ♥❛♥♦✜♦✳

❉❡st❛ ❢♦r♠❛✱ ♣♦❞❡♠♦s t❡st❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ s♦❧❞❛ q✉❡ ♦❜t✐✈❡♠♦s✳ P♦rt❛♥t♦✱ ♦ ♥♦✈♦ ♥❛♥♦✜♦
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❞❡ ❆✉✲❆❣ ❢♦✐ s✉❜♠❡t✐❞♦ ❛ ✉♠ ♣r♦❝❡ss♦ ❞❡ str❛✐♥ ❛té s♦❢r❡r ❛ r✉♣t✉r❛✳ ❆ ❋✐❣✳ ✹✳✶✷ ✭❛✮ ♠♦str❛

❛ ❡str✉t✉r❛ ✜♥❛❧ ❞♦ ♥❛♥♦✜♦ ❞❡ ♦✉r♦ ❡ ♣r❛t❛ s♦❧❞❛❞♦s✳ ❆s ✐♠❛❣❡♥s ✭❜✮ ❡ ✭❝✮ ♠♦str❛♠ ❡stá❣✐♦s

❞❡st❡ ♥❛♥♦✜♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ q✉❡❜r❛✳ ❋✐❝❛ ❝❧❛r♦ q✉❡ ♦ ♣♦♥t♦ ❞❡ q✉❡❜r❛ ♦❝♦rr❡✉ ❡♠

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

❛ r❡s✐stê♥❝✐❛ ❞♦ r❡st❛♥t❡ ❞♦ ♥❛♥♦✜♦✳ ◆❛ ♣rát✐❝❛ ❛♦ ❝❛✉s❛r♠♦s ✉♠ ♣r♦❝❡ss♦ ❞❡ t❡♥sã♦ ♣❛r❛

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

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

❆ ❛♥á❧✐s❡s ❞❛s ❡str✉t✉r❛s r❡❛❧✐③❛❞❛s ❝♦♠ ♦ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s sã♦ ♠♦str❛❞❛s ♥❛ ❋✐❣

✹✳✶✷✳ ✭❞✲❢✮✳

❖s r❡s✉❧t❛❞♦s ♣r❡s❡♥t❡s ❡♠ t♦❞❛s ❛s s✐♠✉❧❛çõ❡s ✐♥❞✐❝❛♠ q✉❡ ♦ ♠❡❝❛♥✐s♠♦ ❞♦ ♣r♦❝❡ss♦

❞❡ s♦❧❞❛❣❡♠ sã♦ r❡❝♦♥str✉çã♦✱ r❡❧❛①❛çã♦ ❞❡ s✉♣❡r❢í❝✐❡ ❡ ♣r♦❝❡ss♦s ❞❡ ❞✐❢✉sã♦✳ ❆ r❛③ã♦ ❡♥tr❡

❡♥❡r❣✐❛ ❞❡ s✉♣❡r❢í❝✐❡ ❡ ✈♦❧✉♠❡ ❢❛❝✐❧✐t❛♠ ♦ ♣r♦❝❡ss♦ ❞❡ ❞✐❢✉sã♦✳ ▲♦❣♦ ❛♣ós ♦ ❝♦♥t❛t♦ ❞♦s ❞♦✐s

♥❛♥♦✜♦s✱ ♥ós ♦❜s❡r✈❛♠♦s ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ❛ s♦❧❞❛❣❡♠ ❡ ♣♦rt❛♥t♦ át♦♠♦s ❞❛ s✉♣❡r❢í❝✐❡

❞✐❢✉♥❞❡♠ rá♣✐❞♦✳ ❊st❡s ❡❢❡✐t♦s sã♦ ❛❥✉❞❛❞♦s ♣❡❧❛ ♠❛♥✐♣✉❧❛çã♦ ♠❡❝â♥✐❝❛ ❞♦s ♥❛♥♦✜♦s✳ ➱

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

❛♥t❡r✐♦r ❛♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ t❡♠ s❡✉ ❡✐①♦ ❧♦♥❣✐t✉❞✐♥❛❧ ♦r✐❡♥t❛❞♦ ♥❛ ❞✐r❡çã♦ ❬✶✵✵❪✳

4.3.3 Conclusões

❊♠ ❝♦♥❝❧✉sã♦✱ ♥ós ✉s❛♠♦s ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ♣❛r❛ ❡st✉❞❛r ✉♠ ✐♥t❡r❡ss❛♥t❡ ♣r♦❜❧❡♠❛ ❞❡

s♦❧❞❛ ❢r✐❛ ❡♠ ♥❛♥♦✜♦s ❞❡ ❆✉✱ ❆❣ ❡ ❆✉✲❆❣✳ ◆ós ♠♦str❛♠♦s q✉❡ ♦s ♥❛♥♦✜♦s ♠❛♥té♠ ❛ ❡s✲

tr✉t✉r❛ ❝r✐st❛❧✐♥❛ ❢❝❝ ♥❛ r❡❣✐ã♦ ❞❡ s♦❧❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♠♦str❛❞♦s

♣♦r ❨❛♥❣✳ P♦✉❝♦s ❞❡❢❡✐t♦s ❢♦r❛♠ ✐♥tr♦❞✉③✐❞♦s ❞❡✈✐❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠✳ ◆ós ❝♦♥s✐❞✲

❡r❛♠♦s ❡st❡ r❡s✉❧t❛❞♦ ♥ã♦ tr✐✈✐❛❧✳ ❖s ❞❡t❛❧❤❡s ❞❛ ❝✉r✈❛ str❡ss ✈❡s✉s str❛✐♥✱ ♥ã♦ ❛❝❡ssí✈❡✐s ♥♦

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

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

❢❝❝✳ ◆♦ss♦s r❡s✉❧t❛❞♦s ❝♦♥s✐❞❡r❛r❛♠ ❛ s♦❧❞❛ ❢r✐❛ ❡♠ ❞✐❢❡r❡♥t❡s ❣❡♦♠❡tr✐❛ ❡ ♠♦str❛♠♦s q✉❡

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

♥♦✈❛s ❡ ✐♥t❡r❡ss❛♥t❡s ♣♦ss✐❜✐❧✐❞❛❞❡s✳
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Capítulo 5

Peridynamics e Acoplamento com Dinâmica
Molecular

5.1 Uma visão geral da dinâmica molecular versus teorias de
contínuo

❱✐♠♦s ♥♦s ❝❛♣ít✉❧♦s ❛♥t❡r✐♦r❡s q✉❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠ ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s ❢♦r♥❡❝❡

❜♦♥s r❡s✉❧t❛❞♦s q✉❛♥❞♦ ✉t✐❧✐③❛❞❛ ❛❞❡q✉❛❞❛♠❡♥t❡✳ ➱ s❛❜✐❞♦ q✉❡ ❝á❧❝✉❧♦s ❞❡ ❉✐♥â♠✐❝❛ ▼♦✲

❧❡❝✉❧❛r q✉â♥t✐❝❛ ♦✉ ❝❧áss✐❝❛ t❡♠ s✐❞♦ ❧❛r❣❛♠❡♥t❡ ✉t✐❧✐③❛❞♦s ♣♦r ❞✐✈❡rs♦s ♣❡sq✉✐s❛❞♦r❡s ♥❛

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

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

✈♦❧✈✐❞♦✳ ❊♠❜♦r❛✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ♣♦t❡♥❝✐❛✐s ❡♠♣ír✐❝♦s ❛ss♦❝✐❛❞♦s ❛ ♠ét♦❞♦s ❝❧áss✐❝♦s r❡❞✉③❛♠

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

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

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

♦✉ q✉❡❜r❛❞✐ç♦s✳ ❚❛✐s ❡st✉❞♦s sã♦ ♥❡❝❡ssár✐♦s ❛ ✐♥❞ústr✐❛ ♣♦r ❞❡♠❛♥❞❛ ❞❡ ♠❛t❡r✐❛✐s s❡♠ ✈í❝✐♦s

❡ ❝♦♠ ❣r❛♥❞❡ ❞✉r❛❜✐❧✐❞❛❞❡✳ ❆s ❢r❛t✉r❛s ❡♠ ✉♠ ♠❛t❡r✐❛❧ t❡♠ ♦r✐❣❡♠ ♥❛ ❡str✉t✉r❛ ❞❡ r❡❞❡

♣r♦♣❛❣❛♥❞♦✲s❡ ❛té ❛t✐♥❣✐r ❛ ❡s❝❛❧❛ ♠❛❝r♦s❝ó♣✐❝❛✳ ◆❛ ♣rát✐❝❛✱ t♦❞♦ ♣r♦❝❡ss♦ ❢ís✐❝♦ ♦✉ q✉í♠✐❝♦

❛♥t❡s ❞❡ t♦♠❛r ❞✐♠❡♥sõ❡s ♣❡r❝❡♣tí✈❡✐s ❛♦ ♥♦ss♦s s❡♥t✐❞♦s t❡♠ ♦r✐❣❡♠ ♥♦ ♠✉♥❞♦ ❛tô♠✐❝♦✳

❆♣❡s❛r ❞❡st❡ ❝♦♥❤❡❝✐♠❡♥t♦✱ ❛ ♠❛✐♦r✐❛ ❞♦s tr❛❜❛❧❤♦s ♥❡st❛ ár❡❛ t❡♠ s✐❞♦ r❡❛❧✐③❛❞♦s ✉t✐❧✐③❛♥❞♦

t❡♦r✐❛s ❞❡ ❝♦♥tí♥✉♦ ♦♥❞❡ ♥ã♦ ❤á ♠❡♥çã♦ ❛ ❡str✉t✉r❛ ❛tô♠✐❝❛ ❞♦ ♠❛t❡r✐❛❧✳ ❆ s♦❧✉çã♦ ❡♥✈♦❧✲

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

át♦♠♦s✳ ❊ss❛ t❡♦r✐❛s t❛♠❜é♠ ♣♦❞❡♠ ❞❛r ❜♦♥s r❡s✉❧t❛❞♦s q✉❛♥❞♦ ✉t✐❧✐③❛❞❛s ❞❡♥tr♦ ❞❡ s❡✉

❝❛♠♣♦ ❞❡ ✈❛❧✐❞❛❞❡✳

75



5.1 Uma visão geral da dinâmica molecular versus teorias de contínuo 76

❚❡♠♦s ❡♥tã♦ ❞✉❛s ❞❡s❝r✐çõ❡s tr❛❞✐❝✐♦♥❛❧♠❡♥t❡ ✉s❛❞❛s✿ ◆❛ ♠❛❝r♦❡s❝❛❧❛✱ ❡♠ ❣❡r❛❧✱ t❡♠♦s

♠ét♦❞♦s ❞❡ ♠❡❝â♥✐❝❛ ❞♦ ❝♦♥tí♥✉♦ q✉❡ ❛ss✉♠❡♠ ❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ ♠❛tér✐❛✱ ❡ ♥❛ ♠✐❝r♦ ♦✉

♥❛♥♦❡s❝❛❧❛ t❡♠♦s ❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠♦ tr❛t❛❞❛s ♥♦s ❝❛♣ít✉❧♦s ❛♥t❡r✐♦r❡s✳ ◆♦ ❝❛s♦ ❞❡

só❧✐❞♦s tr❛t❛❞♦s ❝♦♠ ♠❡❝â♥✐❝❛ ❞♦ ❝♦♥tí♥✉♦ ❛ ❡q✉❛çã♦ ♠♦✈✐♠❡♥t♦ ❞❡ ❈❛✉❝❤② é ❞❛❞❛ ♣♦r✿

ρü = ∇σ + b. (5.1)

◆❛ ❡q✉❛çã♦✱ u é ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✱ σ é ♦ t❡♥s♦r ❞❡ str❡ss✱ ρ é ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧

❡ b é ✉♠❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❢♦rç❛ ❡①t❡r♥❛✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✱ ❡st❛ ❡q✉❛çã♦

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

❞✐❢❡r❡♥❝✐❛❧✳ ❊♠ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r t❡♠♦s ✐♥t❡r❛çõ❡s ♥ã♦ ❧♦❝❛✐s ❞❡♥tr♦ ❞❡ ✉♠ r❛✐♦ ❞❡ ❝♦rt❡✳

❊ss❛s ✐♥t❡r❛çõ❡s sã♦ s♦♠❛❞❛s ♣❛r❛ ❢♦r♥❡❝❡r ❛ ✐♥t❡r❛çã♦ t♦t❛❧ ❞♦ s✐st❡♠❛✱ s❡♥❞♦ ❡st❛ t❡♦r✐❛✱

♥❡st❡ ❝♦♥t❡①t♦✱ ❝♦♥s✐❞❡r❛❞❛ ✉♠❛ ❢♦r♠✉❧❛çã♦ ✐♥t❡❣r❛❧✳ ❯♠❛ ❢♦rt❡ ❝❛r❛❝t❡ríst✐❝❛ ❞❛s t❡♦r✐❛s ♥ã♦

❧♦❝❛✐s ❡ ✐♥t❡❣r❛✐s✱ ❝♦♠♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✱ ❡♥❝♦♥tr❛✲s❡ ♥❛ ❞✐s♣❡rsã♦ ❞❡ ❝❡rt❛s ❣r❛♥❞❡③❛s

❢ís✐❝❛s✳ ❊♠ ❣❡r❛❧ ❤á ❢♦rt❡s ✢✉t✉❛çõ❡s ❡♠ t♦r♥♦ ❞❡ ✉♠ ✈❛❧♦r ♠é❞✐♦✳ P♦❞❡♠♦s ❝✐t❛r ❛ ♣♦s✐çã♦

❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ q✉❡ ♣♦❞❡ ♦s❝✐❧❛r ❡♠ t♦r♥♦ ❞♦ ❡q✉✐❧í❜r✐♦✳ ❊ss❛ ❞✐s♣❡rsã♦ ❡♠ ▼❉ é ♠✉✐t♦

♠❛✐s ❢♦rt❡ q✉❡ ❛ ❞✐s♣❡rsã♦ ❛♣r❡s❡♥t❛❞❛ ♣♦r s✐st❡♠❛s ♠♦❞❡❧❛❞♦s ♣♦r ❢♦r♠✉❧❛çõ❡s ❞❡ ❝♦♥tí♥✉♦

tr❛❞✐❝✐♦♥❛✐s✳ ❆ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r é ♠❛✐s r❡❛❧íst✐❝❛ ❞❡ss❡ ♣♦♥t♦ ❞❡ ✈✐st❛ ❧❡✈❛♥❞♦ ❡♥tã♦ ✉♠❛

❣r❛♥❞❡ ✈❛♥t❛❣❡♠ s♦❜r❡ t❡♦r✐❛s tr❛❞✐❝✐♦♥❛✐s ❞❡ ❝♦♥tí♥✉♦✳

❖ ▼ét♦❞♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ✭❋❊▼✮ ❬✸✸❪ é ✉♠❛ t❡♦r✐❛ ❞❡ ❝♦♥tí♥✉♦ ♠✉✐t♦ ✉t✐❧✐③❛❞❛ ❡♠

❡♥❣❡♥❤❛r✐❛✳ P♦❞❡♠♦s ❞✐③❡r q✉❡ ♦s ❜♦♥s r❡s✉❧t❛❞♦s ❡ ♦ ❜❛✐①♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❡①♣❧✐❝❛♠

❛ ♣♦♣✉❧❛r✐❞❛❞❡ ❞❡ t❡♦r✐❛s ❧♦❝❛✐s ❞❡ ❝♦♥tí♥✉♦✱ ♣♦ré♠✱ s❡♠ ♥❡♥❤✉♠❛ ✈❛♥t❛❣❡♠ ♥♦ q✉❡ ❞✐③

r❡s♣❡✐t♦ ❛ ❡str✉t✉r❛ ❛tô♠✐❝❛✳ ❆ ✐❞❡✐❛ ❜ás✐❝❛ ❞♦ ▼ét♦❞♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❝♦♥s✐st❡ ❡♠

❞✐✈✐❞✐r ✭❞✐s❝r❡t✐③❛r✮ ✉♠ ❞♦♠í♥✐♦ ❝♦♥tí♥✉♦ ❡♠ ❡❧❡♠❡♥t♦s ❝♦♠ ❣❡♦♠❡tr✐❛ ♠❛✐s s✐♠♣❧❡s ✭s✉❜✲

r❡❣✐õ❡s ♦✉ s✉❜❞♦♠í♥✐♦s✮✳ ❊st❛s s✉❜✲r❡❣✐õ❡s sã♦ ❝❤❛♠❛❞❛s ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❡♠ ❝♦♥tr❛st❡ à

✐❞❡✐❛ ❞♦ ❝á❧❝✉❧♦ ❞✐❢❡r❡♥❝✐❛❧ ❡ ✐♥t❡❣r❛❧ ❢❡✐t♦ ❝♦♠ ❡❧❡♠❡♥t♦s ✐♥✜♥✐t❡s✐♠❛✐s✳ ❆ ❋✐❣✳ ✺✳✶ ✐❧✉str❛ ❛

❞✐s❝r❡t✐③❛çã♦ ❞♦ ❝♦♥tí♥✉♦ ♣♦r ❡st❡ ♠ét♦❞♦✳ ❖s ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❡stã♦ ❝♦♥❡❝t❛❞♦s ♣♦r ♠❡✐♦s

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

❣❡r❛❧ ❡♥tã♦✱ s❡r✐❛ s✉❜st✐t✉✐r ✉♠❛ s♦❧✉çã♦ ❣❡r❛❧ ♣❛r❛ t♦❞♦ ♦ ❞♦♠í♥✐♦ ♣❡❧❛ s♦❧✉çã♦ ❡♠ ❝❛❞❛

s✉❜❞♦♠í♥✐♦✳ ◆❡st❡ ❝❛s♦✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ❞❡✈❡ s❡r ❛♣❧✐❝❛❞❛ ❛♦s ♥ós✳

❯♠❛ ♥♦✈❛ t❡♦r✐❛ ❞❡ ❝♦♥tí♥✉♦ ❝❤❛♠❛❞❛ P❡r✐❞②♥❛♠✐❝s ✭P❉✮ t❡♠ s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♥♦s ú❧✲

t✐♠♦s ❛♥♦s ❬✷✼✱ ✸✷✱ ✻✵❪✳ ❚❛❧ t❡♦r✐❛ ❞❡ ❝♦♥tí♥✉♦ t❡♠ ❜❛s❡ t❡ór✐❝❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞✐❢❡r❡♥t❡ ❞❛

t❡♦r✐❛ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s✳ ❊♥q✉❛♥t♦ q✉❡ ❛ ú❧t✐♠❛ ✭❊❧❡♠❡♥t♦s ❋✐♥✐t♦s✮ ❡stá ❢✉♥❞❛♠❡♥t❛❞❛

❡♠ ✉♠❛ ❢♦r♠✉❧❛çã♦ ❞✐❢❡r❡♥❝✐❛❧✱ ❛ ♣r✐♠❡✐r❛ ✭P❡r✐❞②♥❛♠✐❝s✮ t❡♠ ❢♦r♠✉❧❛çã♦ ✐♥t❡❣r❛❧ ❬✶✷✹❪ ✳
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5.2 Peridynamics 77

Figura 5.1: Ilustração da discretização do contínuo por elementos finitos (Malha de elementos finitos).

P❡r✐❞②♥❛♠✐❝s s✉r❣✐✉ ❝♦♠♦ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ❛♦ ♠♦❞❡❧♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ♣♦rq✉❡ ♣r♦♣õ❡♠

✉♠ ♠♦❞❡❧♦ ❞❡ q✉❡❜r❛ ❞❡ ❧✐❣❛çõ❡s ♥❛ ♠❛❝r♦❡s❝❛❧❛ ❬✻✵✱✼✷❪ ❛♥t❡r✐♦r♠❡♥t❡ ♥ã♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r

♥❡♥❤✉♠❛ ♦✉tr❛ t❡♦r✐❛✳ P❡r✐❞②♥❛♠✐❝s t❡♠ s❡ t♦r♥❛❞♦ ✉♠❛ t❡♦r✐❛ ❛tr❛❡♥t❡ ❞❡s❞❡ q✉❡ é ♣♦ssí✈❡❧

♠♦str❛r q✉❡ ❡ss❡ ♠♦❞❡❧♦ é s✐♠✐❧❛r ❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ✭▼❉✮ ❡♠ ❞✐❢❡r❡♥t❡s ❡s❝❛❧❛s

✭❞✐✛❡r❡♥t ❧❡❣t❤ s❝❛❧❡s✮ ❬✼✸❪✳ P❉ ❛❧❣✉♠❛s ✈❡③❡s t❡♠ s✐❞♦ tr❛t❛❞❛ ❝♦♠♦ ✉♠❛ ❢♦r♠✉❧❛çã♦ ❞❡ ❝♦♥✲

tí♥✉♦ ❞❡ ▼❉✳ ❆ ♣r✐♥❝í♣✐♦✱ s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛♥❞♦ P❡r✐❞②♥❛♠✐❝s ♣♦❞❡♠ s❡r ❢❡✐t❛s ❡♠ q✉❛❧q✉❡r

❡s❝❛❧❛ ✐♥❝❧✉s✐✈❡ ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛✳ ❊ss❛ s✐♠✐❧❛r✐❞❛❞❡ ❝♦♠ ▼❉ ❢❛③ P❉ ♣r❡s❡r✈❛r ♠✉✐t❛s ❝❛r✲

❛❝t❡ríst✐❝❛s só ♣♦ssí✈❡✐s ❞❡ s❡r❡♠ ♦❜s❡r✈❛❞❛s ❡♠ ▼❉✳ P♦r ❡①❡♠♣❧♦✱ ❛♦ ❝♦♥trár✐♦ ❞♦s ♠ét♦❞♦s

❝❧áss✐❝♦s ❞❡ ❝♦♥tí♥✉♦✱ ❡❢❡✐t♦s ❞❡ ❞✐s♣❡rs✐✈✐❞❛❞❡ ❡♠ ▼❉ sã♦ ♣r❡s❡r✈❛❞♦s ❡♠ P❉ ❬✻✵❪✳ ❆s r❡✲

❧❛çõ❡s ❞❡ ❞✐s♣❡rsã♦ ❛♣r❡s❡♥t❛❞❛s ♣♦r P❡r✐❞②♥❛♠✐❝s sã♦ s✐♠✐❧❛r❡s ❛s ❛♣r❡s❡♥t❛s ♣♦r ❞✐♥â♠✐❝❛

♠♦❧❡❝✉❧❛r✳ ◆❡st❡ ❝❛♣ít✉❧♦ ♥ós ❢♦❝❛r❡♠♦s ♥♦ss❛ ❛t❡♥çã♦ ♥♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ P❡r✐❞②♥❛♠✐❝s ❡

❝♦♠♦ ♣♦❞❡rí❛♠♦s ❛❝♦♣❧❛✲❧❛ ❝♦♠ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳

5.2 Peridynamics

P❡r✐❞②♥❛♠✐❝s é ✉♠❛ t❡♦r✐❛ ♥ã♦ ❧♦❝❛❧ ♦♥❞❡ s❡✉s ❡❧❡♠❡♥t♦s ✭♣❛rtí❝✉❧❛s✮ ✐♥t❡r❛❣❡♠ ❛ ✉♠❛

❞✐stâ♥❝✐❛ ✜♥✐t❛ s❡♠❡❧❤❛♥t❡ ❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳ ➱ s✉♣♦st♦ q✉❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❡❧❡♠❡♥t♦s

é ♥✉❧❛ q✉❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❡❧❛s é ♠❛✐♦r q✉❡ ✉♠ ❝❡rt♦ ✈❛❧♦r ❞❡✜♥✐❞♦ ❝❤❛♠❛❞♦ ❤♦r✐③♦♥✳

❊st❡ ♠♦❞❡❧♦ ♣❡r♠✐t❡ q✉❡ ✉♠❛ ❢r❛t✉r❛ s✉r❥❛ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❡ ✉♠❛ ❧❛r❣❛ ❞❡❢♦r♠❛çã♦✳ ■st♦

♥ã♦ é ♣♦ssí✈❡❧ ❡♠ t❡♦r✐❛s tr❛❞✐❝✐♦♥❛✐s ❞❡ ❝♦♥tí♥✉♦ ♦♥❞❡ é ♥❡❝❡ssár✐♦ ❝♦♥❤❡❝❡r ❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧

❞❛ ❢r❛t✉r❛ ❬✶✷✷❪✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❡ ♦♣❡r❛❞♦r❡s ❞✐❢❡r❡♥❝✐❛✐s ✉s❛❞♦s ❡♠ t❡♦r✐❛s ❞❡ ❝♦♥tí♥✉♦✱

P❡r✐❞②♥❛♠✐❝s ✉t✐❧✐③❛ ✐♥t❡❣r❛çã♦ s♦❜r❡ ❛s ❞✐❢❡r❡♥ç❛s ❞♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✳ ❆ ❡q✉❛çã♦ ❞❡

♠♦✈✐♠❡♥t♦ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♥❛ ♣♦s✐çã♦ ① é ❞❛❞❛ ♣♦r✿
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5.2.1 Um modelo de interação de Par para a função f (bond-based model) 78

ρ(x)ü(x, t) =

∫

Hx

f(u(x′, t)− u(x, t)),x− x′)dVx′ + b(x, t), (5.2)

♦♥❞❡ Hx r❡♣r❡s❡♥t❛ ❛ r❡❣✐ã♦ ❞❡ ✐♥t❡❣r❛çã♦ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❛ ♣❛rtí❝✉❧❛ ♥❛ ♣♦s✐çã♦ ① ♣❡rt❡♥❝❡♥t❡

❛ ✉♠❛ r❡❣✐ã♦ ❘ ❞❡ r❛✐♦ δ✱ ρ é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♠❛ss❛ ❡ ❢ r❡♣r❡s❡♥t❛ ✉♠ ✈❡t♦r ❢♦rç❛ ♣♦r ✉♥✐❞❛❞❡

❞❡ ✈♦❧✉♠❡ ❛♦ q✉❛❞r❛❞♦ q✉❡ ✉♠❛ ♣❛rtí❝✉❧❛ ①✬ ✭♥❛ ♣♦s✐çã♦ ①✬✮ ❡①❡r❝❡ ❡♠ ✉♠❛ ♣❛rtí❝✉❧❛ ① ✭♥❛

♣♦s✐çã♦ ①✮✳ b é ✉♠❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❢♦rç❛ ❡①t❡r♥❛✳ ◆♦t❡ q✉❡✱ ♥❡st❡ ♠♦❞❡❧♦✱ é ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡

✉♠ ♣❛râ♠❡tr♦ δ ♣❛r❛ ❞❡❧✐♠✐t❛r ❛ r❡❣✐ã♦ Hx ✭✈❡r ❋✐❣✳ ✺✳✷✮✳ ❊ss❡ ♣❛râ♠❡tr♦ é s✐♠✐❧❛r ❛♦ r❛✐♦ ❞❡

❝♦rt❡ ✉s❛❞♦ ❡♠ ▼❉✳ ◆❛ ❧✐♥❣✉❛❣❡♠ ❞❛ P❡r✐❞②♥❛♠✐❝s✱ δ é ❝❤❛♠❛❞♦ ❤♦r✐③♦♥✳ ◆♦t❡ t❛♠❜é♠ q✉❡

♦ ✐♥t❡❣r❛♥❞♦ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❡q✉❛çã♦ ✺✳✷ ❡①♣r❡ss❛ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❢♦rç❛ ✐♥t❡r♥❛ s♦♠❛❞❛

s♦❜r❡ t♦❞♦s ♦s ✈❡t♦r❡s x−x′ ❝♦♥s✐st✐♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❢✉♥❞❛♠❡♥t❛❧ ❡♥tr❡ ❛s t❡♦r✐❛s ❞❡ ❝♦♥tí♥✉♦

❝❧áss✐❝❛s ❡ P❡r✐❞②♥❛♠✐❝s✱ ❡st❛❜❡❧❡❝❡♥❞♦✲❛ ❝♦♠♦ ✉♠❛ t❡♦r✐❛ ✐♥t❡❣r❛❧ ❛♦ ✐♥✈és ❞❡ ❞✐❢❡r❡♥❝✐❛❧✳ ❙❡

✉♠❛ ♣❛rtí❝✉❧❛ x′ ❡stá ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♠❛✐♦r q✉❡ δ ❞❡✈❡♠♦s t❡r✿

f(u(x′, t)− u(x, t)),x− x′) = 0. (5.3)

Figura 5.2: Interação em Peridynamics. Cada ponto x interage com um ponto x′ dentro de um raio de corte δ chamado

horizon.

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

5.2.1 Um modelo de interação de Par para a função f (bond-based model)

◆❡st❡ ♠♦❞❡❧♦ ❞❡ ❧✐❣❛çã♦ ♣r♦♣♦st♦ ♣❡❧❛ P❡r✐❞②♥❛♠✐❝s✱ ❢ é ✉♠ ✉♠❛ ❢✉♥çã♦ ❞❡ ♣❛r ❝✉❥♦s

✈❛❧♦r❡s sã♦ ✈❡t♦r❡s ❞❡ ❢♦rç❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ ❛♦ q✉❛❞r❛❞♦✳ ❉❡ss❛ ❢♦r♠❛ ✉♠❛ ♣❛rtí❝✉❧❛

①✬ ❡①❡r❝❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❢ ✭❢♦rç❛ ♣♦r ✈♦❧✉♠❡ ❛♦ q✉❛❞r❛❞♦✮ s♦❜r❡ ✉♠❛ ♣❛rtí❝✉❧❛ ①✳ P❛r❛

q✉❡ ♣♦ss❛♠♦s ❝♦♠♣r❡❡♥❞❡r ♦ ❢♦r♠❛❧✐s♠♦ ❞❛ P❡r✐❞②♥❛♠✐❝s ❞❡✜♥✐♠♦s ❛❧❣✉♠❛s q✉❛♥t✐❞❛❞❡s✿ η✱

✉♠ ✈❡t♦r ❞❡ ♣♦s✐çã♦ r❡❧❛t✐✈♦ ❞❛❞♦ ♣♦r η = x − x′✱ ξ q✉❡ é ❞❛❞♦ ♣❡❧♦ ✈❡t♦r ❞❡s❧♦❝❛♠❡♥t♦
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r❡❧❛t✐✈♦ ξ = u(x′) − u(x)✱ ♦♥❞❡ ✉ é ♦ ✈❡t♦r ❞❡s❧♦❝❛♠❡♥t♦✳ ❚❛♠❜é♠ ✈❛♠♦s ❞❡✜♥✐r y(x, t) =

x+u(x, t)✳ ❈♦♠ ❡ss❛ ❞❡✜♥✐çõ❡s t❡♠♦s q✉❡✿ η ✰ ξ r❡♣r❡s❡♥t❛ ♦ ✈❡t♦r ♣♦s✐çã♦ r❡❧❛t✐✈♦ ❡♥tr❡ ❛s

♣❛rtí❝✉❧❛s ✭✈❡r ❋✐❣✳ ✺✳✸✮✳ ❉✐③❡♠♦s q✉❡ ✉♠ ♠❛t❡r✐❛❧ é ♠✐❝r♦❡❧ást✐❝♦ q✉❛♥❞♦ ❡①✐t❡ ✉♠❛ ❢✉♥çã♦

♣♦t❡♥❝✐❛❧ ❡s❝❛❧❛r ✇ t❛❧ q✉❡✿

Figura 5.3: Notação para as Ligações em Peridynamics

f(η, ξ) =
∂w

∂η
(η, ξ). (5.4)

❆ ❣r❛♥❞❡③❛ ✇ ♠❡❞❡ ❛ ❡♥❡r❣✐❛ r❡❧❛t✐✈❛ ❛♦ str❛✐♥ ♣❛r❛ ✉♠❛ ❞❛❞❛ ❧✐❣❛çã♦ ❞❡ ♣❛r ❡ t❡♠ ✉♥✐❞❛❞❡

❞❡ ❡♥❡r❣✐❛ ♣♦r ✈♦❧✉♠❡ ❛♦ q✉❛❞r❛❞♦✳ ❯♠ ♠♦❞❡❧♦ s✐♠♣❧❡s ❞❡ ♠✐❝r♦♣♦t❡♥❝✐❛❧ é ❞❛❞♦ ♣♦r✿

w(η, ξ) =
cs2(η, ξ)

2
, (5.5)

♦♥❞❡ c é ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❡ ❛ ❢✉♥çã♦ s(η, ξ) ❞❡♥♦t❛ ❛ ♠✉❞❛♥ç❛ r❡❧❛t✐✈❛ ♥♦

❝♦♠♣r✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦✳ ❖ ♠✐❝r♦♣♦t❡♥❝✐❛❧ é ❡s❝♦❧❤✐❞♦ ❞❡ ♠♦❞♦ q✉❡ w(0, ξ) = 0✱ ♦✉ s❡❥❛✱ ❛

❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ❡❧ást✐❝❛ t♦t❛❧ é ♥✉❧❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ r❡❢❡rê♥❝✐❛✳ s(η, ξ) é ❞❛❞♦ ♣♦r✿

s(η, ξ) =
‖η + ξ‖ − ‖ξ‖

‖ξ‖ . (5.6)

❉❡ss❛ ❢♦r♠❛✱ ✉♠ ♠♦❞❡❧♦ ❞❡ ❢✉♥çã♦ f ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦✿

f(η, ξ) = cs(η, ξ)
η + ξ

‖η + ξ‖ , (5.7)

❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❝ ♣❛r❛ ✉♠ ❝❛s♦ tr✐❞✐♠❡♥s✐♦♥❛❧ s❡rá c = 18K/πδ4 ❬✶✷✸❪✱ ♦♥❞❡

❑ é ♦ ♠ó❞✉❧♦ ✈♦❧✉♠étr✐❝♦✳

5.2.2 Quebra da ligação ou medida do Dano usando Peridynamics

❆ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠ ♠♦❞❡❧♦ ❞❡ ❢r❛t✉r❛s ❡♠ P❡r✐❞②♥❛♠✐❝s ♦❝♦rr❡ ♣♦r s✐♠♣❧❡s♠❡♥t❡ ♣❡r♠✐t✐r

q✉❡ ❛s ❧✐❣❛çõ❡s ❡♥tr❡ ❛s ♣❛rtí❝✉❧❛s ♣♦ss❛♠ s❡r q✉❡❜r❛❞❛s q✉❛♥❞♦ ✉❧tr❛♣❛ss❛♠ ✉♠ ❧✐♠✐t❡ ❞❡
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❝♦♠♣r✐♠❡♥t♦ ♣r❡❞❡✜♥✐❞♦✳ ❆♣ós ♦ r♦♠♣✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦✱ ♥ã♦ ❡①✐st❡ ♥❡♥❤✉♠❛ ❢♦rç❛ ❛❣✐♥❞♦

♥❛ ❧✐❣❛çã♦ ❡s♣❡❝í✜❝❛ q✉❡❜r❛❞❛✱ t♦r♥❛♥❞♦ ♦ ♠♦❞❡❧♦ ❤✐st♦r✐❝❛♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡✳ ❉❡ss❛ ❢♦r♠❛✱

❛♣ós ✉♠❛ ❧✐❣❛çã♦ s❡r q✉❡❜r❛❞❛ ♥ã♦ ♣♦❞❡ s❡r r❡❝♦♥st✐t✉í❞❛✳ ❊ss❛ ❛♣r♦①✐♠❛çã♦ ❞❡ q✉❡❜r❛ ♥❛

❡s❝❛❧❛ ❞❛ ❧✐❣❛çã♦ ❧❡✈❛ ❛ ✉♠❛ ❢♦r♠✉❧❛çã♦ ❞❡ ❞❡❢❡✐t♦ ✭❞❛♥♦✮ ❧♦❝❛❧✳ ❖ tr❛t❛♠❡♥t♦ ❞❡ ❞❛♥♦s é ❢❡✐t♦

♠✉❧t✐♣❧✐❝❛♥❞♦ ❛ ❢✉♥çã♦ ❞❡ ♣❛r ❢ ♣❡❧❛ ❢✉♥çã♦ µ✱ ♦♥❞❡ µ❂✶ s❡ s(ξ,u(x′, τ)− u(x, τ)) ≤ = s0✱

∀τ ≤ t ✭s é ❛ ❢✉♥çã♦ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦ ✺✳✻✮✱ s❡♥❞♦ s0 ✉♠ ✈❛❧♦r ❝rít✐❝♦ ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦

❞❛ ❧✐❣❛çã♦✱ µ ❛ss✉♠❡ ♦ ✈❛❧♦r ✵ ✭③❡r♦✮ s❡ ♥ã♦ s❛t✐s❢❛③ ❛ ❝♦♥❞✐çã♦ ❛♥t❡r✐♦r✳ ❖ ❞❛♥♦ ❡♠ ✉♠ ❞❛❞♦

♣♦♥t♦ ① é ❞❡✜♥✐❞♦ ❝♦♠♦ ❬✸✷❪✿

ϕ(x, t) = 1−
∫

Hx
µdVx′

∫

Hx
dVx′

. (5.8)

5.2.3 Discretizando a equação de movimento

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

❞❛❞❛ r❡❣✐ã♦ ❞❡✈❡ s❡r ❞✐s❝r❡t✐③❛❞❛ ❡♠ ♥ós ✭♥♦❞♦s✮✳ ❖ ❝♦♥❥✉♥t♦ ❞♦s ♥ós ❢♦r♠❛♠ ✉♠ ❣r✐❞

❝♦♥❢♦r♠❡ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✺✳✹✳ ❙❡❥❛♠ ❡♥tã♦✱ x1, ...,xn ♦s ♥ós✱ ❝❛❞❛ ♥ó ♣❡rt❡♥❝❡♥t❡ ❛ ✉♠❛

♣❡q✉❡♥❛ r❡❣✐ã♦ Ωi ❝♦♠ ✈♦❧✉♠❡ Vi✳ ❆ r❡❣✐ã♦ R é ❛ ✉♥✐ã♦ ❞❡ t♦❞❛s ❛ r❡❣✐õ❡s Ωi✳ ❆ ❞✐s❝r❡t✐③❛çã♦

❡s♣❛❝✐❛❧ ❞❛ ❡q✉❛çã♦ ✺✳✷ é ✐❧✉str❛❞❛ ♥❛ ❋✐❣✳ ✺✳✹ ❡ é ❞❡s❝r✐t❛ ♠❛t❡♠❛t✐❝❛♠❡♥t❡ ♥❛ s❡❣✉✐♥t❡

❢♦r♠❛✿

ρ(xi)ü(xi, t) =
∑

j 6=i

f(u(xj , t)− u(xi, t)),x− x′)Vj + b(xi, t), (5.9)

❝♦♠ i = 1, 2, 3...n✱ n ✉♠ ♥ú♠❡r♦ ✐♥t❡✐r♦✳

5.2.4 Um exemplo usando Peridynamics

P❛r❛ ❡①❡♠♣❧✐✜❝❛r ♦s ♣r♦❜❧❡♠❛s q✉❡ ♣♦❞❡♠ s❡r r❡s♦❧✈✐❞♦s ✉s❛♥❞♦ ❛ t❡♦r✐❛ P❡r✐❞②♥❛♠✐❝s ✈❛♠♦s

t♦♠❛r ✉♠ ❝❛s♦ ❡st✉❞❛❞♦ ♣♦r ▼✐❝❤❛❡❧ ▲✳ P❛r❦s ❛t✉❛❧♠❡♥t❡ ♣❡sq✉✐s❛❞♦r ❞♦ ❙❛♥❞✐❛ ◆❛t✐♦♥❛❧

▲❛❜♦r❛t♦r✐❡s ♥♦s ❊st❛❞♦ ❯♥✐❞♦s ❬✶✷✺❪✳ ❱❛♠♦s ❝♦♥s✐❞❡r❛r ✉♠ ✐♠♣❛❝t♦ ❞❡ ✉♠❛ ❡s❢❡r❛ rí❣✐❞❛

s❡♠❡❧❤❛♥t❡ ❛ ✉♠ ✐♥❞❡♥t❛❞♦r s♦❜r❡ ✉♠ ♠❛t❡r✐❛❧ ❤♦♠♦❣ê♥❡♦ ♠✐❝r♦❡❧ást✐❝♦✳ ❖ ❛❧✈♦ é ❝r✐❛❞♦

❝♦♠♦ ✉♠❛ r❡❞❡ ❝ú❜✐❝❛ ✸❞ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ✐❣✉❛❧ ❛ ✵✳✵✵✵✺ ♠ ✭❛❂✵✳✵✵✵✺

♠✮✳ ❖ ❤♦r✐③♦♥ ✭δ✮ ❢♦✐ t♦♠❛❞♦ ❡♠ 0.0015m = 3a✳ ❖ ❛❧✈♦ é ✉♠ ❝✐❧✐♥❞r♦ ❞❡ ❞✐â♠❡tr♦ ✵✳✵✼✹ ♠ ❡

❡s♣❡ss✉r❛ ✵✳✵✵✷✺ ♠ ❝♦♥t❡♥❞♦ ✶✵✸✳✶✶✵ ♣❛rtí❝✉❧❛s✳ ❙✉♣♦♥❤❛ q✉❡ ❛ ❡s❢❡r❛ q✉❡ ❝♦❧✐❞✐rá ❝♦♠ ♦ ❛❧✈♦

t❡♠ ❞✐â♠❡tr♦ ❞❡ ✵✳✵✶ ♠ ❡ ✈❡❧♦❝✐❞❛❞❡ ❞✐r❡t❛♠❡♥t❡ ♥♦r♠❛❧ ❛♦ ♣❧❛❝❛ ❝✐❧í♥❞r✐❝❛✳ ❙✉♣♦♥❤❛ q✉❡

♦ ♠❛t❡r✐❛❧ ❞♦ ❛❧✈♦ t❡♥❤❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✷✷✵✵ Kg/m3 ❡ ♠ó❞✉❧♦ ✈♦❧✉♠étr✐❝♦ ✐❣✉❛❧ ❛ ✶✹✳✾ ●P❛✳
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Figura 5.4: Diagrama ilustrando uma discretização bidimensional para Peridynamics. As linhas verticais e horizontais

definem os contornos de cada partícula, δ é o horizon. As duas partículas destacadas em cinza escuro mostram que o

volume de uma partícula associado ao contorno do horizon pode não está contido completamente dentro dos limites do

horizon

❱❛♠♦s t♦♠❛r ✉♠ ❧✐♠✐t❡ ♣❛r❛ ♦ str❛✐♥ ✭❧✐♠✐t❡ ♣❛r❛ ❛ q✉❡❜r❛ ❞❡ ❧✐❣❛çã♦✮ ❝♦♠♦ s❡♥❞♦ ✵✳✵✵✵✺

♠✳ ❆ ❝♦♥st❛♥t❡ ❝ ♥❛ ❡q✉❛çã♦ ✺✳✼ é ❞❛❞❛ ♣♦r c = 18K/πδ4 = 1.6863 × 1022✳ ❋♦✐ ✉s❛❞♦ ✉♠

t✐♠❡st❡♣ ❞❡ 10−9s✳

Figura 5.5: Fraturas em um material microelástico. Ambas as imagens são representações das fraturas causadas pelo

choque de um indentador com uma placa descrita no texto. A imagem esquerda representa a posição das partículas na

simulação, nesta caso é possível ver as fraturas no material. A imagem direita está associada a um mapa de cor para

quantificar os danos observados na imagem a esquerda. Na imagem a direita, azul representa 0% de dano e vermelho

indica a quebra total das ligações para uma dada partícula (100%). O mapa de cor é criado de acordo com a Equação

5.8. Michael L. Parks, Richard B. Lehoucq, Steven J. Plimpton, Stewart A. Silling. Computer Physics Communications,

179, 777 (2008).

❖ ✐♥❞❡♥t❛❞♦r ❢♦✐ ♠♦❞❡❧❛❞♦ ❡①❡r❝❡♥❞♦ ✉♠❛ ❢♦rç❛ F (r) = −Ks(r−R)2 s♦❜r❡ ❝❛❞❛ ♣❛rtí❝✉❧❛✱

♦♥❞❡ Ks é ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ ❢♦rç❛ ❡s♣❡❝✐✜❝❛❞❛✱ r é ❛ ❞✐stâ♥❝✐❛ ❞❡ ✉♠❛ ❞❛❞❛ ♣❛rtí❝✉❧❛ ❛♦ ❝❡♥tr♦

❞♦ ✐♥❞❡♥t❛❞♦r✱ ❡ R é ♦ r❛✐♦ ❞♦ ✐♥❞❡♥t❛❞♦r✳ ❆ ❢♦rç❛ é r❡♣✉❧s✐✈❛ ❡ F (r) = 0 s❡ r > R✳ ◆❡st❡

♣r♦❜❧❡♠❛ R ❢♦✐ t♦♠❛❞♦ s❡♥❞♦ ✵✳✵✺ ♠ ❡ Ks = 1.0× 1017✳

❆♣ós ✷✵✵ ♠✐❧ ♣❛ss♦s ❞❡ s✐♠✉❧❛çã♦✱ ❛s ❢r❛t✉r❛s sã♦ ❡①✐❜✐❞❛s ♥❛ ✐♠❛❣❡♠ ❞❛ ❝❛♠❛❞❛ s✉♣❡r✐♦r
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❞♦ ❛❧✈♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✺✳✺✳ ❆s s✐♠❡tr✐❛s ❞❡st❛ s♦❧✉çã♦ ❡♥❝♦♥tr❛❞❛ ✈✐❡r❛♠ ❞♦ ✉s♦ ❞❡ ✉♠❛

r❡❞❡ ♣❡r❢❡✐t❛ ❡ ✐♥❞❡♥t❛❞♦r ❡s❢ér✐❝♦ ♣❡r❢❡✐t♦ q✉❡ ✐♠♣❛❝t♦✉ ♦ ❛❧✈♦ ♥♦ ❝❡♥tr♦✳ ❆ ✐♠❛❣❡♠ ❞♦ ❧❛❞♦

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

❖ ❝ó❞✐❣♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❢❛③❡r ❡st❡s ❝á❧❝✉❧♦s ❢♦r❛♠ ✐♠♣❧❡♠❡♥t❛❞♦s ❛♦ ❝ó❞✐❣♦ ▲❆▼▼P❙ ❞❡♥tr♦

❞♦ ♠❡s♠♦ ❢r❛♠❡✇♦r❦ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❬✼✹❪✳

❈♦♠ ❡ss❛s t❡♦r✐❛s q✉❡ t❡♠♦s tr❛t❛❞♦ ♥❡st❛ t❡s❡ ✭▼❉ ❡ P❉✮ é ♣♦ssí✈❡❧ ♦❜t❡r ❣r❛♥❞❡s ❛♣❧✐✲

❝❛çõ❡s ❡♠ ❝✐ê♥❝✐❛ ❡ t❡❝♥♦❧♦❣✐❛ ❬✼✸✱ ✶✸✷❪✳ P♦r ❡st❛ r❛③ã♦ ♥ós ❞❡s❡❥❛♠♦s ❛❝♦♣❧❛✲❧❛s ❡♠ ✉♠ só

❢r❛♠❡✇♦r❦✳ ■ss♦ ♣❡r♠✐t✐rá ❡st✉❞♦s ❝♦♠ ♣r❡❝✐sã♦ ❞❡s❞❡ ❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ ❛té ❛ ❡s❝❛❧❛ ♠❛❝r♦✳

❚❛❧ ♣r♦❝❡❞✐♠❡♥t♦ é ♥❡❝❡ssár✐♦ ♣♦rq✉❡ ❢❡♥ô♠❡♥♦s q✉❡ ♦❝♦rr❡♠ ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ sã♦ ♣r♦♣❛✲

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

❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ❡s❝❛❧❛s ❬✶✷✻❪✳
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❯♠ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ P❉ ❡ ▼❉ s❡r✐❛ ❞❡ ❣r❛♥❞❡ ✐♥t❡r❡ss❡✳ P❉ t❡♠ ♠♦str❛❞♦✲s❡ ✉♠❛

t❡♦r✐❛ ❞❡ ❝♦♥tí♥✉♦ ♠❡❧❤♦r q✉❡ ❛s t❡♦r✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ❝♦♠♦ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s✳ ❯♠ ❛❝♦♣❧❛✲

♠❡♥t♦ ♣♦❞❡ ❛❥✉❞❛r✲♥♦s ❛ ❞❡s✈❡♥❞❛r ♠✉✐t❛s ❝❛r❛❝t❡ríst✐❝❛s ❛♥t❡r✐♦r♠❡♥t❡ ✐♠♣♦ssí✈❡✐s ❞❡ s❡r❡♠

❡st✉❞❛❞❛s ❞❡✈✐❞♦ ❛♦ ❛❧t♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ◆❛ ❋✐❣✳ ✺✳✻ ✐❧✉str❛♠♦s ✉♠❛ s✐t✉❛çã♦ ❞❡ ✉♠

♣r♦❜❧❡♠❛ q✉❡ ♣♦❞❡rí❛♠♦s s♦❧✉❝✐♦♥❛r ❝♦♠ t❛❧ ❛❝♦♣❧❛♠❡♥t♦✳ ❯♠❛ ♣❧❛❝❛ ❝♦♠ ✉♠❛ ❢r❛t✉r❛ ♣r❡✈✐❛✲

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

❛♦ ❧♦♥❣♦ ❞♦ ♠❛t❡r✐❛❧ ❛♣ós ❛♣❧✐❝❛♠♦s ❢♦rç❛s ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✳ ✺✳✻✳ ❊st❡ ♣r♦❜❧❡♠❛ ♣♦❞❡

s❡r r❡s♦❧✈✐❞♦ ❛❝♦♣❧❛♥❞♦ ▼❉ ❡ P❉✱ ✉t✐❧✐③❛♥❞♦ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ♥❛ r❡❣✐ã♦ ♠✐❝r♦s❝ó♣✐❝❛ ♦♥❞❡

❛s ❢r❛t✉r❛s s❡ ✐♥✐❝✐❛♠✱ ❡ P❡r✐❞②♥❛♠✐❝s ♥❛ r❡❣✐ã♦ ♠❛✐s ❛❢❛st❛❞❛ ❞❛ ❢r❛t✉r❛✳ ❆ss✐♠✱ ♣♦❞❡rí❛♠♦s

❡st✉❞❛r ❝♦♠♦ ❡st❛s ❢r❛t✉r❛s sã♦ ♣r♦♣❛❣❛❞❛s ♣❛r❛ r❡❣✐õ❡s ♠❛✐s ❛❜r❛♥❣❡♥t❡s ❞♦ ❝♦r♣♦ ❡♠ ❡st✉❞♦✳

◆❛ r❡❣✐ã♦ ♠♦❞❡❧❛❞❛ ❝♦♠ ▼❉ t❡rí❛♠♦s ✉♠❛ ❞❡s❝r✐çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛s ❧✐❣❛çõ❡s ❛tô♠✐✲

❝❛s✳ ❖ ❣❛st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣❛r❛ r❡❛❧✐③❛r ❡st❡ t✐♣♦ ❞❡ ♣r♦❜❧❡♠❛ ❛♣❡♥❛s ✉t✐❧✐③❛❞♦ ▼❉ t♦r♥❛

t❛❧ ❛♣❧✐❝❛çã♦ ✐♠♣♦ssí✈❡❧✳ ◆♦ ❡♥t❛♥t♦✱ ✉t✐❧✐③❛♥❞♦ ♠ét♦❞♦s ♠✉❧t✐❡s❝❛❧❛ ♦ ♣r♦❜❧❡♠❛ ♣♦❞❡ s❡r r❡✲

s♦❧✈✐❞♦ r❛♣✐❞❛♠❡♥t❡✳ ❯♠ s✐st❡♠❛ ♠❛✐s ❡s♣❡❝í✜❝♦ q✉❡ s❡ ❡♥❝❛✐①❛ ♥❡st❡ ❝♦♥t❡①t♦ s❡r✐❛ ♦ ❡st✉❞♦

❞❡ ❢r❛t✉r❛s ❡♠ s✐❧í❝✐♦ ♦♥❞❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❢r❛t✉r❛ ✐♥✐❝✐❛❧ ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ é ❝♦♠♣❧❡①♦ s❡♥❞♦

♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ ♣♦t❡♥❝✐❛✐s ❡s♣❡❝í✜❝♦s ♣❛r❛ tr❛t❛r t❛❧ ♣r♦❜❧❡♠❛ ♥ã♦ s❡♥❞♦ ❝♦♥✈❡♥✐❡♥t❡ ♦

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

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

❝♦♥tí♥✉♦✳

P♦❞❡♠♦s ❧❡✈❛♥t❛r ❛ s❡❣✉✐♥t❡ q✉❡stã♦✿ ❈♦♠♦ ♣♦❞❡rí❛♠♦s ❛❝♦♣❧❛r ▼❉ ❝♦♠ P❉❄ ❖ ♠ét♦❞♦
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5.3 Acoplando Peridynamics com Dinâmica Molecular 83

Figura 5.6: Exemplo onde o modelo proposto poderia ser aplicado. A figura representa um placa sendo fraturada por

forças esternas aplicadas a lateral. O domínio é dividido em 3 subdomínios sendo o subdomínio central modelado com

MD. As linhas azuis claras representam as regiões de sobreposição entre domínios overlap.

❞❡ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❞♦♠í♥✐♦ ❙✇❛rt③ ❬✸✽❪ t❡♠ s✐❞♦ ✉t✐❧✐③❛❞♦ ❝♦♠ s✉❝❡ss♦ ♥♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❡

❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♠ ✢✉✐❞♦s ❬✶✷✼✕✶✷✾❪✱ ✐ss♦ ❝♦rr❡s♣♦♥❞❡ ❛❝♦♣❧❛r ❛s ❡q✉❛çõ❡s ❞❡ ▼❉ ❝♦♠

❡q✉❛çõ❡s ❞❡ ◆❛✈✐❡r ❙t♦❦❡s ✭◆❙✮✳ ❊ss❡ t✐♣♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ t❡♠ s✐❞♦ ✉s❛❞♦ ♥♦ ❡st✉❞♦ ❞❡

♠✐❝r♦✢✉✐❞♦s ❡ ❛♣❧✐❝❛çõ❡s ❜✐♦♠é❞✐❝❛s✳ ❇❛s✐❝❛♠❡♥t❡✱ ♦ ♠ét♦❞♦ ❞❡ ❙❝❤✇❛r③ ✭❙❝❤✇❛r③ ❛❧t❡r♥❛t✐♥❣

♠❡t❤♦❞✮ ❬✶✷✾❪ é ✉♠ ♠ét♦❞♦ ✐t❡r❛t✐✈♦ ♣❛r❛ s♦❧✉❝✐♦♥❛r ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s s♦❜r❡ ✉♠ ❞♦♠í♥✐♦

✭♦✈❡r❧❛♣✮ q✉❡ é ❛ ✉♥✐ã♦ ✭s♦❜r❡♣♦s✐çã♦✮ ❞❡ ❞♦✐s s✉❜❞♦♠í♥✐♦s✳ ❆ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ❞❛❞❛

♣❡❧❛ s♦❧✉çã♦ ❞❡ ✉♠ ❞♦s s✉❜❞♦♠í♥✐♦s é ✐♠♣♦st❛ ❛♦ ❝♦♥t♦r♥♦ ❞♦ ♦✉tr♦ s✉❜❞♦♠í♥✐♦ q✉❡ ❡♥tã♦

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

♣r✐♠❡✐r♦ s✉❜❞♦♠í♥✐♦✳ ❊ss❡ ♣r♦❝❡ss♦ s❡ ❞á ✐t❡r❛t✐✈❛♠❡♥t❡ ❛té ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ s♦❧✉çã♦✳ ❯♠❛

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

❞❡ s✐♠✉❧❛çã♦ ✭t✐♠❡st❡♣✮ ❬✶✷✾❪✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❞♦♠í♥✐♦ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦

❞♦ ♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦ ❡stá ❡sq✉❡♠❛t✐③❛❞♦ ♥❛ ❋✐❣✳ ✺✳✼✳

Figura 5.7: (a) Ilustração do Método de Swartz com overlap para acoplamento entre MD e PD: as regiões 1 e 5 são

resolvidas usando MD e PD respectivamente. As região do overlap (2,3,4) sáo resolvidas tanto por MD como por PD.

❆s r❡❣✐õ❡s ✷✱ ✸ ❡ ✹ ❞❛ ❋✐❣✳ ✺✳✼ r❡♣r❡s❡♥t❛♠ ❛ r❡❣✐ã♦ ❞❡ s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ▼❉ ❡ P❉

✭♦✈❡r❧❛♣✮✳ ❆tr❛✈és ❞❛ r❡❣✐ã♦ ✷ ♦❜t❡♠♦s ♦s ❞❛❞♦s ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡ ♣❛ss❛♠♦s ♣❛r❛ ❛

P❡r✐❞②♥❛♠✐❝s✳ ◆❛ r❡❣✐ã♦ ✹ ♦❜t❡♠♦s ♦s ❞❛❞♦s ❞❡ P❡r✐❞②♥❛♠✐❝s ❡ ♣❛ss❛♠♦s ♣❛r❛ ❛ ❉✐♥â♠✐❝❛

▼♦❧❡❝✉❧❛r✳ ❆ s♦❧✉çã♦ ❞❡ ▼❉ ❞❡✈❡ ❝♦♥✈❡r❣✐r ♣❛r❛ ❛ s♦❧✉çã♦ ❞❡ P❉ ♥❛ r❡❣✐ã♦ ✸✳ ❆s r❡❣✐õ❡s
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✶ ❡ ✺ sã♦ ♠♦❞❡❧❛❞❛s ✉s❛♥❞♦ ▼❉ ❡ P❉✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❛ ♣❛rt❡ ✭❜✮ ❞❛ ❋✐❣✳ ✺✳✻✱ ♥ós

♠♦str❛♠♦s ❛ ✐❞❡✐❛ ❜ás✐❝❛ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❞♦ t✐♠❡st❡♣✳ ◆❡st❡ ❝❛s♦✱ t r❡♣r❡s❡♥t❛ ♦ t✐♠❡st❡♣

❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡♥q✉❛♥t♦ T r❡♣r❡s❡♥t❛ ♦ t✐♠❡st❡♣ ❞❛ P❡r✐❞②♥❛♠✐❝s✳ ❆ ❝♦♠✉♥✐❝❛çã♦

❡♥tr❡ ♦s s✉❜❞♦♠í♥✐♦s é ❢❡✐t❛ ♥♦r♠❛❧♠❡♥t❡ ❡♠ ✉♠ t❡♠♣♦ ♠ú❧t✐♣❧♦ ❞❛ ♠❡♥♦r t✐♠❡st❡♣✳

❙❛❜❡♥❞♦ q✉❡ ♦ ♠ét♦❞♦ ❞❡ ❙✇❛rt③ ✉s❛ ❛ tr♦❝❛ ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❡♥tr❡ ♦s s✉❜✲

❞♦♠í♥✐♦s✱ ❝♦♠♦ ♣♦❞❡rí❛♠♦s ❢❛③❡r ❡ss❛ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ▼❉ ❡ P❉ tr❛❜❛❧❤❛♥❞♦ ❡♠ ❡s❝❛❧❛s

tã♦ ❞✐st✐♥t❛s❄ ◗✉❛♥❞♦ t❡♥t❛♠♦s ♣❛ss❛r ❞❛❞♦s ✭❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✮ ♣♦r ♠❡✐♦ ❞❛ r❡❣✐ã♦ ❞❡

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

t♦s r❡♣r❡s❡♥t❛♥❞♦ ❛ ♠♦❞❡❧❛❣❡♠ P❉✳ P♦r ❡st❛ r❛③ã♦ ♣r❡❝✐s❛♠♦s tr♦❝❛r ❡st❡s ❞❛❞♦s ❛tr❛✈és ❞❡

♠ét♦❞♦s ❞❡ ✐♥t❡r♣♦❧❛çã♦✳ ◗✉❛❧ s❡r✐❛✱ ❡♥tã♦✱ ♦ ♠ét♦❞♦ ❛❞❡q✉❛❞♦ ♣❛r❛ ✐♥t❡r♣♦❧❛r ♦s ❞❛❞♦s ♦r✐✲

✉♥❞♦s ❞❡ ✉♠❛ ❡s❝❛❧❛ ❡ ♣❛ss❛✲❧♦s ♣❛r❛ ❛ ♦✉tr❛ ❡s❝❛❧❛❄ ❉❡✈❡♠♦s ❧❡♠❜r❛r q✉❡ ♦s ❞❛❞♦s ❞❡ ▼❉

sã♦ ❞❡ ♥❛t✉r❡③❛ ❡st❛tíst✐❝❛ ❡ ❝❤❡✐♦s ❞❡ ✢✉t✉❛çõ❡s✳ P♦r s❡ tr❛t❛r ❞❡ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♥❛ ❡s❝❛❧❛

❛tô♠✐❝❛✱ ♦s ❞❛❞♦s ❞❡ ▼❉ sã♦ ♠✉✐t♦ ♠❛✐s r✉✐❞♦s♦s q✉❡ ♦s ❞❛❞♦s ♦r✐✉♥❞♦s ❞❡ ✉♠❛ ♠♦❞❡❧❛❣❡♠

❞❡ ❝♦♥tí♥✉♦✳ ❙❡r✐❛ ✐♥t❡r❡ss❛♥t❡ ♣❡♥s❛r ❡♠ ✉♠❛ ✐♥t❡r♣♦❧❛çã♦ ❡st❛tíst✐❝❛ ♣❛r❛ ♣❛ss❛r ♦s ❞❛❞♦s

❞❡ ▼❉ ♣❛r❛ P❉ ❞❡ ♠♦❞♦ ❛ s✉❛✈✐③❛r ❡st❡ r✉í❞♦✳ P❛r❛ ✐st♦ ♥ós ✉t✐❧✐③❛♠♦s ✉♠ ♠ét♦❞♦ ❡s✲

t❛tíst✐❝♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ❑r✐❣✐♥❣✳ ◗✉❛♥❞♦ ♣❛ss❛♠♦s ❞❛❞♦s ❞❛ P❡r✐❞②♥❛♠✐❝s

♣❛r❛ ❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♥ós ✉s❛♠♦s ✉♠❛ ✐♥t❡r♣♦❧❛çã♦ ❧✐♥❡❛r ❞❡ ▲❛❣r❛♥❣❡✳ ❊ss❛ ✐❞❡✐❛ é

❢r✉t♦ ❞❛ ♣❛r❝❡r✐❛ ❝r✐❛❞❛ ❡♥tr❡ ♥♦ss♦ ❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛ ❡ ♣❡sq✉✐s❛❞♦r❡s ❞❛ ❇r♦✇♥ ❯♥✐✈❡rs✐t②

♥♦s ❊st❛❞♦s ❯♥✐❞♦s ❞✉r❛♥t❡ ❡stá❣✐♦ ❞❡ ❞♦✉t♦r❛❞♦ ♥♦ ❣r✉♣♦ ❞♦ ♣r♦❢❡ss♦r ●❡♦r❣❡ ❑❛r♥✐❛❞❛❦✐s

✭❤tt♣✿✴✴✇✇✇✳❞❛♠✳❜r♦✇♥✳❡❞✉✴♣❡♦♣❧❡✴❢❛❝✉❧t②♣❛❣❡✳❣❦✳❤t♠❧✮✳ ❆♣r❡s❡♥t❛♠♦s ❛ ✐♥t❡r♣♦❧❛çã♦

❞❡ ❑r✐❣✐♥❣ ♥❛ s❡❝çã♦ ✺✳✸✳✶ ❡ ❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ▲❛❣r❛♥❣❡ ♥❛ s❡❝çã♦ ✺✳✸✳✷✳

5.3.1 Interpolação de Kriging

◆❛s ú❧t✐♠❛s ❞é❝❛❞❛s ❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ❑r✐❣✐♥❣ é ✉♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ❢❡rr❛♠❡♥t❛s ♥♦ ❝❛♠♣♦

❞❡ ●❡♦❡st❛tíst✐❝❛✳ ❉❛❞❛ ✉♠❛ ♠❡❞✐❞❛ ❞❡ ❝❛♠♣♦✱ ❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ♣❡r✜❧ ❞❡ ❛❧t✉r❛ ❞❡ ✉♠❛

r❡❣✐ã♦✱ s❛❜❡♠♦s q✉❡ é ✐♥✈✐á✈❡❧ ♦✉✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱ ❛té ♠❡s♠♦ ✐♠♣♦ssí✈❡❧ r❡❛❧✐③❛r ♠❡❞✐❞❛s ❡♠

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

❞❡ ❛♠♦str❛s ❡ ❝♦♠ ✐ss♦ ❢❛③ ✉♠❛ ♣r❡✈✐sã♦ ❡st❛tíst✐❝❛ ❛ r❡s♣❡✐t♦ ❞❡ ♣♦♥t♦s ♥ã♦ t❡st❛❞♦s✳ ❊ss❛

♣r❡✈✐sã♦ ❡stá ❜❛s❡❛❞❛ ♥❛ ♠❛tr✐③ ❞❡ ❝♦rr❡❧❛çã♦ ❞❛ ❛♠♦str❛ ♦♥❞❡✱ ♥❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s✱ ♣♦♥t♦s

❡s♣❛❝✐❛❧♠❡♥t❡ ♣ró①✐♠♦s t❡♠ ❛❧t❛ ❝♦rr❡❧❛çã♦✳ ❊ss❡ ♠ét♦❞♦ t❡♠ ♠♦str❛❞♦ ❜♦♥s r❡s✉❧t❛❞♦s ❡♠

❛♣❧✐❝❛çõ❡s ❝♦♠ ✢✉✐❞♦s ❬✶✸✵✱✶✸✶❪✳ ❑r✐❣✐♥❣ é ✉t✐❧✐③❛❞♦ ♣❛r❛ r❡❝♦♥str✉✐r ♦ ♣❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡♠

♠❡❞✐❞❛s ❞❡ P■❱ ✭P❛rt✐❝❧❡s ✐♠❛❣❡ ✈❡❧♦❝✐♠❡tr②✮ ❡♠ ♣♦♥t♦s ❝♦♠ ❜❛✐①❛ r❡s♦❧✉çã♦ ♦✉ ❛té ♠❡s♠♦

q✉❛♥❞♦ ❞❛❞♦s ❡♠ ✉♠❛ r❡❣✐ã♦ ✐♥t❡✐r❛ sã♦ ♣❡r❞✐❞♦s ❬✶✷✽✱✶✸✵❪✳
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❆ ✐❞❡✐❛ ❜ás✐❝❛ ❝♦♥s✐st❡ ✐♥✐❝✐❛❧♠❡♥t❡ ♥❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ✈❛r✐♦❣r❛♠❛ ♦✉ ❝♦rr❡❧♦❣r❛♠❛

❡①♣❡r✐♠❡♥t❛❧ ❞♦s ❞❛❞♦s ❛♠♦str❛❞♦s✳ ❉❛❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s ❛♠♦str❛❞♦s ❡ ❛ r❡s♣❡❝t✐✈❛

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

é ❝♦♥str✉í❞♦ ♣♦r ❝❛❧❝✉❧❛r ❛ ♠❡t❛❞❡ ❞♦ q✉❛❞r❛❞♦ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❛ ♠❡❞✐❞❛ s♦❜r❡ t♦❞♦s ♦s ♣❛r❡s

❝♦♠ ❞✐stâ♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ h✳ ▼❛t❡♠❛t✐❝❛♠❡♥t❡ ❡s❝r❡✈❡♠♦s ❬✶✷✽❪✿

γ(hi,j) =
1

2Li

Li
∑

i

(f(i)− f(j))2, (5.10)

♦♥❞❡ f(i) é ♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ ♥♦ ♣♦♥t♦ i ❡ f(j) é ❡♠ ✉♠ ♣♦♥t♦ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ h ❞♦

♣♦♥t♦ i✳ Li é ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ♣❛r❡s ♣❛r❛ ✉♠❛ ❞❛❞❛ ❞✐stâ♥❝✐❛ ❞❡ s❡♣❛r❛çã♦✳ ❊♠ ♦✉tr❛s

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

s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ h✳ ❈♦♠ ♦ ✈❛r✐♦❣r❛♠❛ ❡①♣❡r✐♠❡♥t❛❧ ♣♦❞❡♠♦s ❝♦♥str✉✐r ❛ ♠❛tr✐③

❞❡ ❝♦rr❡❧❛çã♦ ❞♦ s✐st❡♠❛✳

❙✉♣♦♥❤❛♠♦s✱ ♥♦ ❡♥t❛♥t♦✱ q✉❡ ❡①✐st❡♠ ♣♦s✐çõ❡s ❞❛ ❛♠♦str❛ ♦♥❞❡ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ r❡❛❧✐③❛r ❛

♠❡❞✐❞❛ ♦✉ ♦ ❞❛❞♦ ❝♦❧❡t❛❞♦ é ❞❡ ❜❛✐①❛ q✉❛❧✐❞❛❞❡ ✭✐♠♣r❡❝✐s♦✮✳ ❆ ✐❞❡✐❛ é ✉s❛r ✉♠❛ ❢✉♥çã♦ ♠♦❞❡❧♦

♣❛r❛ ❝♦♥❤❡❝❡r ♦s ♣♦♥t♦s ♥ã♦ ❛♠♦str❛❞♦s✳ ◆♦ ♠ét♦❞♦ ❞❡ ❑r✐❣✐♥❣ ❛ ♠❛tr✐③ ❞❡ ❝♦rr❡❧❛çã♦ ❣❡r❛❞❛

♣♦r ❡st❛s ❢✉♥çõ❡s ❞❡✈❡ s❡r ♣♦s✐t✐✈❛ ❞❡✜♥❛✳ ■ss♦ ❛❝❛rr❡t❛ ❡♠ ✉♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❢✉♥çõ❡s

q✉❡ ♣♦❞❡♠ s❡r ✉s❛❞❛s ♣❛r❛ ❛❥✉st❛r ♦ ✈❛r✐♦❣r❛♠❛✳ ❋✉♥çõ❡s ▲✐♥❡❛r❡s✱ ❡s❢ér✐❝❛s ❡ ❣❛✉ss✐❛♥❛s

sã♦ ❡①❡♠♣❧♦s ❞❡ ❢✉♥çõ❡s q✉❡ ♣♦❞❡♠ ❛❥✉st❛r ✉♠ ✈❛r✐♦❣r❛♠❛ ❡①♣❡r✐♠❡♥t❛❧✳ P❛r❛ ♦s só❧✐❞♦s✱ ♦

♠♦❞❡❧♦ ❣❛✉ss✐❛♥♦ ♣❛r❡❝❡ s❡ ❛❞❡q✉❛r ♠❡❧❤♦r ❛♦ ✈❛r✐♦❣r❛♠❛ ♣r♦✈❡♥✐❡♥t❡ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳

❊♠❜♦r❛ ❛ r❛③ã♦ ♥ã♦ s❡❥❛ ❝❧❛r❛✱ ♦ ♠♦❞❡❧♦ ❣❛✉ss✐❛♥♦ t❡♠ s✐❞♦ ❡♠♣r❡❣❛❞♦ ❝♦♠ ♠❛✐s s✉❝❡ss♦ q✉❡

♦s ❞❡♠❛✐s t✐♣♦s ❞❡ ❢✉♥çõ❡s t❛♠❜é♠ ❡♠ ♠♦❞❡❧❛❣❡♠ ❞❡ ✢✉✐❞♦s✳ ◆❛❞❛ ✐♠♣❡❞❡ q✉❡ ❝♦♠❜✐♥❛çõ❡s

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

♠❛tr✐③ ❞❡ ❝♦rr❡❧❛çã♦ ♣♦s✐t✐✈❛ ❞❡✜♥✐❞❛✳

◆❛ ❋✐❣✳ ✺✳✽ ♠♦str❛♠♦s ✉♠ ❡①❡♠♣❧♦ ❞❡ ✈❛r✐♦❣r❛♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❡ ✉♠ ❛❥✉st❡ ❢❡✐t♦ ❛ ❡ss❡

✈❛r✐♦❣r❛♠❛ ✉s❛♥❞♦ ❛ s♦♠❛ ❞❡ ❢✉♥çõ❡s ❣❛✉ss✐❛♥❛s✳ ❚❛❧ ✈❛r✐♦❣r❛♠❛ ❢♦✐ ♦❜t✐❞♦ ✉t✐❧✐③❛♥❞♦ ♥♦ss♦

❝ó❞✐❣♦✳ ❖ ✈❛r✐♦❣r❛♠❛ ❞❛ ❋✐❣✳ ✺✳✽ r❡♣r❡s❡♥t❛ ❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ♣❛rtí❝✉❧❛s ❞❡ ✉♠❛ ♣❡q✉❡♥❛

♣❛rt❡ ❞❡ ✉♠ ♥❛♥♦✜♦ ❞❡ ♦✉r♦ s✐♠✉❧❛❞♦ ✉s❛♥❞♦ ▼❉✳ ❆ ❝✉r✈❛ ❝♦♥tí♥✉❛ r❡♣r❡s❡♥t❛ ✉♠ ❛❥✉st❡

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

❣❛✉ss✐❛♥❛s ♣❛r❛ ❛t✐♥❣✐r ✉♠ ♠❡❧❤♦r ❛❥✉st❡✳ ❆♥t❡s ❞❡ ♣r♦ss❡❣✉✐r♠♦s ♥❛ ♦❜t❡♥çã♦ ❞♦s ♣♦♥t♦s

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

♠ét♦❞♦ ❥✉♥t♦ ❝♦♠ ♦ ♠ét♦❞♦ ❞❡ ❙✇❛rt③✱ ❝❛❞❛ ✈❡③ q✉❡ ♣❛ss❛♠♦s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❞❡ ✉♠

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

❞✐r❡çã♦ ❡ ❡♥tã♦ ❛❥✉st❛❞♦ ♣♦r ❢✉♥çõ❡s ❣❛✉ss✐❛♥❛s✳ ◆♦ ❝❛s♦ ♠♦str❛❞♦ ❛❜❛✐①♦✱ ♦ ❛❥✉st❡ ❧❡✈❛

85



5.3.1 Interpolação de Kriging 86

Figura 5.8: Variograma feito a partir de dados de Dinâmica Molecular reproduzido por nosso código. Os círculos

representam o variograma experimental enquanto que a curva vermelha é o ajuste feito pela combinação linear de dois

modelos de variogramas resultando em uma matriz de correlação positiva definida

q✉❛tr♦ ♣❛râ♠❡tr♦s ✭a✱ b✱ c✱ d✮✳ ❚❛❧ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❜✉s❝❛ ❞❡ ♣❛râ♠❡tr♦s ❢♦✐ ❢❡✐t♦ ✉s❛♥❞♦ ✉♠

❛❧❣♦r✐t♠♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♠ét♦❞♦ ❙✐♠♣❧❡① ✭✈❡r ❝❛♣ít✉❧♦ ✷✮✳

❉❛❞❛ ❛ ♠❛tr✐③ ❞❡ ❝♦rr❡❧❛çã♦ ❡ ❛ ❢✉♥çã♦ q✉❡ s❡ ❛❥✉st❛ ❛♦ ✈❛r✐♦❣r❛♠❛ ♣♦❞❡♠♦s ♣r❡❞✐③❡r q✉❛❧

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

q✉❡ r❡♣r❡s❡♥t❛ ❛ s♦❧✉çã♦ ♣❛r❛ ✉♠ ❑r✐❣✐♥❣ ♦r❞✐♥ár✐♦ ❝♦♠ ❡rr♦ ♠✐♥✐♠✐③❛❞♦✿












γ(h11) γ(h12) ... γ(h1n) 1
γ(h21) γ(h22) ... γ(h2n) 1

: : ... : :
γ(hn1) γ(hn2) ... γ(hnn) 1

1 1 ... 1 0













.













W1

W2

:
Wn

λ













❂













γ(h1P )
γ(h2P )

:
γ(hnP )

1













◆❛ ❡q✉❛çã♦ ♠❛tr✐❝✐❛❧ ❛❝✐♠❛ λ é ✉♠ ♣❛râ♠❡tr♦ ❞❡ ▲❛❣r❛♥❣❡ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♠✐♥✐♠✐③❛r ♦

❡rr♦✱ ❡ W sã♦ ♣❡s♦s ❛ss♦❝✐❛❞♦s ❛s ♠❡❞✐❞❛s✳ ❆ ❡q✉❛çã♦ ♠❛tr✐❝✐❛❧ ❛❝✐♠❛ ♣r❡❝✐s❛ s❡r ❛✈❛❧✐❛❞❛

❡♠ ❝❛❞❛ ♣♦♥t♦ ❞❡s❝♦♥❤❡❝✐❞♦ q✉❡ s❡ ❞❡s❡❥❛ ❝♦♥❤❡❝❡r ♦ ✈❛❧♦r✳ ❆✜♠ ❞❡ s♦❧✉❝✐♦♥❛r ❛ ❡q✉❛çã♦

♠❛tr✐❝✐❛❧ ❛❝✐♠❛✱ ♥ós ❢❛③❡♠♦s ✉♠❛ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❈❤♦❧❡s❦② ♦✉ ✉♠❛ ❞❡❝♦♠♣♦s✐çã♦ ▲❯ ✭ ❆

❛❜r❡✈✐❛çã♦ s✐❣♥✐✜❝❛ ▲♦✇❡r✲❯♣✱ q✉❡ ✈❡♠ ❞❛ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ✉♠❛ ❞❛❞❛ ♠❛tr✐③ ♥♦ ♣r♦❞✉t♦ ❞❡

❞✉❛s ♠❛tr✐③❡s tr✐❛♥❣✉❧❛r❡s✱ ✉♠❛ ✐♥❢❡r✐♦r ❡ ♦✉tr❛ s✉♣❡r✐♦r✮✳ ❆ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❈❤♦❧❡s❦② é

♠❛✐s rá♣✐❞❛ ❡ só é ♣♦ssí✈❡❧ ♣♦rq✉❡ ❛ ♠❛tr✐③ ❞❡ ❝♦rr❡❧❛çã♦ é ♣♦s✐t✐✈❛ ❞❡✜♥✐❞❛ ❡ ♣♦rt❛♥t♦ t❡♠

s❡✉ ❛✉t♦✈❛❧♦r❡s t♦❞♦s ♣♦s✐t✐✈♦s✳

❖ ✈❛❧♦r ❞❡ ✉♠❛ ❢✉♥çã♦ F ♣♦❞❡ s❡r ❡st✐♠❛ ❡♠ ✉♠ ♣♦♥t♦ P ♥ã♦ ❛♥t❡r✐♦r♠❡♥t❡ ❛♠♦str❛❞♦

❢❛③❡♥❞♦ ❛ ❝♦♠❜✐♥❛çã♦ ❧✐♥❡❛r ❞♦s ♣❡s♦s W ❝♦♠ ♦ ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♥♦s ♣♦♥t♦s t❡st❛❞♦s✳ ❆ss✐♠

♣♦❞❡♠♦s ❡s❝r❡✈❡r✿
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5.3.2 Interpolação de Lagrange 87

F (x, y, z) =
n

∑

i=1

Wif(i). (5.11)

5.3.2 Interpolação de Lagrange

❉♦ ♦✉tr♦ ❧❛❞♦✱ q✉❛♥❞♦ ♣❛ss❛♠♦s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❞❛ P❡r✐❞②♥❛♠✐❝s ♣❛r❛ ❛ ❉✐♥â♠✐❝❛

▼♦❧❡❝✉❧❛r✱ ♥ós ✉s❛♠♦s ✉♠❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ▲❛❣r❛♥❣❡✳ ❆ ✐❞❡✐❛ é s✉❜❞✐✈✐❞✐r ♦ s✉❜❞♦♠í♥✐♦

P❉ ❡♠ ❡❧❡♠❡♥t♦s ❝ú❜✐❝♦s ❡①❛t❛♠❡♥t❡ ❝♦♠♦ P❉ ❡stá ❞✐s❝r❡t✐③❛❞❛ ♥♦ ♣r♦❜❧❡♠❛ ❡♠ q✉❡stã♦✳

❋✉♥çõ❡s ❞❡ ❋♦r♠❛ ❡♠ ✸❉ ✉t✐❧✐③❛❞❛s ❡♠ ♠ét♦❞♦ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❢♦r❛♠ ❛♣r♦✈❡✐t❛❞❛s ♣❛r❛

✐♥t❡r♣♦❧❛r ❣r❛♥❞❡③❛s ❛ss♦❝✐❛❞❛s ❛s ♣❛rtí❝✉❧❛s ♥♦ ✐♥t❡r✐♦r ❞❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ ❝ú❜✐❝♦ ❞❡ P❉✳ ❆ss✐♠✱

sã♦ ♣❛ss❛❞❛s ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❞❡ P❉ ♣❛r❛ ▼❉✱ ❛♥❛❧♦❣❛♠❡♥t❡✱ ❡ss❛ ♠❡t♦❞♦❧♦❣✐❛ ♣♦❞❡

s❡r ✐♠♣❧❡♠❡♥t❛❞❛ ♣❛r❛ ♦✉tr♦s ♠ét♦❞♦s ❞❡ ❝♦♥tí♥✉♦✳ ❉❡ss❛ ❢♦r♠❛✱ ✉♠❛ ♣❛rtí❝✉❧❛ ♥♦ ✐♥t❡r✐♦r

❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❞❡ss❡ t✐♣♦ é ✐♥t❡r♣♦❧❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❞❡❢♦r♠❛çã♦ ❞♦ ❡❧❡♠❡♥t♦✱ ♥❡st❛

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

❢♦r♠❛ ❞♦ ♠❡s♠♦✱ s❡♥❞♦ ❞✐str✐❜✉í❞❛s ❧✐♥❡❛r♠❡♥t❡ ♥♦ ✐♥t❡r✐♦r ❞❡ t❛❧ ❡❧❡♠❡♥t♦✳ ❆ ❋✐❣✳ ✺✳✾ ✐❧✉str❛

✉♠ ❡❧❡♠❡♥t♦ ❝ú❜✐❝♦ ❝♦♠ ✉♠ ♥ó ❡♠ ❝❛❞❛ ✈ért✐❝❡✳ ❆ ✐♠❛❣❡♠ ❛ ❞✐r❡✐t❛ ❞❛ ❋✐❣✳ ✺✳✾ ♠♦str❛ ✉♠❛

♣♦ssí✈❡❧ ❞❡❢♦r♠❛çã♦ ❞♦ ❡❧❡♠❡♥t♦✳ ◆❡st❡ ❝❛s♦ ❛s ♣❛rtí❝✉❧❛s ♥♦ ✐♥t❡r✐♦r ❞❡✈❡♠ s❡r ❞✐str✐❜✉í❞❛s

❧✐♥❡❛r♠❡♥t❡ ❞❡ ♠♦❞♦ ❛ s❡❣✉✐r❡♠ ❛ ♠❡s♠❛ ❢♦r♠❛✳

◆♦ ♠ét♦❞♦ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❧✐♥❡❛r ❞❡ ▲❛❣r❛♥❣❡✱ ♦ ♣♦❧✐♥ô♠✐♦ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❡♠ ✉♠❛ ❞✐✲

♠❡♥sã♦ é ❞❛❞♦ ♣♦r✿

lnk (ζ1) =
n
∏

i=0,i 6=k

ζ1 − ζ i1
ζk1 − ζ i1

, (5.12)

❯♠ ♠♦❞♦ ❢á❝✐❧ ❡ s✐st❡♠át✐❝♦ ❞❡ ❣❡r❛r ❛s ❢✉♥çõ❡s ❞❡ ❢♦r♠❛ ♣❛r❛ q✉❛❧q✉❡r ❞✐♠❡♥sã♦ ♣♦❞❡ s❡r

❛❧❝❛♥ç❛❞♦ ♣♦r ✉♠ s✐♠♣❧❡s ♣r♦❞✉t♦ ❞❡ ♣♦❧✐♥ô♠✐♦s ❞❡ ▲❛❣r❛♥❣❡ ❡♠ ❝❛❞❛ ❞✐♠❡♥sã♦✳ ❆ss✐♠✱ ❡♠

✸❉ t❡r❡♠♦s✿

NIJK = lnI (ζ1)l
m
J (ζ2)l

p
K(ζ3), (5.13)

❖♥❞❡ ζ1 = 2
ae
(x − xe)✱ ζ2 = 2

be
(y − ye) ❡ ζ3 = 2

ce
(z − ze)✳ ae✱ be ❡ ce sã♦ ❛s ❞✐♠❡♥sõ❡s ❞❡

❝❛❞❛ ❡❧❡♠❡♥t♦✳ xe✱ ye ❡ ze sã♦ ❛s ❝♦♦r❞❡♥❛❞❛s ❞♦ ❝❡♥tr♦ ❞❡ ❝❛❞❛ ❡❧❡♠❡♥t♦✳ P❛r❛ ✉♠ ❡❧❡♠❡♥t♦

❝ú❜✐❝♦ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✺✳✶✵✱ ❛s ✽ ❢✉♥çõ❡s ❞❡ ❢♦r♠❛ ♣♦❞❡♠ s❡r s✉♠❛r✐③❛❞❛s ❞❛ s❡❣✉✐♥t❡

♠❛♥❡✐r❛✿

N i =
1

8
(1 + ζ i1ζ1)(1 + ζ i2ζ2)(1 + ζ i3ζ3) (5.14)
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5.3.3 Acoplando LAMMPS-MD com LAMMPS-PD 88

Figura 5.9: Exemplo de elemento finito sólido com 8 nós. A imagem a direita mostra uma possível deformação do

elemento

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦s ♣♦♥t♦s ✐♥t❡r♣♦❧❛❞♦s ❞❡✈❡♠♦s ❢❛③❡r✿

u(x) =
∑

i

N i(x)ui (5.15)

❖♥❞❡ u(x) é ❛ ✈❛r✐❛çã♦ ❞❛ ❣r❛♥❞❡③❛ ✐♥t❡r♣♦❧❛❞❛ ♥♦ ♣♦♥t♦ ♥ã♦ ❛♠♦str❛❞♦ x✱ ❡ ui é ❛ ✈❛r✐❛çã♦

❞❛ ❣r❛♥❞❡③❛ ♥♦ ♣♦♥t♦ ♥♦❞❛❧✳

5.3.3 Acoplando LAMMPS-MD com LAMMPS-PD

❈♦♠♦▼❉ ❡ P❉ ❥á ❡stã♦ ✐♠♣❧❡♠❡♥t❛❞❛s ♥♦ ❝ó❞✐❣♦ ▲❆▼▼P❙✱ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❢❛❧❛♥❞♦✱

♥ós ❝r✐❛♠♦s ✉♠❛ ✐♥t❡r❢❛❝❡ ❡♠ ❈✰✰ q✉❡ ♣♦❞❡ tr❛t❛r ❛s ✐♥❢♦r♠❛çõ❡s ❞❡ ▼❉ ❡ ♣❛ss❛r ♣❛r❛ P❉

❡✱ ❛♥❛❧♦❣❛♠❡♥t❡✱ ♣♦❞❡♠♦s tr❛t❛r ❛s ✐♥❢♦r♠❛çõ❡s ♦r✐✉♥❞❛s ❞❡ P❉ ❡ ♣❛ss❛r ♣❛r❛ ▼❉✳ ❊♠

r❡s✉♠♦✱ ❡ss❛ ✐♥t❡r❢❛❝❡ ❝r✐❛ ✉♠❛ ♣♦♥t❡ ✭❧✐♥❦✮ ❡♥tr❡ ▲❆▼▼P❙✲▼❉ ❡ ♦ ♣ró♣r✐♦ ▲❆▼▼P❙✲P❉

✭▲❆▼▼P❙✲▼❉✲P❉✮✳ ❆ ✐♥t❡r❢❛❝❡ ❞❡❝♦♠♣õ❡ ♦ ❞♦♠í♥✐♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ✐❞❡✐❛ ❛♣r❡s❡♥t❛❞❛ ♥❛

❋✐❣✳ ✺✳✼✳ ❖s ❞❛❞♦s sã♦ tr❛t❛❞♦s ❞❡ ♠♦❞♦ ❛ ♣❛ss❛r❡♠ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❞❡ ❛❝♦r❞♦ ❝♦♠

♦ ♠ét♦❞♦ ❞❡ ❙✇❛rt③ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡❝çã♦ ✺✳✸✱ ❢❛③❡♥❞♦ ❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ❑r✐❣✐♥❣ q✉❛♥❞♦ ♦s

❞❛❞♦s sã♦ ♣❛ss❛❞♦s ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♣❛r❛ P❡r✐❞②♥❛♠✐❝s✳ ◗✉❛♥❞♦ ♦s ❞❛❞♦s sã♦ ♣❛ss❛❞♦s

❞❡ P❡r✐❞②♥❛♠✐❝s ♣❛r❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r é ✉s❛❞❛ ❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ▲❛❣r❛♥❣❡✳ ❆ ❋✐❣✳ ✺✳✶✵

♠♦str❛ ❛ ✐❞❡✐❛ ❜ás✐❝❛ ❞♦ ❝ó❞✐❣♦✳ ❉❡✈❡♠♦s s❛❧✐❡♥t❛r ❛q✉✐ ♦ ❝ó❞✐❣♦ t❛♠❜é♠ ✉t✐❧✐③❛ ❛s ❜✐❜❧✐♦t❡❝❛s

▼❑▲ ❞❛ ✐♥t❡❧ ✭▼❛t❤ ❦❡r♥❡❧ ▲✐❜r❛r②✮ ♣❛r❛ tr❛❜❛❧❤❛r ❝♦♠ ♠❛tr✐③❡s✱ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❈❤♦❧❡s❦②

❡ s♦❧✉çã♦ ❞❡ ❡q✉❛çõ❡s ♠❛tr✐❝✐❛✐s✳ P❛r❛ ❛ ❜✉s❝❛ ❞❡ ♣❛râ♠❡tr♦s ❞❛ ❢✉♥çã♦ q✉❡ ❛❥✉st❛ ♦s ❞❛❞♦s

❞♦ ✈❛r✐♦❣r❛♠❛ ❡①♣❡r✐♠❡♥t❛❧✱ ♥♦ ♥♦ss♦ ❝❛s♦✱ ❢✉♥çõ❡s ❣❛✉ss✐❛♥❛s ❝♦♠ ❛❧❣✉♥s ♣❛râ♠❡tr♦s✱ ♥ós

✉t✐❧✐③❛♠♦s ❛s ❜✐❜❧✐♦t❡❝❛s ❞✐s♣♦♥í✈❡✐s ♥❛ ●❙▲ ✭●◆❯ ❙❝✐❡♥t✐✜❝ ▲✐❜r❛r②✮ ❝♦♠ ♦ ♠ét♦❞♦ s✐♠♣❧❡①

❞❡ ❜✉s❝❛✳

Figura 5.10: Esquema da interface que acopla MD e MD usando o código LAMMPS
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◆❛❞❛ ✐♠♣❡❞❡ q✉❡ ♦ ❡sq✉❡♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✳ ✺✳✶✵ s❡❥❛ ♠♦❞✐✜❝❛❞♦ ♣❛r❛ ❛❝♦♣❧❛r ▼❉ ❝♦♠

▼❉ ♦✉ P❉ ❝♦♠ P❉✳ ❖✉ s❡❥❛✱ ❛❝♦♣❧❛r ❛s ♠❡s♠❛s t❡♦r✐❛s✳ ❆✜♠ ❞❡ t❡st❛r ♦ ❝ó❞✐❣♦✱ ♥ós ♣r♦♣♦♠♦s

s✐♠✉❧❛r ✉♠ ♣r♦❜❧❡♠❛ s✐♠♣❧❡s ❝♦♥❤❡❝✐❞♦✱ ♥ós ❛❝♦♣❧❛♠♦s ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❞✐s♣♦♥í✈❡❧ ♥♦

❝ó❞✐❣♦ ▲❆▼▼P❙ ❝♦♠ ❛ ♣ró♣r✐❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳ ❚❡rí❛♠♦s ❡♥tã♦✱ ✉♠❛ ✐♥t❡r❢❛❝❡ ✐❞ê♥t✐❝❛

❛♦ ❝❛s♦ ▲❆▼▼P❙✲▼❉✲P❉ ♠❛s✱ ❞❡st❛ ✈❡③✱ ❛❝♦♣❧❛r❡♠♦s ▲❆▼▼P❙✲▼❉ ❝♦♠ ▲❆▼▼P❙✲▼❉

✭▲❆▼▼P❙✲▼❉✲▼❉✮ ✭✈❡r ❋✐❣✳ ✺✳✶✶ ✭❛✮✮✳ ❖ ♣r♦❜❧❡♠❛ ❝♦♥s✐st❡ s✐♠✉❧❛r ✷✵ ♣s ✭✷✵ ♠✐❧ ♣❛ss♦s✮

❞❡ r❡❧❛①❛çã♦ ❞❡ ✉♠ ♥❛♥♦✜♦ ❞❡ ♦✉r♦ ♠♦❞❡❧❛❞♦ ♣r✐♠❡✐r❛♠❡♥t❡ ❝♦♠ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❊❆▼ s❡♠

♥❡♥❤✉♠❛ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❞♦♠í♥✐♦ ♦✉ ❛❝♦♣❧❛♠❡♥t♦✳ ❖ ♥❛♥♦✜♦ t❡♠ ❞✐♠❡♥sõ❡s 21.5 × 8 × 8

♥♠✳ ❙✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ❛ ♠❡s♠❛ s✐♠✉❧❛çã♦ é ❢❡✐t❛ ❛♣❧✐❝❛♥❞♦ ♦ ❛❝♦♣❧❛♠❡♥t♦ ♣r♦♣♦st♦ ♥❡st❡

tr❛❜❛❧❤♦✳ ❯s❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ ❙✇❛rt③✱ ❛ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❞♦♠í♥✐♦ é ❢❡✐t❛ ❞❡ ❛❝♦r❞♦ ❝♦♠

❛ ❋✐❣✳ ✺✳✼✭❛✮ ❡ ✐❧✉str❛❞❛ t❛♠❜é♠ ♥❛ ❋✐❣✳ ✺✳✶✶ ✭❜✮✳ ❆ ✐♥t❡r❢❛❝❡ t♦♠❛ ♦s ❞❛❞♦s ❞❛ r❡❣✐ã♦

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

✐♠♣♦♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦✳ ❆ ✐♥❢♦r♠❛çã♦ é tr♦❝❛❞❛ ❡♥tr❡ s✉❜❞♦♠í♥✐♦s ❛ ❝❛❞❛ ✶✵✵ ❢s

❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❋✐❣✳ ✺✳✼✭❜✮✳ ◆❛ ❋✐❣✳ ✺✳✶✶✭❜✮✱ ♥ós t♦♠❛♠♦s ✉♠❛ r❡❣✐ã♦ ❛❢❛st❛❞❛ ❞❛ r❡❣✐ã♦

❞❡ ♦✈❡r❧❛♣ ❡ ❝♦♠♣❛r❛♠♦s ♦ r❡s✉❧t❛❞♦ ❞❛ ♠❡❞✐❞❛ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ✭❝✮ ♣❛r❛

♦ ❝❛s♦ ♣✉r♦ ✭s❡♠ ❛❝♦♣❧❛♠❡♥t♦✮ ❝♦♠ ♦ ❝❛s♦ ❛❝♦♣❧❛❞♦ ❛♣ós ✷✵ ♣s ❞❡ s✐♠✉❧❛çã♦✳ ❖ r❡s✉❧t❛❞♦

♠♦str❛ q✉❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❢♦r❛ ❞❛ r❡❣✐ã♦ ❞❡ ♦✈❡r❧❛♣ ❝❛✉s♦✉ ✉♠ ♠í♥✐♠♦ ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ ♥❛

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

r❡❣✐ã♦ ❞❡ ♦✈❡r❧❛♣ ❋✐❣✳ ✺✳✶✶✭❝✮ ♥ós t❛♠❜é♠ ✈❡r✐✜❝❛♠♦s ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ♠❡❞✐❞❛s ❞❡ ❝ ❝♦♠

❡ s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳ P✉❞❡♠♦s ✈❡r q✉❡ ♥❛ ♣❛rt❡ ✐♥t❡r♥❛ ♥♦ ♥❛♥♦✜♦ ✭❜✉❧❦✮ ♥ã♦ ❤♦✉✈❡ ♥❡♥❤✉♠

♠✉❞❛♥ç❛ ❞❡ ❝✳ ◆❛ ♣❛rt❡ ♠❛✐s ❡①t❡r♥❛ ❞❛ r❡❣✐ã♦ ❞❡ ♦✈❡r❧❛♣ ✭s✉♣❡r❢í❝✐❡✮ ❤♦✉✈❡ ✉♠❛ ❞✐❢❡r❡♥ç❛

♥♦ ✈❛❧♦r ❞❡ ❝✱ ♠❛s ❛ ❡str✉t✉r❛ é ♣r❡s❡r✈❛❞❛ s❡♠ ❣r❛♥❞❡s ♠✉❞❛♥ç❛s✳

Figura 5.11: Esquema da interface que acopla MD e PD usando o código LAMMPS
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❆❣♦r❛ ✈❛♠♦s s✐♠✉❧❛r ♦ ❝❛s♦ ❛♥t❡r✐♦r ✉s❛♥❞♦ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ▼❉ ❡ P❉✳ ❱❛♠♦s ♠♦❞❡❧❛r

✉♠ ♥❛♥♦✜♦ ❝♦♠ ❞✐♠❡♥sõ❡s ✷✶✳✺ ① ✽ ① ✽ ♥♠✳ ❱❛♠♦s ♠♦❞❡❧❛r ❛ ♣r✐♠❡✐r❛ ♠❡t❛❞❡ ❞♦ ♥❛♥♦✜♦

❝♦♠ ▼❉ ✭♣❛rt❡ ❝✐♥③❛ ❞❛ ❋✐❣✳ ✺✳✶✷✮✳ ❆ ♣r✐♠❡✐r❛ ♠❡t❛❞❡ ❞♦ ♥❛♥♦✜♦ t❡♠ ❡str✉t✉r❛ ❢❝❝ ❝♦♠

♣❛râ♠❡tr♦ ✹✳✵✽ Å ❡ é ♠♦❞❡❧❛❞♦ ♥♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ❝♦♠ ♣❛ss♦s ❞❡ ✶ ❢s✳ ❱❛♠♦s ❝♦♥str✉✐r

✉♠❛ r❡❞❡ ❝ú❜✐❝❛ ♣❛r❛ ♠♦❞❡❧❛r ♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞♦ ♥❛♥♦✜♦ ❝♦♠ P❡r✐❞②♥❛♠✐❝s ✭♣❛rt❡ ❞♦✉r❛❞❛ ♥❛

❋✐❣✳✺✳✶✷✮✳ ❆ r❡❞❡ ❞❛ P❡r✐❞②♥❛♠✐❝s é ❝ú❜✐❝❛ ❡ t❡♠ ♣❛râ♠❡tr♦ ❞❡ ✺✳✵ Å✳ ❖ ♣❛ss♦ ❞❛ s✐♠✉❧❛çã♦

P❡r✐❞②♥❛♠✐❝s é ❞❡ ✶ ❢s✳ ❊①✐st❡♠✱ ♥❡st❛ s✐♠✉❧❛çã♦✱ ✻✸✶✷✷ ♣❛rtí❝✉❧❛s ▼❉ ❡ ✶✷✼✶✻ ♣❛rtí❝✉❧❛s

P❉✳ ❖ ✈❛❧♦r ❞❡ δ ✭❤♦r✐③♦♥✮ ❢♦✐ ❢❡✐t♦ ✐❣✉❛❧ ❛ ✶✺ Å✳ ❆ r❡❣✐ã♦ ❞♦ ♦✈❡r❧❛♣ ♣❛r❛ ❢❛③❡r ❛ ✐♥t❡r♣♦❧❛çã♦

❞❡ ❑r✐❣✐♥❣ ✭❡q✉✐✈❛❧❡♥t❡ ❛ r❡❣✐ã♦ ✷ ❞❛ ❋✐❣✳ ✺✳✼✭❛✮✮ ❡♠ t❡r♠♦s ❞♦ ❤♦r✐③♦♥ ❢♦✐ ❞❡ ✶ ① ✺ ① ✺ δ

❂ ✶✺ ① ✽✵ ① ✽✵ Å✳ ❊♥q✉❛♥t♦ q✉❡ ♦ t❛♠❛♥❤♦ ❞❛ r❡❣✐ã♦ ❞❡ ♦✈❡r❧❛♣ ♣❛r❛ ❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡

▲❛❣r❛♥❣❡ ✭❡q✉✐✈❛❧❡♥t❡ ❛ r❡❣✐ã♦ ✹ ❞❛ ❋✐❣✳ ✺✳✼✭❛✮✮ ❢♦✐ ❞❡ ✹ ① ✹✳✵✽ ❂ ✶✻✳✸✷ Å✳ ❈♦♠ ❡ss❡ ❞❛❞♦s✱

❛ ♠❛tr✐③ ❞❡ ❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ s❡❝çã♦ ✺✳✸✳✶ t❡♠ ❞✐♠❡♥sõ❡s ✻✵✽✹ ① ✻✵✽✹ ✭♠❛s ♣♦❞❡ s❡r

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

❖ ♠ó❞✉❧♦ ✈♦❧✉♠étr✐❝♦ ❞♦ ♠❛t❡r✐❛❧ ✭♦✉r♦✮ ❢♦✐ t♦♠❛❞♦ ✐❣✉❛❧ ❛ ✶✼✸ ●♣❛✳

Figura 5.12: Esquema da interface que acopla MD e PD usando o código LAMMPS

❖ ♥❛♥♦✜♦ é ♣✉①❛❞♦ ❞❛ ❡sq✉❡r❞❛ ♣❛r❛ ❛ ❞✐r❡✐t❛ ❛tr❛✈és ❞❡ ✺ ♣❧❛♥♦s ♠❛✐s ❡①t❡r♥♦s ❞♦

❧❛❞♦ ❡sq✉❡r❞♦ ✭✈❡r ❋✐❣✳ ✺✳✶✸✮ q✉❡ ♥ã♦ t✐✈❡r❛♠ s✉❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ✐♥t❡❣r❛❞❛s✳ ❖

❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ t♦❞♦ ♦ ❝♦♥❥✉♥t♦ é ♦❜s❡r✈❛❞♦ ❡ ✈❡r✐✜❝❛♠♦s ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡

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

❖ ❛❝♦♣❧❛♠❡♥t♦ ♣❛r❡❝❡ ❢✉♥❝✐♦♥❛r ❜❡♠ ❡ ♣♦❞❡ s❡r ❛❞❛♣t❛❞♦ ❡ ♠❡❧❤♦r❛❞♦ ♣❛r❛ ♦✉tr❛s s✐t✉❛çõ❡s

♠❛✐s ❝♦♠♣❧❡①❛s✳

❱✐♠♦s ♥❡st❡ ❝❛♣ít✉❧♦ ✉♠ ♠ét♦❞♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ▼❉ ❡ P❉✳ ◗✉❛♥❞♦ s✉❜♠❡t✐❞♦ ❛

❛❧❣✉♥s t❡st❡s ♦ ♠ét♦❞♦ ♠♦str♦✉ ❜♦♥s r❡s✉❧t❛❞♦s✳ ❖ ♠ét♦❞♦ ♣♦❞❡ s❡r ♠❡❧❤♦r❛❞♦ t❛♥t♦ ❞♦ ♣♦♥t♦

❞❡ ✈✐st❛ ❞♦ ❝ó❞✐❣♦ ✭t♦r♥❛♥❞♦✲♦ ♠❛✐s ♣♦rtá✈❡❧✮ ❝♦♠♦ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ t❡ór✐❝♦ ❛❞✐❝✐♦♥❛♥❞♦

♦✉tr❛s t❡♦r✐❛s ❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ▼ét♦❞♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s✳
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❊♠ sí♥t❡s❡✱ ♥ós ❝♦♥s❡❣✉✐♠♦s ❝r✐❛r ✉♠ ♠ét♦❞♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r

❡ P❡r✐❞②♥❛♠✐❝s ❜❛s❡❛❞♦ ❡♠ ✉♠❛ ❝♦♠♣♦s✐çã♦ ❞❡ ♠ét♦❞♦s t❛✐s ❝♦♠♦ ♦ ♠ét♦❞♦ ❞❡ ❙✇❛rt③ ♣❛r❛

s♦❧✉çã♦ ❞❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s✱ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ❑r✐❣✐♥❣ ❡ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ▲❛❣r❛♥❣❡✳ ❊st❛

s♦❧✉çã♦ ❢♦✐ ♣♦st❛ ❡♠ ♣rát✐❝❛ ❛tr❛✈és ❞❡ ✉♠ ❝ó❞✐❣♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ♥ós✳ ❖ ❝ó❞✐❣♦ ✉s❛ ♦

▲❆▼▼P❙ ❝♦♠♦ ✉♠❛ ❜✐❜❧✐♦t❡❝❛ ♣❛r❛ ❢❛③❡r ❝á❧❝✉❧♦s ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡ P❡r✐❞②♥❛♠✐❝s

❢❛③❡♥❞♦ ✉♠ ❧✐♥❦ ❡♥tr❡ ❛s ❞✉❛s t❡♦r✐❛s✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❝ó❞✐❣♦ ✉s❛ ❛s ❜✐❜❧✐♦t❡❝❛s ▼❑▲ ✭▼❛t❤

❦❛r♥❡❧ ▲✐❜r❛r②✮ ♣❛r❛ r❡s♦❧✈❡r ❛ ❡q✉❛çã♦ ♠❛tr✐❝✐❛❧ ♣r♦♣♦st❛ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❞❡

❑r✐❣✐♥❣✳ ❖ ❝ó❞✐❣♦ ✉s❛ t❛♠❜é♠ ❜✐❜❧✐♦t❡❝❛s ●❙▲ ✭●◆❯ ❙❝✐❡♥t✐✜❝ ▲✐❜r❛r②✮ ♣❛r❛ ❡♥❝♦♥tr❛r

♦s ♣❛râ♠❡tr♦s ❞❡ ♠✐♥✐♠✐③❛♠ ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❝♦♠ ♦s ❞❛❞♦s ❞♦ ✈❛r✐♦❣r❛♠❛✳ ◆ós

❛❝♦♣❧❛♠♦s ▼❉ ❝♦♠ ▼❉ ❡ ✜③❡♠♦s ✉♠ t❡st❡✳ ❱✐♠♦s q✉❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❢✉♥❝✐♦♥♦✉ ❜❡♠ ❛♦

t❡st❛r♠♦s ❡♠ ✉♠ ♣r♦❜❧❡♠❛ s✐♠♣❧❡s ❞❡ s♦❧✉çã♦ ❝♦♥❤❡❝✐❞❛✳ ❋♦✐ ✈❡r✐✜❝❛❞♦ q✉❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ▼❉

❝♦♠ P❉ t❡♠ ❡st❛❜✐❧✐❞❛❞❡ ♠❡s♠♦ ❛♣ós ♠✉✐t♦ ♣❛ss♦s ❞❡ s✐♠✉❧❛çã♦✱ ✐ss♦ ❢♦✐ t❡st❛❞♦ ❛rr❛st❛♥❞♦

✭♣✉①❛♥❞♦✮ ✉♠ ♥❛♥♦✜♦ ❞❡ ♦✉r♦ ❡♠ ✉♠❛ ❞❛s ❡①tr❡♠✐❞❛❞❡s ❡ ♦❜s❡r✈❛❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡

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

❞❡ ♣r♦❝❡ss❛♠❡♥t♦✳
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Capítulo 6

Conclusão e Perspectivas Futuras

6.1 Conclusão

P♦❞❡♠♦s ❛♣❧✐❝❛r ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❡♠ ✉♠❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡s ❞❡ ♣r♦❜❧❡♠❛s✳ ◆❡st❛

t❡s❡ ♥ós ✉s❛♠♦s ❡st❛ ❢❡rr❛♠❡♥t❛ ♣❛r❛ ❡st✉❞❛r ♣r♦❜❧❡♠❛s ❡♥✈♦❧✈❡♥❞♦ ✜❧♠❡s ✜♥♦s ❡ ♥❛♥♦✜♦s

♠❡tá❧✐❝♦s✳ ❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♣❛ss❛ ♣❡❧♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♣♦✲

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

❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦✉ ❞❛❞♦s ✈✐♥❞♦s ❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛✳ ■st♦ ❢♦✐ ♠♦str❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✷

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

❝♦♠♦ ♦✉r♦✱ ♣r❛t❛ ❡ ♣❧❛t✐♥❛✳ ●r❛♥❞❡③❛s ❝♦♠♦ ❢r❡q✉ê♥❝✐❛ ❞❡ ❢ô♥♦♥s ♦✉ ❡♥❡r❣✐❛ ❞❡ ❢❛❧❤❛ ❞❡

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

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

♥♦ ❝❛♣ít✉❧♦ ✷✳

❆ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r q✉❛♥❞♦ ❛♣❧✐❝❛❞❛ ❛ ✜❧♠❡s ✜♥♦s ❛♣r❡s❡♥t♦✉ r❡s✉❧t❛❞♦ ❝♦♠♣❛tí✈❡❧ ❝♦♠

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

r❡❧❛çã♦ ✭❝✉r✈❛✮ ❡♥tr❡ str❡ss ❡ ❡s♣❡ss✉r❛ ❞❡ ✜❧♠❡ ❞❡♣♦s✐t❛❞♦ ❧❡✈❛♥❞♦ t❛♠❜é♠ ❡♠ ❝♦♥s✐❞❡r❛çã♦

❡❢❡✐t♦s ❞❡ t❡♠♣❡r❛t✉r❛✳ ◆♦ ❝❛s♦ ❞❛ ❞❡♣♦s✐çã♦ ❞❡ ❝♦❜r❡ s♦❜r❡ ♦✉r♦ ♦✉ ♣r❛t❛ ✈✐♠♦s q✉❡ ♦

❝♦❜r❡ ♣❛ss❛ ♣♦r ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❢❛s❡ ❞❡ ❢❝❝ ♣❛r❛ ❜❝❝ ♠❛s q✉❡ ❡ss❛ ♠✉❞❛♥ç❛ t❡♠ ❢♦rt❡

❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛✳ ❏á ♥♦ ❝❛s♦ ♣❛❧á❞✐♦ s♦❜r❡ ♦✉r♦ ❛♣❡s❛r ❞❡ ♥ã♦ ♦❝♦rr❡r ♠✉❞❛♥ç❛

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

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳

❆♣❧✐❝❛♠♦s ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡♠ ♥❛♥♦✜♦s ♠❡tá❧✐❝♦s ❡st✉❞❛♥❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛ ❢r✐❛

❡ t❛♠❜é♠ ♦❜t✐✈❡♠♦s r❡s✉❧t❛❞♦s ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ❡①♣❡r✐♠❡♥t♦s✳ ◆❛ ♦❝❛s✐ã♦✱ ♣✉❞❡♠♦s

q✉❛♥t✐✜❝❛r ❛ ❝✉r✈❛ ❞❡ str❡ss ✈❡rs✉s str❛✐♥ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧❞❛❣❡♠ ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠✲

❜✐❡♥t❡✳ ▼♦str❛♠♦s q✉❡ ❛♣ós ❛ s♦❧❞❛❣❡♠ ♦ ♥❛♥♦✜♦ ♣❡r♠❛♥❡❝❡ ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ♠❡❝â♥✐❝❛s
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s❡♠❡❧❤❛♥t❡s ❛♦s ♥❛♥♦✜♦s ♦r✐❣✐♥❛✐s ✭❛♥t❡s ❞❛ s♦❧❞❛❣❡♠✮✳

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

❝♦♠♦ P❡r✐❞②♥❛♠✐❝s✳ ▼✉✐t♦ ❢❡♥ô♠❡♥♦s q✉❡ s❡ ♦r✐❣✐♥❛♠ ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ sã♦ ♣r♦♣❛❣❛❞♦s ❛té ❛

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

q✉❡ é ♣♦ssí✈❡❧ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡ P❡r✐❞②♥❛♠✐❝s ❛tr❛✈és ❞♦ ♠ét♦❞♦

❞❡ ❙✇❛rt③✳ ❈♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❢❛❧❛♥❞♦ t❛❧ ❛❝♦♣❧❛♠❡♥t♦ ❢♦✐ ❢❡✐t♦ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ✐♥t❡r❢❛❝❡

♣❛r❛ tr❛t❛r ❞❛❞♦s ❡♥tr❡ ❛ t❡♦r✐❛ ▼❉ ❡ ❛ t❡♦r✐❛ P❉ ❡ ❞❡♣♦✐s r❡♣❛ssá✲❧♦s ♣♦r ♠❡✐♦ ❞❡ ❝♦♥❞✐çõ❡s

❞❡ ❝♦♥t♦r♥♦✳ ❖ s✐st❡♠❛ ❢♦✐ t❡st❛❞♦ ❡ ✈✐st♦ ❢✉♥❝✐♦♥❛r ❜❡♠✱ ❝❛✉s❛♥❞♦ ♦ ♠í♥✐♠♦ ❞❡ ❞❡s✈✐♦ ♥❛

r❡❞❡ ❝r✐st❛❧✐♥❛✳ ◗✉❛♥❞♦ ❛♣❧✐❝❛❞♦ ❡♠ ✉♠❛ s✐♠♣❧❡s s✐♠✉❧❛çã♦ ❡♠ ✉♠ ♥❛♥♦✜♦ ❞❡ ♦✉r♦ ♦ ♠ét♦❞♦

❢✉♥❝✐♦♥♦✉ ❝♦♠♦ ❡s♣❡r❛❞♦✳
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❈♦♠♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ✭▼❉✮✱ P❡r✐❞②♥❛♠✐❝s ✭P❉✮ ❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ✭❊❋✮ sã♦ ♠✉✐t♦

✉t✐❧✐③❛❞❛s ♣♦r ❞✐✈❡rs♦s ♣❡sq✉✐s❛❞♦r❡s ♥♦ ♠✉♥❞♦✱ ♥ós ❞❡s❡❥❛♠♦s ❛❝♦♣❧❛✲❧❛s ❡♠ ✉♠ só ❢r❛♠❡✇♦r❦

❡ ❛ss✐♠ ♣❡r♠✐t✐r ❡st✉❞♦s ❝♦♠ ♣r❡❝✐sã♦ ❞❡s❞❡ ❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ ❛té ❛ ❡s❝❛❧❛ ♠❛❝r♦ ✉t✐❧✐③❛♥❞♦

❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ q✉❛✐sq✉❡r ❞✉❛s t❡♦r✐❛s ♦✉ ❡♥tr❡ ❛s três t❡♦r✐❛s✳

Figura 6.1: (a) Representação esquemática do código proposto neste projeto. No círculo central temos ilustrado como

basicamente a interface obtém dados, processa e retorna-os em forma de condição de contorno (b) Mostra um possível

tipo de divisão de domínios envolvendo DM, PD e EF.

P♦r trás ❞❡ss❛ ✐❞❡✐❛ ♥ã♦ ❡stá ❛♣❡♥❛s ✉♠ s✐♠♣❧❡s ❛❝♦♣❧❛♠❡♥t♦✱ ✐ss♦ é ♥❡❝❡ssár✐♦ ♣♦rq✉❡

❢❡♥ô♠❡♥♦s q✉❡ ♦❝♦rr❡♠ ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ sã♦ ♣r♦♣❛❣❛❞♦s ♣❛r❛ ❛ ♠❛❝r♦❡s❝❛❧❛ ❡ t❛✐s ❡st✉❞♦s só

♣♦❞❡♠ s❡r ❝♦♥❞✉③✐❞♦s ❝♦♠ ✉♠❛ ❜♦❛ t❡♦r✐❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ❡s❝❛❧❛s✳ ■ss♦ ♣♦❞❡ s❡r ❢❡✐t♦

❞❡ ♠❛♥❡✐r❛ s✐♠✐❧❛r ❛ q✉❡ ❡st❛♠♦s ❞❡s❡♥✈♦❧✈❡♥❞♦ ♣❛r❛ ▼❉ ❡ P❉✳ P♦rt❛♥t♦✱ ♣♦❞❡r❡♠♦s t❡r ✉♠

❧✐♥❦ ❡♥tr❡ ▼❉✱ P❉ ❡ ❊❋✳ ■st♦ é ❛❧❣♦ ❝✐❡♥t✐✜❝❛♠❡♥t❡ ♥♦✈♦ ❡ ❞❡ ❣r❛♥❞❡ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❡♠ ✈ár✐♦s

❝❛♠♣♦s ❞❡ ❝✐ê♥❝✐❛s ❡ ❡♥❣❡♥❤❛r✐❛✳ ◆ã♦ é ♥❡❝❡ssár✐♦ ✐♠♣❧❡♠❡♥t❛r ✉♠ ♥♦✈♦ ❝ó❞✐❣♦ ❞❡ ❊❧❡♠❡♥t♦s
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❋✐♥✐t♦s ♣❛r❛ ❛❝♦♣❧❛✲❧♦ ❝♦♠ ▼❉ ❡ P❉✳ ❏á ❡①✐st❡♠ ❜♦♥s ❝ó❞✐❣♦s ❞✐str✐❜✉í❞♦s ❧✐✈r❡♠❡♥t❡ ♥❡ss❛

ár❡❛✱ ♥ós ❛♣❡♥❛s ❞❡s❡♥✈♦❧✈❡♠♦s ❛ ✐♥t❡r❢❛❝❡ q✉❡ tr❛t❛ ♦s ❞❛❞♦s ❡ ❡♥tã♦ ❛❝♦♣❧❛♠♦s ❝❛❞❛ ❝ó❞✐❣♦

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

❆ ✐❞❡✐❛ ❣❡r❛❧ ❞♦ ❝ó❞✐❣♦ ❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✳✻✳✶ ✭❛✮✳ ◆❛ ♣❛rt❡ ❝❡♥tr❛❧ é ❝♦♥str✉í❞❛ ✉♠❛

✐♥t❡r❢❛❝❡✳ ❚❛❧ ✐♥t❡r❢❛❝❡ tr❛t❛ ♦s ❞❛❞♦s ❡ ♦s r❡t♦r♥❛ ❡♠ ❢♦r♠❛ ❞❡ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦✳ ❆ ✐❞❡✐❛

é ❛❝♦♣❧❛r ♣❛r❡s ❞❡ ♠♦❞❡❧♦s✱ t❛✐s ❝♦♠♦✱ ▼❉ ✰ P❉✱ P❉ ✰ ❊❋ ♦✉ ▼❉ ✰ ❊❋✳ ❉❡ss❛ ❢♦r♠❛✱

♣♦r ❡①❡♠♣❧♦✱ ♣♦❞❡♠♦s s✉❜❞✐✈✐❞✐r ✉♠ ♣r♦❜❧❡♠❛ ❡♠ ✸ s✉❜❞♦♠í♥✐♦s ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✳✻✳✶

✭❜✮✳ ❯♠ ❞♦♠í♥✐♦ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ r❡❣✐ã♦ ▼❉✱ ♦✉tr♦ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ r❡❣✐ã♦ P❉ ❡ ♣♦r ✜♠

✉♠ ♦✉tr♦ s✉❜❞♦♠í♥✐♦ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ r❡❣✐ã♦ ❞❡ ❊❋✳ ◆❛ ♣❛rt❡ ✭❜✮ ❞❛ ❋✐❣✳✻✳✶ t❡rí❛♠♦s ✉♠❛

s✐♠✉❧❛çã♦ ♠✉❧t✐❡s❝❛❧❛ ♦♥❞❡ ✉♠❛ ♣❡q✉❡♥❛ r❡❣✐ã♦ s❡r✐❛ ♠♦❞❡❧❛❞❛ ✉s❛♥❞♦ ▼❉ ❛❝♦♣❧❛❞❛ ❝♦♠ ✉♠

s✉❜❞♦♠í♥✐♦ ♠❛✐♦r P❉ q✉❡ ♣♦r s✉❛ ✈❡③ ❡stá ❛❝♦♣❧❛❞❛ ❝♦♠ ♦ s✉❜❞♦♠í♥✐♦ ❊❋ ♠❛✐s ❡①t❡r♥♦✳

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

❞❡s❞❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ♣♦t❡♥❝✐❛✐s ♣❛r❛ ✉s♦ ❡♠ ❉▼✱ ❛♣r❡s❡♥t♦✉ ❛♣❧✐❝❛çõ❡s ❞❡ ❉▼

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

❞❡ ♠ét♦❞♦s ❡♠ ♠✉❧t✐❡s❝❛❧❛✳ ❊st❡ ú❧t✐♠♦✱ tó♣✐❝♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛♠♣❧✐❛çã♦ ❞♦s ❤♦r✐③♦♥t❡s ❞❡

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

❞❡ t❛♠❛♥❤♦ ❡ t❡♠♣♦ q✉❡ ♥ã♦ sã♦ ❛❝❡ssí✈❡✐s ❝♦♠ ❛s té❝♥✐❝❛s ❛t✉❛✐s✳
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❬✶✶❪ ▼♦❤❛♠♠❡❞ ❈❤❡r❦❛♦✉✐✱ ▲❛✉r❡♥t ❈❛♣♦❧✉♥❣♦✱ ❆t♦♠✐st✐❝ ❛♥❞ ❈♦♥t✐♥✉✉♠ ▼♦❞❡❧✐♥❣ ♦❢

◆❛♥♦❝r②st❛❧❧✐♥❡ ▼❛t❡r✐❛❧s✱ ❙♣r✐♥❣❡r✱ ✭✷✵✵✾✮✳

❬✶✷❪ ❍✳ ❇✳ ●✳ ❈❛s✐♠✐r✱ ❖♥ t❤❡ ❛ttr❛❝t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ♣❡r❢❡❝t❧② ❝♦♥❞✉❝t✐♥❣ ♣❧❛t❡s✱ Pr♦❝✳ ❘✳

◆❡t❤❡r❧❛♥❞s ❆❝❛❞✳ ❆rts ❙❝✐✳ ✺✶✱ ✼✾✸ ✭✶✾✹✽✮✳
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❬✶✸❪ ▼✳ ❏✳ ❙♣❛r♥❛❛②✱ ▼❡❛s✉r❡♠❡♥ts ♦❢ ❛ttr❛❝t✐✈❡ ❢♦r❝❡s ❜❡t✇❡❡♥ ✢❛t ♣❧❛t❡s✱ P❤②s✐❝❛ ✷✹✱ ✼✺✶

✭✶✾✺✽✮✳

❬✶✹❪ ❙✳ ❑✳ ▲❛r♠♦r❡❛✉①✱ ❉❡♠♦♥str❛t✐♦♥ ♦❢ t❤❡ ❈❛s✐♠✐r ❢♦r❝❡ ✐♥ t❤❡ ✵✳✻ µ♠ t♦ ✻ µ♠ r❛♥❣❡✱

P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs ✼✽✱ ✺ ✭✶✾✾✼✮✳

❬✶✺❪ ❍✳ ❇✳ ❈❤❛♥✱ ❱✳ ❆✳ ❆❦s②✉❦✱ ❘✳ ◆✳ ❑❧❡✐♠❛♥✱ ❉✳ ❏✳ ❇✐s❤♦♣ ❛♥❞ ❋✳ ❈❛♣❛ss♦✱ ◆♦♥❧✐♥❡❛r

♠✐❝r♦♠❡❝❤❛♥✐❝❛❧ ❈❛s✐♠✐r ♦s❝✐❧❧❛t♦r✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✽✼✱ ✷✶✶✽✵✶ ✭✷✵✵✶✮✳

❬✶✻❪ ▼✳ ◆✳ ❇❛✐❜✐❝❤✱ ❏✳ ▼✳ ❇r♦t♦✱ ❆✳ ❋❡rt✱ ❋✳ ◆❣✉②❡♥ ❱❛♥ ❉❛✉ ❛♥❞ ❋✳ P❡tr♦✛✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳

✻✶✱ ✷✹✼✷ ✭✶✾✽✽✮✳

❬✶✼❪ ❋✳ ❋✳ ❆❜r❛❤❛♠✱ ❘✳ ❲❛❧❦✉♣✱ ❍✳ ●❛♦✱ ▼✳ ❉✉❝❤❛✐♥❡❛✉✱ ❚✳ ❉✳ ❉❡ ▲❛ ❘✉❜✐❛✱ ▼✳❙❡❛❣❡r❀

❙✐♠✉❧❛t✐♥❣ ♠❛t❡r✐❛❧s ❢❛✐❧✉r❡ ❜② ✉s✐♥❣ ✉♣ t♦ ♦♥❡ ❜✐❧❧✐♦♥ ❛t♦♠s ❛♥❞ t❤❡ ✇♦r❧❞✬s ❢❛st❡st

❝♦♠♣✉t❡r✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s ♦❢ t❤❡ ❯❙❆ ✾✾✱ ✺✼✽✸ ✭✷✵✵✷✮✳

❬✶✽❪ ❇✳❏✳ ❆❧❞❡r ❛♥❞ ❚✳ ❊✳ ❲❛✐♥✇r✐❣❤t✱ ❏✳ ❈❤❡♠✳ P❤②s✳ ✷✼✱ ✶✷✵✽ ✭✶✾✺✼✮✳

❬✶✾❪ ▲✳ ❱❡r❧❡t✱ P❤②s✳ ❘❡✈✳ ✶✺✾✱ ✾✽ ✭✶✾✻✼✮✳

❬✷✵❪ ▲✳ ❱❡r❧❡t✱ P❤②s✳ ❘❡✈✳ ✶✻✺✱ ✷✵✶ ✭✶✾✻✼✮✳

❬✷✶❪ ▼✉rr❛② ❙✳ ❉❛✇ ❛♥❞ ▼✳ ■✳ ❇❛s❦❡s✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✺✵✱ ✶✷✽✺ ✭✶✾✽✸✮✳

❬✷✷❪ ▼✉rr❛② ❙✳ ❉❛✇ ❛♥❞ ▼✳ ■✳ ❇❛s❦❡s✱ P❤②s✳ ❘❡✈✳ ❇✱ ✷✾✱ ✻✹✹✸ ✭✶✾✽✹✮✳

❬✷✸❪ ❙✳ ▼✳ ❋♦✐❧❡s✱ ▼✳ ■✳ ❇❛s❦❡s ❛♥❞ ▼✳ ❙✳ ❉❛✇✱ P❤②s✳ ❘❡✈✳ ❇✱ ✸✸✱ ✼✾✽✸ ✭✶✾✽✻✮✳

❬✷✹❪ ❏✳ ❚❡rs♦✛✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✻✶✱ ✷✽✼✾ ✭✶✾✽✽✮✳

❬✷✺❪ ❙❤✉❝❤✐ ◆♦sé✱ ▼♦❧❡❝✉❧❛r P❤②s✐❝s✱✺✷✱ ✷✺✺ ✭✶✾✽✹✮✳

❬✷✻❪ ❲✐❧❧✐❛♠ ●✳ ❍♦♦✈❡r✱ P❤②s✳ ❘❡✈✳ ❆ ✸✶✱ ✶✻✾✺ ✭✶✾✽✺✮✳

❬✷✼❪ ❙✳ ❆✳ ❙✐❧❧✐♥❣✱ ❏✳ ▼❡❝❤✳ P❤②s✳ ❙♦❧✐❞s✱ ✹✽✱ ✶✼✺ ✭✷✵✵✵✮✳

❬✷✽❪ P✳ ❍♦❤❡♥❜❡r❣ ❛♥❞ ❲✳ ❑♦❤♥✱ P❤②s✳ ❘❡✈ 136✱ ✽✻✹ ✭✶✾✻✹✮✳

❬✷✾❪ ❏✳ ❊✳ ▲❡♥♥❛r❞✲❏♦♥❡s✱ Pr♦❝✳ ❘♦②✳ ❙♦❝✳ ▲♦♥❞♦♥ ❆✳ ✶✵✻✱ ✹✻✸ ✭✶✾✷✹✮✳

❬✸✵❪ ❈❛✐③❤✐ ❩❤♦✉✱ ❙✳ ❇✉❧❡♥t ❇✐♥❡r✱ ❘✐❝❤❛r❞ ▲❡❙❛r✱ ❆❝t❛ ♠❛t❡r✐❛❧✐❛ ✺✽✱ ✶✺✻✺ ✭✷✵✶✵✮✳
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❬✸✶❪ ●r♦♦t ❛♥❞ ❲❛rr❡♥✱ ❏ ❈❤❡♠ P❤②s✳ ✶✵✼✱ ✹✹✷✸ ✭✶✾✾✼✮✳

❬✸✷❪ ❙✳ ❆✳ ❙✐❧❧✐♥❣✱ ❊✳ ❆s❦❛r✐✱ ❈♦♠♣✉t❡rs ❛♥❞ ❙tr✉❝t✉r❡s✱ ✽✸✱ ✶✺✷✻ ✭✷✵✵✺✮✳

❬✸✸❪ ❚✳ ❇❡❧②ts❝❤❦♦✱ ❘✳ ●r❛❝✐❡✱ ❛♥❞ ●✳ ❱❡♥t✉r❛✳ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛t✐♦♥ ✐♥ ▼❛t❡r✐❛❧s ❙❝✐❡♥❝❡

❛♥❞ ❊♥❣✐♥❡❡r✐♥❣✱ ✶✼✱ ✵✹✸✵✵✶ ✭✷✵✵✾✮✳

❬✸✹❪ ❊✳ ▲✐❞♦r✐❦✐s✱ ▼✳ ❊✳ ❇❛❝❤❧❡❝❤♥❡r✱ ❘✳ ❑✳ ❑❛❧✐❛✱ ❆✳ ◆❛❦❛♥♦✱ P✳ ❱❛❤✐s❤t❛✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇

▲❡tt❡rs ✽✼✱ ✵✽✻✶✵✹ ✭✷✵✵✶✮✳

❬✸✺❪ ❘✳ ❊✳ ❘✉❞❞✱ ❏✳ ◗✳ ❇r♦✉❣❤t♦♥✱ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❇ ✺✽✱ ✺✽✾✸ ✭✶✾✾✽✮✳

❬✸✻❪ ●✳ ❏✳ ❲❛❣♥❡r✱ ❲✳ ❑✳ ▲✐✉✳ ❏♦✉r♥❛❧ ♦❢ ❈♦♠♣✉t❛t✐♦♥❛❧ P❤②s✐❝s ✶✾✵✱ ✷✹✾✱ ✭✷✵✵✸✮✳

❬✸✼❪ ❍✳ ❙✳ P❛r❦✱ ❊✳ ●✳ ❑❛r♣♦✈✱ ❲✳ ❑✳ ▲✐✉✳ ❈♦♠♣✉t❡r ▼❡t❤♦❞s ✐♥ ❆♣♣❧✐❡❞ ▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐✲

♥❡❡r✐♥❣ ✶✾✸✱ ✶✼✶✸ ✭✷✵✵✹✮✳

❬✸✽❪ ❇✳❋✳ ❙♠✐t❤✱ P✳❊✳ ❇❥♦rst❛❞✱ ❲✳❉✳ ●r♦♣♣✱ ❉♦♠❛✐♥ ❉❡❝♦♠♣♦s✐t✐♦♥✿ P❛r❛❧❧❡❧ ▼✉❧t✐❧❡✈❡❧

▼❡t❤♦❞s ❢♦r ❊❧❧✐♣t✐❝ P❛rt✐❛❧ ❉✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥s✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✱ ❈❛♠✲

❜r✐❞❣❡✱ ✶✾✾✻✳

❬✸✾❪ ❈❤❛r❧❡s ❑✐tt❡❧✱ ■♥tr♦❞✉❝t✐♦♥ t♦ ❙♦❧✐❞ ❙t❛t❡ P❤②s✐❝s✱ ✭✷✵✵✺✮✳

❬✹✵❪ ❏✳ ❈❛✐✱ ❨✳ ❨✳ ❨❡✱ P❤②s✳ ❘❡✈✳ ❇ ✺✹✱ ✽✸✾✽ ✭✶✾✾✻✮✳

❬✹✶❪ ▼✳ P✳ ❆❧❧❡♥ ❛♥❞ ❉✳ ❏✳ ❚✐❧❞❡s❧❡②✱ ❈♦♠♣✉t❡r s✐♠✉❧❛t✐♦♥ ♦❢ ❧✐q✉✐❞s✱ ❖①❢♦r❞✱ ✭✶✾✽✼✮✳

❬✹✷❪ ▼✳ ❏✳ ❙t♦tt ❛♥❞ ❊✳ ❩❛r❡♠❜❛✱ P❤②s✳ ❘❡✈✳ ❇ ✷✷✱ ✶✺✻✹ ✭✶✾✽✵✮✳

❬✹✸❪ ❘✳P✳●✉♣t❛✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❇✳ ✷✸✱ ✻✷✷✺ ✭✶✾✽✶✮✳

❬✹✹❪ ❏✳ ❋✳ ❏✉st♦✱ ▼✳ ❩✳ ❇❛③❛♥t✱ ❊✳ ❑❛①✐r❛s✱ ❱✳ ❱✳ ❇✉❧❛t♦✈✱ ❛♥❞ ❙✳ ❨✐♣✱ P❤②s✳ ❘❡✈✳ ❇ ✺✽✱ ✷✺✸✾

✭✶✾✾✽✮✳

❬✹✺❪ ❈❤❡♥♦✇❡t❤✱ ✈❛♥ ❉✉✐♥ ❛♥❞ ●♦❞❞❛r❞✱ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧ ❈❤❡♠✐str② ❆✳ ✶✶✷ ✶✵✹✵ ✭✷✵✵✽✮✳

❬✹✻❪ ❇r✐❛♥ ❍②❞❡✱ ❍♦r❛❝✐♦ ❉✳ ❊s♣✐♥♦s❛✱ ❛♥❞ ❉✐❛♥❛ ❋❛r❦❛s✱ ❏❖▼ ❙❡♣t❡♠❜❡r✱ ✻✷ ✭✷✵✵✺✮✳

❬✹✼❪ ❏✐❛♥❦✉❛✐ ❉✐❛♦✱ ❑❡♥ ●❛❧❧✱ ▼❛rt✐♥ ▲✳ ❉✉♥♥✱ ❏♦♥❛t❤❛♥ ❆✳ ❩✐♠♠❡r♠❛♥✱ ❆❝t❛ ▼❛t❡r✐❛❧✐❛ ✺✹✱

✻✹✸ ✭✷✵✵✻✮✳
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❬✹✾❪ ❩✳ ❙✳ P❡r❡✐r❛ ❛♥❞ ❊✳ ❩✳ ❞❛ ❙✐❧✈❛✱ P❤✐s②❝❛❧ ❘❡✈✐❡✇ ❇✱ ✽✶✱ ✶✾✺✹✶✼ ✭✷✵✶✵✮✳
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Apêndice A

Determinando as Estruturas

❊♠ ♠✉✐t♦s ❝❛s♦s✱ ❞❡❢♦r♠❛çõ❡s✱ ❞❡❢❡✐t♦s✱ ♦✉ ♠❡s♠♦ ♠✉❞❛♥ç❛s ❞❡ ❢❛s❡ ❡♠ ✉♠ ❝r✐st❛❧✱ ❡stã♦

❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦s ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❢ís✐❝♦ ❞♦ ♠❛t❡r✐❛❧✱ ♣♦r ❡st❛ r❛③ã♦ ❛ ✐❞❡♥t✐✜❝❛çã♦

❞❡st❛s ❡str✉t✉r❛s é ❡ss❡♥❝✐❛❧ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ♠❛t❡r✐❛❧✳ ❊st❛ ♥❡❝❡s✲

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

♦❜t✐❞❛s ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞❡ ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♠ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳ ❖ ♦❜❥❡t✐✈♦ ❞❡st❡s

♠ét♦❞♦s s❡r✐❛ ✐❞❡♥t✐✜❝❛r ♦✉ ❛tr✐❜✉✐r ✉♠ t✐♣♦ ❞❡ ❡str✉t✉r❛ ❛ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❝♦♠ ❜❛s❡ ♥♦ ❛♠✲

❜✐❡♥t❡ ❧♦❝❛❧ ❡♠ q✉❡ s❡ ❡♥❝♦♥tr❛✳ P♦❞❡♠♦s ❝✐t❛r ❝♦♠♦ ❡①❡♠♣❧♦✱ ✭✐✮ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞✲❏♦♥❡s✱

q✉❡ é ✉♠ ♠ét♦❞♦ ❜❛s❡❛❞♦ ♥❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❡ r❛❞✐❛❧ ♣✉❜❧✐❝❛❞♦ ♣♦r ❆❝❦❧❛♥❞ ❡ ❏♦♥❡s ❬✻✽❪✱

✭✐✐✮ ❛♥á❧✐s❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ✭❝❡♥tr♦s②♠♠❡tr② ♣❛r❛♠❡t❡r ❛♥❛❧②s✐s✮ ❬✺✺❪✱ ✭✐✐✐✮ ♦

♠ét♦❞♦ ❈◆❆ ✭❝♦♠♠♦♥ ♥❡✐❣❤❜♦r ❛♥❛❧②s✐s✮ ❬✶✸✸✱ ✶✸✹❪ q✉❡ t❛♠❜é♠ ❡stá ❜❛s❡❛❞♦ ♥❛ ❢✉♥çã♦ ❞❡

❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❛♠❜✐❡♥t❡ ❧♦❝❛❧ ❞❡ ♣❛r❡s ❞❡ át♦♠♦s✳

◆ós ✉t✐❧✐③❛♠♦s ♥❡st❛ t❡s❡ ♦s ♠ét♦❞♦s ✭✐✮ ❡ ✭✐✐✮ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❡str✉t✉r❛s ♣❛r❛ ❛s s✐♠✲

✉❧❛çõ❡s✳ ■r❡♠♦s tr❛t❛r ♥❡st❡ ❛♣ê♥❞✐❝❡ ♦ ♠ét♦❞♦ ✭✐✮ ♣✉❜❧✐❝❛❞♦ ♣♦r ❆❝❦❧❛♥❞ ❡ ❏♦♥❡s ❬✻✽❪✳ ❖

♠ét♦❞♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ✭✐✐✮ s❡rá tr❛t❛❞♦ ♥♦ ❛♣ê♥❞✐❝❡ s❡❣✉✐♥t❡✳

❆❝❦❧❛♥❞ ❡ ❏♦♥❡s ❝♦♥str✉ír❛♠ ✉♠ ❛❧❣♦r✐t♠♦ ❤❡✉ríst✐❝♦ ✭❛♣r♦①✐♠❛t✐✈♦✮ q✉❡ ❝♦♠♣❛r❛ ❛ ❞✐s✲

tr✐❜✉✐çã♦ ❛♥❣✉❧❛r✴r❛❞✐❛❧ ❞❡ r❡❞❡s ❝r✐st❛❧✐♥❛s ♣❡r❢❡✐t❛s ❡ ❞❡ r❡❞❡s ❝♦♠ ❞✐st♦rçõ❡s ❣❡r❛❞❛s ❡♠

s✐♠✉❧❛çõ❡s✳ ◆❛ ♠❛✐♦r✐❛ ❞♦s ♠ét♦❞♦s ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❡str✉t✉r❛✱ ♦ ❛♠❜✐❡♥t❡ ❧♦❝❛❧ é ❞❡✜♥✐❞♦

❛ ♣❛rt✐r ❞❡ q✉ã♦ ♣ró①✐♠♦ s✉❛s ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❡ ❛♥❣✉❧❛r sã♦ ❞❡ r❡❞❡s ♣❡r❢❡✐t❛s✳ ■st♦ é ❢❡✐t♦

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

sã♦ ✐♠♣r❡❝✐s♦s ♣♦✐s✱ ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ sã♦ ♣ró①✐♠❛s✳ ❙❡ ✈✐③✐♥❤♦s sã♦ ♣❡r❞✐❞♦s✱ ♠✉✐t♦

♣r♦✈❛✈❡❧♠❡♥t❡ ❡st❡s ♠ét♦❞♦s ❢❛❧❤❛r❛♠ ♣❡❧❛ s✐♠✐❧❛r✐❞❛❞❡ ❞❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦✳ ❆♣❡s❛r

❞❡ ✉s❛r ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❡ r❛❞✐❛❧✱ ♦ ♠ét♦❞♦ ❞❡ ❆❝❦❧❛♥❞ ❡ ❏♦♥❡s s❡ ❞✐❢❡r❡♥❝✐❛ ❞♦s

❞❡♠❛✐s ♣♦r ❛♣r❡s❡♥t❛r ✉♠ ❛❧❣♦r✐t♠♦ ❤❡✉ríst✐❝♦ ✭❧ó❣✐❝♦✮✱ q✉❡ ♣♦❞❡ s❡r r❛♣✐❞❛♠❡♥t❡ ✐♠♣❧❡♠❡♥✲
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Tabela A.1: Definição das oito regiões angulares χi e o cálculo das frequências angulares para redes bcc, fcc e hcp.
Também é mostrado o cálculo de δ que auxilia na determinação das estruturas

cosθijk(Menor) cosθijk(Maior) bcc fcc hcp
χ0 -1.0 -0.945 7 6 3
χ1 -0.945 -0.915 0 0 0
χ2 -0.915 -0.775 0 0 6
χ3 -0.775 -0.705 36 24 21
χ4 -0.195 0.195 12 12 12
χ5 0.195 0.245 0 0 0
χ6 0.245 0.795 36 24 24
χ7 0.795 1 0 0 0
δbcc 0.35χ4/(χ5 + χ6 + χ7 − χ4)
δCP 0.61|1− χ6/24|
δfcc 0.61(|χ0 + χ1|+ χ2)/6
δhcp (|χ0 − 3|+ |χ0 + χ1 + χ2 + χ3 − 9|)/12

t❛❞♦✳ ◆♦ tr❛❜❛❧❤♦ ❞❡ ❆❝❦❧❛♥❞✱ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r é ❞❡s❝r✐t❛ ♣♦r ✽ ♥ú♠❡r♦s ✭χ0✱

χ1, ..., χ7✮✳ ❆s ❝♦♠❜✐♥❛çõ❡s ❞♦s χis sã♦ ♠❡❞✐❞❛s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❡str✉t✉r❛s ❡ ❡♥tã♦ sã♦ ❢❡✐t❛s

❝♦♠♣❛r❛çõ❡s ❧ó❣✐❝❛s ❛tr❛✈és ❞❡ ✉♠ ❛❧❣♦r✐t♠♦✱ ✐st♦ é✱ ♥ã♦ s❡ tr❛t❛ ❞❡ ✉♠❛ ❝♦♠♣❛r❛çã♦

❛♥❛❧ít✐❝❛ ❞❛s ❢✉♥çõ❡s✳ ❙ã♦ ❡①❛♠✐♥❛❞❛s ❞✐✈❡rs❛s ❝♦♥✜❣✉r❛çõ❡s ❛té q✉❡ s❡❥❛ ❞❡❝✐❞♦ ♦ t✐♣♦ ❞❡

❡str✉t✉r❛✳

❆ ❚❛❜❡❧❛ ❆✳✶ ♠♦str❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❢r❡q✉ê♥❝✐❛s ❛♥❣✉❧❛r❡s ❞❛s r❡❞❡s ❢❝❝ ✱ ❜❝❝ ❡ ❤❝♣✳ P❛r❛

q✉❡ ♦ ♠ét♦❞♦ ♥ã♦ ❛♣❡♥❛s ✐❞❡♥t✐✜q✉❡ ❡str✉t✉r❛s ♣❡r❢❡✐t❛s✱ ♠❛s t❛♠❜é♠ ❞❡t❡r♠✐♥❡ ❡str✉t✉r❛s

❝♦♠ ♣❡q✉❡♥❛s ❞✐st♦rçõ❡s ❞❡ ✉♠ ❝r✐st❛❧ ♣❡r❢❡✐t♦✱ é ❞❡✜♥✐❞♦ ✉♠ ♣❛râ♠❡tr♦ ❞❡ ❞❡s✈✐♦ ✭δ✮✳ ❊ss❡s

♣❛râ♠❡tr♦s ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ♣♦r ❆❝❦❧❛♥❞ ✐♥❝❧✉✐♥❞♦ ♥❛ ❛♥á❧✐s❡ r❡❞❡s ❝♦♠ ❞❡s✈✐♦s ❞❡ ✉♠ ❝r✐st❛❧

♣❡r❢❡✐t♦ ❝♦♠ ❛té ✶✵✪ ❞❡ ❞✐❢❡r❡♥ç❛ ❞❛s ❞✐stâ♥❝✐❛s ✐♥t❡r❛tô♠✐❝❛s✳

P❛r❛ ✉♠ ❝r✐st❛❧ ♣❡r❢❡✐t♦✱ ✉♠❛ ♠❡❞✐❞❛ s✐♠♣❧❡s ❞❡ χ0 ✭✈❡r ❚❛❜❡❧❛ ❆✳✶✮ s❡r✐❛ s✉✜❝✐❡♥t❡ ♣❛r❛

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

♥❛ ❡str✉t✉r❛ ❝❛✉s❛❞❛s ♣♦r t❡♠♣❡r❛t✉r❛ ♦✉ ♣❡q✉❡♥❛s ❞❡❢♦r♠❛çõ❡s ♣r♦✈♦❝❛❞❛s ♣♦r t❡♥sõ❡s ♣♦✲

❞❡♠ ❣❡r❛r ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ♥❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r✳ ❱❡❥❛ ♥❛ ❚❛❜❡❧❛ ❆✳✶ q✉❡ ✉♠❛ r❡❞❡ ❜❝❝

♣♦ss✉✐ χ0 = 7✱ ♣♦ré♠✱ ♣♦❞❡ ❛♣r❡s❡♥t❛r χ0 = 6 ♦✉ ❛té ♠❡s♠♦ χ0 = 5 s❡ ❛❧❣✉♥s ✈✐③✐♥❤♦s

❢♦r❡♠ ♣❡r❞✐❞♦s✳ ■ss♦ ♥♦s ❧❡✈❛ ❛ t❡r ❞❡ ❢❛③❡r ✉♠❛ ❛♥á❧✐s❡ ♠❛✐s ❞❡t❛❧❤❛❞❛ ❞❛ s✐t✉❛çã♦ ♣❛r❛ q✉❡

♣♦ss❛♠♦s ❞✐st✐♥❣✉✐r ❡st❛s r❡❞❡s ❡♠ s✐t✉❛çã♦ r❡❛❧ ❞❡ s✐♠✉❧❛çã♦✳ ❈♦♠♦ ❡①❡♠♣❧♦ ❞❡ ✉♠❛ ❛♥á❧✐s❡

❢❡✐t❛ ♣❡❧♦ ❛❧❣♦r✐t♠♦ ♣r♦♣♦st♦ ♣♦r ❆❝❦❧❛♥❞✱ ♥♦t❡ q✉❡ ♣♦❞❡♠♦s ❞✐❢❡r❡♥❝✐❛r ❛ ❡str✉t✉r❛ ❜❝❝ ❞❛s
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❡str✉t✉r❛s ❢❝❝✴❤❝♣ ♣❡❧❛ ❛♥á❧✐s❡ ❞❡ χ4✳ ❱❡❥❛ q✉❡ ❛ r❛③ã♦ ❡♥tr❡ χ4 ❡ χ6 ❞❛s ❡str✉t✉r❛s ❢❝❝ ❡ ❤❝♣

é ✶✿✷✱ ❡ ❛ r❛③ã♦ ❡♥tr❡ χ4 ❡ χ6 ♣❛r❛ ❛ ❡str✉t✉r❛ ❜❝❝ é ✶✿✸✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❛❧❣♦rít✐♠♦ ✐♥❝♦r♣♦r❛

♦✉tr♦s ❞❡t❛❧❤❡s✳ P♦r ❡①❡♠♣❧♦✱ s❡♥❞♦ N ♦ ♥✉♠❡r♦ ❞❡ ✈✐③✐♥❤♦s ✭❛té ♦s s❡❣✉♥❞♦s ✈✐③✐♥❤♦s✮✱ s❡

✉♠❛ ♣❛rtí❝✉❧❛ t❡♠ χ0 = 7 ❡ N = 14✱ ❛ ❡str✉t✉r❛ ♠✉✐t♦ ♣r♦✈❛✈❡❧♠❡♥t❡ s❡rá ❜❝❝✳

❆ ♠❛✐♦r ❞✐✜❝✉❧❞❛❞❡ ❡♥❝♦♥tr❛✲s❡ ❡♠ ❞✐st✐♥❣✉✐r ❛ r❡❞❡ ❢❝❝ ❞❛ ❤❝♣✳ ❖❜s❡r✈❡ q✉❡ s♦♠❡♥t❡ χ2

♥ã♦ é ✉♠❛ ❜♦❛ ♠❡❞✐❞❛ ♣❛r❛ ❞✐st✐♥❣✉✐r ❢❝❝ ❞❡ ❤❝♣✳ ■ss♦ ♣♦rq✉❡ ♣♦❞❡ ❤❛✈❡r ✉♠❛ s♦❜r❡♣♦s✐çã♦

❞❡ χ3 ❞❛ ❡str✉t✉r❛ ❜❝❝ ❝♦♠ χ3 ❞❛ ❡str✉t✉r❛ ❢❝❝✱ ❧❡✈❛♥❞♦ ❤á ✉♠ ❡♥❣❛♥♦s❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ✉♠❛

❡str✉t✉r❛ ❤❝♣✳ P❛r❛ r❡s♦❧✈❡r ❡st❡ ♣r♦❜❧❡♠❛ ♦ ❛❧❣♦r✐t♠♦ ❛♥❛❧✐s❛ ❛ ♠❡❞✐❞❛ ❞❡ (χ0, χ0 +χ1 +χ2)

q✉❡ ♣❛r❛ ❢❝❝ é (6, 6) ❡ ♣❛r❛ ❤❝♣ é (3, 9)✳

❆s ❡str✉t✉r❛s ❢❝❝✱ ❜❝❝ ❡ ❤❝♣ sã♦ ❛s ♠❛✐s ❞✐❢í❝❡✐s ❞❡ s❡r❡♠ ✐❞❡♥t✐✜❝❛❞❛s✳ ◆♦ ❡♥t❛♥t♦ ❡st❡

♠ét♦❞♦ ♣♦r s❡r ❡st❡♥❞✐❞♦ ♣❛r❛ q✉❛❧q✉❡r ❝♦♥❥✉♥t♦ ❞❡ ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s✱ ❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱

♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❛ ❡str✉t✉r❛s ❞❡ ❞✐❛♠❛♥t❡✳ ❖ ❛❧❣♦r✐t♠♦ ♣r♦♣♦st♦ ♣♦r ❆❝❦❧❛♥❞ ❡ ❏♦♥❡s ♣❛r❛

❞✐st✐♥❣✉✐r ❛s ❡str✉t✉r❛s s❡❣✉❡ ❛❜❛✐①♦✿

(i) ❆✈❛❧✐❛r ❛ s❡♣❛r❛çã♦ ♠é❞✐❛ q✉❛❞rát✐❝❛ r20 =
∑6

j=1 r
2
ij/6 ♣❛r❛ ❛s s❡✐s ♣❛rtí❝✉❧❛s ♠❛✐s

♣ró①✐♠❛s ❛ ✐✲és✐♠❛ ♣❛rtí❝✉❧❛✳

(ii) ❊♥❝♦♥tr❛r N0 ✈✐③✐♥❤♦s ❝♦♠ r2ij < 1.45r20 ❡ N1 ❝♦♠ r2ij < 1.55r20✳

(iii) ❈❛❧❝✉❧❛r ♦ ❝♦ss❡♥♦ ❞♦ â♥❣✉❧♦ ❞❡ ❧✐❣❛çã♦✱ cosθijk✱ ❡♥tr❡ t♦❞♦s ♦s N0(N0−1)/2 ✈✐③✐♥❤♦s✳

(iv) ❉❡t❡r♠✐♥❛r ♦s χi ❛ ♣❛rt✐r ❞♦ ❝♦ss❡♥♦ ❞♦ â♥❣✉❧♦ ❞❡ ❧✐❣❛çã♦✳

(v) ❆tr✐❜✉✐r ❝♦♠♦ ❞❡s❝♦♥❤❡❝✐❞♦ q✉❛❧q✉❡r át♦♠♦ ❝♦♠ N0 < 11 ♦✉ χ0 > 0✳

(vi) ❙❡ χ0 = 7✱ ♣❛rtí❝✉❧❛ ❜❝❝✱ s❡ χ0 = 6✱ ♣❛rtí❝✉❧❛ ❢❝❝✱ s❡ χ0 = 3✱ ♣❛rtí❝✉❧❛ ❤❝♣✳

(vii) ❈❛❧❝✉❧❡ δ✱ ❝♦♥❢♦r♠❡ ❚❛❜❡❧❛ ❆✳✶✳

(viii) ❙❡ ♥❡♥❤✉♠ δ < 0.1 ❛ ❡str✉t✉r❛ é ❞❡s❝♦♥❤❡❝✐❞❛✳

(ix) ❙❡ δbcc < δCP ❡ 10 < N1 < 13 ❛tr✐❜✉❛ ❜❝❝✳

(x) ❙❡ N0 > 12 ❛ ❡str✉t✉r❛ ♥ã♦ é ❛tr✐❜✉í❞❛✳ ❙❡ δhcp < δfcc ✐♠♣❧✐❝❛ ❡str✉t✉r❛ ❤❝♣ ❡ s❡

δfcc < δhcp ✐♠♣❧✐❝❛ ❡♠ ❡str✉t✉r❛ ❢❝❝✳

❯s❛♥❞♦ ♦ ❛❧❣♦r✐t♠♦ ❛❝✐♠❛ é ♣♦ssí✈❡❧ ❞✐st✐♥❣✉✐r ❡♥tr❡ ❡str✉t✉r❛s ❜❝❝✱ ❢❝❝ ♦✉ ❤❝♣✳
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❆ ❛❧t❛ s✐♠❡tr✐❛ ❞❡ r❡❞❡s ❝♦♠♦ ❢❝❝ ♦✉ ❜❝❝ ♣♦❞❡♠ s❡r ✉s❛❞❛s ♣❛r❛ ❞✐st✐♥❣✉✐✲❧❛s ❞❡ ♦✉tr❛s

❡str✉t✉r❛s ❝♦♠ ❞❡❢❡✐t♦s✳ ❊♠ ♠✉✐t♦s ❝❛s♦s✱ ❞❡❢❡✐t♦s ❡♠ ✉♠ ❝r✐st❛❧ ♣♦❞❡♠ s❡r tr❛t❛❞♦s ❝♦♠♦

✉♠❛ q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛✳ ❖ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ ✭❈❡♥tr♦s②♠♠❡tr② ♣❛r❛♠❡t❡r✮ ✭❈❙P✮

q✉❛♥t✐✜❝❛ ❛ ♣❡r❞❛ ❞❡ s✐♠❡tr✐❛ ❡♠ ✉♠ sít✐♦ ❛tô♠✐❝♦✳ ❖ ♣❛râ♠❡tr♦ ❈❙P ❞❡ ✉♠ át♦♠♦ q✉❡ t❡♠

N ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s é ❞❡✜♥✐❞♦ ❝♦♠♦ ❬✺✺✱✶✸✺❪✿

CSP =

N/2
∑

i

| ri + ri+N/2 |2 . (B.1)

N t❡♠ ✈❛❧♦r ✶✷ ♣❛r❛ ❢❝❝ ❡ ✽ ♣❛r❛ ❜❝❝✳ ri ❡ ri+N/2 sã♦ ✈❡t♦r❡s q✉❡ ♣❛rt❡♠ ❞♦ át♦♠♦ ❡♠ q✉❡stã♦

✭át♦♠♦ ❝❡♥tr❛❧ q✉❡ s❡ q✉❡r ♠❡❞✐r ♦ ♣❛râ♠❡tr♦ ❈❙P✮ ❛té ✉♠ ♣❛r ❞❡ ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s✳ ❆ s♦♠❛

♥❛ ❡q✉❛çã♦ ❇✳✶ ❞❡✈❡ s❡r ❢❡✐t❛ ❞❡ ♠♦❞♦ ❛ ♠✐♥✐♠✐③❛r ❛ ❢✉♥çã♦ ❈❙P✱ ❡♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱

❞❛❞♦ ✉♠ át♦♠♦ ✈✐③✐♥❤♦ ❝♦♠ í♥❞✐❝❡ i ❞❡✈❡♠♦s ❡s❝♦❧❤❡r ♦ át♦♠♦ ❝♦♠ í♥❞✐❝❡ j = (i+N/2) q✉❡

♠✐♥✐♠✐③❡ ❛ s♦♠❛ | ri+ri+N/2 |2✳ ❊①✐st❡♠ ◆✭◆✲✶✮✴✷ ♣❛r❡s ✭✐✱ ❥✮ ❞❡ ✈✐③✐♥❤♦s ♣♦ssí✈❡✐s q✉❡ ♣♦❞❡♠

❝♦♥tr✐❜✉✐r ♣❛r❛ ❛ ❢ór♠✉❧❛ ❇✳✶✱ ♠❛s s♦♠❡♥t❡ ♦s N/2 ♣❛r❡s ❝♦♠ ♠❡♥♦r ✈❛❧♦r ❞❡ | ri + ri+N/2 |2

sã♦ ✉s❛❞♦s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ♠❡❞✐❞❛ ❈❙P✱ ❡①♣❧✐❝❛♥❞♦ ♦ s♦♠❛tór✐♦ ❞❛ ❡①♣r❡ssã♦ ❇✳✶ ❛té N/2✳

P❛r❛ r❡❞❡s ❝❡♥tr♦✲s✐♠étr✐❝❛s s❡♠ ❞❡❢❡✐t♦s✱ ❡①✐st✐rá s❡♠♣r❡ ✉♠ át♦♠♦ s✐♠❡tr✐❝❛♠❡♥t❡ ♦♣♦st♦ ❛♦

át♦♠♦ ❝❡♥tr❛❧ ❧❡✈❛♥❞♦ ♦ ✈❛❧♦r ❞❡ ❈❙P ❛ ③❡r♦✳ ◗✉❛♥❞♦ ♦❝♦rr❡♠ ❞❡❢❡✐t♦s ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦

❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ t♦r♥❛✲s❡ ♥ã♦ ♥✉❧♦✳

P♦❞❡♠♦s ❛✐♥❞❛ ❞❡✜♥✐r ✉♠ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦ s✐♠❡tr✐❛ ♥♦r♠❛❧✐③❛❞♦✱ q✉❡ ❞❡♥♦✲

t❛r❡♠♦s ♣♦r ❝✿

c =
CSP

2
∑N

j=1 |rj|2
. (B.2)

❯♠ át♦♠♦ ✐s♦❧❛❞♦ ❞❡✈❡ t❡r ♣❡r❢❡✐t❛ ✐♥✈❡rsã♦ ❞❡ s✐♠❡tr✐❛ ♣♦rq✉❡ ♥ã♦ ♣♦ss✉✐ ♥❡♥❤✉♠ ✈✐③✐♥❤♦✱
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♥❡st❛ s✐t✉❛çã♦✱ ❞❡✜♥✐♠♦s ❈❙P = 0✳ ❙❡ ♦ át♦♠♦ ♣♦ss✉✐ ❛♣❡♥❛s ✉♠ ✈✐③✐♥❤♦ ❡ ♣♦rt❛♥t♦ ♥ã♦ t❡♠

♥❡♥❤✉♠❛ s✐♠❡tr✐❛ ❞❡ ✐♠❛❣❡♠✱ q✉❡r♦ ❞✐③❡r✱ ♥ã♦ ❡①✐st❡ ♥❡♥❤✉♠ ♦✉tr♦ át♦♠♦ ❝♦♠ ❛❧❣✉♠ t✐♣♦

❞❡ s✐♠❡tr✐❛ ❡♠ r❡❧❛çã♦ ❛♦ át♦♠♦ ❡♠ q✉❡stã♦✱ ❡♥t❡♥❞❡♠♦s q✉❡ ❡st❛ s✐t✉❛çã♦ ❧❡✈❛ ❛ q✉❡❜r❛ ❞❡

s✐♠❡tr✐❛ ♠á①✐♠❛✱ ❡ ❡♥tã♦ ♦ ✈❛❧♦r ❞❡ ❝ = 1✳

❆s ❞✐st♦rçõ❡s ❡❧ást✐❝❛s ♥ã♦ ❛❢❡t❛♠ ❢♦rt❡♠❡♥t❡ ♦ ✈❛❧♦r ❞❡ ❈❙P✳ P♦ré♠✱ ❛ ♠❡❞✐❞❛ ❞♦ ♣❛râ♠❡tr♦

❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛ é s❡♥sí✈❡❧ ❛ ❞❡s❧♦❝❛♠❡♥t♦ r❛♥❞ô♠✐❝♦ ❞❡ át♦♠♦s ❞❡✈✐❞♦ ❛ ❡❢❡✐t♦s ❞❡ t❡♠✲

♣❡r❛t✉r❛✳ ❊ss❛ ♠❡❞✐❞❛ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❞❡❢❡✐t♦s✱ t♦♠❛♠♦s ❝♦♠♦ ❡①❡♠♣❧♦ ♦

❝❛s♦ ❞❡ ❞❡❢❡✐t♦s ❞♦ t✐♣♦ st❛❝❦✐♥❣ ❢❛✉❧ts✳ ❊ss❡ ❞❡❢❡✐t♦s ❢❛③❡♠ ❝♦♠ q✉❡ ♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦

s✐♠❡tr✐❛ ❛ss✉♠❛ ✈❛❧♦r❡s ❜❡♠ ❞❡✜♥✐❞♦s ♣❛r❛ át♦♠♦s ❞❡♥tr♦ ❞❡ ✉♠ ❛♠❜✐❡♥t❡ ❞❡ st❛❝❦✐♥❣ ❢❛✉❧ts✳

❊ss❡ ♣❛râ♠❡tr♦s q✉❛♥❞♦ ❛♥❛❧✐s❛❞♦ é ❞✐st✐♥❣✉í✈❡❧ ❞❡ ❡❢❡✐t♦s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ❛ss✉♠❡ ❞✐❢❡r❡♥t❡

✈❛❧♦r❡s ❝♦♥❢♦r♠❡ t✐♣♦s ❞❡ ❞❡❢❡✐t♦ ❡ ❞❡❢♦r♠❛çõ❡s✳ P❛r❛ ✉♠ st❛❝❦✐♥❣ ❢❛✉❧t ♣❡r❢❡✐t♦ ❝ = 0.04✱

❡❢❡✐t♦s ❞❡ t❡♠♣❡r❛t✉r❛ ♣♦❞❡♠ ❧❡✈❛r ❡st❡ ✈❛❧♦r ❛té ✵✳✷✳

❆ ❋✐❣✳ ❇✳✶ ✐❧✉str❛ ❝❛s♦s ♠✉✐t♦ s✐♠♣❧❡s ❞❛ ♠❡❞✐❞❛ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛✳

Figura B.1: Medidas de c para casos simples

❖s ♣r✐♠❡✐r♦s ❞♦✐s ❝❛s♦s ♥❛ ❋✐❣✳ ❇✶✱ ❞❛ ❡sq✉❡r❞❛ ♣❛r❛ ❞✐r❡✐t❛✱ ♠♦str❛♠ ❞♦✐s ❡①tr❡♠♦s✱ ♦

♣r✐♠❡✐r♦ t❡♥❞♦ s✐♠❡tr✐❛ ♠á①✐♠❛ ❡ ✈❛❧♦r ❝❂✵✱ ♦ s❡❣✉♥❞♦ ❝♦♠ q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛ ♠á①✐♠❛ t❡♥❞♦

✈❛❧♦r ❞❡ ❝❂✶✳ ❖ t❡r❝❡✐r♦ ❝❛s♦ ✭❞❛ ❡sq✉❡r❞❛ ♣❛r❛ ❞✐r❡✐t❛✮✱ r❡♣r❡s❡♥t❛ ♥♦✈❛♠❡♥t❡ ✉♠ ❝❛s♦ ❞❡

❛❧t❛ s✐♠❡tr✐❛ ❝♦♠ ❝❂✵✳ ❊ ♣♦r ú❧t✐♠♦ ✉♠ ❝❛s♦ ♦♥❞❡ ♥ã♦ ❤á ✐♥✈❡rsã♦ ❞❡ s✐♠❡tr✐❛✱ ♥ã♦ ❡①✐st❡

✉♠ át♦♠♦ ❞✐❛♠❡tr❛❧♠❡♥t❡ ♦♣♦st♦ ❛♦ át♦♠♦ ✐♥❞✐❝❛❞♦ ❡♠ ✈❡r♠❡❧❤♦ q✉❡ ❛♥✉❧❡ ❛ ❡①♣r❡ssã♦ ❇✳✶✳
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Apêndice C

Curva de dispersão de Fônons

❖s át♦♠♦s ❞❡ ✉♠❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ✈✐❜r❛♠ ❛♦ r❡❞♦r ❞❛s ♣♦s✐çõ❡s ❞❡ ❡q✉✐❧í❜r✐♦ ❞❡✈✐❞♦ ❛

❡❢❡✐t♦s ❞❡ t❡♠♣❡r❛t✉r❛✱ ❝❛♠♣♦s ❡①t❡r♥♦s ♦✉ ♣r❡ssã♦✳ ❖ ❡st✉❞♦ ❞❛s ✈✐❜r❛çõ❡s ❞❛ r❡❞❡ ❡stá

r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛s ♣r♦♣r✐❡❞❛❞❡s tér♠✐❝❛s ❞♦s só❧✐❞♦s✳ ❆ r❡❧❛çã♦ ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❢ô♥♦♥s sã♦

❝❛❧❝✉❧❛❞❛s ♦❧❤❛♥❞♦ ❛s s♦❧✉çõ❡s ♦s❝✐❧❛♥t❡s ♣❛r❛ ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❝❧áss✐❝❛ ❞❡ át♦♠♦s

s♦❜ ♣❡q✉❡♥♦s ❞❡s✈✐♦s ❞❛ ♣♦s✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦✳

P❛r❛ ❡♥t❡♥❞❡r♠♦s ❛ r❡❧❛çã♦ ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❢ô♥♦♥s✱ ♥ós ❝♦♥s✐❞❡r❛r❡♠♦s ✉♠❛ ❝r✐st❛❧ ❝♦♠✲

♣♦st♦ ❞❡ ✉♠ ♥ú♠❡r♦ ✐♥✜♥✐t♦ ❞❡ ❝é❧✉❧❛s ✉♥✐tár✐❛s ❡♠ três ❞✐♠❡♥sõ❡s t❡♥❞♦ ❝❛❞❛ ❝é❧✉❧❛ ✉♠❛

✐❞❡♥t✐✜❝❛çã♦ ❞❡♥tr♦ ❞♦ ❝r✐st❛❧ ❞❡♥♦t❛❞❛ ♣♦r l = (l1, l2, l3)✳ ❈❛❞❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ é ❞❡✜♥✐❞❛ ♣♦r

✈❡t♦r❡s ❧✐♥❡❛r♠❡♥t❡ ✐♥❞❡♣❡♥❞❡♥t❡s✱ a1✱ a2✱ a3✳ ❊♥tã♦✱ ❛ ♦r✐❣❡♠ ❞❛ ❧✲és✐♠❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ s❡rá

❞❡✜♥✐❞❛ ❝♦♠♦✿

rl = l1a1 + l2a2 + l1a1 (C.1)

❱❛♠♦s ❞❡✜♥✐r t❛♠❜é♠ q✉❡ ❝❛❞❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ ❝♦♥t❡♥❤❛ k át♦♠♦s ❜❛s❡✱ k ♣♦❞❡ ✈❛r✐❛r ❞❡

✶ ❛té ♥✱ s❡♥❞♦ ♥ ✉♠ ✐♥t❡✐r♦✳ ❉✐r❡♠♦s q✉❡ ♦ ❦✲és✐♠♦ át♦♠♦ ❜❛s❡ ❞❡ ✉♠❛ ❞❛❞❛ ❝é❧✉❧❛ ✉♥✐tár✐❛

❡stá ❡♠ ✉♠❛ ♣♦s✐çã♦ ∆rk r❡❧❛t✐✈❛ ❛ ♦r✐❣❡♠ ❞❡ s✉❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ rl✳ P♦rt❛♥t♦✱ ❛ ♣♦s✐çã♦ ❞❡

q✉❛❧q✉❡r át♦♠♦ k ❜❛s❡ ❡♠ ✉♠❛ ❧✲és✐♠❛ ❝é❧✉❧❛ s❡rá rlk = rl +∆rk

❙✉♣♦♥❤❛ q✉❡ ✉♠ át♦♠♦ s❡❥❛ ❞❡s❧♦❝❛❞♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ ♣❡❧❛ q✉❛♥t✐❞❛❞❡ ulk =

(ulkx , ulky , ulkz)✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ♣♦s✐çã♦ ❞❡ ✉♠ át♦♠♦ s✉❥❡✐t♦ ❛ ❡❢❡✐t♦s ❞❡ ✈✐❜r❛çã♦ é Rlk =

rlk +∆ulk✳

❙❡ ❝♦♥s✐❞❡r❛r♠♦s q✉❡ ♦s ❞❡s❧♦❝❛♠❡♥t♦s ❞♦s át♦♠♦s sã♦ ♣❡q✉❡♥♦s ❡♠ t♦r♥♦ ❞❛ ♣♦s✐çã♦ ❞❡

❡q✉✐❧í❜r✐♦✱ ♣♦❞❡♠♦s ❢❛③❡r ✉♠❛ ❡①♣❛♥sã♦ ❞❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ U ❡♠ ✉♠❛ sér✐❡ ❞❡ ❚❛②❧♦r✳ ❊♥tã♦

t❡r❡♠♦s✿
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U = U0 +
∑

lkα

Φlkαulkα +
1

2

∑

lkα

∑

l′k′β

Φlkα,l′k′βulkαul′k′β + ..., (C.2)

♦♥❞❡ α ❡ β r❡♣r❡s❡♥t❛♠ ❛s ❝♦♦r❞❡♥❛❞❛s ①✱ ②✱ ③✱ ❡ ♦s ❝♦❡✜❝✐❡♥t❡s Φlkα ❡ Φlkα,l′k′β sã♦ ❞❛❞♦s ♣♦r✿

Φlkα =

(

∂U

∂ulkα

)

0

(C.3)

Φlkα,l′k′βulkα =

(

∂2U

∂ulkα∂ul′k′β

)

0

(C.4)

❖ t❡r♠♦ U0 ♣♦❞❡ s❡r t♦♠❛❞♦ ✐❣✉❛❧ ❛ ③❡r♦✳ ❖ í♥❞✐❝❡ ③❡r♦ ♥❛s ❞❡r✐✈❛❞❛s ✐♥❞✐❝❛♠ q✉❡ t♦❞❛s ❛s

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

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

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

♣❛r❛ ✭lk 6= l′k′✮✳ P❛r❛ r❡s♦❧✈❡r ❡st❡ ♣r♦❜❧❡♠❛✱ ❞✐❣♦✱ ❞❡✜♥✐r ♦s t❡r♠♦s ♦♥❞❡ ✭lk = l′k′✮ ❞❡✈❡♠♦s

✉s❛r ♠ã♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s q✉❡ ❛ ❡q✉❛çã♦ ❈✳✷ ❞❡✈❡ ♦❜❡❞❡❝❡r✱ ♣♦r ❡①❡♠♣❧♦✱ ❛s ❢♦rç❛s

❛tô♠✐❝❛s ♥ã♦ ♣♦❞❡♠ s❡ ❛❧t❡r❛r ♣♦r ✉♠❛ tr❛♥s❧❛çã♦ ❡s♣❛❝✐❛❧✳ ❊♥tã♦✱ ♣❛r❛ q✉❡ ❝❛❧❝✉❧❡♠♦s ♦s

t❡r♠♦s ❝♦♠ lk = l′k′ ✭t❡r♠♦s ❞✐❛❣♦♥❛✐s✮ ✈❛♠♦s ❢❛③❡r ✉♠❛ tr❛♥s❧❛çã♦ ❛ ♣❛rt✐r ❞♦ ❡q✉✐❧í❜r✐♦ ❡♠

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

át♦♠♦ ❝♦♠ ♠❛ss❛ mk ✉s❛♥❞♦ ❛ ❛♣r♦①✐♠❛çã♦ ❤❛r♠ô♥✐❝❛ s❡rá✿

mkülkα = −dβ
∑

l′k′

(

∂2U

∂ulkα∂ul′k′β

)

(C.5)

❖❜✈✐❛♠❡♥t❡✱ ♣♦r s❡ tr❛t❛r ❛♣❡♥❛s ❞❡ ✉♠❛ tr❛♥s❧❛çã♦ ♣❛rt✐♥❞♦ ❞♦ ❡q✉✐❧í❜r✐♦✱ ❛s ❢♦rç❛s s♦❜ t♦❞♦s

♦s át♦♠♦s ❞❡✈❡♠ ♣❡r♠❛♥❡❝❡r ♥✉❧❛s✳ P♦r ❡stá r❛③ã♦✱ ❝❧❛r❛♠❡♥t❡✱ mkülkα ✭t❡r♠♦ ❡sq✉❡r❞♦ ❞❛

❡q✉❛çã♦ ❈✳✺✮ ❞❡✈❡ s❡r ③❡r♦✳ ❈♦♠♦ dβ é ✉♠ ✈❛❧♦r ❛r❜✐trár✐♦✱ ♦ s♦♠❛tór✐♦ ❝♦♥t✐❞♦ ♥❛ ❡q✉❛çã♦

❈✳✺ ❞❡✈❡ s❡r ♥✉❧♦ (
∑

l′k′ Φlkα,l′k′βulkα = 0)✳ ❊♥tã♦ ❛ ❡q✉❛çã♦ ❈✳✹ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ q✉❛♥❞♦

lk = l′k′ ❢❛③❡♥❞♦✿

Φlkα,lkβ = −
∑

l′k′ 6=lk

Φlkα,l′k′β. (C.6)

❆❣♦r❛ q✉❡ t♦❞❛s ❛s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ❡stã♦ ❞❡✜♥✐❞❛s ♣♦❞❡♠♦s r❡s♦❧✈❡r ❛ ❡q✉❛çã♦ ❞❡ ♠♦✈✐✲

♠❡♥t♦✿

mkülkα = −dβ
∑

l′k′

(

∂2U

∂ulkα∂ul′k′β

)

(C.7)

❙✉♣♦♥❞♦ ✉♠❛ s♦❧✉çã♦ ♦s❝✐❧❛♥t❡ ♣❛r❛ ❛ ❡q✉❛çã♦ ❈✳✼ ♣♦❞❡♠♦s ❡s❝r❡✈❡r ❞❡ ❢♦r♠❛ ❣❡r❛❧✿

ulkα =
1√
mk

uαk(q)exp{i [qrl − ω(q)t]} (C.8)
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uαk(q) é ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ♦♥❞❛ ❡ q é ♦ ✈❡t♦r ❞❡ ♦♥❞❛✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ❈✳✽ ❡♠ ❈✳✼

t❡r❡♠♦s ❛ r❡❧❛çã♦ ❞❡ ❞✐s♣❡rsã♦✿

ω2(q)ukα =
∑

k′β

Dkα,k′β(q)uk′β, (C.9)

♦♥❞❡ ❉ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❛ ♠❛tr✐③ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ ❡ é ❞❛❞❛ ♣♦r✿

Dkα,k′β =
1

mkmk′

∑

l,l′

Φlkα,l′k′βexp [iq(rl′ − rl)] . (C.10)

❆ ❝♦♥❞✐çã♦ ♣❛r❛ q✉❡ ❛ ❡q✉❛çã♦ ❈✳✾ t❡♥❤❛ s♦❧✉çã♦ ♥ã♦ tr✐✈✐❛❧ é q✉❡✿

|Dkα,k′β(q)−δαβδkk′ω
2(q)| = 0. (C.11)

❈♦♥s❡q✉❡♥t❡♠❡♥t❡ ♦s ❛✉t♦✈❛❧♦r❡s ❢♦r♥❡❝❡♠ ❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ❢ô♥♦♥s ♣❛r❛ ✉♠ ❞❛❞♦ ✈❛❧♦r

❞❡ q✳ ❆ ♠❛tr✐③ ❞✐♥â♠✐❝❛ é ❤❡r♠✐t✐❛♥❛ ❡ ♣♦ss✉✐ s❡✉s ❛✉t♦✈❛❧♦r❡s ♣♦s✐t✐✈♦s✳ ◆❛ ♣rát✐❝❛✱ s❡

✉♠❛ r❡❞❡ é ❢❝❝✱ ❛ ♠❛tr✐③ ❞✐♥â♠✐❝❛ t❡♠ ❞✐♠❡♥sõ❡s ✸①✸✳ ❆ ❞✐♠❡♥sã♦ ❞❡ ✉♠❛ ❝♦❧✉♥❛ ❞❛ ♠❛tr✐③

❞✐♥â♠✐❝❛ é ❞❛❞❛ ♣❡❧♦ ♥ú♠❡r♦ ❞❡ át♦♠♦s ❞❛ ❜❛s❡ ✈❡③❡s ✸ ✭1 × 3 ♣❛r❛ ❢❝❝✮✳ ❆♥❛❧♦❣❛♠❡♥t❡✱

♣❛r❛ ✉♠❛ r❡❞❡ ❜❝❝✱ q✉❡ ♣♦ss✉✐ ✷ át♦♠♦s ♥❛ ❜❛s❡✱ ❛ ♠❛tr✐③ ❞✐♥â♠✐❝❛ t❡rá ❞✐♠❡♥sõ❡s ✻①✻✳

P♦rt❛♥t♦✱ ♣❛r❛ ✉♠ r❡❞❡ ❢❝❝✱ ❝❛❞❛ ✈❛❧♦r ❞❡ q ❡s♣❡r❛♠♦s ✸ ❛✉t♦✈❛❧♦r❡s ❛ss♦❝✐❛❞♦s✳ P♦❞❡♠ ❤❛✈❡r

❛✉t♦✈❛❧♦r❡s ❞❡❣❡♥❡r❛❞♦s ✭❞♦✐s ❞❡❧❡s ♣♦❞❡♠ s❡r ✐❣✉❛✐s✮✳ ❙❡ t♦♠❛r♠♦s ✈❛❧♦r❡s ❞❡ q ♥❛s ❞✐r❡çõ❡s

❞❡ ❛❧t❛ s✐♠❡tr✐❛ ♥❛ ❝é❧✉❧❛ ❞❡ ❲✐❣♥❡r✲❙❡✐t③ t❡r❡♠♦s ♣❛r❛ ✉♠❛ r❡❞❡ ❢❝❝ ✉♠ ❝✉r✈❛ ❞❡ ❞✐s♣❡rsã♦

❞❡ ❢ô♥♦♥s ❝♦♠♦ ❛♣r❡s❡♥t❛❞❛ ♥♦ ❝❛♣ít✉❧♦ ✷ ✭❋✐❣✳ ✷✳✶✶ ❡ ✷✳✶✷✮✳ ❖ ❝ó❞✐❣♦ q✉❡ ❝♦♥stró✐ ❛ ♠❛tr✐③

❞✐♥â♠✐❝❛ ❡ ❝❛❧❝✉❧❛ ♦s ❛✉t♦✈❛❧♦r❡s ❢♦✐ ❝♦♥str✉í❞♦ ♣♦r ♥ós✳ ❊♠ sí♥t❡s❡✱ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ❛

❡q✉❛çã♦ ❈✳✶✵ ♣❛r❛ ✉♠❛ r❡❞❡ ❢❝❝✱ ❛ ♣❛rt✐r ❞❡st❡ ♣♦♥t♦✱ ❝♦♠ ❛✉①í❧✐♦s ❞❡ ❜✐❜❧✐♦t❡❝❛s ❞✐str✐❜✉í❞❛s

❧✐✈r❡♠❡♥t❡ ♥ós ❝❛❧❝✉❧❛♠♦s ♦s ❛✉t♦✈❛❧♦r❡s ❞❛ ♠❛tr✐③ ❞✐♥â♠✐❝❛ ❡ ❡♥tã♦ ♦❜t❡♠♦s ❛ r❡❧❛çã♦ ❞❡

❞✐s♣❡rsã♦ ❞❡ ❢ô♥♦♥s✳
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▲❆▼▼P❙ ✭▲❛r❣❡✲s❝❛❧❡ ❆t♦♠✐❝✴▼♦❧❡❝✉❧❛r ▼❛ss✐✈❡❧② P❛r❛❧❧❡❧ ❙✐♠✉❧❛t♦r✮ ❬✼✹❪ é ✉♠ ❝ó❞✐❣♦

❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❞❛ ❙❛♥❞✐❛ ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r✐❡s ✭❤tt♣✿✴✴❧❛♠♠♣s✳s❛♥❞✐❛✳❣♦✈✴✮ ♥♦s ❊s✲

t❛❞♦s ❯♥✐❞♦s✳ P♦ss✉✐ ✉♠❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡s ❞❡ ♣♦t❡♥❝✐❛✐s ❡ t✐♣♦s ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ q✉❡

♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ♣❛r❛ ♠♦❞❡❧❛r ❧íq✉✐❞♦s✱ só❧✐❞♦s ♦✉ ❣❛s❡s✳ ❖ tr❛❜❛❧❤♦ ♦r✐❣✐♥❛❧ ❞♦ ▲❆❆▼P❙

♣♦ss✉✐ ♠❛✐s ❞❡ ✹✹✵✵ ❝✐t❛çõ❡s ♥❛s ♠❛✐s ❞✐✈❡rs❛s ár❡❛s ❝♦♠♦✿ P♦❧í♠❡r♦s✱ s✐st❡♠❛s ♠❡tá❧✐❝♦s✱ s✐s✲

t❡♠❛s ❜✐♦❧ó❣✐❝♦s✱ ❢ís✐❝❛ ❞♦ ❡st❛❞♦ só❧✐❞♦ ❞❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✳ ▲❆▼▼P❙ ♣♦❞❡ ❢❛③❡r ❝á❧❝✉❧♦s ♥♦s

❡♥s❡♠❜❧❡ ♠✐❝r♦❝❛♥ô♥✐❝♦ ✭◆❱❊✮✱ ❝❛♥ô♥✐❝♦ ✭◆❱❚✮ ❡ ♥♦ ❡♥s❡♠❜❧❡ ✐s♦tér♠✐❝♦✲✐s♦❜ár✐❝♦ ✭◆P❚✮✳

P♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ❝♦♠ ✉♠ ✐♥t❡❣r❛❞♦r ❞❡ ❱❡r❧❡t ✭✈❡❧♦❝✐t②✲❱❡r❧❡t✮ ♣❛r❛ r❡s♦❧✈❡r ❛s ❡q✉❛çõ❡s ❞❡

♠♦✈✐♠❡♥t♦✳ ❆❧é♠ ❞❡ ✐♥t❡❣r❛r ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦✱ ♦ ❝ó❞✐❣♦ ♦❢❡r❡❝❡ ❞✐✈❡rs❛s ❢❡rr❛♠❡♥t❛s

❞❡ ❝á❧❝✉❧♦s ❛✉①✐❧✐❛r❡s ❝♦♠♦✿ ❈❛❧❝✉❧♦ ❞♦ t❡♥s♦r ❞❡ str❡ss✱ ❢❡rr❛♠❡♥t❛s ♣❛r❛ ❡①❡❝✉çã♦ ❞❡ ♠é❞✐❛s

❡s♣❛❝✐❛✐s ❡ t❡♠♣♦r❛✐s ❞❡ ❣r❛♥❞❡③❛s ❢ís✐❝❛s✱ ❝á❧❝✉❧♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❝❡♥tr♦✲s✐♠❡tr✐❛✱ ❝❛❧❝✉❧♦ ❞❛

❡str✉t✉r❛ ❧♦❝❛❧ ❞❛ r❡❞❡ ✉s❛♥❞♦ ❛ ❢♦r♠✉❧❛çã♦ ♣r♦♣♦st❛ ♣♦r ❆❝❦❧❛♥❞✳ ▼❛✐s r❡❝❡♥t❡♠❡♥t❡ t❡♠

❢❡rr❛♠❡♥t❛s ❞❡ ❝á❧❝✉❧♦s ❞❡ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ❡ ❝á❧❝✉❧♦ ❞❛ ❝✉r✈❛ ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❢ô♥♦♥s ❝♦♠

t❡♠♣❡r❛t✉r❛✳ ❖ ❝ó❞✐❣♦ ♣♦❞❡ ❣❡r❛r r❡❞❡s ❢❝❝✱ ❜❝❝✱ ❤❝♣✱ ❞✐❛♠❛♥t❡✱ ❡♥tr❡ ♦✉tr❛s✳ ▲❆▼▼P❙

t❛♠❜é♠ ✐♥❝♦r♣♦r♦✉ t❡♦r✐❛s q✉❡ ❢✉♥❝✐♦♥❛♠ ❞❛ ♠❡s♦❡s❝❛❧❛ ❝♦♠♦ P❡r✐❞②♥❛♠✐❝s ✭❡①♣❧✐❝❛❞❛ ♥♦

❝❛♣ít✉❧♦ ✺✮ ❡ ❉P❉ ✭❞✐ss✐♣❛t✐✈❡ ♣❛rt✐❝❧❡ ❞②♥❛♠✐❝s✮ q✉❡ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ❡♠ s✐♠✉❧❛çõ❡s ❞❡

✢✉✐❞♦s✳

❊stã♦ ✐♠♣❧❡♠❡♥t❛❞♦s ♥♦ ▲❆▼▼P❙ ✉♠❛ ✈❛st❛ ❧✐st❛ ❞❡ ♣♦t❡♥❝✐❛✐s✱ ♣♦❞❡♠♦s ❝✐t❛r✿ ❱ár✐❛s

❢♦r♠❛s ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s✱ ♣♦t❡♥❝✐❛❧ ❞❡ ▼♦rs❡ ❡ ♣♦t❡♥❝✐❛❧ ❞❡ ❙t✐❧❧✐♥❣❡r✲❲❡❜❡r

❬✶✸✻❪✳ P♦t❡♥❝✐❛✐s ❞♦ t✐♣♦ ❊♠❜❡❞❡❞ ❆t♦♠✲▼❡t❤♦❞ ✭❊❆▼✮ ❡ ▼❊❆▼ ✭❊❆▼ ♠♦❞✐✜❝❛❞♦✮✱ ♣♦✲

t❡♥❝✐❛✐s ♣❛r❛ s❡♠✐❝♦♥❞✉t♦r❡s ❝♦♠♦ ❚❡rs♦✛ ❬✷✹❪ ❡ ❊❉■P ❬✹✹❪✳ P♦t❡♥❝✐❛✐s ❝❤❛♠❛❞♦s r❡❛t✐✈♦s

✭❘❊❆❳❋❋✮ ❬✹✺❪✳ ❚♦❞❛s ❡st❛s ❝❛r❛❝t❡ríst✐❝❛s ❢❛③❡♠ ❞♦ ▲❆▼▼P❙ ✉♠ ❝ó❞✐❣♦ ♠✉✐t♦ ✉t✐❧✐③❛❞♦

❡♥tr❡ ♣❡sq✉✐s❛❞♦r❡s✳
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❖ ❝ó❞✐❣♦ ▲❆▼▼P❙ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❡♠ ❈✰✰ ❡ é ❞✐str✐❜✉í❞♦ ❧✐✈r❡♠❡♥t❡ s♦❜ ♦s t❡r♠♦s

❞❛ ❧✐❝❡♥ç❛ ●◆❯✳ ❖ ❝ó❞✐❣♦ ♣♦❞❡ r♦❞❛r ❡♠ ✉♠ ❞❡s❦t♦♣ ❝♦♠ ✉♠ ú♥✐❝♦ ♣r♦❝❡ss❛❞♦r✱ ♠❛s ❢♦✐

♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣r♦❥❡t❛❞♦ ♣❛r❛ r♦❞❛r ❡♠ ♣❛r❛❧❡❧♦ ✉s❛♥❞♦ ❜✐❜❧✐♦t❡❝❛s ▼P■ ✭♠❡ss❛❣❡✲♣❛ss✐♥❣

❧✐❜r❛r②✮✳ ■st♦ ♣❡r♠✐t❡ q✉❡ s❡❥❛♠ ❢❡✐t❛s s✐♠✉❧❛çõ❡s ❝♦♠ ❛té ❜✐❧❤õ❡s ❞❡ ♣❛rtí❝✉❧❛s✱ ♦ ❝ó❞✐❣♦

♣❡r♠✐t❡ r♦❞❛r ♠ú❧t✐♣❧❛s s✐♠✉❧❛çõ❡s s✐♠✉❧t❛♥❡❛♠❡♥t❡✳ ▲❆▼▼P❙ ✉s❛ té❝♥✐❝❛s ❞❡ ❞❡❝♦♠♣♦s✐çã♦

❡s♣❛❝✐❛❧ ♣❛r❛ ♣❛rt✐❝✐♦♥❛r ❛ s✐♠✉❧❛çã♦ ❡♠ ♣❡q✉❡♥♦s s✉❜❞♦♠í♥✐♦s✳

❯♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ▲❆▼▼P❙ é ❛ ♣♦rt❛❜✐❧✐❞❛❞❡✳ ➱ ♣♦ssí✈❡❧ ♠♦❞✐✜❝á✲

❧♦✱ ❝r✐❛r ❡①t❡♥sõ❡s ❡ ❛❝♦♣❧❛✲❧♦ ❝♦♠ ♦✉tr♦s ❝ó❞✐❣♦s✱ r❡✉t✐❧✐③á✲❧♦✳ P♦r ❡①❡♠♣❧♦✱ ✉♠ ❝ó❞✐❣♦ ❞❡

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

♣❛r❛ ♦ ▲❆▼▼P❙✳ ❖✉tr♦ ❡①❡♠♣❧♦ s❡r✐❛✿ ❯♠ ❝ó❞✐❣♦ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ♣♦❞❡ s❡r ❛❝♦♣❧❛❞♦ ❛♦

▲❆▼▼P❙ ❞❡ ♠♦❞♦ ❛ ❢♦r♥❡❝❡r ♣❛r❛ ❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ✐♥❢♦r♠❛çõ❡s ❞❡ ❝♦♥t♦r♥♦ ✈✐♥❞❛s ❞♦s

♣♦♥t♦s ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ss❛ ❝❛r❛❝t❡ríst✐❝❛ ❢♦✐ ❢♦rt❡♠❡♥t❡

✉t✐❧✐③❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✺ ❞❡st❛ t❡s❡ q✉❛♥❞♦ ❛❝♦♣❧❛♠♦s ❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠ ❛ P❡r✐❞②♥❛♠✐❝s✱

♥❡st❡ ❝❛s♦✱ ♥ós ❛❝♦♣❧❛♠♦s ♦ ♠ó❞✉❧♦ ▼❉ ✭▼♦❧❡❝✉❧❛r ❉②♥❛♠✐❝s✮ ❞❡ ▲❆▼▼P❙ ❝♦♠ ♦ ♠ó❞✉❧♦

P❉ ✭P❡r✐❞②♥❛♠✐❝s✮ ❞❡ ▲❆▼▼P❙✳ ❯♠ ♠♦❞♦ ❞❡ ❢❛③❡r ✐st♦ é t♦r♥❛r ♦ ▲❆▼▼P❙ ✉♠❛ ❜✐❜❧✐♦t❡❝❛

q✉❡ ♣♦ss❛r s❡r ❝❤❛♠❛❞❛ ♣♦r ♦✉tr♦ ❝ó❞✐❣♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ♦✉tr♦ ❝ó❞✐❣♦ ♣♦❞❡ ✉s❛r t♦❞❛s

❛s ❢✉♥çõ❡s ❞♦ ▲❆▼▼P❙✳ ◆ã♦ ❤á ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞❡s❡♥✈♦❧✈❡r ✉♠ só ❝ó❞✐❣♦ tã♦ ❡①t❡♥s♦ q✉❡

r❡s♦❧✈❛ t♦❞❛s ❡q✉❛çõ❡s✳ ➱ ♣♦ssí✈❡❧ ❛♣r♦✈❡✐t❛r t✉❞♦ q✉❡ ❥á ❢♦✐ ❢❡✐t♦ ✉s❛♥❞♦ ❡st❛s ❢❡rr❛♠❡♥t❛s

❞❡ ♣♦rt❛❜✐❧✐❞❛❞❡ ❞♦ ❝ó❞✐❣♦✳
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Equações de Movimento no Ensemble
Canônico

P❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s ♠♦❞❡❧❛❞♦ ♥♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦✱ ❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s ❚❡♠✲

♣❡r❛t✉r❛ ✭❚✮✱ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ✭◆✮ ❡ ✈♦❧✉♠❡ ✭❱✮ sã♦ ❝♦♥s❡r✈❛❞❛s✳ ➱ ❝♦♠✉♠ ✈❡r♠♦s ❛

❛❜r❡✈✐❛çã♦ ◆❱❚ ♣❛r❛ ❞❡s✐❣♥❛r ♦ s✐st❡♠❛ ❝❛♥ô♥✐❝♦✳ ➱ ✐♥t❡r❡ss❛♥t❡ q✉❡ t❡♥❤❛♠♦s ✉♠ ♠♦❞❡❧♦

t❡ór✐❝♦ q✉❡ ♠❛♥t❡♥❤❛ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♥st❛♥t❡ s❡♠ q✉❡ ❤❛❥❛

❞❡str✉✐çã♦ ❞❛s ♠é❞✐❛s ❡st❛tíst✐❝❛s ♦✉ ❞❛s ✢✉t✉❛çõ❡s ❡st❛tíst✐❝❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡♥s❡♠❜❧❡

❝❛♥ô♥✐❝♦✳ ❯♠ ♠♦❞♦ ❞❡ ✐♠♣♦r t❡♠♣❡r❛t✉r❛ ❝♦♥st❛♥t❡ é ♠♦❞✐✜❝❛r ❛s ✈❡❧♦❝✐❞❛❞❡s ❞❛s ♣❛rtí❝✉✲

❧❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ▼❛①❡❧❧✲❇♦❧t③♠❛♥♥ ❞❡ ♠♦❞♦ ❛ ❛t✐♥❣✐r ❛ t❡♠♣❡r❛t✉r❛

❞❡s❡❥❛❞❛✳ ◆♦ ❡♥t❛♥t♦✱ t❛❧ ✐♠♣♦s✐çã♦ ❞❡stró✐ ❛s ✢✉t✉❛çõ❡s ❡♠ t♦r♥♦ ❞❛ ♠é❞✐❛✱ ✐ss♦ s✐❣♥✐✜❝❛

q✉❡ ❛s ✢✉t✉❛çõ❡s ❞❛❞❛s ♣♦r ❡st❛ ❢♦r♠✉❧❛çã♦ ♥ã♦ ❡stã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛ ❡st❛tíst✐❝❛ ❞♦

❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦✱ ❡♠❜♦r❛ ❛s ♠é❞✐❛s ❡st❡❥❛♠ ❝♦rr❡t❛s ❛ ❞✐♥â♠✐❝❛ t♦r♥❛✲s❡ ✐♠♣r❛t✐❝á✈❡❧ ♣♦r

❤❛✈❡r ❞❡s❛❝♦r❞♦ ❝♦♠ ❛s ✢✉t✉❛çõ❡s ♣r❡✈✐st❛s ♥♦ s✐st❡♠❛ ◆❱❚✳

P❛r❛ tr❛❜❛❧❤❛r♠♦s ❝♦♠ t❡♠♣❡r❛t✉r❛ ✜①❛✱ ♥ós ✉s❛♠♦s ♥❡st❛ t❡s❡ ♦ ♠ét♦❞♦ ❞❡ ◆♦sé✲❍♦♦✈❡r

❬✷✺✱✷✻❪✳ ❊st❡ t✐♣♦ ❞❡ ♠♦❞❡❧❛❣❡♠ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ❡♠ ❛❝♦♣❧❛r à ❍❛♠✐❧t♦♥✐❛♥❛ ❞♦ s✐st❡♠❛

✉♠ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❡①tr❛ r❡♣r❡s❡♥t❛♥❞♦ ✉♠ t❡r♠♦st❛t♦ ✈✐rt✉❛❧✳ ❊ss❡ t❡r♠♦st❛t♦ ✈✐rt✉❛❧

tr♦❝❛ ❝❛❧♦r ❝♦♠ ♦ s✐st❡♠❛ ♠❛♥t❡♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❝♦♥st❛♥t❡✳ P❛r❛ ❡st❡ ♠♦❞❡❧♦✱ ❛s ✢✉t✉❛çõ❡s

❞❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s ❡♠ t♦r♥♦ ❞❛s r❡s♣❡❝t✐✈❛s ♠é❞✐❛s ❡stã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡st❛tíst✐❝❛ ♣❛r❛

♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ♠♦❞❡❧♦ s❡❥❛ ❛❞❡q✉❛❞♦ ❞✐♥❛♠✐❝❛♠❡♥t❡✳

❆ ✐❞❡✐❛ ❡ss❡♥❝✐❛❧ ❞♦ ♠ét♦❞♦ s❡❣✉❡✿ s✉♣♦♥❤❛ q✉❡ ♦ s✐st❡♠❛ t❡♠ ◆ át♦♠♦s ❝♦♠ ♣♦s✐çõ❡s

❡ ♠♦♠❡♥t♦s ✭r✱ p✮ ❡♥tã♦ ✐♥tr♦❞✉③✐♠♦s ❛♦ s✐st❡♠❛ ♣❛rtí❝✉❧❛s ❝♦♠ ♣♦s✐çã♦ ❡ ♠♦♠❡♥t♦ ❞❛❞♦s

♣♦r ✭s✱ ps✮✳ ➱ ♣♦ssí✈❡❧ ❡s❝r❡✈❡r ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦ ❡st❡♥❞✐❞♦ ♣❛r❛ ❡st❡ s✐st❡♠❛ ❡ ❡♥tã♦ ❞❡✲

❞✉③✐r ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦✳ ❖✉tr♦s ♠♦❞❡❧♦s ✉s❛♥❞♦ ❡st❛ té❝♥✐❝❛ ❞❡ ❝♦♥str✉✐r ✉♠ s✐st❡♠❛
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❡st❡♥❞✐❞♦ ♣♦❞❡ s❡r ❝♦♥str✉í❞❛✱ ♣♦ré♠ ❞❡✈❡♠♦s ❧❡♠❜r❛r q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡st❡ s✐st❡♠❛

❡st❡♥❞✐❞♦ ❞❡✈❡ s❡r t❡st❛❞♦ ♣❛r❛ q✉❡ s❡❥❛ ❝♦♠♣r♦✈❛❞❛ s✉❛ ♣r♦①✐♠✐❞❛❞❡ ❝♦♠ ❛ r❡❛❧✐❞❛❞❡✳ ❯♠❛

sí♥t❡s❡ ❞❛s ❡q✉❛çõ❡s ❞♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ◆♦sé ♣♦❞❡ s❡r ❞❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿ ❖ ❣r❛✉ ❞❡

❧✐❜❡r❞❛❞❡ ❡①tr❛ ❞❛❞♦ ❛♦ s✐st❡♠❛ é ❞❡♥♦t❛❞♦ ♣♦r s ❡ s❡✉ ♠♦♠❡♥t♦ ❝♦♥❥✉❣❛❞♦ é ps✳ ❆ ✈❡❧♦❝✐❞❛❞❡

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

−→v = s−̇→r . (E.1)

❆ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ❛ss♦❝✐❛❞❛ ❛♦ r❡s❡r✈❛tór✐♦ é ❞❛❞❛ ♣♦r✿

Vs = (3N + 1)kBT lns, (E.2)

T ❛ t❡♠♣❡r❛t✉r❛ q✉❡ s❡ ❞❡s❡❥❛ ♠♦❞❡❧❛r ♦ s✐st❡♠❛✳ ❆ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❛ss♦❝✐❛❞❛ ❛♦ t❡r♠♦ ❞❡

❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ é ❞❛❞❛ ♣♦r✿

Ks =
1

2
Qṡ2. (E.3)

◆❡ss❛ ❢♦r♠✉❧❛çã♦✱ Q é ✉♠ ♣❛râ♠❡tr♦ ❞❡ ✐♥ér❝✐❛ ♦✉ ♠❛ss❛ ❡❢❡t✐✈❛ ❛ss♦❝✐❛❞❛ ❛ s ❝♦♠ ❞✐✲

♠❡♥sõ❡s ❞❡ ❡♥❡r❣✐❛ ♣♦r t❡♠♣♦ ❛♦ q✉❛❞r❛❞♦✳ ❆ ✈❛r✐á✈❡❧ Q ❞❡t❡r♠✐♥❛ q✉ã♦ r❛♣✐❞❛♠❡♥t❡ ♦

r❡s❡r✈❛tór✐♦ tr♦❝❛ ❝❛❧♦r ❝♦♠ ♦ s✐st❡♠❛✳ ❈❛❞❛ s✐st❡♠❛ ♣♦ss✉✐ ✉♠ ✈❛❧♦r ❛❞❡q✉❛❞♦ ♣❛r❛ ◗ ❡ ❞❡✈❡

s❡r t❡st❛❞♦✳ ◆♦ ♠♦❞❡❧♦ ❞❡ ◆♦sé✱ ❛ ❡s❝♦❧❤❛ ❞❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ Vs ❛ss♦❝✐❛❞❛ ❛♦ r❡s❡r✈❛tór✐♦

❛ss❡❣✉r❛ q✉❡ t❡r❡♠♦s ❛ r❡♣r♦❞✉çã♦ ❞♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦✳ ❖ ❍❛♠✐❧t♦♥✐❛♥♦ ❡ ❛ ▲❛❣r❛♥❣❡❛♥❛

❞♦ s✐st❡♠❛ ✜❝❛♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✿

HNose =
N
∑

i

∑

α

p2iα
2mi

+ V + (3N + 1)kBT lns+
1

2
Qṡ2, (E.4)

LNose =
N
∑

i

∑

α

p2iα
2mi

+
1

2
Qṡ2 − V − (3N + 1)kBT lns (E.5)

=
N
∑

i

∑

α

mi

2
s2ṙi

2 +
1

2
Qṡ2 − V − (3N + 1)kBT lns. (E.6)

❖♥❞❡mi r❡♣r❡s❡♥t❛ ❛ ♠❛ss❛ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❞♦ s✐st❡♠❛✱ piα ❞❡♥♦t❛ ♦ ♠♦♠❡♥t♦ ❞❛ ✐✲és✐♠❛

♣❛rtí❝✉❧❛ ♥❛ ❞✐r❡çã♦ α✱ ✸◆ r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞❡ ✉♠ s✐st❡♠❛ ❝♦♠ N

♣❛rtí❝✉❧❛s✱ T ❛ t❡♠♣❡r❛t✉r❛✱ kB ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✳ ❉❡ss❡ ♠♦❞♦✱ ◆♦sé ✐♥t❡r♣r❡t♦✉

❛s ❡q✉❛çõ❡s ❝♦♠ ▲❛❣r❛♥❣✐❛♥❛ ❡st❡♥❞✐❞❛ ❝♦♠♦ ✉♠❛ tr♦❝❛ ❞❡ ❝❛❧♦r ❡♥tr❡ ♦ s✐st❡♠❛ ❢ís✐❝♦ ❡ ♦

s✐st❡♠❛ ❡①t❡r♥♦ ✭r❡s❡r✈❛tór✐♦ ❞❡ ❝❛❧♦r✮✳ ❙❡ ❛♣❧✐❝❛r♠♦s ❛s ❡q✉❛çõ❡s ❞❡ ▲❛❣r❛♥❣❡✱ ❝❤❡❣❛r❡♠♦s

❛♦ s❡❣✉✐♥t❡ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s q✉❡ r❡s✉♠❡♠ ❛ ❢♦r♠✉❧❛çã♦ ❞❡ ◆♦sé ❬✷✺❪✿
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ṙ = p/ms2, (E.7)

ṗ = F (r), (E.8)

ṡ = ps/Q, (E.9)

ṗs =
∑

p2/ms3 − (3N + 1)kBT/s. (E.10)

❍♦♦✈❡r ♣r♦♣ôs ♠✉❞❛♥ç❛s ♥❛s ❡q✉❛çõ❡s ❞❡ ◆♦sé✳ ❊❧❡ ❞❡❞✉③✐✉ ❡q✉❛çõ❡s ✉♠ ♣♦✉❝♦ ❞✐❢❡r❡♥t❡s✱

♠❛s q✉❡ ❞✐s♣❡♥s❛♠ ♦ ✉s♦ ❞❛ ✈❛r✐á✈❡❧ s✳ ❆s ♠✉❞❛♥ç❛s ❢❡✐t❛s ♣♦r ❍♦♦✈❡r ♥❛s ❡q✉❛çõ❡s ❞❡

♠♦✈✐♠❡♥t♦ ❞❡ ◆♦sé ❞❡❝♦rr❡♠ ❞❡ r❡❡s❝❛❧❛r ♦ t❡♠♣♦ ♣♦r ✉♠ ❢❛t♦r s ❢❛③❡♥❞♦ dt = sdt′✱ ♣♦rt❛♥t♦✱

r❡❞✉③✐♥❞♦ ❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦✳ ❉❡ss❡ ♠♦❞♦✱ ❍♦♦✈❡r r❡❡s❝r❡✈❡✉ ❛s ❡q✉❛çõ❡s ❞❡ ◆♦s❡ ❞❛ s❡❣✉✐♥t❡

❢♦r♠❛ ❬✷✻❪✿

ṙ = p/m, (E.11)

ṗ = F (r)− ζp, (E.12)

ζ̇ =
1

Q

[

∑

p2/m− fkBT
]

. (E.13)

❙❡ q✉✐s❡r♠♦s ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✱ ❜❛s✐❝❛♠❡♥t❡ ♣r❡❝✐s❛♠♦s r❡s♦❧✈❡r ❛s ❡q✉❛çõ❡s ❊✳✶✶✱

❊✳✶✷✱ ❊✳✶✸✳ P❛r❛ q✉❡ ♦ ❡♥s❡♥❜❧❡ ❝❛♥ô♥✐❝♦ s❡❥❛ r❡♣r♦❞✉③✐❞♦ é ♥❡❝❡ssár✐♦ q✉❡ f = 3N + 1✳ ❖❜✲

s❡r✈❡ q✉❡ ❛ ❡q✉❛çã♦ ❊✳✶✷ é ❛ s❡❣✉♥❞❛ ❧❡✐ ❞❡ ◆❡✇t♦♥ ❝♦♠ ♦ t❡r♠♦ ❛❞✐❝✐♦♥❛❧ ζp✳ P♦r ♦✉tr♦ ❧❛❞♦

❛ ❞❡r✐✈❛❞❛ ❞❡ ζ é ❞❛❞❛ ♥❛ ❡①♣r❡ssã♦ ❊✳✶✸✱ ❛ ❡①♣r❡ssã♦ ♣❛r❛ ζ̇ ♣♦ss✉✐ ❞♦✐s t❡r♠♦s✿ ♦ ♣r✐♠❡✐r♦

t❡r♠♦✱
∑

p2/m✱ ❡stá ❛ss♦❝✐❛❞♦ ❞✐r❡t❛♠❡♥t❡ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞♦ s✐st❡♠❛ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦

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

❝✉❧❛❞❛ ♣❡❧♦ t❡♦r❡♠❛ ❞❛ ❡q✉✐♣❛rt✐çã♦✳ ❖ s❡❣✉♥❞♦ t❡r♠♦ ✭fkBT ✮ ✐♥❞✐❝❛ ❛ t❡♠♣❡r❛t✉r❛ q✉❡

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

♠❡t♦❞♦❧♦❣✐❛ ♣r♦♣♦st❛ ♣♦r ❍♦♦✈❡r s♦❜r❡ ♦ t❡r♠♦st❛t♦ ❞❡ ◆♦sé ❡stá ♥❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ r❡❛❧✐③❛r

❛ s✐♠✉❧❛çã♦ ❝♦♠ ♣❛ss♦ ✜①♦✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✐♥✐❝✐❛❧♠❡♥t❡ ♣r♦♣♦st❛ ♣♦r ◆♦sé✳

◆♦t❡ t❛♠❜é♠ q✉❡ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❡♥❡r❣✐❛s ❛ss♦❝✐❛❞❛s ❛ t❡♠♣❡r❛t✉r❛ ❡♠ q✉❡ ♦ s✐st❡♠❛ s❡

❡♥❝♦♥tr❛ ❡ ❛ t❡♠♣❡r❛t✉r❛ ❛❧✈♦ ❞✐✈✐❞✐❞❛ ♣❡❧❛ ✈❛r✐á✈❡❧ Q é ✐❣✉❛❧ ❛ ❞❡r✐✈❛❞❛ ❞❡ ζ✳ ❆ss✐♠✱ s❡ ❛

t❡♠♣❡r❛t✉r❛ ❞♦ s✐st❡♠❛ é ♠❡♥♦r q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❛❧✈♦ ✐♠♣❧✐❝❛ ζ̇ < 0 ❡ s❡rá ❛❞✐❝✐♦♥❛❞♦ ✉♠

t❡r♠♦ F (r) ♥❛ ❡q✉❛çã♦ ❊✳✶✷ ❛✉♠❡♥t❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ s✐st❡♠❛✳ ❯♠ r❛❝✐♦❝í♥✐♦ ❛♥á❧♦❣♦

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

♥❡st❡ ❝❛s♦✱ ζ̇ > 0 ❞✐♠✐♥✉✐♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ s✐st❡♠❛✳
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❯♠❛ ♦✉tr❛ q✉❡stã♦ ✐♠♣♦rt❛♥t❡ ❛ s❡r ❛♥❛❧✐s❛❞❛ é ♦ ♣❛♣❡❧ ❞❛ ✈❛r✐á✈❡❧ Q✳ ❆ ✈❛r✐á✈❡❧ Q ❢✉♥✲

❝✐♦♥❛ ❝♦♠♦ ✉♠ ♣❛râ♠❡tr♦ ❞❡ ✐♥ér❝✐❛ ♣❛r❛ ❛s tr♦❝❛s ❞❡ ❝❛❧♦r ❡♥tr❡ ♦ r❡s❡r✈❛tór✐♦ ❡ ♦ s✐st❡♠❛✱

❞❡ ♠♦❞♦ r❡s✉♠✐❞♦✱ ❡❧❛ ❞✐③ q✉ã♦ r❛♣✐❞❛♠❡♥t❡ ♦ r❡s❡r✈❛tór✐♦ ❡ ♦ s✐st❡♠❛ ✐rã♦ tr♦❝❛r ❝❛❧♦r✳ P♦r✲

t❛♥t♦✱ s❡ ◗ t♦♠❛r ✉♠ ✈❛❧♦r ♠✉✐t♦ ♣❡q✉❡♥♦✱ r❛♣✐❞❛♠❡♥t❡ ❛s tr♦❝❛s ❞❡ ❝❛❧♦r sã♦ r❡❛❧✐③❛❞❛s✱ ♦

✐♥✈❡rs♦ t❛♠❜é♠ é ✈❡r❞❛❞❡✐r♦✳ P❛r❛ ❝❛❞❛ s✐st❡♠❛ ❡①✐st❡ ✉♠ ✈❛❧♦r ✐❞❡❛❧ ❞❡ Q ♦♥❞❡ ♦ s✐st❡♠❛

❝♦♥✈❡r❣❡ ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ❛❧✈♦ ♥✉♠ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦ r❡❛❧✐③á✈❡❧✳ P❛r❛ ✈❛❧♦r❡s ♠✉✐t♦

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

r❛t✉r❛ ♥ã♦ ❛t✐♥❣✐♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❛❧✈♦✱ ♦✉ ♣♦❞❡ ❞❡♠♦r❛r ✉♠ t❡♠♣♦ ✐♥✈✐á✈❡❧ ❞❡ s✐♠✉❧❛çã♦

❛té ❛t✐♥❣✐r ❛ t❡♠♣❡r❛t✉r❛ ❞❡s❡❥❛❞❛✳
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