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Resumo

❯s❛♥❞♦ ❛ ❛❜♦r❞❛❣❡♠ ❞❛ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭❉❋❚✮✱ ❡st✉❞❛♠♦s ♣r♦♣r✐❡❞❛❞❡s

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

❞❛ á❣✉❛✱ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❣❡❧♦ ■h✳ ❯♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❣❡❧♦ ■h é ♦ ❞❡s♦r✲

❞❡♥❛♠❡♥t♦ ♣r♦tô♥✐❝♦✱ q✉❡ ❡①❡r❝❡ ❢♦rt❡ ✐♥✢✉ê♥❝✐❛ ♥❛s ❡str✉t✉r❛s ❞❡st❡s ❞❡❢❡✐t♦s ❡①t❡♥s♦s✳ ❖

❞❡s❧♦❝❛♠❡♥t♦ r❡❧❛t✐✈♦ ❡♥tr❡ ❝❛♠❛❞❛s ♣❛r❛ ♣r♦❞✉③✐r ❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h é r❡s✲

♣♦♥sá✈❡❧ ♣♦r ❝r✐❛r ✉♠❛ sér✐❡ ❞❡ ✈✐♦❧❛çõ❡s ♥❛s r❡❣r❛s ❞♦ ❣❡❧♦ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ❞❡❢❡✐t♦s ❇❥❡rr✉♠✳

◆❛s ♦t✐♠✐③❛çõ❡s ❞❡ ❣❡♦♠❡tr✐❛ ♣♦r ❉❋❚ ♦❜s❡r✈❛♠♦s q✉❡ ❛s ♠♦❧é❝✉❧❛s ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ ❢♦rt❡

t❡♥❞ê♥❝✐❛ ❞❡ r❡❝♦♥str✉çã♦ ♣❛r❛ ❡❧✐♠✐♥❛r ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠✳ ❊♥tr❡t❛♥t♦✱ ❛ ❞❡s♦r❞❡♠ ♣r♦tô✲

♥✐❝❛ ❞✐✜❝✉❧t❛ q✉❡ t♦❞♦s ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ s❡❥❛♠ ❝♦rr✐❣✐❞♦s ❡s♣♦♥t❛♥❡❛♠❡♥t❡✳ ❊st❡s ❞❡❢❡✐t♦s

r❡♠❛♥❡s❝❡♥t❡s sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❡❧❡✈❛r ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❢❛❧❤❛

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✱ ❝♦♥tr❛r✐❛♥❞♦ ❛s ❡st✐♠❛t✐✈❛s ❡①♣❡r✐♠❡♥t❛✐s✳ ❚❛❧ ❝♦♥tr❛❞✐çã♦ s✉❣❡r❡ q✉❡ ♥ã♦

❤á ❝♦♥❝❡♥tr❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s ❞❡ ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ❡♠ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h✳ ❉❡

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

❇❥❡rr✉♠ sã♦ ♠✉✐t♦ ♣ró①✐♠♦s ❞❡ ③❡r♦✱ ❝♦♥❝♦r❞❛♥❞♦ ❝♦♠ ❛s ❡st✐♠❛t✐✈❛s ❡①♣❡r✐♠❡♥t❛✐s✳ ❯♠❛

❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❜❛✐①❛ ✐♥❞✐❝❛ q✉❡ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s

♣❡r❢❡✐t❛s ❡♠ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s é ❢❛✈♦rá✈❡❧✳ ◆ós ✐♥✈❡st✐❣❛♠♦s ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❞❡

❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ♣❛r❝✐❛✐s ✸✵➦ ❡ ✾✵➦✳ ❖❜s❡r✈❛♠♦s ✉♠❛ s❡♠❡❧❤❛♥ç❛ ♠✉✐t♦

❣r❛♥❞❡ ❡♥tr❡ ❛s ❡str✉t✉r❛s ❞❡st❛s ♣❛r❝✐❛✐s ♥♦ ❣❡❧♦ ■h ❝♦♠ ♦ ❝❛s♦ ❞♦ s✐❧í❝✐♦✳ ❆ss✐♠ ❝♦♠♦ ♥♦

s✐❧í❝✐♦✱ ❛s ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ ♣r❡s❡♥t❡s ♥♦ ❝❛r♦ç♦ ❞❡st❛s ♣❛r❝✐❛✐s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❧✐❣❛çã♦ q✉❡✲

❜r❛❞❛✳ ❊♠ ❛♠❜❛s ❛s ♣❛r❝✐❛✐s ♦❜s❡r✈❛♠♦s ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❝❛r♦ç♦ ♣❛r❛

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

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

❝♦♠♦ ❞❡❢❡✐t♦s ❞❡ ❛♥t✐ ❢❛s❡ ✭❆P❉✮ q✉❡ t❛♠❜é♠ sã♦ ♦❜s❡r✈❛❞♦s ♥♦ s✐❧í❝✐♦✳ ❋✐③❡♠♦s s✐♠✉❧❛çõ❡s

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

♥♦ss♦s r❡s✉❧t❛❞♦s ♠♦str❛r❛♠ ✉♠❛ ❣r❛♥❞❡ r❡❞✉çã♦ ❞♦ ❡①❝❡ss♦ ❞❡ ❡♥❡r❣✐❛ ❝♦♠ ❛ r❡❝♦♥str✉çã♦✳

■st♦ s✉❣❡r❡ q✉❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥♦ ❣❡❧♦ ■h sã♦ r❡❝♦♥str✉í❞❛s✳ ❆ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧

✾✵➦ ❛♣r❡s❡♥t❛ ❞♦✐s t✐♣♦s ❞❡ r❡❝♦♥str✉çã♦ ✉♠ ❞❡❧❡s ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♣❡rí♦❞♦ s✐♠♣❧❡s ❡ ♦ ♦✉tr♦

❝♦♠♦ ♣❡rí♦❞♦ ❞✉♣❧♦✳ ❆ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ❡st❛s r❡❝♦♥str✉çõ❡s é tã♦ ♣❡q✉❡♥❛ q✉❡ é

♣❧❛✉sí✈❡❧ q✉❡ ❡st❛s r❡❝♦♥str✉çõ❡s ❝♦❡①✐st❛♠ ❡♠ ✉♠ ♠❡s♠♦ ❝❛r♦ç♦✳ ❊st❛ ❝♦❡①✐stê♥❝✐❛ é ♠❛✐s

✉♠❛ ❞❛s s❡♠❡❧❤❛♥ç❛s ❡♥tr❡ ♦ ❝❛s♦ ❞♦ ❣❡❧♦ ■h ❡ ❞♦ s✐❧í❝✐♦✳ ❖s ♣r✐♥❝✐♣❛✐s r❡s✉❧t❛❞♦s ❞❡st❛ ❚❡s❡

❢♦r❛♠ ♣✉❜❧✐❝❛❞♦s ❡♠ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❇ ✽✺✱ ✵✷✹✶✶✾ ✭✷✵✶✷✮✳
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Abstract

❯s✐♥❣ t❤❡ ❉❡♥s✐t② ❋✉♥❝t✐♦♥❛❧ ❚❤❡♦r② ✭❉❋❚✮ ❛♣♣r♦❛❝❤✱ ✇❡ st✉❞✐❡❞ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s

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

❛s ✐❝❡ ■h✳ ❖♥❡ ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡s ♦❢ ■❝❡ ■h ✐s t❤❡ ♣r♦t♦♥ ❞✐s♦r❞❡r✱ ✇❤✐❝❤ ❤❛s ❛ str♦♥❣

✐♥✢✉❡♥❝❡ ♦♥ t❤❡ str✉❝t✉r❡s ♦❢ t❤❡s❡ ❞❡❢❡❝ts✳ ❚❤❡ r❡❧❛t✐✈❡ ❞✐s♣❧❛❝❡♠❡♥t ❜❡t✇❡❡♥ ❧❛②❡rs t♦

♣r♦❞✉❝❡ t❤❡ st❛❝❦✐♥❣ ❢❛✉❧ts ✐♥ ✐❝❡ ■h ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ❝r❡❛t✐♥❣ ✈✐♦❧❛t✐♦♥s ♦❢ t❤❡ ✐❝❡ r✉❧❡s

❦♥♦✇♥ ❛s ❇❥❡rr✉♠ ❞❡❢❡❝ts✳ ■♥ ❉❋❚ ❣❡♦♠❡tr✐❝ ♦♣t✐♠✐③❛t✐♦♥s ✇❡ ♦❜s❡r✈❡❞ t❤❛t ♠♦❧❡❝✉❧❡s s❤♦✇

❛ str♦♥❣ t❡♥❞❡♥❝② t♦ r❡❝♦♥str✉❝t t♦ ❡❧✐♠✐♥❛t❡ t❤❡ ❇❥❡rr✉♠ ❞❡❢❡❝ts✳ ❍♦✇❡✈❡r✱ t❤❡ ♣r♦t♦♥

❞✐s♦r❞❡r ♣r❡✈❡♥ts t❤❡ ❝♦rr❡❝t✐♦♥ ♦❢ ❛❧❧ ❇❥❡rr✉♠ ❞❡❢❡❝ts s♣♦♥t❛♥❡♦✉s❧②✳ ❚❤❡s❡ r❡♠❛✐♥✐♥❣ ❞❡❢❡❝ts

❛r❡ r❡s♣♦♥s✐❜❧❡ ❢♦r ❤✐❣❤❡r st❛❝❦✐♥❣✲❢❛✉❧t ❡♥❡r❣✐❡s✱ ❝♦♥tr❛❞✐❝t✐♥❣ ❡①♣❡r✐♠❡♥t❛❧ ❡st✐♠❛t❡s✳ ❚❤✐s

❝♦♥tr❛❞✐❝t✐♦♥ s✉❣❣❡sts t❤❛t t❤❡r❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❇❥❡rr✉♠ ❞❡❢❡❝ts ✐♥ st❛❝❦✐♥❣

❢❛✉❧ts ✐♥ ✐❝❡ ■h✳ ■♥❞❡❡❞ ❢❛❝t✱ ♦✉r r❡s✉❧ts ❢♦r st❛❝❦✐♥❣ ❢❛✉❧t ❡♥❡r❣✐❡s ✇✐t❤♦✉t ❇❥❡rr✉♠ ❞❡❢❡❝ts ❛r❡

❛❧♠♦st ③❡r♦✱ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❡st✐♠❛t❡s✳ ▲♦✇ st❛❝❦✐♥❣ ❢❛✉❧t ❡♥❡r❣✐❡s s✉❣❣❡st

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

str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ✸✵➦ ❛♥❞ ✾✵➦ ♣❛rt✐❛❧ ❞✐s❧♦❝❛t✐♦♥s✳ ❲❡ ♦❜s❡r✈❡❞ t❤❛t t❤❡ str✉❝t✉r❡s ♦❢
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Capítulo 1

Introdução

1.1 A importância da água.

❙✉❜stâ♥❝✐❛ s❡♠ ❝♦r✱ s❡♠ ❝❤❡✐r♦ ❡ s❡♠ ❣♦st♦✳ ❆♣❛r❡♥t❡♠❡♥t❡ ❡st❛ ❞❡s❝r✐çã♦ ♥ã♦ ❝♦rr❡s♣♦♥❞❡

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

❝♦rr❡s♣♦♥❞❡ à á❣✉❛✳ ❆ á❣✉❛ é ✈✐t❛❧✱ s❡♠ ❡❧❛ ❛ ✈✐❞❛ ❞❛s ♣❧❛♥t❛s ❡ ❞♦s ❛♥✐♠❛✐s ♥ã♦ s❡r✐❛

♣♦ssí✈❡❧ ♥❛ ❚❡rr❛✳ ❆❧é♠ ❞❛ ✐♠♣♦rtâ♥❝✐❛ ❜✐♦❧ó❣✐❛✱ ❛s ❣r❛♥❞❡s ♠❛ss❛s ❞❡ á❣✉❛ ♥♦s r✐♦s ❡ ♦❝❡❛♥♦s

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

❤✐❞r❡❧étr✐❝❛s ❡ ♥✉❝❧❡❛r❡s✳

❆ á❣✉❛ é ❛ s✉❜stâ♥❝✐❛ ♠❛✐s ❛❜✉♥❞❛♥t❡ ❞♦ ♣❧❛♥❡t❛ ❚❡rr❛ ❡ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ♥❛t✉r❛❧♠❡♥t❡

♥♦s três ❡st❛❞♦s ❞❛ ♠❛tér✐❛ só❧✐❞♦✱ ❧íq✉✐❞♦ ❡ ❣❛s♦s♦✳ ❖s ♦❝❡❛♥♦s ❞❡té♠ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛ á❣✉❛

❧íq✉✐❞❛ ❞❛ ❚❡rr❛✳ ❆ ♠❛ss❛ ❞❡ á❣✉❛ ❡♥❝♦♥tr❛❞❛ ♥♦s ♦❝❡❛♥♦s é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 1, 4× 1021

❦❣✱ ❝♦❜r✐♥❞♦ ❝❡r❝❛ ❞❡ ✼✵✪ ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ ♣❧❛♥❡t❛ ❬✶✱ ✷❪✳ ■♥❢❡❧✐③♠❡♥t❡ ❛ á❣✉❛ ❞♦s ♦❝❡❛♥♦s

♥ã♦ é ♣ró♣r✐❛ ♣❛r❛ ❝♦♥s✉♠♦ ❤✉♠❛♥♦ ❞❡✈✐❞♦ à ❛❧t❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ s❛❧✳ ❆ ♠❛✐♦r r❡s❡r✈❛ ❞❡

á❣✉❛ ❞♦❝❡✱ ❝♦♠♦ é ❝❤❛♠❛❞❛ ❛ á❣✉❛ ❛♣r♦♣r✐❛❞❛ ♣❛r❛ ❝♦♥s✉♠♦ ❤✉♠❛♥♦✱ ❡stá ♥♦ ❡st❛❞♦ só❧✐❞♦ ❡

s❡ ❡♥❝♦♥tr❛ ♥❛s ❝❛❧♦t❛s ♣♦❧❛r❡s ♥❛ ❆♥tárt✐❞❛✳ ❊❧❛s r❡té♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✾✾✱✾✾✼✪ ❞❛ á❣✉❛

❞♦❝❡ ❡ ❛ á❣✉❛ ❛❝❡ssí✈❡❧ ❛♦ ❝♦♥s✉♠♦ ❤✉♠❛♥♦ ♣❛r❛ ✉s♦ ♥❛ ❛❣r✐❝✉❧t✉r❛✱ ❞♦♠ést✐❝♦ ❡ ✐♥❞✉str✐❛❧

♥ã♦ ❝❤❡❣❛ ❛ ✵✱✵✵✸✪ ❬✶❪✳ ▼❛✐s ✉♠❛ ♦❝♦rrê♥❝✐❛ ❞❛ á❣✉❛ ♥♦ ❡st❛❞♦ só❧✐❞♦ ❡ t❛♠❜é♠ ❞❡ á❣✉❛ ❞♦❝❡

1



1.1 A importância da água. 2

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

s❡r ✈✐st❛ ❝❛✐♥❞♦ ❞♦ ❝é✉ ❡♠ ❢♦r♠❛ ❞❡ ♥❡✈❡✳ ❆ á❣✉❛ ❡♠ ❢♦r♠❛ ❞❡ ❣ás ❡stá ♣r❡s❡♥t❡ ♥❛ ❛t♠♦s❢❡r❛

❡ ❛ s✉❛ ♣r❡s❡♥ç❛ ♥♦ ❛r é ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ♠❛♥t❡r ✉♠❛ ❜♦❛ q✉❛❧✐❞❛❞❡ ❞❡ r❡s♣✐r❛çã♦✳ ➱ ❜❡♠

❝♦♥❤❡❝✐❞♦ ♦s r✐s❝♦s à s❛ú❞❡ ♥♦s ❞✐❛s ❡♠ q✉❡ ❛ ✉♠✐❞❛❞❡ ❞♦ ❛r ❡stá ♠✉✐t♦ ❜❛✐①❛✳ ❖ ❝♦r♣♦

❤✉♠❛♥♦ é ❢♦r♠❛❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♣♦r ✻✺✪ ❞❡ á❣✉❛ ❡ s❡♠ ♦ ❝♦♥s✉♠♦ ❞❡❧❛ ✉♠❛ ♣❡ss♦❛

♠♦rr❡r✐❛ ❡♠ ♣♦✉❝♦s ❞✐❛s✳ ◆ã♦ ♣r❡❝✐s❛ s❡r ❡s♣❡❝✐❛❧✐st❛ ❡ ♥❡♠ ❝✐❡♥t✐st❛ ♣❛r❛ s❛❜❡r ✉♠ ♣♦✉❝♦

s♦❜r❡ q✉❛❧ é ❛ ✐♥✢✉ê♥❝✐❛ q✉❡ ❛ á❣✉❛ t❡♠ s♦❜r❡ ♦ ♣❧❛♥❡t❛✱ ♣♦✐s ❝♦♥st❛♥t❡♠❡♥t❡ ❤á ♥♦tí❝✐❛s ♥♦s

❥♦r♥❛✐s ❡ ♥❛ t❡❧❡✈✐sã♦ s♦❜r❡ ♦ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ❛s ❝♦♥❞✐çõ❡s ❝❧✐♠át✐❝❛s q✉❛♥❞♦ ❤á ♠✉❞❛♥ç❛s

♥❛s ❝♦rr❡♥t❡s ♠❛rít✐♠❛s ♦s ❡①❡♠♣❧♦s ♠❛✐s ❝♦♥❤❡❝✐❞♦s ❞❡st❡s ❢❡♥ô♠❡♥♦s sã♦ ❊❧ ♥✐ñ♦ ❡ ♦ ▲❛

♥✐ñ❛✳ ❙❛❜❡✲s❡ q✉❡ ❡st❡s ❢❡♥ô♠❡♥♦s ♣♦❞❡♠ ❝❛✉s❛r ✈❛r✐❛çõ❡s ❜r✉s❝❛s ❞❡ t❡♠♣❡r❛t✉r❛ ❝❛✉s❛♥❞♦

sér✐♦s ♣r❡❥✉í③♦s ♥❛ ❛❣r✐❝✉❧t✉r❛ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♥❛ s♦❝✐❡❞❛❞❡ ❡♠ ❣❡r❛❧✳ ◆ã♦ ❤á ❞ú✈✐❞❛s ❞❡

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

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

s❛❜❡ ❛ss✐♠ ✉♠ ❞✐❛ s❡❥❛ ♣♦ssí✈❡❧ ♦❜tê✲❧❛✱ ✉s✉❢r✉í✲❧❛ ❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣r❡s❡r✈❛✲❧❛ ❝♦♠ ♠❛✐♦r

q✉❛❧✐❞❛❞❡ ❡ ❡✜❝✐ê♥❝✐❛✳

❉❡✈✐❞♦ à ✐♠♣♦rtâ♥❝✐❛ ❡ à ❛♠♣❧❛ ✐♥✢✉ê♥❝✐❛ q✉❡ ❛ á❣✉❛ t❡♠ s♦❜r❡ ♦ ♣❧❛♥❡t❛✱ ❞❡s❡♠♣❡♥❤❛♥❞♦

✉♠ ♣❛♣❡❧ ❝❤❛✈❡ ❞❡s❞❡ ♣r♦❝❡ss♦s ❡ r❡❛çõ❡s q✉í♠✐❝❛s q✉❡ ♦❝♦rr❡♠ ❛ ♥í✈❡❧ ❝❡❧✉❧❛r ❛té ❡♠ ♣r♦❝❡ss♦s

q✉❡ ♦❝♦rr❡♠ ❡♠ ✉♠ ♥í✈❡❧ ❣❧♦❜❛❧ ❝♦♠♦ ❛s ❝♦♥❞✐çõ❡s ❝❧✐♠át✐❝❛s ♥ã♦ é s✉r♣r❡❡♥❞❡♥t❡ ❞✐③❡r

q✉❡ ❤á ♠✉✐t♦ t❡♠♣♦ ❛ á❣✉❛ t❡♠ ❛tr❛í❞♦ ❛ ❛t❡♥çã♦ ❞❡ ♣❡sq✉✐s❛❞♦r❡s ❞❡ ❞✐✈❡rs♦s ❝❛♠♣♦s ❞❛

❝✐ê♥❝✐❛ ❬✶✕✶✷❪✳ ◆♦ ❡♥t❛♥t♦✱ ❛♣❡s❛r ❞♦ ✈❛st♦ ❡st✉❞♦ s♦❜r❡ ❛ á❣✉❛✱ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❝♦♠♣❧❡t♦ ❞❛s

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

á❣✉❛ é ✉♠❛ s✉❜stâ♥❝✐❛ ❜❛st❛♥t❡ s✐♠♣❧❡s✱ ❡❧❛ é ❢♦r♠❛❞❛ s♦♠❡♥t❡ ♣♦r três át♦♠♦s✱ s❡♥❞♦ ❞♦✐s

át♦♠♦s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ✉♠ át♦♠♦ ❞❡ ♦①✐❣ê♥✐♦ ❬✶✱ ✶✷❪✳ ▼✉✐t❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❡ q✉í♠✐❝❛s

❞❛ á❣✉❛ sã♦ tã♦ ♣❡❝✉❧✐❛r❡s ❡ ❝❤❛♠❛♠ t❛♥t♦ ❛ ❛t❡♥çã♦ q✉❡ ❝♦❧❡t✐✈❛♠❡♥t❡ sã♦ ❝❤❛♠❛❞❛s ❞❡

❛♥♦♠❛❧✐❛s ❞❛ á❣✉❛ ❬✶✱ ✷✱ ✶✵✱ ✶✷✕✶✹❪✳ ❆ s❡❣✉✐r s❡rã♦ ♠❡♥❝✐♦♥❛❞❛s ❛❧❣✉♠❛s ♣r♦♣r✐❡❞❛❞❡s ♥ã♦
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1.1 A importância da água. 3

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

❡♥❝♦♥tr❛❞❛s ♥❛s r❡❢❡rê♥❝✐❛s ❬✶✱ ✷✱ ✶✹❪✳

❆❧t♦ ♣♦♥t♦ ❞❡ ❢✉sã♦ ❡ ❡❜✉❧✐çã♦ ✲ ❆ á❣✉❛ ♣♦ss✉✐ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ❞❡ ❢✉sã♦ ❡ ❞❡ ❡❜✉❧✐çã♦

q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ s✉❜stâ♥❝✐❛s ❝♦♠ ❡str✉t✉r❛s ♠♦❧❡❝✉❧❛r❡s s❡♠❡❧❤❛♥t❡s✳ ❬✶✱✷✱✶✵✱✶✷✱✶✹❪✱

❛ ❋✐❣✉r❛ ✭✶✳✶✮ ♠♦str❛ ❛s t❡♠♣❡r❛t✉r❛s ❞❡ ❢✉sã♦ ❡ ❡❜✉❧✐çã♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s s✉❜stâ♥❝✐❛s ❝♦♠

♠❛ss❛s ♠♦❧❡❝✉❧❛r❡s ❞✐❢❡r❡♥t❡s✱ ♦❜s❡r✈❡ q✉❡ ❛ á❣✉❛ t❡♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ✉s✉❛❧ ❞❡ ❛❝♦r❞♦

❝♦♠ s❡✉ ♣❡s♦ ♠♦❧❡❝✉❧❛r✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ✉s✉❛❧ ❞❛ á❣✉❛ é ❝r✉❝✐❛❧ ♣❛r❛ ❛ ♠❛♥✉t❡♥çã♦
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Figura 1.1: Comparação entre os pontos de fusão e ebulição da água com outras substâncias simila-
res. Figura retirada e modificada a partir da ref. [14].

❞❛ ✈✐❞❛ ♥❛ ❚❡rr❛ ♣♦✐s s❡ ❡❧❛ t✐✈❡ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡ ❛♦ ❞❛s ♦✉tr❛s s✉❜stâ♥❝✐❛s✱ ❛

á❣✉❛ ♥ã♦ s❡r✐❛ ❡♥❝♦♥tr❛❞❛ ❞❡ ❢♦r♠❛ ❛❜✉♥❞❛♥t❡ ♥♦s três ❡st❛❞♦s ❞❛ ♠❛tér✐❛✳

❆❧t❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ✲ ❆ á❣✉❛ t❡♠ ✉♠❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❡❧❡✈❛❞❛✱ ♦✉ s❡❥❛✱ ❡❧❛ é

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

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

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

à r❛❞✐❛çã♦ s♦❧❛r ❡ ❧✐❜❡r❛♥❞♦ ❧❡♥t❛♠❡♥t❡ ❡st❡ ❝❛❧♦r ❞✉r❛♥t❡ ❛ ♥♦✐t❡ s❡♠ ✈❛r✐❛çõ❡s ❜r✉s❝❛s ❞❛

t❡♠♣❡r❛t✉r❛ ❬✶✱✶✵✱✶✹✱✶✺❪✳ ❯♠❛ ✈❡③ q✉❡ ♦ ❝♦r♣♦ ❤✉♠❛♥♦ é ❝♦♠♣♦st♦ ❡♠ s✉❛ ♠❛✐♦r ♣❛rt❡ ♣♦r

á❣✉❛✱ ❡st❛ ♣r♦♣r✐❡❞❛❞❡ t❛♠❜é♠ é ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛ ✉♠❛ ✈❡③ q✉❡ ❛ á❣✉❛ s❡ t♦r♥❛ ♦ ❢❛t♦r
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1.1 A importância da água. 4

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

➪❣✉❛ q✉❡♥t❡ ❝♦♥❣❡❧❛ ♠❛✐s rá♣✐❞♦ ❞♦ q✉❡ á❣✉❛ ❢r✐❛✱ ❊❢❡✐t♦ ▼♣❡♠❜❛ ✲ ❊♠ ❞❡t❡r♠✐♥❛❞❛s

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

♠❡♥t❡ ❞♦ q✉❡ ❛ ♠❡s♠❛ q✉❛♥t✐❞❛❞❡ ❞❡ á❣✉❛ ❡♠ ✉♠❛ t❡♠♣❡r❛t✉r❛ ✐♥✐❝✐❛❧ ♠❛✐s ❜❛✐①❛ s✉❜♠❡t✐❞❛

às ♠❡s♠❛s ❝♦♥❞✐çõ❡s✳ ❊st❡ ❢❡♥ô♠❡♥♦ t♦t❛❧♠❡♥t❡ ❝♦♥tr❛✲✐♥t✉✐t✐✈♦ ✜❝♦✉ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❡❢❡✐t♦

▼♣❡♠❜❛✳ ❊r❛st♦ ❇✳ ▼♣❡♠❜❛ ❝♦♥t❛ ✉♠❛ ❤✐stór✐❛ ✐♥t❡r❡ss❛♥t❡ ❞❡ ❝♦♠♦ ❡❧❡ ❝♦♠❡ç♦✉ ❛ ♦❜s❡r✈❛r

❡st❡ ❢❡♥ô♠❡♥♦ ❢❛③❡♥❞♦ s♦r✈❡t❡ ❡ ❛♦ q✉❡st✐♦♥❛r s❡✉s ♣r♦❢❡ss♦r❡s ❞❡ ❢ís✐❝❛ s♦❜r❡ ♦ q✉❡ ♦❜s❡r✈♦✉

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

r✐❞♦ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ❞✉❛s ✈❡③❡s ♥❛ ♠❡s♠❛ r❡✈✐st❛ ❡ ♣♦❞❡ s❡r ❝♦♥❢❡r✐❞♦ ♥❛s r❡❢❡rê♥❝✐❛s ❬✶✻✱✶✼❪✳ ❆

❋✐❣✉r❛ ✶✳✷ ✐❧✉str❛ ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ á❣✉❛✳ ❆❧❣✉♠❛s t❡♥t❛t✐✈❛s t❡ór✐❝❛s ❡ ❡①♣❡r✐♠❡♥t❛✐s

♣❛r❛ ❡①♣❧✐❝❛r ❡st❡ ❡❢❡✐t♦ ❡stã♦ r❡s✉♠✐❞❛s ♥❛ r❡❢❡rê♥❝✐❛ ❬✶✹❪✳ ❊st✉❞♦s ♠❛✐s ❛♠♣❧♦s ❡ ❞❡t❛❧❤❛❞♦s

♣♦❞❡♠ s❡r ✈✐st♦s ♥❛s r❡❢❡rê♥❝✐❛s ❬✶✽✕✷✶❪ ♠❛s ❛té ❛❣♦r❛ ♥ã♦ ❤á ✉♠❛ ❡①♣❧✐❝❛çã♦ t♦t❛❧♠❡♥t❡

❛❝❡✐t❛✳

▼á①✐♠♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❛ ✹ ➦❈ ✲ P❛r❛ ✉♠ ❧íq✉✐❞♦ ✉s✉❛❧ ❛ ❞❡♥s✐❞❛❞❡ t❡♥❞❡ ❛ ❛✉♠❡♥t❛r à

♠❡❞✐❞❛ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❞✐♠✐♥✉✐✳ ❖ ♠❡s♠♦ ♥ã♦ ❛❝♦♥t❡❝❡ ❝♦♠ ❛ á❣✉❛ ❝✉❥❛ ❛ ❞❡♥s✐❞❛❞❡

q✉❡ ❛t✐♥❣❡ ✉♠ ✈❛❧♦r ♠á①✐♠♦ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹ ➦❈ ❬✶✱ ✶✺✱ ✷✷✕✷✹❪✱ ❝♦♠♦ ♠♦str❛ ❛ ✜❣✉r❛

✭✶✳✸✮✳ ❊st❛ é ✉♠❛ ❞❛s ❛♥♦♠❛❧✐❛s ♠❛✐s ❝♦♥❤❡❝✐❞❛s ❞❛ á❣✉❛ ❡ ♠♦str❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♠✉✐t♦

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

❊st❛ ♣r♦♣r✐❡❞❛❞❡ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ q✉❡ ❛ á❣✉❛ ♥♦ ❡st❛❞♦ só❧✐❞♦ t❡♠ ❞❡♥s✐❞❛❞❡

♠❡♥♦r ❞♦ q✉❡ ♥❛ ❢❛s❡ ❧íq✉✐❞❛ t❡♠ ❝♦♥s❡q✉ê♥❝✐❛s ✈✐t❛✐s ♣❛r❛ ♦ ♣❧❛♥❡t❛✳ ❆ ♣r✐♠❡✐r❛ ❞❡❧❛s é q✉❡

t♦❞❛ ❛ á❣✉❛ ❡ ♥ã♦ s♦♠❡♥t❡ ✉♠❛ ♣❛rt❡ ❞❡❧❛ é r❡s❢r✐❛❞❛ ♣❡❧♦ ♠❡♥♦s ❛té ✹ ➦❈ ❛♥t❡s ❞❡ q✉❛❧q✉❡r

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

❛ ♣❛rt✐r ❞❛ s✉♣❡r❢í❝✐❡✱ ♣r♦❞✉③✐♥❞♦ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ❣❡❧♦ q✉❡ ✢✉t✉❛ s♦❜r❡ ❛ ♣❛rt❡ ❧íq✉✐❞❛✳ ❊st❡

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

❛ ♠❛♥t❡r ❛ t❡♠♣❡r❛t✉r❛ ❞❛ á❣✉❛ ❡♠ ✉♠❛ ❝♦♥❞✐çã♦ ❢❛✈♦rá✈❡❧ à ✈✐❞❛ ❬✶❪✳
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1.1 A importância da água. 5
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(a) Retirada e modificada de [16, 17]
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(b) Retirada e modificada de [14]

Figura 1.2: Curva de congelamento da água quente e água fria. A Figura (a) mostra uma curva do
tempo gasto para o congelamento da água em função da temperatura inicial. A Figura (b) mostra
um gráfico qualitativo da temperatura da água em função do tempo e mostra também o tempo para
o congelamento comparando dois recipientes com diferentes temperaturas no instante inicial.

❆ á❣✉❛ ♣♦ss✉✐ ♠✉✐t❛s ♣r♦♣r✐❡❞❛❞❡s ❛♥ô♠❛❧❛s ❡ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ s✉❛ ✐♥✢✉ê♥❝✐❛ s♦❜r❡ ♦

♣❧❛♥❡t❛ ❡ ❛ ✈✐❞❛✱ s❡ t♦r♥♦✉ ❛ s✉❜stâ♥❝✐❛ ♠❛✐s ✐♠♣♦rt❛♥t❡ ♣❛r❛ s❡r ✐♥✈❡st✐❣❛❞❛ ♥❛ ❋ís✐❝❛ ❞❛

♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛✳

❆s ♣r♦♣r✐❡❞❛❞❡s ♠❡♥❝✐♦♥❛❞❛s ❛té ❛q✉✐ ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s à á❣✉❛ ❞❡ ❢♦r♠❛ ❣❡r❛❧✱ ♠❛s ❛

♣❛rt✐r ❞❛ s❡çã♦ s❡❣✉✐♥t❡ s❡rã♦ ❛❜♦r❞❛❞♦s ❛s♣❡❝t♦s r❡❧❛❝✐♦♥❛❞♦s ❡s♣❡❝✐✜❝❛♠❡♥t❡ à ❢❛s❡ só❧✐❞❛

❞❛ á❣✉❛✳ ❊❧❛ t❛♠❜é♠ ❛♣r❡s❡♥t❛ ✉♠ ❣r❛♥❞❡ ❞❡s❛✜♦ à ❝✐ê♥❝✐❛ ❛ ❝♦♠❡ç❛r ♣❡❧♦ ❢❛t♦ ❞❛ á❣✉❛

❧íq✉✐❞❛ ♣♦❞❡r s❡ ❝r✐st❛❧✐③❛r ❡♠ ♣❡❧♦ ♠❡♥♦s ✶✸ ❢♦r♠❛s ❝r✐st❛❧✐♥❛s ❞✐❢❡r❡♥t❡s ❬✻✱ ✶✷✱✷✺❪✳
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1.2 Ocorrência e importância do gelo 6
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Figura 1.3: Comportamento não usual da densidade da água em função da temperatura. A reta
vertical mostra a temperatura de densidade máxima em 4°C e a reta inclinada em vermelho mostra
o comportamento de um líquido usual. Figura retirada da referência [22].

1.2 Ocorrência e importância do gelo

❖ ♥♦ss♦ ♣❧❛♥❡t❛ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞❛ ❛❜✉♥❞â♥❝✐❛ ❞❛ á❣✉❛ ♥♦s três ❡st❛❞♦s ❞❛ ♠❛tér✐❛✱

só❧✐❞♦✱ ❧íq✉✐❞♦ ❡ ❣❛s♦s♦✳ ❊st❛ ❚❡s❡ ❝♦♥❝❡♥tr❛✲s❡ s♦♠❡♥t❡ ♥❛ ❢❛s❡ só❧✐❞❛ ❞❛ á❣✉❛✱ ♠❛✐s ❝♦♥❤❡❝✐❞❛

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

❡str✉t✉r❛ ❤❡①❛❣♦♥❛❧✱ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ♦ ❣❡❧♦ ■h✳ ❖ ❣❡❧♦ é ✉♠ ❞♦s só❧✐❞♦s ♠❛✐s ❛❜✉♥❞❛♥t❡s ❞❛

❚❡rr❛ ❡ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ♦❜t✐❞♦ r❡s❢r✐❛♥❞♦ ❛ á❣✉❛ ❡♠ ✉♠ r❡❢r✐❣❡r❛❞♦r ❝♦♠✉♠✳ ❆t✉❛❧♠❡♥t❡

✶✵✪ ❞❛ ♠❛ss❛ ❝♦♥t✐♥❡♥t❛❧ ❡stá ❝♦❜❡rt❛ ♣♦r ❣❡❧♦✱ ❡ ❞❡♣❡♥❞❡♥❞♦ ❞❛ é♣♦❝❛ ❞♦ ❛♥♦✱ ♦ ❣❡❧♦ ♣♦❞❡

❝❤❡❣❛r ❛ ❝♦❜r✐r ✺✪ ❞❛ s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛ s♦♠❡♥t❡ ❛♦ r❡❞♦r ❞❡ ✉♠ ❞♦s ♣♦❧♦s✳ ❆ ♠❛✐♦r ♣❛rt❡

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

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

❞❛ ❈♦r❞✐❧❤❡✐r❛ ❞♦s ❆♥❞❡s ❡ ❞♦ ❍✐♠❛❧❛✐❛✳ ❍á ♠✐❝r♦❝r✐st❛✐s ❞❡ ❣❡❧♦ ♣r❡s❡♥t❡ ♥❛ ❛t♠♦s❢❡r❛ ❡ ❡♠

✈ár✐❛s r❡❣✐õ❡s é ♣♦ssí✈❡❧ ❡♥❝♦♥tr❛r ❣❡❧♦ ❡♠ ❢♦r♠❛ ❞❡ ♥❡✈❡✳ ❖ ❣❡❧♦ ♣♦❞❡ t❛♠❜é♠ s❡r ❢❛❝✐❧♠❡♥t❡
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1.2.1 Gelo na Terra 7

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

♣❧❛♥❡t❛✱ ♦ ❣❡❧♦ t❛♠❜é♠ é ❡♥❝♦♥tr❛❞♦ ❢♦r❛ ❞♦ ♣❧❛♥❡t❛ ❚❡rr❛ ❡♠ ❝♦♠❡t❛s ❡ ♦✉tr♦s ♣❧❛♥❡t❛s✳

❆ s❡❣✉✐r s❡rã♦ ❛❜♦r❞❛❞❛s ❛❧❣✉♠❛s ♦❝♦rrê♥❝✐❛s ♥❛t✉r❛✐s ❞❡ ❣❡❧♦ ♥❛ ♥❛t✉r❡③❛ ❝♦♠ ✉♠❛ ❜r❡✈❡

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

1.2.1 Gelo na Terra

❊♠ r❡❣✐õ❡s ♦♥❞❡ ♦ ✐♥✈❡r♥♦ é r✐❣♦r♦s♦ é ❝♦♠✉♠ ♦❜s❡r✈❛r ♦ ❝♦♥❣❡❧❛♠❡♥t♦ ❞❛ á❣✉❛ ❞❡ r✐♦s ❡

❧❛❣♦s✳ ❆ á❣✉❛ ❡♥❝♦♥tr❛❞❛ ♥♦s r✐♦s ❡♠ ❣❡r❛❧ t❡♠ ❝♦♥❝❡♥tr❛çõ❡s ♠✉✐t♦ ❜❛✐①❛s ❞❡ s❛❧ ❡ ♣♦r ✐ss♦

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

❛♣❡❧✐❞♦ ❞❡ ❣❡❧♦ ❞❡ á❣✉❛ ❞♦❝❡✳∗ ❉❡♣❡♥❞❡♥❞♦ ❞♦ ❡stá❣✐♦ ❞❡ ❢♦r♠❛çã♦ ❡ ❞❛s s✉❛s ❝❛r❛❝t❡ríst✐❝❛s

❢ís✐❝❛s ❡st❡ t✐♣♦ ❞❡ ❣❡❧♦ ♣♦❞❡ ❛✐♥❞❛ r❡❝❡❜❡r ♦✉tr❛s ❝❧❛ss✐✜❝❛çõ❡s t❛✐s ❝♦♠♦✿ ❜✉❜❜❧② ✐❝❡ q✉❛♥❞♦

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

♣r✐♠❡✐r♦ ❡stá❣✐♦ ❞❡ ❢♦r♠❛çã♦ ❞♦ ❣❡❧♦ ♥❛ s✉♣❡r❢í❝✐❡ ❞❛ á❣✉❛ ❬✻✱ ✷✺❪✳ P❡❧♦ ❢❛t♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞♦

❣❡❧♦ s❡r ♠❡♥♦r ❞♦ q✉❡ ❞❛ á❣✉❛ ❧íq✉✐❞❛✱ ❛ ❢♦r♠❛çã♦ ❞♦ ❣❡❧♦ ♦❝♦rr❡ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❧❛❣♦ ♦✉ r✐♦✳

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

á❣✉❛ ❛❜❛✐①♦ ❞❡❧❛ t❡♥❞❡ ❛ ♥ã♦ ❛❜❛✐①❛r ♠❛✐s ❞♦ q✉❡ ✵ ❽ ♠❡s♠♦ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡

❛t✐♥❥❛ ♣❛t❛♠❛r❡s ♠✉✐t♦ ♠❡♥♦r❡s ❝♦♠♦ ✲✹✵ ❽✳ ■ss♦ só ♦❝♦rr❡ ♣❡❧♦ ❢❛t♦ ❞♦ ❣❡❧♦ s❡r ✐s♦❧❛♥t❡

tér♠✐❝♦ ❡ ❛ s✉❛ ❛çã♦ é ❡ss❡♥❝✐❛❧ ♣❛r❛ ❛ ✈✐❞❛ ♥♦s ❧❛❣♦s ❡ ♥♦s r✐♦s✳

❆♣❡s❛r ❞♦ ❣❡❧♦ ❡♠ ❣❡r❛❧ s❡r ❢♦r♠❛❞♦ ❛ ♣❛rt✐r ❞❛ s✉♣❡r❢í❝✐❡ ❤á ✉♠ ❝❛s♦ ❝✉r✐♦s♦ ❞❡ ✉♠ t✐♣♦ ❞❡

❣❡❧♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❛♥❝❤♦r ✐❝❡ q✉❡ é ❢♦r♠❛❞♦ ♥♦ ❢✉♥❞♦ ❞♦s r✐♦s✳ ❖s ♠❡❝❛♥✐s♠♦s ❞❡ ❢♦r♠❛çã♦

❞❡st❡ ❣❡❧♦ ❛✐♥❞❛ sã♦ ❞❡s❝♦♥❤❡❝✐❞♦s ♠❛s ❛ ❡①♣❧✐❝❛çã♦ ♠❛✐s ❛❝❡✐t❛ é q✉❡ ❡♠ ♥♦✐t❡s ♠✉✐t♦ ❢r✐❛s

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

♣❡r❞❡r ❝❛❧♦r ♠✉✐t♦ r❛♣✐❞❛♠❡♥t❡ ❢✉♥❝✐♦♥❛♥❞♦ ❝♦♠♦ ✉♠ ❝❡♥tr♦ ❞❡ ❝♦♥❣❡❧❛♠❡♥t♦ ❬✷✺❪✳ ❖ ❣❡❧♦

❢♦r♠❛❞♦ ❞❡st❛ ♠❛♥❡✐r❛ ✜❝❛ ♣r❡s♦ ❛ ♣❡❞r❛s ♥♦ ❢✉♥❞♦ ❞♦ r✐♦ ❛té q✉❡ ❛ ✢✉t✉❛❜✐❧✐❞❛❞❡ ❞♦ ❣❡❧♦

❝♦♥s❡❣✉❡ ❧❡✈❛♥t❛✲❧❛s ❛té ❛ s✉♣❡r❢í❝✐❡✳ ❆❧❣✉♥s ❝✐❡♥t✐st❛s ❡stã♦ ✐♥✈❡st✐❣❛♥❞♦ ❝♦♠♦ ❛♥❝❤♦r ✐❝❡

∗Uma tradução do inglês do termo fresh water ice.
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1.2.1 Gelo na Terra 8

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

s✉❛ ❝♦♥tr✐❜✉✐çã♦ ♣❛r❛ ❛ ✈✐❞❛ ♥♦s r✐♦s✳ ❆❧❣✉♥s ❛rt✐❣♦s ❝✐❡♥tí✜❝♦s ❥á r❡♣♦rt❛r❛♠ ❛ ♦❜s❡r✈❛çã♦

❞❡ ❛♥❝❤♦r ✐❝❡ ❝❛rr❡❣❛♥❞♦ ♣❡❞r❛s ❞❡ ❛té ✾✳✺ ❦❣ ❬✷✻✕✸✵❪✳

❆♦ r❡s❢r✐❛r ❛ á❣✉❛ ❞♦ ♠❛r ♦ t✐♣♦ ❞❡ ❣❡❧♦ ♦❜t✐❞♦ é ❝❧❛ss✐✜❝❛❞♦ ❝♦♠♦ ❣❡❧♦ ❞♦ ♠❛r ✭ ❞♦ ✐♥❣❧ês

✏s❡❛ ✐❝❡✑✮✳ ❆ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h é ✉♠❛ r❡❞❡ ❛❧t❛♠❡♥t❡ s❡❧❡t✐✈❛ ❡ ❡♠ ❣❡r❛❧ ♥ã♦ ❛❝❡✐t❛

s✉❜st✐t✉✐çã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ ♣♦r ♦✉tr❛ ✐♠♣✉r❡③❛s✳ ❯♠❛ ❝♦♥s❡q✉ê♥❝✐❛ ❞✐ss♦ é q✉❡ s❡

♦ r❡s❢r✐❛♠❡♥t♦ ❢♦r s✉✜❝✐❡♥t❡♠❡♥t❡ ❧❡♥t♦ ❤❛✈❡rá ✉♠❛ ❡①♣✉❧sã♦ t♦t❛❧ ❞♦ s❛❧ ❞❛ ❢❛s❡ ❝r✐st❛❧✐♥❛

♦❜t❡♥❞♦ ❛ss✐♠ ❣❡❧♦ ♣✉r♦✳ ◆♦ ♣❧❛♥❡t❛ ❤á ❞✐❢❡r❡♥t❡s r❡❣✐♠❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ✐ss♦ ❢❛③ ❝♦♠

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

t❡♠♣❡r❛t✉r❛ q✉❡ ✈❛r✐❛ ❞❡ ✲✸✵ ➦❈ à ✲✹✵ ❽ ❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ ❣❡❧♦ ❢♦r♠❛❞❛ ❛♣r❡s❡♥t❛ ✉♠❛

❝♦♥❝❡♥tr❛çã♦ ❞❡ s❛❧ ❡♠ t♦r♥♦ ❞❡ ✷✵✪✘∗✳ P♦r ♦✉tr♦ ❧❛❞♦ é ♣♦ssí✈❡❧ ❡♥❝♦♥tr❛r t❛♠❜é♠ ❣❡❧♦ ❞♦

♠❛r ❝♦♠ ❝♦♥❝❡♥tr❛çõ❡s ❞❡ s❛❧ ♣♦r ✈♦❧t❛ ❞❡ ✹✪✘✱ ♦♥❞❡ ♠❛✐s ❞♦ q✉❡ ✾✾✪ ❞♦ s❛❧ ❢♦✐ r❡♣❡❧✐❞♦

❞✉r❛♥t❡ ♦ r❡s❢r✐❛♠❡♥t♦ ❬✻✱ ✷✺❪✳

◗✉❛❧q✉❡r r❡❣✐ã♦ ♦♥❞❡ ❤á ❣r❛♥❞❡s q✉❛♥t✐❞❛❞❡s ❞❡ ♥❡✈❡ ❛❝✉♠✉❧❛❞❛s ♦❝♦rr❡ ❝♦♥✈❡rsã♦ ❞♦ ✢♦❝♦

❡♠ ❣❡❧♦ ✏❜✉❧❦✑✳ ❊st❡ ❢❡♥ô♠❡♥♦ ❢❛③ ❝♦♠ q✉❡ ❛ ❝❛♠❛❞❛ ❞❡ ❣❡❧♦ ❛✉♠❡♥t❡ ❝❛❞❛ ✈❡③ ♠❛✐s ❢♦r♠❛♥❞♦

♦ q✉❡ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❣❡❧❡✐r❛✳ ❆❧❣✉♠❛s ❝❛♠❛❞❛s ❞❡ ❣❡❧♦ ❡♠ ❣❡❧❡✐r❛s ♥❛ ❆♥tárt✐❞❛ ❝❤❡❣❛♠ ❛

t❡r q✉❛s❡ ✹ ❦♠ ❞❡ ❛❧t✉r❛ ❬✷✺❪✳ ❊st❡ ❛❝ú♠✉❧♦ ❞❡ ❣❡❧♦ ❢❛③ ❝♦♠ q✉❡ ❛s ❝❛♠❛❞❛s ♠❛✐s ♣r♦❢✉♥❞❛s

❞❛ ❣❡❧❡✐r❛ ✜❝❛r❡♠ s✉❥❡✐t❛s ❛ ❛❧t❛s ♣r❡ssõ❡s ❞❡✈✐❞♦ ❛♦ s❡✉ ♣ró♣r✐♦ ♣❡s♦✳ ◆❡st❛s ❝♦♥❞✐çõ❡s ♦

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

❞♦ t♦♣♦ ❞❛ ❣❡❧❡✐r❛ ♣❛r❛ ❛ ❜❛s❡✳ ❙❡ ❛ ❣❡❧❡✐r❛ ❡st✐✈❡r ❧♦❝❛❧✐③❛❞❛ ❡♠ ✉♠❛ r❡❣✐ã♦ ❢r✐❛ ❡ ✜③❡r ❞✐✈✐s❛

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

❣❡❧❡✐r❛ ❡ ♣❛ss❡♠ ❛ ✢✉t✉❛r ♥♦ ♠❛r✳ ❊st❡s ❜❧♦❝♦s ❞❡ ❣❡❧♦ sã♦ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ✐❝❡❜❡r❣s ❬✻✱ ✷✺❪✳

●❡❧❡✐r❛s t❛♠❜é♠ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♥♦ ♠❡✐♦ ❞♦ ❝♦♥t✐♥❡♥t❡ ❡♠ ❧❛t✐t✉❞❡s ♠❛✐s ❜❛✐①❛s ❝♦♠♦

é ♦ ❝❛s♦ ❞❛s ❣❡❧❡✐r❛s ❧♦❝❛❧✐③❛❞❛s ♥♦s t♦♣♦s ❞❛s ❝♦r❞✐❧❤❡✐r❛s ❞♦s ❆♥❞❡s ♥❛ ❆♠ér✐❝❛ ❞♦ ❙✉❧ ❡ ❞♦

∗Partes por mil, ou seja, para cada quilograma de gelo encontra-se 20 gramas de sal.
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1.2.1 Gelo na Terra 9

❍✐♠❛❧❛✐❛ ♥❛ ➪s✐❛✳ ❊st❛s ❣❡❧❡✐r❛s ❞❡s❡♠♣❡♥❤❛♠ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ❡♠ ❡s❝✉❧♣✐r ❛ ♣❛✐s❛❣❡♠✱

❢♦r♠❛♥❞♦ r✐♦s ❡ ✈❛❧❡s✳

Figura 1.4: Mostra de maneira simplificada a formação de uma geleira. Acima da linha vermelha a
neve não derrete e é acumulada e abaixo desta linha a neve é derretida. Figura retirada da referência
[31].

❆ ❋✐❣✉r❛ ✭✶✳✹✮ ♠♦str❛ ❛ ❛♥❛t♦♠✐❛ ❞❡ ✉♠❛ ❣❡❧❡✐r❛✱ q✉❡ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞❛ ❡♠ ❞✉❛s ♣❛rt❡s

s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❧✐♥❤❛ ✐♠❛❣✐♥ár✐❛ ❞❡ ❡q✉✐❧í❜r✐♦✳ ❆ r❡❣✐ã♦ ❛❝✐♠❛ ❞❛ ❧✐♥❤❛ ❞❡ ❡q✉✐❧í❜r✐♦ é

❝❤❛♠❛❞❛ ❞❡ ③♦♥❛ ❞❡ ❛❝✉♠✉❧❛çã♦✳ ❆ ♥❡✈❡ q✉❡ ❝❛✐ ♥❡st❛ r❡❣✐ã♦ ♥ã♦ ❞❡rr❡t❡ ❡ ❛❝❛❜❛ s❡♥❞♦

❝♦♥✈❡rt✐❞❛ ❡♠ ❣❡❧♦✳ ❆❜❛✐①♦ ❞❛ ❧✐♥❤❛ ❞❡ ❡q✉✐❧í❜r✐♦ ❡stá ❛ ③♦♥❛ ❞❡ ❛❜❛❧❛çã♦ ♦♥❞❡ ❛ ♥❡✈❡ q✉❡

❝❛✐ é t♦t❛❧♠❡♥t❡ ❞❡rr❡t✐❞❛✳ ❆ ❛❧t✉r❛ ❞❛ ❧✐♥❤❛ ❞❡ ❡q✉✐❧í❜r✐♦ ❞❡♣❡♥❞❡ ❞❛s ❝♦♥❞✐çõ❡s ❝❧✐♠át✐❝❛s ❡

♦ q✉❡ t❡♠ ♣r❡♦❝✉♣❛❞♦ ♦s ❛♠❜✐❡♥t❛❧✐st❛s é ♦ ❞❡rr❡t✐♠❡♥t♦ ❛❝❡❧❡r❛❞♦ ❞❡st❛s ❣❡❧❡✐r❛s✱ ♦✉ s❡❥❛✱ ❛

❧✐♥❤❛ ❞❡ ❡q✉✐❧í❜r✐♦ ❡stá s✉❜✐♥❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s✳ ❊st❡ ❞❡rr❡t✐♠❡♥t♦ ❛❝❡❧❡r❛❞♦ ♣♦❞❡ r❡s✉❧t❛r ❡♠

❢❛❧t❛ ❞❡ á❣✉❛ ♣❛r❛ ❛s ❝♦♠✉♥✐❞❛❞❡s q✉❡ t❡♠ ❝♦♠♦ ❢♦♥t❡ ❞❡ ♦❜t❡♥çã♦ ❞❡ á❣✉❛ ♦ ❞❡rr❡t✐♠❡♥t♦

❞❛ ♥❡✈❡ ♣r❡s❡♥t❡ ♥❛s ❣❡❧❡✐r❛s ❬✸✶✱ ✸✷❪✳
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1.2.2 Gelo na atmosfera 10

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

✏♣❡r♠❛❢r♦st✑ ❬✻❪✳ ◗✉❛s❡ ✷✺✪ ❞❡ t♦❞❛ ár❡❛ ❝♦♥t✐♥❡♥t❛❧ é ♦❝✉♣❛❞❛ ♣♦r ♣❡r♠❛❢r♦st ❡ ❞❡♣❡♥❞❡♥❞♦

❞❛ ✐❞❛❞❡ ❡ ❞❛ r❡❣✐ã♦ ♦♥❞❡ ❢♦r ❡♥❝♦♥tr❛❞♦ r❡❝❡❜❡ ✈ár✐❛s ❝❧❛ss✐✜❝❛çõ❡s✳ ❆ ❋✐❣✉r❛ ✭✶✳✺✮ ♠♦str❛

❛ ❞✐str✐❜✉✐çã♦ ❞♦s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ♣❡r♠❛❢r♦st ♥♦ ❤❡♠✐s❢ér✐♦ ♥♦rt❡✳ ❆❧é♠ ❞❡ ✐♥✢✉❡♥❝✐❛r ❛

Continuous (90–100%)

USA
CanadaArctic

Ocean

Russia
China

Glacier

Isolated (0–10%)

Sporadic (10–50%)

Discontinuous (50–90%)

Figura 1.5: Mostra a distribuição de diferentes tipos de solos congelados (permafrost) no hemisfério
norte. Figura retirada da referência [33].

✈❡❣❡t❛çã♦ ❧♦❝❛❧✱ ♦ s♦❧♦ ❝♦♥❣❡❧❛❞♦ t❛♠❜é♠ ❛❢❡t❛ ❢♦rt❡♠❡♥t❡ ❛ ❝♦♥str✉çã♦ ❞❡ ❡str✉t✉r❛s s♦❜r❡ ❡❧❡✱

✉♠❛ ✈❡③ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞❡st❡ t✐♣♦ ❞❡ s♦❧♦ sã♦ ♠✉✐t♦ s❡♥sí✈❡✐s ❛ ♠✉❞❛♥ç❛s ❞❡

t❡♠♣❡r❛t✉r❛✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ♣❛r❛ ❛❧❣✉♠❛s ❝♦♥str✉çõ❡s ❝✐✈✐s é ♣r❡❝✐s♦ ✉s❛r ♠ét♦❞♦s ❛rt✐✜❝✐❛✐s

♣❛r❛ ❝♦♥tr♦❧❛r ♦ ❞❡❣❡❧♦ ♦✉ ❛té ♠❡s♠♦ ♠❛♥t❡r ♦ s♦❧♦ ❝♦♥❣❡❧❛❞♦ ❞✉r❛♥t❡ ♦ ❛♥♦ t♦❞♦ ❬✻✱ ✸✸❪✳

1.2.2 Gelo na atmosfera

❆ ❢♦r♠❛çã♦ ❞❡ ❣❡❧♦ t❛♠❜é♠ ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s

❞❛s ♥✉✈❡♥s ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♥♦ ❝❧✐♠❛ ❞♦ ♣❧❛♥❡t❛ ❬✻✱✼✱✸✹✱✸✺❪✳ ❆s ♥✉✈❡♥s sã♦ ❢♦r♠❛❞❛s ❝♦♠

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

❞❡ á❣✉❛ ❛❧❝❛♥ç❛ ✉♠ ❡stá❣✐♦ ❞❡ s✉♣❡r✲r❡s❢r✐❛♠❡♥t♦ ❡ ❡♥tã♦ é ❝♦♥❞❡♥s❛❞♦✳ ❊st❡ ✈❛♣♦r ❞❡ á❣✉❛

10
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s✉♣❡r✲r❡s❢r✐❛❞♦ ♣♦❞❡ ❝❛✉s❛r ❛❧❣✉♥s ♣r♦❜❧❡♠❛s✱ ♣♦✐s ❛♦ s❡r ❛tr❛✈❡ss❛❞♦ ♣♦r ✉♠❛ ❛❡r♦♥❛✈❡ ❡st❡

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

♥❛s ❝♦♥❞✐çõ❡s ❞❡ ✈♦♦ ❬✻✱ ✸✻❪✳ ❆s ♥✉✈❡♥s sã♦ ❢♦r♠❛❞❛s ❡♠ ❛❧t✐t✉❞❡s q✉❡ ✈❛r✐❛♠ ❡♥tr❡ ✻ ❡ ✶✷

❦♠ ✉♠ t✐♣♦ ❝♦♠✉♠ é ❢♦r♠❛❞♦ ♥❛ ♣❛rt❡ ♠❛✐s ❛❧t❛ ❞❛ tr♦♣♦s❢❡r❛ ❡ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❝✐rr♦✳

❊❧❛s sã♦ ❢♦r♠❛❞❛s ♣♦r ♠✐❝r♦❝r✐st❛✐s ❞❡ ❣❡❧♦✱ ❡ ❞❡♣❡♥❞❡♥❞♦ ❞♦ t❡♠♣♦✱ ♣♦❞❡♠ ❝♦❜r✐r ❛té ✸✵✪

❞♦ ❣❧♦❜♦ ❬✸✺❪✳ ❙❛❜❡✲s❡ q✉❡ ❡♠ ❛❧❣✉♥s t✐♣♦s ❞❡ ♥✉✈❡♠ ♣♦❞❡ ❤❛✈❡r ♠♦✈✐♠❡♥t❛çã♦ ❞❡ ❝❛r❣❛s✱

❝❛✉s❛♥❞♦ ✉♠ ❞❡s❜❛❧❛♥ç♦ ❡❧❡tr♦stát✐❝♦ ♥❛ ♥✉✈❡♠✳ ❊st❡ ❞❡s❜❛❧❛♥ç♦ ♣♦❞❡ ♦❝❛s✐♦♥❛r ❞❡s❝❛r❣❛s

❡❧étr✐❝❛s ❡♥tr❡ ♥✉✈❡♥s ❡ ❛té ♠❡s♠♦ ❡♥tr❡ ❛s ♥✉✈❡♥s ❡ ♦ s♦❧♦✳ ❯♠❛ ✈❡③ q✉❡ ♠✐❝r♦❝r✐st❛✐s ❞❡ ❣❡❧♦

❞❡s❡♠♣❡♥❤❛♠ ✉♠ ♣❛♣❡❧ ✐♠♣♦rt❛♥t❡✱ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❣❡❧♦ s❡ ❢❛③ ♥❡❝❡ssár✐♦

♣❛r❛ ❡♥t❡♥❞❡r ❢❡♥ô♠❡♥♦s ❞❡ ❞❡s❝❛r❣❛ ❡❧étr✐❝❛ ❬✻✱ ✼❪✳

Pr♦♣r✐❡❞❛❞❡s r❡❧❛❝✐♦♥❛❞❛s à s✉♣❡r❢í❝✐❡ ❞♦ ❣❡❧♦ ❣❛♥❤❛r❛♠ ♠❛✐s ❛t❡♥çã♦ q✉❛♥❞♦ ❢♦✐ ❞❡s❝♦✲

❜❡rt♦ q✉❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❣❡❧♦ ♣r❡s❡♥t❡ ♥❛ ❡str❛t♦s❢❡r❛ é r❡s♣♦♥sá✈❡❧ ♣♦r ❝❛t❛❧✐③❛r ❛ r❡❛çã♦

q✉í♠✐❝❛

❈❧❖◆❖2 + ❍❈❧ → ❈❧2 + ❍◆❖3

❛ q✉❛❧ ❡stá ❡♥✈♦❧✈✐❞❛ ♥❛ ❞❡♣r❡❝✐❛çã♦ ❞❛ ❝❛♠❛❞❛ ❞❡ ♦③ô♥✐♦ ❬✻✱ ✸✼❪✳

❖✉tr♦ ❢❡♥ô♠❡♥♦ r❡❧❡✈❛♥t❡ r❡❧❛❝✐♦♥❛❞♦ à ♦❝♦rrê♥❝✐❛ ❞❡ ❣❡❧♦ ♥❛ ❛t♠♦s❢❡r❛ é ❛ ❢♦r♠❛çã♦ ❡

❛ ♣r❡❝✐♣✐t❛çã♦ ❞❡ ♥❡✈❡✳ ❈r✐st❛✐s ❞❡ ♥❡✈❡ sã♦ ❢♦r♠❛❞♦s ❛ ♣❛rt✐r ❞♦ ❝♦♥❣❡❧❛♠❡♥t♦ ❞♦ ✈❛♣♦r ❞❡

á❣✉❛✳ ❖ ❝r❡s❝✐♠❡♥t♦ ❞❡ ❝r✐st❛✐s ❞❡ ♥❡✈❡ ♥❛ ♥❛t✉r❡③❛ é ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ✐♥t❡r❡ss❡ ❞❛ ❢ís✐❝❛ ♥ã♦

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

✈❛r✐❡❞❛❞❡s ❡ ❞❡ s✐♠❡tr✐❛s ❡♠ q✉❡ ❡st❡s ❝r✐st❛✐s ❞❡ ♥❡✈❡ sã♦ ❢♦r♠❛❞♦s ❬✸✽❪✳ ❆❧é♠ ❞✐ss♦✱ ✉♠❛

♣r♦♣r✐❡❞❛❞❡ ❢ís✐❝❛ ❞❛ ♥❡✈❡ ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛ é ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡✢❡t✐r ❛♣r♦①✐♠❛❞❛♠❡♥t❡

✾✵✪ ❞❛ r❛❞✐❛çã♦ ✉❧tr❛✈✐♦❧❡t❛ q✉❡ ❡❧❛ r❡❝❡❜❡✳ ❊✈✐❞❡♥t❡♠❡♥t❡✱ ❡st❛ ♣r♦♣r✐❡❞❛❞❡ é ❡ss❡♥❝✐❛❧ ♣❛r❛

♠❛♥t❡r ♦ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦ ❞♦ ♣❧❛♥❡t❛✳ ❆ ♥❡✈❡ t❛♠❜é♠ ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧

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

❞❡ á❣✉❛ ❬✸✷✱✸✾❪✳
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1.2.3 Gelo no meio interstelar

❖ ❣❡❧♦ t❛♠❜é♠ ❡stá ♣r❡s❡♥t❡ ❡♠ s✐st❡♠❛s ❢♦r❛ ❞♦ ♣❧❛♥❡t❛ ❚❡rr❛✱ ❝♦♠♦ ❡♠ ❝♦♠❡t❛s✱ ❛st❡✲

ró✐❞❡s✱ s❛té❧✐t❡s ♥❛t✉r❛✐s ❞❡ ♦✉tr♦s ♣❧❛♥❡t❛s ❡ t❛♠❜é♠ ❡♠ ♦✉tr♦s ♣❧❛♥❡t❛s✳ ❖s ❛strô♥♦♠♦s ❝♦s✲

t✉♠❛♠ ❝❤❛♠❛r ❞❡ ❣❡❧♦ q✉❛❧q✉❡r ❝♦♠♣♦♥❡♥t❡ ✈♦❧át✐❧ ❝♦♥❣❡❧❛❞♦✳ ❆❧❣✉♥s ❡①❡♠♣❧♦s sã♦ ❛♠ô♥✐❛✱

❞✐ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦✱ ♠♦♥ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦✱ ♠❡t❛♥♦ ❡ ♥✐tr♦❣ê♥✐♦✳ ❍á ✉♠❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡

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

s✐st❡♠❛ s♦❧❛r s❛❜❡✲s❡ q✉❡ ♦ ♠❛✐s ❛❜✉♥❞❛♥t❡ é ♠❡s♠♦ ♦ ❣❡❧♦ ❞❛ á❣✉❛✳ ❆❧é♠ ❡①✐st✐r ❡♠ ✶✸ ❢❛s❡s

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

❢♦r♠❛çã♦ ❞❛ ♠❛✐♦r✐❛ ❞♦s ❛str♦s ✐♥t❡rst❡❧❛r❡s✱ ❡st✐♠❛✲s❡ q✉❡ ❛ ❢❛s❡ ❛♠♦r❢❛ é ❛ ♠❛✐s ❛❜✉♥❞❛♥t❡

❞♦ ✉♥✐✈❡rs♦ ❬✶✱✻✱✷✺✱✹✵❪✳ ❊st✐♠❛✲s❡ q✉❡ tr❛♥s✐çõ❡s ❞❡ ❣❡❧♦ ❛♠♦r❢♦ ♣❛r❛ ♦✉tr❛s ❢❛s❡s ❝r✐st❛❧✐♥❛s

❞♦ ❣❡❧♦ ♣♦❞❡♠ ♦❝♦rr❡r ❡♠ ❢✉♥çã♦ ❞❡ ♠✉❞❛♥ç❛s ❞❡ t❡♠♣❡r❛t✉r❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ❛❧❣✉♥s ❛str♦s✱

❛ss✐♠ ❝♦♠♦ ❛❝♦♥t❡❝❡ ❝♦♠ ♦s ❝♦♠❡t❛s ❛♦ s❡ ❛♣r♦①✐♠❛r❡♠ ❞♦ ❙♦❧✳ ❖ ❡st✉❞♦ ❞❡ ❞✐❢❡r❡♥t❡s ❢♦r✲

♠❛s ❞♦ ❣❡❧♦ ❡♥❝♦♥tr❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ s❛té❧✐t❡s ♥❛t✉r❛✐s ❡ ❞❡ ♣❧❛♥❡t❛s ♣♦❞❡♠ ❢♦r♥❡❝❡r ❞❛❞♦s

s♦❜r❡ ❛ ❤✐stór✐❛ ❣❡♦❧ó❣✐❝❛ ❞❛s ♠❡s♠❛s✳ P❛r❛ ♦❜t❡r t❛❧ ♣r♦♣ós✐t♦ é ♣r❡❝✐s♦ t❡r ✉♠ ❝♦♠♣❧❡t♦

❡♥t❡♥❞✐♠❡♥t♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❢ís✐❝❛s ❡ q✉í♠✐❝❛s ❞♦ ❣❡❧♦✳ Pr♦♣r✐❡❞❛❞❡s ❡ss❡♥❝✐❛✐s ♣❛r❛ ♦

❡st✉❞♦ ❞❡ ❣❡❧♦ ✐♥t❡rst❡❧❛r sã♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ót✐❝❛s ❡ ♠❡❝â♥✐❝❛s✳ Pr♦♣r✐❡❞❛❞❡s ót✐❝❛s sã♦ ❡s✲

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

❛ ❝♦♠♣♦s✐çã♦ ❡ ❛ ❢❛s❡ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ✐♥t❡rst❡❧❛r ❬✹✶✕✹✸❪✳ ❆s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s✱ ♣♦r

♦✉tr♦ ❧❛❞♦✱ sã♦ ❢✉♥❞❛♠❡♥t❛✐s ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ❤✐stór✐❛ ❣❡♦❧ó❣✐❝❛ ❞♦s ❛str♦s✱ ♣♦✐s ♠✉✐t♦s

❞❡❧❡s sã♦ ❢♦r♠❛❞♦s ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ♣♦r ❣❡❧♦ ❬✹✸✕✺✷❪✳ Pr♦♣r✐❡❞❛❞❡s ❜✐♦❧ó❣✐❝❛s ❞♦ ❣❡❧♦ t❛♠❜é♠

sã♦ ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ♦r✐❣❡♠ ❞❛ ✈✐❞❛ ❡ ♣♦r ✐ss♦ ❝✐❡♥t✐st❛s ❜✉s✲

❝❛♠ ❝♦♠♣♦st♦s ♦r❣â♥✐❝♦s ♥♦ ❣❡❧♦ ✐♥t❡rst❡❧❛r ❞❡ ❝♦♠❡t❛s ❡ ♦✉tr♦s ♣❧❛♥❡t❛s✳ ❈✐❡♥t✐st❛s t❛♠❜é♠

t❡♥t❛♠ s✐♠✉❧❛r ❡♠ ❧❛❜♦r❛tór✐♦ ❝♦♥❞✐çõ❡s s✐♠✐❧❛r❡s àq✉❡❧❛s ❡♥❝♦♥tr❛s ♥♦ ♠❡✐♦ ✐♥t❡rst❡❧❛r ♥❛

t❡♥t❛t✐✈❛ ❞❡ ❡♥❝♦♥tr❛r r❡❛çõ❡s q✉❡ ♣♦❞❡♠ ❣❡r❛r ❝♦♠♣♦st♦s ♦r❣â♥✐❝♦s ❡ ❛té ♠❡s♠♦ ❢♦r♠❛çã♦

❞❡ ❛♠✐♥♦á❝✐❞♦s q✉❡ ❢♦r♠❛♠ ❛ ❜❛s❡ ❞❛s ♣r♦t❡í♥❛s ❬✺✸✕✺✻❪✳
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1.3 Propriedades do gelo

◆❛s s❡çõ❡s ❛♥t❡r✐♦r❡s ❢♦r❛♠ ❛❜♦r❞❛❞❛s ❛❧❣✉♠❛s ♦❝♦rrê♥❝✐❛s ❞❡ ❣❡❧♦ ♥❛ ♥❛t✉r❡③❛ ❡ ❞✐s❝✉t✐✲

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

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

❯♠ ❞♦s ❛s♣❡❝t♦s ♠❛✐s ✐♥t❡r❡ss❛♥t❡s é ❛ r✐q✉❡③❛ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡s ❞❛ á❣✉❛ q✉❡ ❛❧é♠ ❞❛

❢❛s❡ ❧íq✉✐❞❛✱ ❛♣r❡s❡♥t❛ ♣❡❧♦ ♠❡♥♦s ✶✸ ❢❛s❡s ❝r✐st❛❧✐♥❛s ❞✐st✐♥t❛s ❞❡♣❡♥❞❡♥❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡

t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✶✳✻✮✳ ❊♠ r❡❧❛çã♦ à ❢❛s❡ ♠❛✐s ❛❜✉♥❞❛♥t❡

♥❛ ❚❡rr❛✱ ♦ ❣❡❧♦ ❤❡①❛❣♦♥❛❧ ■h✱ ✈ár✐❛s ❝❛r❛❝t❡ríst✐❝❛s sã♦ ❞❡ ✐♥t❡r❡ss❡ ❡s♣❡❝í✜❝♦✳ ❆s Pr♦♣r✐❡✲

❞❛❞❡s ❡❧étr✐❝❛s ❞♦ ❣❡❧♦ ❡stã♦ ❞✐r❡t❛♠❡♥t❡ ❡♥✈♦❧✈✐❞❛s ♥❛ ❡❧❡tr♦❞✐♥â♠✐❝❛ ❞❛s ♥✉✈❡♥s✱ ❡ ❛ s✉❛

❝♦♠♣r❡❡♥sã♦ é ♥❡❝❡ssár✐❛ ♣❛r❛ ❡♥t❡♥❞❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❞❡s❝❛r❣❛s ❡❧étr✐❝❛s ❡♠ t❡♠♣❡st❛✲

❞❡s ❬✻❪✳ Pr♦♣r✐❡❞❛❞❡s r❡❧❛❝✐♦♥❛❞❛s à s✉♣❡r❢í❝✐❡ sã♦ r❡❧❡✈❛♥t❡s ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❡ ❝❛tá❧✐s❡

❞❡ r❡❛çõ❡s q✉í♠✐❝❛s q✉❡ ♦❝♦rr❡♠ ♥❛ ❛t♠♦s❢❡r❛✳

◆❡st❛ ❚❡s❡ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ♥❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞♦ ❣❡❧♦✳ ❊❧❛s sã♦ ♠✉✐t♦

✐♠♣♦rt❛♥t❡s ♣❛r❛ ♣r♦❥❡t♦s ❞❡ ❡♥❣❡♥❤❛r✐❛ q✉❡ ❧✐❞❛♠ ❝♦♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❣r❛♥❞❡s q✉❛♥t✐❞❛❞❡s ❞❡

❣❡❧♦ ❬✻❪✳ ❊①❡♠♣❧♦s ✐♥❝❧✉❡♠ ♦ ❞❡s❡♥❤♦ ❞♦ ❢♦r♠❛t♦ ❞❡ ♥❛✈✐♦s q✉❡❜r❛✲❣❡❧♦ ❡ ♣✐❧❛r❡s ❞❡ ❡str✉t✉r❛s

❝♦♠♦ ♣♦♥t❡s ❡ ♣❧❛t❛❢♦r♠❛s ❞❡ ♣❡tró❧❡♦✳ ❖ ♦✉tr♦ ♣♦♥t♦ ❞❡ ✐♥t❡r❡ss❡ ❡♥✈♦❧✈❡ ❛ ❝♦♠♣r❡❡♥sã♦ ❞❛

❞✐♥â♠✐❝❛ ❞❡ ❣r❛♥❞❡s ♠❛ss❛s ❞❡ ❣❡❧♦✱ ❝♦♠♦ ❣❡❧❡✐r❛s✳

❆ ❡①♣❡r✐ê♥❝✐❛ ❝♦♠✉♠ ❞✐❛ ❛ ❞✐❛ ♠♦str❛ q✉❡ ♦ ❣❡❧♦ ■h é ✉♠ ♠❛t❡r✐❛❧ q✉❡❜r❛❞✐ç♦✳ ❡♥tr❡t❛♥t♦

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

♣♦❞❡ s❡ ❞❡❢♦r♠❛r ♣❧❛st✐❝❛♠❡♥t❡ s❡♠ ❢r❛t✉r❛r ❬✻✱ ✽✱ ✷✺✱ ✸✸✱ ✸✾✱ ✺✼❪✳ ❆ ❋✐❣✉r❛ ✭✶✳✼✮ ✐❧✉str❛ ❜❡♠

❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✉❛❧ ❞♦ ❣❡❧♦✳ ❆ ❋✐❣✉r❛ ✭✶✳✼✭❛✮✮ ♠♦str❛ ✉♠❛ s✐t✉❛çã♦ ♦♥❞❡ ♦ ❣❡❧♦ ♣♦❞❡

s❡r ❢❛❝✐❧♠❡♥t❡ ❢r❛t✉r❛❞♦✱ tr❛t❛✲s❡ ❞❡ ✉♠❛ ✜♥❛ ❝❛♠❛❞❛ ❞❡ ❣❡❧♦ ❢♦r♠❛❞❛ s♦❜r❡ ✉♠ ❧❛❣♦✳ ❏á ❛

❋✐❣✉r❛ ✭✶✳✼✭❜✮✮ ♠♦str❛ ♦ t♦♣♦ ❞❡ ✉♠❛ ❣❡❧❡✐r❛ ♦♥❞❡ ♦ ❣❡❧♦ ❡stá s❡ ❞❡❢♦r♠❛♥❞♦ ♣❧❛st✐❝❛♠❡♥t❡

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

❣❡❧♦ q✉❡ ❡stã♦ ✢✉✐♥❞♦ ♠♦♥t❛♥❤❛ ❛❜❛✐①♦ ❡♠ ✈❡❧♦❝✐❞❛❞❡s ❞✐❢❡r❡♥t❡s✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✉❛❧✱
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1.3 Propriedades do gelo 14

Figura 1.6: As diferentes fases cristalinas do gelo e as condições de temperatura e pressão em que
cada uma delas é estável. Figura retirada da referência [40].

♦✉ s❡❥❛✱ q✉❡❜r❛❞✐ç♦ ❡♠ ❝❡rt❛s s✐t✉❛çõ❡s ❡ ♠❛❧❡á✈❡❧ ❡♠ ♦✉tr❛s✱ ♥ã♦ ❡stá ❡♥t❡♥❞✐❞♦✳ ❖ q✉❡ s❡

s❛❜❡ é q✉❡ s❡ ❛♣❧✐❝❛r ✉♠❛ t❡♥sã♦ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❛ t❛①❛ ❞❡ ❞❡❢♦r♠❛çã♦ s❡❥❛ s✉✜❝✐❡♥t❡♠❡♥t❡

❧❡♥t❛ é ♣♦ssí✈❡❧ ♦❜t❡r ♥♦ ❣❡❧♦ ✉♠❛ tr❛♥s✐çã♦ q✉❡❜r❛❞✐ç♦✲♠❛❧❡á✈❡❧ ❬✻✱✽✱✷✺✱✺✼✕✻✵❪✳ ▼❝❈♦♥♥❡❧ ❡

❑✐❞❞ ❬✻✱✺✽❪ ❝♦♥s❡❣✉✐r❛♠ ❡♠ ❧❛❜♦r❛tór✐♦ ❞♦❜r❛r ✉♠ ❜❛stã♦ ❞❡ ❣❡❧♦ ❡♠ ✾✵➦✱ ❞❡ ❢♦r♠❛ ♠❛❧❡á✈❡❧✱

♠❛s ♣❛r❛ ❝♦♥s❡❣✉✐r t❛❧ ❢❡✐t♦ ❡❧❡s ❣❛st❛r❛♠ ✻ ❤♦r❛s✦ ❊st❡ t❡♠♣♦ é ❡①tr❡♠❛♠❡♥t❡ ❧♦♥❣♦ s❡

❝♦♠♣❛r❛❞♦ ❛♦ t❡♠♣♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ❞♦❜r❛r ✉♠ ✜♦ ❞❡ ❝♦❜r❡✱ s❡♠ q✉❡❜r❛r✱ ♦ q✉❡ ♣♦❞❡ s❡r

❢❡✐t♦ ♥✉♠❛ ❢r❛çã♦ ❞❡ s❡❣✉♥❞♦s✳

◆❛ ❋✐❣✉r❛ ✭✶✳✽✮ t❡♠♦s ✉♠❛ ✐♠❛❣❡♠ ❞❛ ♣♦♥t❡ ❈♦♥❢❡❞❡r❛t✐♦♥ ❇r✐❣❞❡ ✭✶✳✽✭❛✮✮ s✐t✉❛❞❛ ♥♦

❈❛♥❛❞á✳ ❊❧❛ é ❛ ♠❛✐♦r ♣♦♥t❡ s♦❜r❡ á❣✉❛s ❝♦♥❣❡❧❛❞❛s ❞♦ ♠✉♥❞♦ ❡ t❡♠ ✶✷✱✾ ❦♠ ❞❡ ❝♦♠♣r✐♠❡♥t♦

❬✻✶❪✳ ◆❛ ✜❣✉r❛ ✭✶✳✽✭❜✮✮ ♠♦str❛ ❡♠ ❞❡t❛❧❤❡ ✉♠ ❞♦s ♣✐❧❛r❡s ❞❡st❛ ♣♦♥t❡✳ P♦r ❡st❛r s♦❜r❡ á❣✉❛s

14



1.3 Propriedades do gelo 15

(a) Quebradiço (b) Maleável. Figura retirada de [8]

Figura 1.7: Mudança de comportamento do gelo em (a) o gelo pode ser facilmente quebrado e em
(b) camadas de gelo estão deslizando geleira abaixo sem se fraturar.

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

♣❡❧❛ á❣✉❛✳ P❛r❛ ♠✐♥✐♠✐③❛r ♦s ❞❛♥♦s ❡♠ ❡str✉t✉r❛s é ♣r❡❝✐s♦ t❡r ✉♠ ❝♦♥❤❡❝✐♠❡♥t♦ s♦❜r❡ ♦s

❛s♣❡❝t♦s ♠❡❝â♥✐❝♦s ❞♦ ❣❡❧♦✳ ◆♦ ❝❛s♦ ❞❡st❛ ♣♦♥t❡ ♦ ♠❡❧❤♦r ❢♦r♠❛t♦ ❡♥❝♦♥tr❛❞♦ ♣❛r❛ ♦ ♣✐❧❛r

❢♦✐ ✉♠ ❢♦r♠❛t♦ ❝ô♥✐❝♦ q✉❡ t❡♥❞❡ ❛ ❞♦❜r❛r ♦s ❜❧♦❝♦s ❞❡ ❣❡❧♦ q✉❡ s❡ ❛♣r♦①✐♠❛♠ ❞♦s ♣✐❧❛r❡s ❛té

q✉❡ ♦s ♠❡s♠♦s s❡ q✉❡❜r❡♠✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✭✶✳✽✭❜✮✮✳

(a) (b)

Figura 1.8: Em (a) mostra uma foto da Confederation Brigde a maior ponte sobre águas congeladas
do mundo. Em (b) mostra em detalhe um dos pilares da ponte ilustrando como o formato cônico
consegue fraturar o gelo

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

♣r♦❝❡ss♦s ♠✐❝r♦s❝ó♣✐❝♦s ❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛✳ ❖ ❝♦♥t❡①t♦ ❞❡st❡ tr❛❜❛❧❤♦ é ♦ ❡♥t❡♥❞✐♠❡♥t♦
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1.4 Objetivos 16

❞❡st❡s ♠❡❝❛♥✐s♠♦s ♥♦ ❣❡❧♦ ■h✳ ❈♦♠♦ ❡♠ q✉❛❧q✉❡r ♦✉tr♦ ♠❛t❡r✐❛❧✱ ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❞♦

❣❡❧♦ é ❝♦♥tr♦❧❛❞❛ ♣♦r ❞❡❢❡✐t♦s ❡①t❡♥s♦s t❛✐s ❝♦♠♦ ❞✐s❝♦r❞â♥❝✐❛s✱ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡

❧✐♠✐t❡s ❞❡ ❣rã♦✳ ❆ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ t❛♠❜é♠ ♣♦❞❡ s♦❢r❡r ✐♥✢✉ê♥❝✐❛ ❞❡ ♦✉tr♦s ❞❡❢❡✐t♦s✱

♠❛s é ♦ ♠♦✈✐♠❡♥t♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ✐♥❞✉③✐♥❞♦ ❞❡s❧✐③❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ❛tô♠✐❝♦s q✉❡ ❢♦r♥❡❝❡ ♦

♠❡❝❛♥✐s♠♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛✳ ❯♠❛ ✈❡③ q✉❡ ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ♦❝♦rr❡

❛tr❛✈és ❞❡ ❞❡s❧✐③❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ❛tô♠✐❝♦s✱ ❡♥tã♦ ❛ ❢❛❝✐❧✐❞❛❞❡ ❝♦♠ ♦s q✉❛✐s s❡ ♠♦✈✐♠❡♥t❛♠

❛tr❛✈és ❞♦ ❝r✐st❛❧ ❝♦♥tr♦❧❛ ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞♦ ♠❛t❡r✐❛❧✱ ❞❡t❡r♠✐♥❛♥❞♦✱ ♣♦r ❡①❡♠♣❧♦✱

s❡ ♦ ♠❛t❡r✐❛❧ t❡rá ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ q✉❡❜r❛❞✐ç♦ ♦✉ s❡rá ♠❛❧❡á✈❡❧ ❬✻✵✱✻✷✕✻✺❪✳ ◆♦ ❝❛s♦ ❞♦ ❣❡❧♦

■h ❡①✐st❡♠ ♠✉✐t♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡♠ r❡❧❛çã♦ ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❧ást✐❝♦✳ ◆♦ ❡♥t❛♥t♦✱

♥ã♦ ❡①✐st❡ ❛✐♥❞❛ ✉♠❛ r❛❝✐♦♥❛❧✐③❛çã♦ ❞❡st❛s ♠❡❞✐❞❛s ❡♠ t❡r♠♦s ❞❡ ✉♠❛ ✈✐sã♦ ♠✐❝r♦s❝ó♣✐❝❛ ❞❡

❞❡❢❡✐t♦s ♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛✳

❊st❛ ❧❛❝✉♥❛ ♠♦t✐✈❛ ❡st❛ ❡st❛ ❚❡s❡ ❡ s❡✉s ♦❜❥❡t✐✈♦s s❡rã♦ ❞❡s❝r✐t♦s ♥❛ ♣ró①✐♠❛ s❡çã♦✳

1.4 Objetivos

❈♦♠ ♦ ♣r♦♣ós✐t♦ ❞❡ ❞❛r ✉♠❛ ❝♦♥tr✐❜✉✐çã♦ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞♦s ♠❡❝❛♥✐s♠♦s ♠✐❝r♦s❝ó✲

♣✐❝♦s q✉❡ ❣♦✈❡r♥❛♠ ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ♥♦ ❣❡❧♦ ■h✱ ♦ ♦❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦ ❝♦♥s✐st❡ ❡♠

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

❞♦ ❣❡❧♦ ■h ❛tr❛✈és ❞❡ ♠ét♦❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳ ❖s ♠ét♦❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s sã♦ ❜❛s❡❛❞♦s ❡♠

❝á❧❝✉❧♦s ❛tr❛✈és ❞❛ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡✱ q✉❡ ♣❡r♠✐t❡♠ ✉♠❛ ❛♥á❧✐s❡ ♠✐❝r♦s❝ó♣✐❝❛

❞❡t❛❧❤❛❞❛ ♥ã♦ ❞✐s♣♦♥í✈❡❧ ❛tr❛✈és ❞❡ ❡①♣❡r✐♠❡♥t♦s ❡♠ ❧❛❜♦r❛tór✐♦✳

❊st❛ ❚❡s❡ ❡stá ♦r❣❛♥✐③❛❞❛ ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛ ♥♦ ❈❛♣ít✉❧♦ ✷ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛ ❡s✲

tr✉t✉r❛ ❞♦ ❣❡❧♦ ■h ❡ ❛❧❣✉♠❛s ❝❛r❛❝t❡ríst✐❝❛s ❡ss❡♥❝✐❛✐s ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛s ❡str✉t✉r❛s

❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ◆♦ ❈❛♣ít✉❧♦ ✸ s❡rã♦ ❛❜♦r❞❛❞♦s ❛❧❣✉♥s ❛s♣❡❝t♦s

t❡ór✐❝♦s s♦❜r❡ ❞✐s❝♦r❞â♥❝✐❛s ❡ ♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛✳ ◆♦ ❈❛♣ít✉❧♦ ✹ s❡rã♦

❞❡s❝r✐t♦s ♦s ❛s♣❡❝t♦s ♠❛✐s r❡❧❡✈❛♥t❡s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛✱ s❡❣✉✐❞♦ ♣♦r ✉♠❛ ❛♣r❡s❡♥t❛çã♦
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1.4 Objetivos 17

❞♦s r❡s✉❧t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✺✳ ❋✐♥❛❧♠❡♥t❡ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♥♦ss❛s ❝♦♥❝❧✉sõ❡s ❡ ♣❡rs♣❡❝t✐✲

✈❛s ♥♦ ❈❛♣ít✉❧♦ ✻✳ ❊♠ ❛♥❡①♦ ❡stá ♦ ❛rt✐❣♦ ♣✉❜❧✐❝❛❞♦ ♥♦ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❇ ❝♦♠ ♦s ♣r✐♥❝✐♣❛✐s

r❡s✉❧t❛❞♦s ❞❡st❛ ❚❡s❡✳

17



Capítulo 2

A estrutura do gelo Ih

2.1 A molécula de água

❖ ❣❡❧♦ ■h é ❢♦r♠❛❞♦ ♣♦r ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ ❝♦♠♣♦st❛s ❝❛❞❛ ✉♠❛ ♣♦r ❞♦✐s át♦♠♦s ❞❡

❤✐❞r♦❣ê♥✐♦ ❡ ✉♠ át♦♠♦ ❞❡ ♦①✐❣ê♥✐♦✱ r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛ ❢ór♠✉❧❛ q✉í♠✐❝❛ H2O✳ ❆ ❡str✉t✉r❛ ❞❡

✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ ❧✐✈r❡ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✭✷✳✶✭❛✮✮✳ ❆s ❧✐❣❛çõ❡s ❡♥tr❡ ♦ ♦①✐❣ê♥✐♦

❡ ♦s ❤✐❞r♦❣ê♥✐♦s sã♦ ❝♦✈❛❧❡♥t❡s✳ P❛r❛ ✉♠❛ ♠♦❧é❝✉❧❛ ❧✐✈r❡✱ ❛ ❞✐stâ♥❝✐❛ ❞❡ ❡q✉✐❧í❜r✐♦ ❡♥tr❡ ♦

át♦♠♦ ❞❡ ♦①✐❣ê♥✐♦ ❡ ♦s át♦♠♦s ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ♦✉ s❡❥❛✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦ ❝♦✈❛❧❡♥t❡

❖✲❍ é 0, 9572 ± 0, 0003 ➴ ❡ ♦ â♥❣✉❧♦ ❡♥tr❡ ❛s ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s✱ ♦✉ s❡❥❛✱ ♦ â♥❣✉❧♦ ❍✲❖✲❍ é

104, 52± 0, 05➦ ❬✻❪✳

104,52⁰

H H

O

0,9572 A

(a)

H H

O

(b)

Figura 2.1: Em (a) geometria de uma molécula de água livre e em (b) uma representação do vetor
de momento de dipolo da molécula.

❆ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ t❡♠ ✶✵ ❡❧étr♦♥s✱ ♦✐t♦ ❞♦ át♦♠♦ ❞❡ ♦①✐❣ê♥✐♦ ❡ ✉♠ ❞❡ ❝❛❞❛ ✉♠ ❞♦s
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2.1 A molécula de água 19

át♦♠♦s ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ❉♦✐s ❞♦s ✶✵ ❡❧étr♦♥s ♦❝✉♣❛♠ ♦ ♦r❜✐t❛✐s ❞♦ t✐♣♦ 1s ❡ ❡stã♦ ❢♦rt❡♠❡♥t❡

❧✐❣❛❞♦s ❛♦ ♥ú❝❧❡♦ ❞♦ át♦♠♦ ❞❡ ♦①✐❣ê♥✐♦✳ ❖s ♦✐t♦ ❡❧étr♦♥s r❡st❛♥t❡s ♦❝✉♣❛♠ ♦r❜✐t❛✐s ❞♦ t✐♣♦ 2s

❡ 2p ❞♦ át♦♠♦ ❞❡ ♦①✐❣ê♥✐♦ ❡st❡s sã♦ ♣❡rt✉r❜❛❞♦s s✐❣♥✐✜❝❛♠❡♥t❡ ♣❡❧❛ ❛ ♣r❡s❡♥ç❛ ❞♦s át♦♠♦s

❞❡ ❤✐❞r♦❣ê♥✐♦✳ ❖ ♦r❜✐t❛❧ ♠♦❧❡❝✉❧❛r ♦❝✉♣❛❞♦ ♠❛✐s ❛❧t♦ ✭❍❖▼❖✮ ❝♦♥tr✐❜✉✐ ❢♦rt❡♠❡♥t❡ ♣❛r❛

❛ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❡❧étr♦♥s ✐s♦❧❛❞♦s ✭✏❧♦♥❡ ♣❛✐rs✑✮ ♥❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛✳ ❊st❡ ♣❛r❡s ❞❡

❡❧étr♦♥s ✐s♦❧❛❞♦s sã♦ r❡s♣♦♥sá✈❡✐s ♣❡❧♦ ♣❛❞rã♦ ❞❡ ❧✐❣❛çã♦ t❡tr❛é❞r✐❝♦ ❡♥tr❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛

q✉❡ s❡rá ❞✐s❝✉t✐❞♦ ♥❛s ♣ró①✐♠❛s s❡çõ❡s✳ ❆ ❋✐❣✉r❛ ✭✷✳✷✮ ♠♦str❛ ❛ ❣❡♦♠❡tr✐❛ ❞❛ ♠♦❧é❝✉❧❛ ❞❡

á❣✉❛ ✐♥❝❧✉✐♥❞♦ ♦s ♣❛r❡s ❞❡ ❡❧étr♦♥s ✐s♦❧❛❞♦s✱ ❡❧❡s ♣♦❞❡♠ s❡r ✈✐st♦s ❝♦♠♦ s❡ ❢♦ss❡♠ ❞♦✐s ♦r❜✐t❛✐s

❞❡s♦❝✉♣❛❞♦s ❡ ❞✐r❡❝✐♦♥❛❞♦s ♣❛r❛ ❛s ❧✐❣❛çõ❡s ♥ã♦ ♦❝✉♣❛❞❛s ♣❡❧♦s ❞♦✐s ❤✐❞r♦❣ê♥✐♦s ❬✻✱ ✻✻✱ ✻✼❪✳

❉❡✈✐❞♦ ❛ ♣r❡s❡♥ç❛ ❞♦s ❤✐❞r♦❣ê♥✐♦s ❛ ❝❛r❣❛ ❡❧❡trô♥✐❝❛ ♥ã♦ é ❞✐str✐❜✉í❞❛ s✐♠❡tr✐❝❛♠❡♥t❡ ❛♦ r❡❞♦r

H

H

Olone pairs

Figura 2.2: Geometria dos pares isolados “lone pairs” na molécula de água. Figura retirada e
modificada de [67](versão on-line).

❞♦ ♥ú❝❧❡♦ ❞♦ ♦①✐❣ê♥✐♦✳ ❯♠❛ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ é q✉❡ ❛ ♠♦❧é❝✉❧❛ ❝❛rr❡❣❛

✉♠ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❡❧étr✐❝♦ ♣❡r♠❛♥❡♥t❡ ❞✐r❡❝✐♦♥❛❞♦ ❛♦ ❧♦♥❣♦ ❞♦ â♥❣✉❧♦ ❜✐ss❡t♦r ❍✲❖✲❍

❝♦♠ ❛ ❡①tr❡♠✐❞❛❞❡ ♣♦s✐t✐✈❛ ❛♣♦♥t❛❞❛ ♣❛r❛ ♦ ❧❛❞♦ ❞♦s ❤✐❞r♦❣ê♥✐♦s✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛

✭✷✳✶✭❜✮✮✳ ❆ ♠❛❣♥✐t✉❞❡ ❞♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ♣❛r❛ ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ ❧✐✈r❡ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦

♣♦r ❈❧♦✉❣❤ ❡t ❛❧✳ ❡♠ ✶✾✼✸ ❬✻✱✻✽❪ ❝♦♠ ✈❛❧♦r ❡st❛❜❡❧❡❝✐❞♦ ❡♠ ✶✱✽✺✹✻ ❉❡❜②❡✳ ❊st❡ ✈❛❧♦r é ♠✉✐t♦

♣ró①✐♠♦ ❞♦ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ❛tr❛✈és ❞❡ ♠ét♦❞♦s ❛❜ ✐♥✐t✐♦ ♣♦r ❳❛♥t❤❡❛s ❡ ❉✉♥♥✐❣ ❬✻✾❪✳ ❙❛❜❡✲s❡
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2.2 Ligações de hidrogênio 20

q✉❡ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ é ❞✐❢❡r❡♥t❡ ♥❛s ❢❛s❡s ❝♦♥❞❡♥s❛❞❛s ❞❡✈✐❞♦ às

✐♥t❡r❛çõ❡s ✐♥t❡r♠♦❧❡❝✉❧❛r❡s✳

2.2 Ligações de hidrogênio

❆ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♦❝♦rr❡ q✉❛♥❞♦ ✉♠ át♦♠♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣❡r♠❛♥❡❝❡ ❡♥tr❡ ❞♦✐s

át♦♠♦s ❝♦♠ ❡❧❡tr♦♥❡❣❛t✐✈✐❞❛❞❡ ❛❧t❛ ❝♦♠♦ ❋✱ ❖✱ ❈❧ ❡ ◆ ❬✻✱ ✼✵✕✼✷❪✳ ❊st❡ t✐♣♦ ❞❡ ❧✐❣❛çã♦ t❡♠

✐♠♣♦rtâ♥❝✐❛ ♥ã♦ s♦♠❡♥t❡ ❡♠ ❞❡t❡r♠✐♥❛r ♠✉✐t❛s ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛ á❣✉❛ ♠❛s t❛♠❜é♠ ❡♠

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

♣r♦t❡í♥❛s✱ ♣♦r ❡①❡♠♣❧♦✱ sã♦ ❢♦rt❡♠❡♥t❡ ✐♥✢✉❡♥❝✐❛❞♦s ♣❡❧❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❛ ♣r♦t❡í♥❛

♣♦❞❡ ♣❡r❞❡r ❛s s✉❛s ❢✉♥çõ❡s ❜✐♦❧ó❣✐❝❛s ❝❛s♦ ❡❧❛s s❡❥❛♠ ❞❡s❢❡✐t❛s ❬✼✶❪✳ ❖s ♣r✐♠❡✐r♦s ❛ ♣r♦♣♦r❡♠

q✉❡ ❛ ❝♦❡sã♦ ❡♥tr❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ s❡ ❞á ❛tr❛✈és ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❢♦r❛♠ ▲❛t✐♠❡r

❡ ❘♦❞❡❜✉s❤ ❬✶✱✼✸❪ ❡♠ ✉♠ tr❛❜❛❧❤♦ ♣✉❜❧✐❝❛❞♦ ❡♠ ✶✾✷✵✳ ▼❛✐s t❛r❞❡ t❛♠❜é♠ ❢♦✐ r❡❝♦♥❤❡❝✐❞♦ q✉❡

❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ t❛♠❜é♠ sã♦ r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ♦r❣❛♥✐③❛çã♦ t❡tr❛é❞r✐❝❛ ❞❛s ♠♦❧é❝✉❧❛s

❞❡ á❣✉❛ ♥♦ ❣❡❧♦ ■h✳ ➱ ❝♦♥❤❡❝✐❞♦ t❛♠❜é♠ q✉❡ ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ sã♦ r❡s♣♦♥sá✈❡✐s ♣❡❧♦

❛❧t♦ ♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦ ❞❡ ❛❧❣✉♠❛s s✉❜stâ♥❝✐❛s✳ ❉❡ ❢❛t♦✱ ❡st❛ é ✉♠❛ ❞❛s ❡①♣❧✐❝❛çõ❡s ❢ís✐❝❛s

❞❡ ✉♠❛ ❞❛s ❛♥♦♠❛❧✐❛s ❞❛ á❣✉❛ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✶✳✶✮ ❬✻✱ ✶✷✱ ✶✹✱ ✼✹❪✳ P❛r❛ t❡r ✉♠❛ ✐❞❡✐❛ ❞❛

✐♥✢✉ê♥❝✐❛ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥♦ ♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦ ❞❡ ❛❧❣✉♠❛s s✉❜stâ♥❝✐❛s ♣♦❞❡♠♦s

❝♦♠♣❛r❛r ❛s t❡♠♣❡r❛t✉r❛s ❞❡ ❡❜✉❧✐çã♦ ❞❡ s✉❜stâ♥❝✐❛s ♦♥❞❡ ❤á ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❝♦♠

s✉❜stâ♥❝✐❛s s✐♠✐❧❛r❡s ♠❛s ♥ã♦ ❤á ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ◆♦ ❣r✉♣♦ ❞❡ s✉❜stâ♥❝✐❛s ♦♥❞❡ ❛

❝♦❡sã♦ é ❞♦♠✐♥❛❞❛ ♣♦r ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ t❡♠♦s ♥❛ ♣r✐♠❡✐r❛ ❝❛t❡❣♦r✐❛ HF ✭✶✾✱✺ ❽✮✱ ♥❛

s❡❣✉♥❞❛ ❝❛t❡❣♦r✐❛ H2O✭✶✵✵❽✮ ❡ ♥❛ t❡r❝❡✐r❛ NH3✭✲✸✸✱✸❽✮✳ ◆♦ ❣r✉♣♦ ❞❛s s✉❜stâ♥❝✐❛s q✉❡ ♥ã♦

❤á ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ t❡♠♦s ♥❛ ♣r✐♠❡✐r❛ ❝❛t❡❣♦r✐❛ HCl✭✲✽✽✱✾ ❽✮✱ ♥❛ s❡❣✉♥❞❛ ❝❛t❡❣♦r✐❛

H2S✭✲✻✵✱✼ ❽✮ ❡ ♥❛ t❡r❝❡✐r❛ PH3✭✲✽✼✱✹ ❽✮ ❬✻❪✳

◆♦ ❣❡❧♦ ■h ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♦❝♦rr❡ q✉❛♥❞♦ ✉♠ át♦♠♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❧✐❣❛❞♦ ❝♦✈❛✲

❧❡♥t❡♠❡♥t❡ ❝♦♠ ♦ ♦①✐❣ê♥✐♦ ❞❡ s✉❛ ♣ró♣r✐❛ ♠♦❧é❝✉❧❛ é ❛tr❛í❞♦ ♣♦r ✉♠ ♦✉tr♦ ♦①✐❣ê♥✐♦ ❞❡ ✉♠❛
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2.2 Ligações de hidrogênio 21

♠♦❧é❝✉❧❛ ✈✐③✐♥❤❛✱ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♣♦❞❡♠♦s r❡♣r❡s❡♥t❛r ❡st❛ ❧✐❣❛çã♦ ♣♦r O˘H · · ·O✳ ❖ ❝♦♠✲

♣r✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦ H · · ·O é ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦ ❝♦✈❛❧❡♥t❡ O˘H✳

❆ ♠♦❧é❝✉❧❛ ♥❛ q✉❛❧ ♦ át♦♠♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡stá ❝♦✈❛❧❡♥t❡♠❡♥t❡ ❧✐❣❛❞♦ é ❝❤❛♠❛❞❛ ❞❡ ✏❞♦❛❞♦r❛

❞❡ ♣rót♦♥✑ ❡ ❛ ♦✉tr❛ ♠♦❧é❝✉❧❛ é ❝❤❛♠❛❞❛ ❞❡ ✏❛❝❡✐t❛❞♦r❛ ❞❡ ♣rót♦♥✑✳ ❈❛❞❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛

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

❧✐❣❛çõ❡s✱ s❡♥❞♦ q✉❡✱ ♦ sít✐♦ ❛❝❡✐t❛❞♦r ❡stá t❡tr❛❡❞r✐❝❛♠❡♥t❡ ♦♣♦st♦ à ❧✐❣❛çã♦ ❝♦✈❛❧❡♥t❡✳ ❊st❛s

❧✐❣❛çõ❡s ♣r♦❞✉③❡♠ ✉♠ ♣❛❞rã♦ t❡tr❛é❞r✐❝♦ ❡♠ t♦r♥♦ ❞❡ ✉♠ ♦①✐❣ê♥✐♦✱ ❣❡♦♠❡tr✐❝❛♠❡♥t❡ s✐♠✐❧❛r

❛♦ ♣❛❞rã♦ ❡♥❝♦♥tr❛❞♦ ♥❛ ❡str✉t✉r❛ ❞♦ ❞✐❛♠❛♥t❡✳

❆ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❞♦✐s át♦♠♦s ♣❛rt✐❝✐♣❛♥t❡s ❞❡ ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é

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

sã♦ ♠✉✐t♦ ♠❛✐s ❢♦rt❡s q✉❡ ❛ ✐♥t❡r❛çã♦ ❞❡ ❱❛♥ ❞❡r ❲❛❛❧s ❬✷✱✻✱✶✹✱✼✵❪✳ ◆❡st❡ ❝♦♥t❡①t♦ é ♣♦ssí✈❡❧

❡♥t❡♥❞❡r ♣♦rq✉❡ ♦ ❣❡❧♦ t❡♠ ✉♠ ♣♦♥t♦ ❞❡ ❢✉sã♦ ✐♥t❡r♠❡❞✐ár✐♦ ❡♥tr❡ ♦ ❞✐❛♠❛♥t❡✱ ♦♥❞❡ ❛ ❝♦❡sã♦

é r❡❛❧✐③❛❞♦ ♣♦r ❧✐❣❛çã♦ ❝♦✈❛❧❡♥t❡✱ ❡ ♦ ❣ás ♥♦❜r❡ ♥❡ô♥✐♦✱ ♦♥❞❡ ❛ ❝♦❡sã♦ é r❡❛❧✐③❛❞❛ ❛tr❛✈és ❞❡

✐♥t❡r❛çõ❡s ❞❡ ❱❛♥ ❞❡r ❲❛❛❧s✱ s❡♥❞♦ q✉❡ ❛♠❜♦s t❡♠ ♣❡s♦s ♠♦❧❡❝✉❧❛r❡s s❡♠❡❧❤❛♥t❡s ❬✻❪✳

◗✉❛♥❞♦ ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ❢♦r♠❛❞❛ ❡♥tr❡ ❞✉❛s ♠♦❧é❝✉❧❛s ❤á ✉♠❛ r❡❞✐str✐❜✉✐çã♦

❞♦s ❡❧étr♦♥s ♥❛s ♠♦❧é❝✉❧❛s ❡ ✐ss♦ ❛❢❡t❛ ❛ ❢❛❝✐❧✐❞❛❞❡ ❞❡ ❢♦r♠❛çã♦ ❞❡ ♥♦✈❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦✲

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

♣rót♦♥ ❛✉♠❡♥t❛rá ❛ t❡♥❞ê♥❝✐❛ ♣❛r❛ q✉❡ ❡❧❛ ❞♦❡ ✉♠ ♣rót♦♥✳ ❊ s❡ ❡❧❛ ❞♦❛r ✉♠ ♣rót♦♥ ✐ss♦

❛✉♠❡♥t❛rá ❛ t❡♥❞ê♥❝✐❛ ❞❡st❛ ♠♦❧é❝✉❧❛ ❞❡ r❡❝❡❜❡r ✉♠ ♣rót♦♥✳ ❊st❛ r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛

❡❧❡trô♥✐❝❛ ❡ ❛ ✐♥✢✉ê♥❝✐❛ q✉❡ ❡❧❛ t❡♠ ♥❛ ❛❝❡✐t❛çã♦ ♦✉ ♥❛ ❞♦❛çã♦ ❞❡ ♣rót♦♥s é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦

❝♦♦♣❡r❛t✐✈✐❞❛❞❡ ❬✷✱ ✻❪✳

❆ ❡♥❡r❣✐❛ ❞❡ ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ✉♠ r❡s✉❧t❛❞♦ ❞✐❢í❝✐❧ ❞❡ s❡r ♦❜t✐❞♦✱ ♣♦✐s ❛❧é♠

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

♣❛❞rã♦ t❡tr❛é❞r✐❝♦ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣❡r♠✐t❡ ❛♣❡♥❛s s❡✐s ♦r✐❡♥t❛çõ❡s ♣♦ssí✈❡✐s ♣❛r❛

✉♠❛ ♠♦❧é❝✉❧❛ ♥♦ sít✐♦ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h✳ ❆ ❋✐❣✉r❛ ✭✷✳✸✮ ♠♦str❛ ❞❡ ✉♠❛
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2.2 Ligações de hidrogênio 22

♠❛♥❡✐r❛ q✉❛❧✐t❛t✐✈❛ ❛ ❛❧t❡r❛çã♦ ♥❛ ❡♥❡r❣✐❛ ❞❡ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♠ ❢✉♥çã♦ ❞❛ ♦r✐❡♥t❛çã♦

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

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

♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦ ❞❡ ❝❛❞❛ ♠♦❧é❝✉❧❛ ❡stã♦ ❛♣♦♥t❛❞♦s ♦ ♠❛✐s ❛❢❛st❛❞♦s q✉❛♥t♦ ♣♦ssí✈❡❧✳

Figura 2.3: A variação da energia da ligação de hidrogênio em função da orientação das moléculas.
Figura retirada da referência [14].

❆ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♠❛✐s s✐♠♣❧❡s é ❛q✉❡❧❛ q✉❡ ♦❝♦rr❡ ♥♦ ❞í♠❡r♦ ❞❡ á❣✉❛ (H2O)2 ❛

q✉❛❧ ♦❝♦rr❡ ♥❛ ❢❛s❡ ❣❛s♦s❛ ❡ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ♠❛✐s ❜❛✐①❛ ❡♥❡r❣✐❛ q✉❡ ❡stá ❞❡♥♦t❛❞❛ ♣♦r c

♥❛ ❋✐❣✉r❛ ✭✷✳✸✮ t❛♠❜é♠ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✭✷✳✹✮ ❡♠ ♦✉tr❛ ♣❡rs♣❡❝t✐✈❛✳ ❆ ❋✐❣✉r❛ ✭✷✳✹✮

♠♦str❛ ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣❛r❛ ✉♠ ❞í♠❡r♦ ❞❡ á❣✉❛✳ ◆❡st❛ ❝♦♥✜❣✉r❛çã♦ ❤á s♦♠❡♥t❡

✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ♦✉ s❡❥❛✱ ✉♠ ♣❛r ❞❡ ♠♦❧é❝✉❧❛s ♦♥❞❡ ✉♠❛ ❛t✉❛ ❝♦♠♦ ❞♦❛❞♦r❛ ❡

♦✉tr❛ ❝♦♠♦ r❡❝❡♣t♦r❛✳ ❖ â♥❣✉❧♦ ❍✲❖✲❍ ♣❛r❛ ❛s ♠♦❧é❝✉❧❛s ❞❡st❡ ❞í♠❡r♦ é ♠✉✐t♦ ♣ró①✐♠♦ ❞♦

â♥❣✉❧♦ ❞❛ ♠♦❧é❝✉❧❛ ❧✐✈r❡ ❡ ♦ â♥❣✉❧♦ ❞❡ ✺✼➦ é ♦ â♥❣✉❧♦ ❡♥tr❡ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ✉♠

❡✐①♦ ❜✐ss❡t♦r ❡♥tr❡ ♦s ❧♦♥❡ ♣❛✐rs ❞❛ ♠♦❧é❝✉❧❛ r❡❝❡♣t♦r❛✳ ❆ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ♦①✐❣ê♥✐♦s ❞❛s

♠♦❧é❝✉❧❛s ❞❡♥♦t❛❞❛ ♣♦r ROO é ✷✱✾✼✻ ➴ ❬✻❪✳

❈á❧❝✉❧♦s ❛❜ ✐♥✐t✐♦ r❡♣r♦❞✉③❡♠ ❜❡♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❞í♠❡r♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✷✳✹✮✳

❖s r❡s✉❧t❛❞♦s ♣❛r❛ ROO ❛♣r❡s❡♥t❛ ✉♠ ❡rr♦ ❞❡ ✷✪ ❡ ♦ r❡s✉❧t❛❞♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❞❡ ❧✐❣❛çã♦ é ✵✱✷✶✷

❡❱ ❝♦♥s✐st❡♥t❡ ❝♦♠ ♦ ✈❛❧♦r ❡①♣❡r✐♠❡♥t❛❧ ❞❛❞♦ ♣♦r ✵✱✷✹ ± ✵✱✵✸ ❡❱ ❬✻❪✳ ❆♣❡s❛r ❞♦ s✉❝❡ss♦ ❞❡st❡s

r❡s✉❧t❛❞♦s✱ ❛ ♠♦❞❡❧❛❣❡♠ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♠ ❧íq✉✐❞♦s ❡ só❧✐❞♦s ♥ã♦ é ✉♠❛ t❛r❡❢❛

tr✐✈✐❛❧ ❡ ❛ r❡❛❧ ♥❛t✉r❡③❛ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛✐♥❞❛ ♣❡r♠❛♥❡❝❡ ✉♠ tó♣✐❝♦ ❝♦♠ ✈ár✐❛s
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2.2 Ligações de hidrogênio 23

57⁰

ROO

Figura 2.4: Configuração de equilíbrio para um dímero de água (H2O)2. Figura retirada e modificada
de [6].

❝♦♥tr♦✈érs✐❛s✳ ❆❧❣✉♥s ♣❡sq✉✐s❛❞♦r❡s✱ ♣♦r ❡①❡♠♣❧♦✱ ❞❡❢❡♥❞❡♠ q✉❡ ❤á ❞♦✐s t✐♣♦s ❞❡ ❧✐❣❛çõ❡s ❞❡

❤✐❞r♦❣ê♥✐♦ ♥♦ ❣❡❧♦ ■h✱ ♥❛ q✉❛❧ ✉♠❛ é ❞❡♥♦♠✐♥❛❞❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❢♦rt❡ ❡ ❛ ♦✉tr❛ ❧✐❣❛çã♦

❞❡ ❤✐❞r♦❣ê♥✐♦ ❢r❛❝❛✱ s❡♥❞♦ q✉❡ ❡st❡s ❞♦✐s t✐♣♦s ❡stã♦ ❞✐str✐❜✉í❞♦s ❛❧❡❛t♦r✐❛♠❡♥t❡ ♥❛ ❡str✉t✉r❛

❞♦ ❣❡❧♦ ■h ♥✉♠❛ r❛③ã♦ ❢♦rt❡✴❢r❛❝❛ ❞❡ ✷✿✶ ❬✼✺✱ ✼✻❪✳ ❊st❡ ♠♦❞❡❧♦ ❢♦✐ ♣r♦♣♦st♦ ♣❛r❛ ❡①♣❧✐❝❛r ♦

❡s♣❡❝tr♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ♥ê✉tr♦♥s ❞♦ ❣❡❧♦ ■h✳ ❖✉tr♦s ❞✐s❝♦r❞❛♠ ❞❡st❡ ♠♦❞❡❧♦ ❡ ❛✜r♠❛♠

q✉❡ ✉♠❛ ❝♦rr❡t❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ❡①♣❧✐❝❛r ♦ ❡s♣❡❝tr♦✱

♥ã♦ s❡♥❞♦ ♥❡❝❡ssár✐♦ ❝♦♥s✐❞❡r❛r ❞♦✐s t✐♣♦s ❞❡ ❧✐❣❛çõ❡s✳ ❆✐♥❞❛ ❛❝r❡s❝❡♥t❛♠ q✉❡ ♣♦ssí✈❡✐s ❡rr♦s

❞❡ ✐♥t❡r♣r❡t❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣♦❞❡♠ ❡st❛r r❡❧❛❝✐♦♥❛❞♦ à ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛

♣r❡s❡♥t❡ ♥♦ ❣❡❧♦ ■h ❬✼✼✕✼✾❪✳ ❆❧❣✉♥s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s s✉❣❡r❡♠ q✉❡ ♣♦ss❛ ❤❛✈❡r tr♦❝❛

❞❡ ❝❛r❣❛s ❡♥tr❡ ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ ❬✽✵✱ ✽✶❪✱ ♦ q✉❡ s✐❣♥✐✜❝❛ q✉❡ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ t❡r✐❛

✉♠❛ ♣♦r❝❡♥t❛❣❡♠ ❝♦✈❛❧❡♥t❡✳ ❍á s✉❣❡stõ❡s ❞❡ q✉❡ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ s❡r✐❛ ✾✵✪ ❞❡ ❝❛rát❡r

❡❧❡tr♦stát✐❝♦ ❡ ✶✵✪ ❝♦✈❛❧❡♥t❡✱ ♠❛s ❡st❡s ✈❛❧♦r❡s ❡ ♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❝♦♠♣❛rt✐❧❤❛♠❡♥t♦ ❛✐♥❞❛

sã♦ t❡♠❛s ❞❡ ❞✐s❝✉ssã♦ ♥❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛ ❬✽✷✕✽✹❪✳

❊♥t❡♥❞❡r ❛ ❢✉♥❞♦ ❛ ♥❛t✉r❡③❛ ❞❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦

❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛ á❣✉❛ ✐♥❝❧✉s✐✈❡ ♥♦s s❡✉s ❡st❛❞♦s ❝r✐st❛❧✐♥♦s✳ ◆♦ ❡♥t❛♥t♦✱ ♥❡st❛ ❚❡s❡ ♥ã♦

t❡♠♦s ❝♦♠♦ ♦❜❥❡t✐✈♦ ❞❡s✈❡♥❞❛r ❛ ♥❛t✉r❡③❛ ❢✉♥❞❛♠❡♥t❛❧ ❞❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ❖ ❧❡✐t♦r
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✐♥t❡r❡ss❛❞♦ ♥❡st❛ q✉❡stã♦ ♣♦❞❡rá ❝♦♥s✉❧t❛r ❛s r❡❢❡rê♥❝✐❛s ❬✼✵✕✼✷✱✽✺✕✽✽❪✳

◆❛ ♣ró①✐♠❛ s❡çã♦ ❞✐s❝✉t✐r❡♠♦s ❛s♣❡❝t♦s ❡str✉t✉r❛✐s ❞♦ ❣❡❧♦ ■h ❞❡s❝r❡✈❡♥❞♦ ❝♦♠♦ ❛s ❧✐❣❛çõ❡s

❞❡ ❤✐❞r♦❣ê♥✐♦ ❡stã♦ ♦r❣❛♥✐③❛❞❛s ♥❡st❛ ❢❛s❡ ❝r✐st❛❧✐♥❛✳

2.3 Estrutura cristalina do gelo Ih

❈♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡①✐st❡♠ ♣❡❧♦s ♠❡♥♦s ✶✸ ❢❛s❡s ❝r✐st❛❧✐♥❛s ❞♦ ❣❡❧♦ ❬✻✱

✶✷✱ ✷✺✱ ✹✵❪✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦✳ ◆♦ ❡♥t❛♥t♦✱ ♥❡st❛ ❚❡s❡ ♦s

❡st✉❞♦s s❡rã♦ ❝♦♥❝❡♥tr❛❞♦s ♥❛ ❢❛s❡ ❝r✐st❛❧✐♥❛ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❣❡❧♦ ■h✳ ❖ ❣❡❧♦ ■h é ❛ ❢♦r♠❛

❝r✐st❛❧✐♥❛ ♠❛✐s ❝♦♠✉♠ ♥❛ ❚❡rr❛✳ ❊❧❛ ♣♦❞❡ s❡r ♦❜t✐❞❛ r❡s❢r✐❛♥❞♦ ❛ á❣✉❛ ❡♠ ♣r❡ssã♦ ❛♠❜✐❡♥t❡ ♦✉

❞✐r❡t❛♠❡♥t❡ ❞❛ ❝♦♥❞❡♥s❛çã♦ ❞♦ ✈❛♣♦r ❡♠ t❡♠♣❡r❛t✉r❛s ♣ró①✐♠❛s ❞❡ ✲✶✵✵ ➦❈✳ ❆ ♥♦♠❡♥❝❧❛t✉r❛

✏■✑ ❢♦✐ ❛tr✐❜✉í❞❛ ♣♦r ❚❛♠♠❛♥♥ q✉❡ ❞❡s❝♦❜r✐✉ ❛ ♣r✐♠❡✐r❛ ❢❛s❡ ❞♦ ❣❡❧♦ ♣❛r❛ ❛❧t❛s ♣r❡ssõ❡s ❡

♦ í♥❞✐❝❡ ✏❤✑ é ♥♦r♠❛❧♠❡♥t❡ ❛❞♦t❛❞♦ ♣❛r❛ ❞✐❢❡r❡♥❝✐❛r ❡st❛ ❢❛s❡ ♠❛✐s ❝♦♠✉♠ ❞♦ ❣❡❧♦✱ q✉❡ é ❛

❤❡①❛❣♦♥❛❧✱ ❞❛ ❢❛s❡ ♠❡t❛❡stá✈❡❧ q✉❡ t❡♠ ✉♠❛ ❡str✉t✉r❛ ❝ú❜✐❝❛ ❞❡♥♦t❛❞❛ ♣♦r ■c ❬✻❪✳ ❆ ú♥✐❝❛

❢❛s❡ ♥❛t✉r❛❧♠❡♥t❡ ❡stá✈❡❧ ♥❛ s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛ é ❛ ❢❛s❡ ■h✱ ♣♦✐s ♣❛r❛ s❡ ♦❜t❡r ♦✉tr❛s ❢❛s❡s ❡♠

❣❡r❛❧ é ♣r❡❝✐s♦ t❡r ✉♠ r❡❣✐♠❡ ❞❡ ♣r❡ssõ❡s ♠✉✐t♦ ❛❧t❛s ❡ t❛✐s r❡❣✐♠❡s ♥ã♦ sã♦ ❡♥❝♦♥tr❛❞♦s ♥❛

s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛✳ ❆s ❝❛♠❛❞❛s ♠❛✐s ❡s♣❡ss❛s ❞❡ ❣❡❧♦ ❝❤❡❣❛♠ ♥♦ ♠á①✐♠♦ ❛ ✹ ❦♠ ❞❡ ❛❧t✉r❛

♥❛ ❆♥tárt✐❝❛ ♣r♦✈♦❝❛♥❞♦ ✉♠❛ ♣r❡ssã♦ ♠á①✐♠❛ ♥❛s ❝❛♠❛❞❛s ❞❡ ❜❛✐①♦ ❞❡ ✸✺✵ ❛t♠✳ ❊st❡ r❡❣✐♠❡

❞❡ ♣r❡ssã♦ é ❜❛✐①♦ ♣❛r❛ ♦❜t❡r ♦✉tr❛s ❢❛s❡s ❞♦ ❣❡❧♦ ❬✷✺❪✳

❆ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h é ❤❡①❛❣♦♥❛❧ ❞♦ t✐♣♦ ❲✉rt③✐t❛ ❡ ❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✷✳✺✮✳ ❆s

❡s❢❡r❛s ❡♠ ✈❡r♠❡❧❤♦ sã♦ át♦♠♦s ❞❡ ♦①✐❣ê♥✐♦ ❡♥q✉❛♥t♦ ♦s ♣rót♦♥s sã♦ r❡♣r❡s❡♥t❛❞♦s ♣♦r ❡s❢❡r❛s

❝✐♥③❛s✳ ❈♦♠♦ ❥á ♠❡♥❝✐♦♥❛♠♦s✱ ❛ ❧✐❣❛çã♦ ❡♥tr❡ ✉♠ ♦①✐❣ê♥✐♦ ❡ ✉♠ ❤✐❞r♦❣ê♥✐♦ ❞❡ ✉♠❛ ♠❡s♠❛

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

❤✐❞r♦❣ê♥✐♦✱ ❛ss✐♠ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛✳ ❖s sít✐♦s ❞❛ r❡❞❡ sã♦ ❞❡✜♥✐❞♦s ♣❡❧♦s át♦♠♦s ❞❡

♦①✐❣ê♥✐♦ ❡ ❛ ❝é❧✉❧❛ ♣r✐♠✐t✐✈❛ é ❝♦♠♣♦st❛ ♣♦r ✹ ♠♦❧é❝✉❧❛s q✉❡ ❡stã♦ ❞❡st❛❝❛❞❛s ❡♠ ❛③✉❧ ♥❛

❋✐❣✉r❛ ✭✷✳✺✮ ❬✻❪✳ ❈❛❞❛ át♦♠♦ ❞❡ ♦①✐❣ê♥✐♦ ♣♦ss✉✐ ✹ ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s ❧♦❝❛❧✐③❛❞♦s ♥♦s
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2.3 Estrutura cristalina do gelo Ih 25

✈ért✐❝❡s ❞❡ ✉♠ t❡tr❛❡❞r♦ r❡❣✉❧❛r✳ ◆❛ ❋✐❣✉r❛ ✭✷✳✺✮ ♦s ✹ ♦①✐❣ê♥✐♦s ♠❛✐s ♣ró①✐♠♦s ❞♦ ♦①✐❣ê♥✐♦

❞❡st❛❝❛❞♦ ♣❡❧❛ ❝♦r ♣r❡t❛ ❡stã♦ ♠♦str❛❞♦s ❡♠ ✈❡r❞❡✳ ❖❜s❡r✈❡ q✉❡ ♦s ♦①✐❣ê♥✐♦s ❡♠ ✈❡r❞❡ ♦❝✉♣❛♠

♦s ✈ért✐❝❡s ❞❡ ✉♠ t❡tr❛❡❞r♦ r❡❣✉❧❛r✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ❝❛❞❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ r❡❛❧✐③❛ ✹ ❧✐❣❛çõ❡s

❞❡ ❤✐❞r♦❣ê♥✐♦ s❡♥❞♦ q✉❡ ❡♠ ❞✉❛s ❞❡st❛s ❧✐❣❛çõ❡s ❡❧❛ ❞♦❛ ✉♠ ♣rót♦♥ ♣❛r❛ ❞✉❛s ♦✉tr❛s ♠♦❧é❝✉❧❛s

❡ ♥❛s ♦✉tr❛s ❞✉❛s ❧✐❣❛çõ❡s ❡❧❛ r❡❝❡❜❡ ❞♦✐s ♣rót♦♥s ❞❡ ❞✉❛s ♦✉tr❛s ♠♦❧é❝✉❧❛s ❬✻❪✳

Covalent bond

Hydrogen bond

[0001]

Figura 2.5: A estrutura do gelo Ih as moléculas em azul estão destacando a célula primitiva e as mo-
léculas em verde estão destacando as moléculas nos vértices de um tetraedro que engloba a molécula
de cor preta.

❯♠ ♦✉tr♦ ❛s♣❡❝t♦ ❝r✉❝✐❛❧ ❞❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h é q✉❡ ♥ã♦ ❤á ♥❡♥❤✉♠ ♦r❞❡♥❛♠❡♥t♦ ♥❛

♦r✐❡♥t❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛✱ ♦✉ s❡❥❛✱ ❤á ✉♠ ♣❛❞rã♦ ❛❧❡❛tór✐♦ ♣❛r❛ ❛s ♣♦s✐çõ❡s ❞♦s ♣rót♦♥s✳

❊st❛ ❞❡s♦r❞❡♠ ♥❛ ♦r✐❡♥t❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ ♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h é r❡s♣♦♥sá✈❡❧ ♣❡❧♦

♥♦♠❡❝❧❛t✉r❛ q✉❡ ❡❧❛ r❡❝❡❜❡ ❞❡ ✏♣rót♦♥✲❞❡s♦r❞❡♥❛❞❛✑✳ ❙❡❣✉✐♥❞♦ ❛ s✐♠❡tr✐❛ t❡tr❛é❞r✐❝❛ ❞♦s

♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s ❤á ✻ ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ♦r✐❡♥t❛çã♦ ♣❛r❛ ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ ♥♦ sít✐♦ ❞❛

r❡❞❡✳ ❆ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ♦❝♦rrê♥❝✐❛ ❞❡ ❝❛❞❛ ✉♠❛ ❞❡st❛s ✻ ♦r✐❡♥t❛çõ❡s ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛

✭✷✳✻✮ é ❛ ♠❡s♠❛ ♣❛r❛ t♦❞❛s ❞❡s❞❡ q✉❡ s❡❥❛♠ ♦❜❡❞❡❝✐❞❛s ❞✉❛s r❡❣r❛s q✉❡ sã♦ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦

r❡❣r❛s ❞♦ ❣❡❧♦ ❞❡ ❇❡r♥❛❧✲❋♦✇❧❡r ❬✻✱ ✽✾❪✿
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2.3 Estrutura cristalina do gelo Ih 26

Figura 2.6: As seis orientações possíveis para uma molécula de água no sítio da rede.

✶✳ ❍á ❞♦✐s ❤✐❞r♦❣ê♥✐♦s ❛❞❥❛❝❡♥t❡s ❛ ❝❛❞❛ ♦①✐❣ê♥✐♦✳

✷✳ ❍á s♦♠❡♥t❡ ✉♠ ❤✐❞r♦❣ê♥✐♦ ♣♦r ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✳

❱✐♦❧❛çõ❡s ❞❡st❛s r❡❣r❛s ❞♦ ❣❡❧♦ ♣r♦❞✉③❡♠ ❞❡❢❡✐t♦s q✉❡ sã♦ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ❞❡❢❡✐t♦s ❇❥❡rr✉♠s

❬✻✱ ✾✵❪✳ ❊st❡s t✐♣♦s ❞❡ ❞❡❢❡✐t♦s t❡♠ ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ♠✉✐t♦ ❛❧t❛s ❡ ♣r♦✈♦❝❛♠ ✉♠❛ ❣r❛♥❞❡

♣❡rt✉r❜❛çã♦ ♥❛ r❡❞❡ ❬✻✱ ✾✶❪✳

❆ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♣♦❞❡ s❡r ✈✐st❛ ❝♦♠♦ ✉♠ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ✈ár✐♦s ♣❧❛♥♦s ✭✵✵✵✶✮✱

❢♦r♠❛♥❞♦ ❜✐❝❛♠❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ c ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✷✳✼✮✳ ❙❡❣✉✐♥❞♦ ♦ ♣❛❞rã♦

❞♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡st❛s ❜✐❝❛♠❛❞❛s✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✷✳✼✮ ✉♠❛s ❞❛s ♠❛♥❡✐r❛s ❞❡

r❡♣r❡s❡♥t❛r ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❝♦rr❡t♦ ❞♦ ❣❡❧♦ ■h s❡r✐❛✿

· · ·AABBAABB · · ·

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❢❛❝✐❧✐t❛r ❛ ♥♦t❛çã♦✱ ✉♠❛ ❜✐❝❛♠❛❞❛ AA s❡rá r❡♣r❡s❡♥t❛❞❛ ♣♦r A ❡ ✉♠❛

❜✐❝❛♠❛❞❛ BB s❡rá r❡♣r❡s❡♥t❛❞❛ ♣♦r B✱ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❛❣♦r❛ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ é ❞❡s❝r✐t♦ ♣♦r✿

· · ·ABABABAB · · ·

❆ ❋✐❣✉r❛ ✭✷✳✼✮ é ✉♠❛ ♣r♦❥❡çã♦ ❞❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♥♦ ♣❧❛♥♦ ④✶✶✠✷✵⑥ ♥♦ ♣❧❛♥♦ ❞♦ ♣❛♣❡❧ ❡

♥❛ ✈❡rt✐❝❛❧ ❡stá ❛ ❞✐r❡çã♦ ❬✵✵✵✶❪ q✉❡ ❝♦✐♥❝✐❞❡ ❝♦♠ ♦ ❡✐①♦ c✳ ◆❡st❛ ❋✐❣✉r❛ ❢♦✐ ✉s❛❞❛ ❛ ú❧t✐♠❛

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

❋✐❣✉r❛ ✐♥❞✐❝❛♠ ♦s ❞♦✐s ♣❧❛♥♦s q✉❡ ❢♦r♠❛♠ ❛s ❜✐❝❛♠❛❞❛s A ❡ B✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❋✐❣✉r❛

✭✷✳✽✮ ♠♦str❛ ❛ ♣r♦❥❡çã♦ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h ♥♦ ♣❧❛♥♦ ④✵✵✵✶⑥✱ ♦✉ s❡❥❛✱ ♦ ❡✐①♦ c

❛❣♦r❛ ❡stá s❛✐♥❞♦ ❞♦ ♣❛♣❡❧✳ ❆s ❧✐♥❤❛s tr❛❝❡❥❛❞❛s ✐♥❞✐❝❛♠ ❞✐r❡çõ❡s ❝r✐st❛❧✐♥❛s ❞❡ ❛❝♦r❞♦ ❝♦♠
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2.3 Estrutura cristalina do gelo Ih 27

[0001]

[1010]

A

A

B

B

c

Figura 2.7: Projeção da estrutura cristalina do gelo Ih no plano {112̄0} mostrando que a estru-
tura cristalina do gelo Ih pode ser vista como o empilhamento de bicamadas resultando em um
empilhamento representado por · · ·ABABABAB · · · As setas do lado direito mostram os planos
pertencentes a uma bicamada.

❛ ♥♦t❛çã♦ ❞♦s í♥❞✐❝❡s ❞❡ ▼✐❧❧❡r ♣❛r❛ r❡❞❡s ❤❡①❛❣♦♥❛✐s✳ ❊st❛ ❋✐❣✉r❛ ♣♦ss✐❜✐❧✐t❛ ✈❡r ❝❧❛r❛♠❡♥t❡

♦ ♣❛❞rã♦ ❤❡①❛❣♦♥❛❧ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h✳ ❆s ♠♦❧é❝✉❧❛s ♣❡rt❡♥❝❡♥t❡s à ❝❛♠❛❞❛

A ❡stã♦ r♦t✉❧❛❞❛s ❝♦♠ A ❡ ❛s ♠♦❧é❝✉❧❛s ♣❡rt❡♥❝❡♥t❡s ❛ ❝❛♠❛❞❛ B ❡stã♦ r♦t✉❧❛❞❛s ❝♦♠ B✳

❖❜s❡r✈❡ q✉❡ ♥♦ ❝❡♥tr♦ ❞❡ ❝❛❞❛ ❤❡①á❣♦♥♦ ❤á ✉♠❛ ♣♦s✐çã♦ ✈❛③✐❛✱ ❛❧❣✉♠❛s ❞❡❧❛s ❞❡st❛❝❛❞❛s ❝♦♠

❛ ❧❡tr❛ C ❞❡♥tr♦ ❞❡ ✉♠ ❝ír❝✉❧♦ ♣♦♥t✐❧❤❛❞♦✳ ◆❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦ ❡st❛s ♣♦s✐çõ❡s

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

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

❛ ❞❡♥s✐❞❛❞❡ ❞❛ á❣✉❛ ❧íq✉✐❞❛✳ ❈♦♠ ♦ ❛✉①í❧✐♦ ❞❛s ❋✐❣✉r❛s ✭✷✳✺✮✱ ✭✷✳✼✮ ❡ ✭✷✳✽✮ é ♣♦ssí✈❡❧ ✈❡r q✉❡

✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ r❡❛❧✐③❛ ✸ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❝♦♠ ♠♦❧é❝✉❧❛s ❞❡ ♦✉tr❛ ❝❛♠❛❞❛ ❡ ✉♠❛
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2.3 Estrutura cristalina do gelo Ih 28
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Figura 2.8: Projeção da estrutura do gelo Ih no plano (0001). Moléculas rotuladas com A pertecem à
uma camadaA e moléculas rotuladas comB pertecem à uma camadaB. As posiçõesC permanecem
desocupadas em todo o cristal.

❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❝♦♠ ✉♠❛ ♠♦❧é❝✉❧❛ ♥❛ s✉❛ ♣ró♣r✐❛ ❝❛♠❛❞❛✳

❆s ♠❡❞✐❞❛s ♠❛✐s ♣r❡❝✐s❛s ❞♦s ♣❛râ♠❡tr♦s ❞❡ r❡❞❡ ❞♦ ❣❡❧♦ ■h ❢♦r❛♠ ❢❡✐t❛s ♣♦r ❘ött❣❡r

et al. ❬✾✷✱✾✸❪ ✉s❛♥❞♦ r❛❞✐❛çã♦ s②♥❝❤r♦t♦♥ ❡ ♠❛✐s t❛r❞❡ ❡st❡s r❡s✉❧t❛❞♦s ❢♦r❛♠ ❝♦♥✜r♠❛❞♦s ♣♦r

▲✐♥❡ ❡ ❲❤✐t✇♦rt❤ ❬✾✹❪ ✉s❛♥❞♦ ♥ê✉tr♦♥s ❬✻❪✳ ❆ r❛③ã♦ ❡♥tr❡ ♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ c ♠♦str❛❞♦

♥❛ ❋✐❣✉r❛ ✭✷✳✼✮ ❡ ♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ a ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✷✳✽✮ é q✉❛s❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛

t❡♠♣❡r❛t✉r❛ ❡ é ❞❛❞♦ ♣♦r c/a = 1, 62806± 0, 00009✳ ❊st❡ ✈❛❧♦r é ♣❡rt♦ ❞❡ 2
√

2/3 = 1, 63299

♣r❡✈✐st♦ ♣❛r❛ ✉♠❛ s✐♠❡tr✐❛ t❡tr❛é❞r✐❝❛ ✐❞❡❛❧ ❬✻❪✳ ❊♠ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✷✺✸ ❑✭✲✷✵ ❽✮ ♦s

♣❛râ♠❡tr♦s ❞❡ r❡❞❡ sã♦ a = 4, 519 ➴ ❡ c = 7, 357 ➴ ❬✻❪✳

❖ â♥❣✉❧♦ ❡♥tr❡ ❛s ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s ❞❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ ❧✐✈r❡ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛
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2.4 Desordem protônica 29

✭✷✳✶✮ é 104, 52 ± 0, 05➦✱ ♠❛s ♥♦ ❣❡❧♦ ■h ♦s ♦①✐❣ê♥✐♦s sã♦ ❛rr❛♥❥❛❞♦s ♦❜❡❞❡❝❡♥❞♦ ✉♠❛ s✐♠❡tr✐❛

t❡tr❛é❞r✐❝❛✱ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♦ â♥❣✉❧♦ ❖✲❖✲❖ é ♣ró①✐♠♦ ❞❡ ✶✵✾✱✹✼➦✳ ❆ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ é

✉♠ ❡♥t✐❞❛❞❡ ❜❛st❛♥t❡ rí❣✐❞❛ ❡ ♦ â♥❣✉❧♦ ❍✲❖✲❍ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ ♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h

é ♠❡♥♦r q✉❡ ♦ â♥❣✉❧♦ ❖✲❖✲❖✳ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ â♥❣✉❧♦ ❍✲❖✲❍gelo ❛♣♦♥t❛♠

♣❛r❛ ✉♠ ✈❛❧♦r ❞❡ 106, 6± 1, 5➦ ❬✻❪✳ ❊st❡ ✈❛❧♦r r❡❝❡♥t❡♠❡♥t❡ ❢♦✐ ❝♦♥✜r♠❛❞♦ ❛tr❛✈és ❞❡ ❝á❧❝✉❧♦s

ab initio ❬✼✾❪✳ ❖ ❢❛t♦ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ s❡r ✉♠ ♣♦✉❝♦ ♠❛✐s ❢❡❝❤❛❞❛ ❞♦ q✉❡ ♦ â♥❣✉❧♦

t❡tr❛é❞r✐❝♦ ✐♠♣❡❞❡ q✉❡ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ s❡❥❛ ✉♠❛ ❧✐♥❤❛ r❡t❛ q✉❡ ❧✐❣❛ ❞♦✐s ♦①✐❣ê♥✐♦s

✈✐③✐♥❤♦s✱ ♦✉ s❡❥❛✱ ♦ â♥❣✉❧♦ ❞❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ r❡♣r❡s❡♥t❛❞❛ ♣♦r O˘H · · ·O ♥ã♦ ❝❤❡❣❛

❛ s❡r ✶✽✵➦✱ ♥♦ ❡♥t❛♥t♦✱ ❝á❧❝✉❧♦s ab initio ❡♥❝♦♥tr❛r❛♠ ✉♠ ✈❛❧♦r ❞❡ 177, 65 ± 0, 64➦ q✉❡ é ✉♠

✈❛❧♦r ❜❡♠ ♣ró①✐♠♦ ❞❡ ✶✽✵➦ ❬✼✾❪✳

❖ tr❛❜❛❧❤♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ❑✉❤s ❡ ▲❡❤♠❛♥♥ ❬✾✺❪ r❡✈❡❧♦✉ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ♠é❞✐♦ ❞❛

❧✐❣❛çã♦ ❖✲❍ é ❞❡ 1, 007 ± 0, 002 ➴ ♣❛r❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✶✺ ❑ ❡ 1, 002 ± 0, 005 ➴ ♣❛r❛

✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✷✷✸ ❑✳ ◆❡st❡ ♠❡s♠♦ tr❛❜❛❧❤♦ t❛♠❜é♠ ❢♦r❛♠ ♦❜t✐❞♦s ✈❛❧♦r❡s ♠é❞✐♦s ♣❛r❛

❛s ❞✐stâ♥❝✐❛s ❡♥tr❡ ❞♦✐s ♦①✐❣ê♥✐♦s ✈✐③✐♥❤♦s ❖✲❖ ❡ ♦s ✈❛❧♦r❡s sã♦ 2, 750 ± 0, 002 ➴ ♣❛r❛ ✉♠❛

t❡♠♣❡r❛t✉r❛ ❞❡ ✶✺ ❑ ❡ 2, 760± 0, 003 ➴ ♣❛r❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✷✷✸ ❑✳ ❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s

❛tr❛✈és ❞❡ ♠ét♦❞♦s ab initio ❝♦♥❝♦r❞❛♠ ♠✉✐t♦ ❜❡♠ ❝♦♠ ❡st❡s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❝✐t❛❞♦s

❛❝✐♠❛✱ t❛♥t♦ ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦ ❖✲❍ q✉❛♥t♦ ♣❛r❛ ❛s ❞✐stâ♥❝✐❛s ❖✲❖ ❬✼✾❪✳

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

❣❡❧♦ ■h✳ ❱✐♠♦s q✉❡ ♦s sít✐♦s ❞❛ r❡❞❡ sã♦ ❞❡✜♥✐❞♦s ♣❡❧❛s ♣♦s✐çõ❡s ❞♦s át♦♠♦s ❞❡ ♦①✐❣ê♥✐♦ ❡

q✉❡ ❛s ♣♦s✐çõ❡s ❞♦s ♣rót♦♥s ♥ã♦ ❛♣r❡s❡♥t❛♠ ❝♦rr❡❧❛çã♦ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛

❡str✉t✉r❛ ♣rót♦♥✲❞❡s♦r❞❡♥❛❞❛✳ ❊st❛ ú❧t✐♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♠❡r❡❝❡ ✉♠ ♣♦✉❝♦ ♠❛✐s ❞❡ ❛t❡♥çã♦

❡ s❡rá ❛❜♦r❞❛❞❛ ♥❛ ♣ró①✐♠❛ s❡çã♦✳

2.4 Desordem protônica

▲✐♥✉s P❛✉❧✐♥❣ ❢♦✐ ♦ ♣r✐♠❡✐r♦ ❛ ♣r♦♣♦r q✉❡ ❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ❛♣r❡s❡♥t❛✈❛ ✉♠❛ ❞❡s♦r❞❡♠
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2.4 Desordem protônica 30

♣r♦tô♥✐❝❛✱ s✉❛ ❤✐♣ót❡s❡ ❢♦✐ ❢♦r♠✉❧❛❞❛ ❡♠ ✶✾✸✺ ❬✾✻❪ ❡ ❛♣❡♥❛s ❡♠ ✶✾✺✼ é ❢♦✐ ♦❜t✐❞❛ ❛ ♣r✐♠❡✐r❛ ❡✈✐✲

❞ê♥❝✐❛ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♠ ♦ tr❛❜❛❧❤♦ ❞❡ ❞✐❢r❛çã♦ ❞❡ ♥ê✉tr♦♥s r❡❛❧✐③❛❞♦ ♣♦r P❡t❡rs♦♥ ❡ ▲❡✈② ❬✾✼❪✳

P❛✉❧✐♥❣ ♥ã♦ s♦♠❡♥t❡ ♣r♦♣ôs ❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ♠❛s t❛♠❜é♠ ❞❡✉ ✉♠ ♦✉s❛❞♦ ♣❛ss♦✱ s✉♣♦♥❞♦

q✉❡ ❛s ❡♥❡r❣✐❛s ❞❡ t♦❞❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ♣♦ssí✈❡✐s ❞♦ ❣❡❧♦ ■h✱ ❞❡s❞❡ q✉❡ ♦❜❡❞❡ç❛♠ ❛s r❡❣r❛s

❞♦ ❣❡❧♦✱ sã♦ tã♦ ♣ró①✐♠❛s q✉❡ ♥ã♦ ❤á ♥❡♥❤✉♠❛ ♣r❡❢❡rê♥❝✐❛ ❞❡ ♦r❞❡♥❛♠❡♥t♦ ❞♦s ♣rót♦♥s✱ ♦✉

s❡❥❛✱ t♦❞❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ♣♦ssí✈❡✐s sã♦ ✐❣✉❛❧♠❡♥t❡ ♣r♦✈á✈❡✐s ❬✻❪✳ ❆ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ♥♦

❣❡❧♦ ■h ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ❝❤❛✈❡ ❡♠ ✈ár✐❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❣❡❧♦ ❬✻✱ ✼✾❪✳ ❯♠❛ ♣r♦♣r✐❡❞❛❞❡

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

♦✉ s❡❥❛✱ ❝♦♠ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ♥ã♦ ♥✉❧♦✱ ❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h t❡♠ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦

r❡s✉❧t❛♥t❡ ♠✉✐t♦ ♣ró①✐♠♦ ❞❡ ③❡r♦✳ ❆❧é♠ ❞✐ss♦✱ ❡st❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ✐♥✢✉❡♥❝✐❛ ❢♦rt❡♠❡♥t❡

♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❞❡❢♦r♠❛çã♦ ❞♦ ❝r✐st❛❧ ✉♠❛ ✈❡③ q✉❡✱ ❝♦♠♦ s❡rá ✈✐st♦ ♥♦s ♣ró①✐♠♦s ❝❛♣ít✉❧♦s✱

t❛✐s ♠❡❝❛♥✐s♠♦s sã♦ ♠❡❞✐❛❞♦s ♣♦r ❞❡s❧✐③❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ❛tô♠✐❝♦s q✉❡ q✉❡❜r❛♠ ❛s ❧✐❣❛çõ❡s

❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ❞✐✜❝✉❧t❛ ❛ r❡❝♦♥str✉çã♦ ❞❡st❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

q✉❡❜r❛❞❛s✳

❖ ♠♦❞❡❧♦ ❞❡ P❛✉❧✐♥❣ ♣❡r♠✐t❡ ❡st✐♠❛r ❛ ❡♥tr♦♣✐❛ ❞❡ ♣♦♥t♦ ③❡r♦ ♣❛r❛ ♦ ❣❡❧♦✳ ❯s❛♥❞♦

❛ r❡❧❛çã♦ ❞❡ ❇♦❧t③♠❛♥♥✱ S = kB❧♥W ✱ ♣♦❞❡✲s❡ r❡❧❛❝✐♦♥❛r ❛ ❡♥tr♦♣✐❛ ❞❡ ♣♦♥t♦ ③❡r♦ S0 ❝♦♠ ♦

♥ú♠❡r♦ t♦t❛❧ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ♣♦ssí✈❡✐sW ♦❜❡❞❡❝❡♥❞♦ ❛s r❡❣r❛s ❞♦ ❣❡❧♦✱ ♦♥❞❡ kB é ❛ ❝♦♥st❛♥t❡

❞❡ ❇♦❧t③♠❛♥♥✳ P❛r❛ ❢❛③❡r ❡st❡ ❝á❧❝✉❧♦ é ♣r❡❝✐s♦ ❝♦♥s✐❞❡r❛r ✉♠ ❝r✐st❛❧ ❢♦r♠❛❞♦ ♣♦r N ♠♦❧é❝✉❧❛s

❣r❛♥❞❡ ♦ s✉✜❝✐❡♥t❡ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❛s s✉♣❡r❢í❝✐❡s ♣♦❞❡♠ s❡r ✐❣♥♦r❛❞❛s✳ ◆❡st❡ ❝r✐st❛❧ ❡①✐st❡♠

2N ❧✐❣❛çõ❡s ❡♥tr❡ ❛s s✉❛s ♠♦❧é❝✉❧❛s ❝♦♠ ❡①❛t❛♠❡♥t❡ ✉♠ ♣rót♦♥ ❡♠ ❝❛❞❛ ✉♠❛✳ ❈❛❞❛ ♠♦❧é❝✉❧❛

♣♦❞❡ ❛ss✉♠✐r ✉♠❛ ❞❛s ✻ ♦r✐❡♥t❛çõ❡s ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ✭✷✳✻✮ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♦ ♥ú♠❡r♦

t♦t❛❧ ❞❡ ❛rr❛♥❥♦s ♣♦ssí✈❡✐s ♣❛r❛ ✉♠ ❝r✐st❛❧ ❝♦♠ N ♠♦❧é❝✉❧❛s é ❞❛❞♦ ♣♦r 6N ✳ P❛r❛ s❛t✐s❢❛③❡r

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

1/2✳ ❊♥tã♦ ❛ ❢r❛çã♦ ❞❡ 6N ♣♦ss✐❜✐❧✐❞❛❞❡s ♥❛ q✉❛❧ 2N ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ s❡rã♦ ❢♦r♠❛❞❛s

❝♦rr❡t❛♠❡♥t❡ é (1
2
)2N ✳ ❉❡st❛ ♠❛♥❡✐r❛ ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ♦❜❡❞❡❝❡♥❞♦ ❛s r❡❣r❛s
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2.4 Desordem protônica 31

❞♦ ❣❡❧♦ é ❞❛❞♦ ♣♦r✿

W = 6N
(

1

2

)2N

=

(

3

2

)2N

, (2.1)

❝♦♠ ✐ss♦✱ ❛ ❡♥tr♦♣✐❛ ❞❡ ♣♦♥t♦ ③❡r♦ S0 é ❞❛❞❛ ♣♦r✿

S0 = NkB ln

(

3

2

)

≈ 3, 371 ❏❑−1♠♦❧−1. (2.2)

❊st❡ r❡s✉❧t❛❞♦ ❡stá ❡♠ ♠✉✐t♦ ❜♦❛ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❜❛s❡❛❞♦s ❡♠ ❝❛❧♦r✐✲

♠❡tr✐❛✱ ❞❡ 3, 41±0, 19 ❏❑−1♠♦❧−1 ❬✻✱✾✽❪✳ ❊st❛ ❝♦♥❝♦r❞â♥❝✐❛ s✉❣❡r❡ q✉❡ ♦ ♣♦st✉❧❛❞♦ ❞❡ P❛✉❧✐♥❣

❞❡ q✉❡ t♦❞❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ♦❜❡❞❡❝❡♥❞♦ ❛s r❡❣r❛s ❞♦ ❣❡❧♦ sã♦ ❡q✉✐♣r♦✈á✈❡✐s é ❝♦♥s✐st❡♥t❡✳

◆❡st❡ ❈❛♣ít✉❧♦ ❞✐s❝✉t✐♠♦s ♦s ♣r✐♥❝✐♣❛✐s ❛s♣❡❝t♦s ❞❛ ❡str✉t✉r❛ ❞❡ ❣❡❧♦ ■h✳ ❆ ❡str✉t✉r❛

❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h é ✉♠❛ ❡str✉t✉r❛ ❤❡①❛❣♦♥❛❧ ❞♦ t✐♣♦ ❲✉rt③✐t❛ ♦♥❞❡ ♦s sít✐♦s sã♦ ❞❡✜♥✐❞♦s

♣❡❧❛s ♣♦s✐çõ❡s ❞♦s át♦♠♦s ❞❡ ♦①✐❣ê♥✐♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❡str✉t✉r❛ ❛♣r❡s❡♥t❛ ✉♠❛ ❞❡s♦r❞❡♠

♣r♦tô♥✐❝❛✱ t❛❧ q✉❡ ♥ã♦ ❤á ♥❡♥❤✉♠ ♦r❞❡♥❛♠❡♥t♦ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ ♥❛s ♦r✐❡♥t❛çõ❡s ♠♦❧❡❝✉❧❛r❡s✱

s✉❥❡✐t♦ ❛♣❡♥❛s às r❡❣r❛s ❞♦ ❣❡❧♦✳ ◆♦ ♣ró①✐♠♦ ❈❛♣ít✉❧♦ ❞✐s❝✉t✐r❡♠♦s ♦ ♣❛♣❡❧ ❞♦s ❞❡❢❡✐t♦s

❝r✐st❛❧✐♥♦s ♥❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❡♠ ❣❡r❛❧ ❡ ♦s ❛s♣❡❝t♦s ♣❡rt✐♥❡♥t❡s ❛♦ ❝❛s♦ ❡s♣❡❝í✜❝♦ ❞♦ ❣❡❧♦

■h✳
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Capítulo 3

Defeitos extensos na deformação plástica

3.1 Deformação plástica

P❛r❛ t❡r ✉♠❛ ❞❡s❝r✐çã♦ ❝♦♠♣❧❡t❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞❡ ✉♠ ♠❛t❡r✐❛❧ é ❡ss❡♥❝✐❛❧

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

❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ t❡♥sã♦ ♠❡❝â♥✐❝❛✳ ❉❡♣❡♥❞❡♥❞♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ❡ ❞❛ ✐♥t❡♥s✐✲

❞❛❞❡ ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛✱ ❛ ❞❡❢♦r♠❛çã♦ ♣r♦✈♦❝❛❞❛ ♣♦❞❡ s❡r r❡✈❡rsí✈❡❧ ♦✉ ✐rr❡✈❡rsí✈❡❧✳ ❉❡ ❢❛t♦✱

s❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ❛t✐♥❣✐r ✉♠ ❧✐♠✐t❡ ❝rít✐❝♦ ✉♠❛ ❢❛❧❤❛ ❞rást✐❝❛ ♥♦ ♠❛t❡r✐❛❧

s❡rá ❝❛✉s❛❞❛✱ ♣r♦✈♦❝❛♥❞♦ ✉♠❛ r✉♣t✉r❛ ❞♦ ♠❛t❡r✐❛❧ ❬✾✾✕✶✵✶❪✳

❍á ✈ár✐♦s ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♦s ♣r♦❝❡ss♦s ❞❡ ❞❡❢♦r♠❛çã♦ ❞♦s ♠❛t❡r✐❛✐s ❡ ❡st❡s ♣r♦❝❡ss♦s

sã♦ r❡❧❡✈❛♥t❡s ❡♠ ❞✐✈❡rs❛s ár❡❛s t❡❝♥♦❧ó❣✐❝❛s✱ ❞❡s❞❡ ♠❛t❡r✐❛✐s ❡♥✈♦❧✈✐❞♦s ❡♠ ♠✐❝r♦❡❧❡trô♥✐❝❛

❛té ❛s ❡s❝❛❧❛s ❞❛ ❡♥❣❡♥❤❛r✐❛ ❝✐✈✐❧✳ ❆ ❞❡❢♦r♠❛çã♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❡♠ ❢✉♥çã♦ ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛

♣♦❞❡ s❡r s❡♣❛r❛❞❛ ❡♠ ❞♦✐s ❡stá❣✐♦s ❜ás✐❝♦s✳ ❖ ♣r✐♠❡✐r♦ ❡stá❣✐♦ ❞❡ ❞❡❢♦r♠❛çã♦ ♦❝♦rr❡ ♣❛r❛

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

❝❤❛♠❛❞❛ ❞❡ ❡❧ást✐❝❛✳ ❆❧é♠ ❞❡ ✉♠ ♣♦♥t♦ ❝rít✐❝♦ ❞❡ t❡♥sã♦ ✭❝❤❛♠❛❞♦ ❞❡ ②✐❡❧❞ str❡ss✮✱ ❛ ❞❡❢♦r✲

♠❛çã♦ ❛❧❝❛♥ç❛ ✉♠ s❡❣✉♥❞♦ ❡stá❣✐♦ ♦♥❞❡ ♣❛ss❛ ❛ s❡r ✐rr❡✈❡rsí✈❡❧✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❞❡❢♦r♠❛çã♦

♣❧ást✐❝❛ ❬✶✵✵✱✶✵✷❪✳ ❆ ❋✐❣✉r❛ ✭✸✳✶✮ ♠♦str❛ ✉♠❛ ❝✉r✈❛ tí♣✐❝❛ t❡♥sã♦✲❞❡❢♦r♠❛çã♦ ✭stress−strain✮

✐❧✉str❛♥❞♦ ❡st❡s ❞♦✐s ❡stá❣✐♦s ❞❡ ❞❡❢♦r♠❛çã♦✳ ➱ ♣♦ssí✈❡❧ ✈❡r q✉❡ ♥♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦✱ ❞❡♥♦t❛❞♦
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3.1 Deformação plástica 33

Figura 3.1: Uma curva típica tensão-deformação dos materiais ilustrando a sequência de estágios da
resposta do material devido a aplicação de uma tensão. Fonte: http://www.doitpoms.ac.uk/

♥❛ ❋✐❣✉r❛ ✭✸✳✶✮ ♣❡❧♦ s❡❣♠❡♥t♦ ✶✱ ❛ r❡s♣♦st❛ ❞♦ ♠❛t❡r✐❛❧ é ❧✐♥❡❛r✱ ♦✉ s❡❥❛✱ ❣♦✈❡r♥❛❞♦ ♣❡❧❛ ❧❡✐ ❞❡

❍♦♦❦❡✳ ◆❡st❛ ❢❛s❡ ❛ ❞❡❢♦r♠❛çã♦ ❛✐♥❞❛ é r❡✈❡rsí✈❡❧✱ ♦✉ s❡❥❛✱ s❡ ❛ t❡♥sã♦ ❡①t❡r♥❛ ❢♦r r❡♠♦✈✐❞❛

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

♥❛ ❋✐❣✉r❛ ✭✸✳✶✮ ♣❡❧♦ ♣♦♥t♦ ✷✱ ♦ ♠❛t❡r✐❛❧ ♣❛ss❛ ♣❛r❛ ♦ s❡❣✉♥❞♦ ❡stá❣✐♦✱ ❞❡♥♦t❛❞♦ ♣❡❧♦ s❡❣♠❡♥t♦

✸✱ ♦♥❞❡ ❛ r❡s♣♦st❛ ❞♦ ♠❛t❡r✐❛❧ ❥á ♥ã♦ é ♠❛✐s ❧✐♥❡❛r ❡ ❛ ❞❡❢♦r♠❛çã♦ ♣❛ss❛ ❛ s❡r ✐rr❡✈❡rsí✈❡❧✳ ❆

r❡❣✐ã♦ ✹ ❞❡♥♦t❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✶✮ ♠♦str❛ q✉❡✱ ❛♦ r❡❞✉③✐r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ t❡♥sã♦ à ③❡r♦✱ ♦

♠❛t❡r✐❛❧ ♥ã♦ ✈♦❧t❛ ❛♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ ♣❡r♠❛♥❡❝❡♥❞♦ ❝♦♠ ✉♠❛ ❞❡❢♦r♠❛çã♦ ✐rr❡✈❡rsí✈❡❧ ❝♦♥❤❡❝✐❞❛

❝♦♠♦ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❬✶✵✵✱✶✵✸❪✳

❆ ❋✐❣✉r❛ ✭✸✳✷✮ ♠♦str❛ ✉♠❛ ✈✐sã♦ ♠✐❝r♦s❝ó♣✐❝❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❥á ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛

✭✸✳✶✮✳ ❆ ♣❛rt❡ ✭❛✮ ♠♦str❛ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ✸ ❝♦♥✜❣✉r❛çõ❡s ❛tô♠✐❝❛s ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ♣r♦❝❡ss♦

❞❡ ❞❡❢♦r♠❛çã♦ ❡❧ást✐❝❛✳ ❖ ❧❛❞♦ ❡sq✉❡r❞♦ ♠♦str❛ ❛ ❝♦♥✜❣✉r❛çã♦ ✐♥✐❝✐❛❧✱ ❛♥t❡s ❞❡ ❛♣❧✐❝❛çã♦ ❞❡

✉♠❛ t❡♥sã♦ ❡①t❡r♥❛✳ ❆ ❝♦♥✜❣✉r❛çã♦ ♥♦ ❝❡♥tr♦ ♠♦str❛ q✉❡ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ t❡♥sã♦ ❡①t❡r♥❛

♣r♦❞✉③ ✉♠❛ ❞❡❢♦r♠❛çã♦ ❡❧ást✐❝❛ ♥❛ q✉❛❧ ❛s ❧✐❣❛çõ❡s ❡stã♦ ❡st✐❝❛❞❛s ❝♦♠♣❛r❛❞❛s àq✉❡❧❛s ♥♦

❡st❛❞♦ ✐♥✐❝✐❛❧✳ ❋✐♥❛❧♠❡♥t❡ ❛ ❝♦♥✜❣✉r❛çã♦ à ❞✐r❡✐t❛ ♠♦str❛ ❛ s✐t✉❛çã♦ ❛♣ós ❛ r❡♠♦çã♦ ❝♦♠♣❧❡t❛
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3.1 Deformação plástica 34

(a)

(b)

Figura 3.2: Diferença entre a deformação elástica e a deformação plástica em (a) mostra que na
deformação elástica as ligações são esticadas mas podem voltar ao normal, enquanto que em (b)
na deformação plástica o material não volta ao estágio inicial devido ao ao deslizamento de planos
atômicos. Fonte: referência [104].

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

❡st❛❞♦ ✐♥✐❝✐❛❧✳

❏á ❛ ❋✐❣✉r❛ ✭✸✳✷✭❜✮✮ ♠♦str❛ ✉♠❛ s✐t✉❛çã♦ ❞✐❢❡r❡♥t❡✳ ◆❡st❡ ❝❛s♦✱ ❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ✉❧tr❛✲

♣❛ss❛ ♦ ❧✐♠✐t❡ ❡❧ást✐❝♦ ❞♦ ♠❛t❡r✐❛❧✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ♦✉ s❡❥❛✱ ❛ ❞❡❢♦r♠❛çã♦ ♥♦ ♠❛t❡r✐❛❧ s❡rá ❛

s♦♠❛ ❞❡ ✉♠❛ ❝♦♥tr✐❜✉✐çã♦ ❡❧ást✐❝❛ ❡ ♦✉tr❛ ♣❧ást✐❝❛✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❞♦ ♠❡✐♦ ♠♦str❛ q✉❡✱ ❛❧é♠

❞❛s ❧✐❣❛çõ❡s ❡st✐❝❛❞❛s ❤♦✉✈❡ t❛♠❜é♠ ✉♠ ❞❡s❧✐③❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ❛tô♠✐❝♦s✳ ◆❡st❛ s✐t✉❛çã♦

q✉❛♥❞♦ ❛ t❡♥sã♦ ❢♦r r❡t✐r❛❞❛✱ ❛s ❧✐❣❛çõ❡s ✈♦❧t❛♠ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ✐♥✐❝✐❛❧ ♠❛s ♦ ❞❡s❧✐③❛♠❡♥t♦
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3.1 Deformação plástica 35

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

♥ã♦ ✈♦❧t❛ ❛♦ ❡st❛❞♦ ✐♥✐❝✐❛❧✱ s♦❢r❡♥❞♦ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛✳

❈♦♠ ❛s ✜❣✉r❛s ❛♥t❡r✐♦r❡s ♣❡r❝❡❜❡✲s❡ q✉❡ ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ é ♠❡❞✐❞❛ ♣♦r ❞❡s❧✐③❛♠❡♥t♦

❞❡ ♣❧❛♥♦s ❛tô♠✐❝♦s ❞❡♥tr♦ ❞♦ ♠❛t❡r✐❛❧✳ ❙ã♦ ❥✉st❛♠❡♥t❡ ❡st❡s ❞❡s❧✐③❛♠❡♥t♦s q✉❡ ❢❛③❡♠ ❞❛ ❞❡❢♦r✲

♠❛çã♦ ♣❧ást✐❝❛ ✉♠❛ ♠✉❞❛♥ç❛ ✐rr❡✈❡rsí✈❡❧✳ ❆ q✉❡stã♦ ❝❤❛✈❡ ❛❣♦r❛ ♣❛r❛ ❡♥t❡♥❞❡r ❛ ❞❡❢♦r♠❛çã♦

♣❧ást✐❝❛ é ❡♥t❡♥❞❡r ❝♦♠♦ ❡st❡s ❞❡s❧✐③❛♠❡♥t♦s ❞❡ ♣❧❛♥♦s ❛tô♠✐❝♦s ♦❝♦rr❡♠✳

❆ ❋✐❣✉r❛ ✭✸✳✸✭❛✮✮ ♠♦str❛ ✉♠❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❝ú❜✐❝❛ s✐♠♣❧❡s ♣❡r❢❡✐t❛ ❡♠ ✉♠ ❡st❛❞♦ ✐♥✐❝✐❛❧

s❡♠ ♥❡♥❤✉♠❛ ❞❡❢♦r♠❛çã♦✳ ❏á ❛ ❋✐❣✉r❛ ✭✸✳✶✭❜✮✮ ♠♦str❛ ❛ ♠❡s♠❛ r❡❞❡ ❝ú❜✐❝❛ s✐♠♣❧❡s ❡♠ ✉♠

❡st❛❞♦ ✜♥❛❧ ❞❡♣♦✐s ❞❡ t❡r s✐❞♦ ❞❡❢♦r♠❛❞❛ ♣♦r ✉♠ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❞❡♥♦t❛❞♦ ♣❡❧♦ ✈❡t♦r ❜✳ ❆

Figura 3.3: Em (a) uma rede cúbica simples antes da deformação e em (b) esta mesma estrutura
depois da deformação. Figura retirada da referência [63].

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

❞❡❢♦r♠❛çã♦✿ ✭✶✮ ❞❡s❢❛③❡r s✐♠✉❧t❛♥❡❛♠❡♥t❡ t♦❞❛s ❛s ❧✐❣❛çõ❡s ❞♦s át♦♠♦s ❛❞❥❛❝❡♥t❡s ❛♦ ♣❧❛♥♦

A q✉❡ s❡♣❛r❛ ❛ ♠❡t❛❞❡ s✉♣❡r✐♦r ❞❛ ♠❡t❛❞❡ ✐♥❢❡r✐♦r❀ ✭✷✮ ♠♦✈❡r r✐❣✐❞❛♠❡♥t❡ ❛ ♠❡t❛❞❡ s✉♣❡r✐♦r

à ❞✐r❡✐t❛ ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ✉♠ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡❀ ✭✸✮ r❡❢❛③❡r ❛s ❧✐❣❛çõ❡s ❡♥tr❡ ♦s át♦♠♦s

❛❞❥❛❝❡♥t❡s ❛♦ ♣❧❛♥♦ q✉❡ ❧✐❣❛♠ ❛s ❞✉❛s ♠❡t❛❞❡s ♥♦✈❛♠❡♥t❡✳
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3.2 Discordâncias 36

➱ ❢á❝✐❧ ✈❡r q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡s❝r✐t♦ ❛❝✐♠❛ r❡s✉❧t❛r✐❛ ♥❛ ❞❡❢♦r♠❛çã♦ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✸✮✳

◆♦ ❡♥t❛♥t♦✱ ❡st✐♠❛t✐✈❛s t❡ór✐❝❛s ✐♥❞✐❝❛ q✉❡ ❡st❡ ♣r♦❝❡ss♦ ♣r❡❝✐s❛r✐❛ ❞❡ ✉♠❛ t❡♥sã♦ ♠í♥✐♠❛ ❞❛

♦r❞❡♠ ❞❡ 104 ♠❛✐♦r ❞♦ q✉❡ ❛ t❡♥sã♦ ♦❜s❡r✈❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❚❛❧ ❞✐s❝r❡♣â♥❝✐❛ r❡✈❡❧❛

q✉❡ ❡st❡ ♠♦❞❡❧♦ ♥ã♦ ♣♦❞❡ ❞❡s❝r❡✈❡r ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❞♦s ♠❛t❡r✐❛✐s✳ ❋♦✐ ❡♠ ✶✾✸✹ q✉❡ ❊✳

❖r♦✇❛♥ ❬✶✵✺❪✱ ▼✳ P♦❧❛♥②✐ ❬✶✵✻❪ ❡ ●✳ ■✳ ❚❛②❧♦r ❬✶✵✼✱✶✵✽❪✱ ❞❡ ♠❛♥❡✐r❛ ✐♥❞❡♣❡♥❞❡♥t❡✱ ♣♦st✉❧❛r❛♠

q✉❡ ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ♣♦❞❡r✐❛ s❡r ♠❡❞✐❛❞❛ ♣♦r ❞❡❢❡✐t♦s ❝r✐st❛❧✐♥♦s ❡①t❡♥s♦s✳ ❚❛✐s ❞❡❢❡✐t♦s✱

✜❝❛r❛♠ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ❞✐s❝♦r❞â♥❝✐❛s ✭♥♦ ✐♥❣❧ês ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ dislocations✮✱ ❡ ❛ ♣r✐♠❡✐r❛

❡✈✐❞ê♥❝✐❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ❡①✐tê♥❝✐❛ ❞❡❧❡s ❢♦✐ ♦❜t✐❞❛ ♦❜s❡r✈❛❞❛ ❡♠ ✶✾✺✸ ❬✻✹❪✳ ❉❡s❞❡ ❡♥tã♦ ❛

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

♣❧ást✐❝❛ ❞♦s ♠❛t❡r✐❛✐s ❝r✐st❛❧✐♥♦s✳

❆ q✉❡stã♦ ❝❤❛✈❡ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ♣❛ss❛ ❛ ❞❡♣❡♥❞❡r ❞❡ ✉♠❛

❝♦♠♣❧❡t❛ ❞❡s❝r✐çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛✳ ◆❛s ♣ró①✐♠❛s

s❡çõ❡s s❡rã♦ ❞❡s❝r✐t♦s ❛❧❣✉♥s ❛s♣❡❝t♦s ❣❡r❛✐s ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ❡ ❝♦♠♦ ❡❧❛s ♣♦❞❡♠ ❝♦♥tr✐❜✉✐r

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

3.2 Discordâncias

3.2.1 Aspectos geométricos e estruturais

❆ ❞✐s❝♦r❞â♥❝✐❛ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ s❡♥❞♦ ✉♠ ❞❡❢❡✐t♦ ❝r✐st❛❧✐♥♦ ❡①t❡♥s♦ ❧✐♥❡❛r ♥❛ q✉❛❧

❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ s❡ ❡st❡♥❞❡ ♣♦r t♦❞♦ ♦ ❝r✐st❛❧✳ ❋♦r♠❛❧♠❡♥t❡✱ ❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛

é ❞❡✜♥✐❞❛ ❝♦♠ ❛ s❡♣❛r❛çã♦ ❞❡ ❞✉❛s ♣❛rt❡s ❞♦ ❝r✐st❛❧ ♥✉♠ ♣❧❛♥♦ ❞❡ ❞❡s❧✐③❛♠❡♥t♦✳ ❊❧❛ s❡♣❛r❛

❛ ♣❛rt❡ q✉❡ ❢♦✐ ❞❡s❧♦❝❛❞❛ ❞❛ ♣❛rt❡ q✉❡ ♥ã♦ s♦❢r❡✉ ❞❡s❧♦❝❛♠❡♥t♦✳ ❆ ❞❡✜♥✐çã♦ ❢♦r♠❛❧ ❞❡ ✉♠❛

❞✐s❝♦r❞â♥❝✐❛ é ✉♠ t❛♥t♦ ❛❜str❛t❛ ❡ ♥ã♦ ♣❛ss❛ ✉♠❛ ✐❞❡✐❛ ♠✉✐t♦ ❝❧❛r❛ ❞❡ ❝♦♠♦ r❡❛❧♠❡♥t❡ é ✉♠❛

❞✐s❝♦r❞â♥❝✐❛ ❞❡♥tr♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❝r✐st❛❧✐♥♦✳ P❛r❛ ❢❛❝✐❧✐t❛r ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ❣❡♦✲

♠étr✐❝❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s s❡rá ✉t✐❧✐③❛❞♦ ♣r✐♠❡✐r❛♠❡♥t❡ ✉♠ ♠ét♦❞♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝♦♥str✉çã♦

❞❡ ❱♦❧t❡rr❛ ♣❛r❛ ♠❡✐♦s ❝♦♥tí♥✉♦s✳
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■♥✐❝✐❛❧♠❡♥t❡ ❝♦♥s✐❞❡r❡ ✉♠ ♠❛t❡r✐❛❧ ❝♦♥tí♥✉♦✱ ♦✉ s❡❥❛✱ ♣♦r ❡♥q✉❛♥t♦ ♥ã♦ s❡rá ♥❡❝❡ssár✐♦

♣❡♥s❛r ❡♠ s✉❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❡ ♥❡♠ ♥♦s át♦♠♦s ❡ ♠♦❧é❝✉❧❛s q✉❡ ❛ ❢♦r♠❛♠✳ ❈♦♥s✐✲

❞❡r❡ ❛♣❡♥❛s ✉♠ ❜❧♦❝♦ ❞❡ ♠❛t❡r✐❛❧ ❝♦♥tí♥✉♦ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✸✳✹✮✳ ❖❜s❡r✈❡ q✉❡ ❡st❡

❜❧♦❝♦ ♣♦ss✉✐ ❢♦r♠❛t♦ ❞❡ ♣❛r❛❧❡❧❡♣í♣❡❞♦ ✐♥✐❝✐❛❧♠❡♥t❡ s❡♠ ♥❡♥❤✉♠❛ ❞❡❢♦r♠❛çã♦✳ ❆ ♣❛rt✐r ❞❡st❛

❝♦♥✜❣✉r❛çã♦ s❡rá s❡❧❡❝✐♦♥❛❞❛ ✉♠❛ ♣❛rt❡ ❞♦ ♠❛t❡r✐❛❧ ❛tr❛✈és ❞♦ ♣❧❛♥♦ ❧✐♠✐t❛❞♦ ♣❡❧❛s ❧✐♥❤❛s

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

❞❡ ✏❢❛❝❛ ❞❡ ❱♦❧t❡rr❛✑✳ ❆ ❢❛❝❛ ❞❡ ❱♦❧t❡rr❛ ❝♦rt❛ ♦ ❜❧♦❝♦ ❛♦ ♠❡✐♦ ❡ t♦❞♦ ♦ ♠❛t❡r✐❛❧ q✉❡ ❡st✐✈❡r

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

❖❜s❡r✈❡ q✉❡ ❛ ❧✐♥❤❛ q✉❡ ❧✐♠✐t❛ ❛ ❢❛❝❛ ❞❡ ❱♦❧t❡rr❛ ♥♦ ✐♥t❡r✐♦r ❞♦ ♠❛t❡r✐❛❧✱ ❝✉❥❛ ❛ ❞✐r❡çã♦ ❡stá

Figura 3.4: Um bloco de material contínuo no estágio inicial antes da deformação, o retângulo
em vermelho é faca de Volterra que seleciona a parte do material que será movida para produzir a
deformação. Fonte: http://www.tf.uni-kiel.de

✐♥❞✐❝❛❞❛ ♣❡❧♦ ✈❡t♦r ~t✱ é ❛ ❧✐♥❤❛ q✉❡ s❡♣❛r❛ ❛ ♣❛rt❡ ❞♦ ♠❛t❡r✐❛❧ q✉❡ s❡rá ❞❡s❧♦❝❛❞❛ ❞❛ ♣❛rt❡ q✉❡

♣❡r♠❛♥❡❝❡rá ✐♥❛❧t❡r❛❞❛✳ ❍á ❞✉❛s ♠❛♥❡✐r❛s ❜ás✐❝❛s ❞❡ ❞❡s❧♦❝❛r ♦ ♠❛t❡r✐❛❧ ♣❛r❛ ♣r♦❞✉③✐r ✉♠❛

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

♠❛♥❡✐r❛s ❜ás✐❝❛s ❡stã♦ ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ✭✸✳✺✮✳ ❆ ❋✐❣✉r❛ ✭✸✳✺✭❛✮✮ ♠♦str❛ ❛ ❞❡❢♦r♠❛çã♦

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

❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ✈❡t♦r ~t✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣r♦❞✉③ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ q✉❡ r❡❝❡❜❡ ♦
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b

(a)

b

(b)

Figura 3.5: Construção de Volterra (a) mostra que o deslocamento do material foi perpendicular à
linha da discordância criando uma discordância edge em (b) o delocamento foi paralelo a linha da
discordância criando uma discordância screw. Fonte: http://www.tf.uni-kiel.de

♥♦♠❡ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ ✭♥♦ ✐♥❣❧ês ❡❞❣❡ ❞✐s❧♦❝❛t✐♦♥s✮✳ ❏á ♥❛ ❋✐❣✉r❛ ✭✸✳✺✭❜✮✮ ♦ ❞❡s❧♦❝❛♠❡♥t♦

❞♦ ♠❛t❡r✐❛❧ s❡❧❡❝✐♦♥❛❞♦ ♣❡❧❛ ❢❛❝❛ ❞❡ ❱♦❧t❡rr❛ é ❞❡s❧♦❝❛❞♦ ♥❛ ❞✐r❡çã♦ ❞♦ ✈❡t♦r ~t✱ ♦✉ s❡❥❛✱ t♦r✲

❝❡♥❞♦ ❛ ♣❛rt❡ s✉♣❡r✐♦r ❞♦ ♠❛t❡r✐❛❧✳ ❊st❡ t✐♣♦ ❞❡ ❞❡❢♦r♠❛çã♦ ♣r♦❞✉③ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❝♦♠

✉♠❛ ❣❡♦♠❡tr✐❛ ❞✐❢❡r❡♥t❡ ❞❛ ❛♥t❡r✐♦r ❡ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ✭♥♦ ✐♥❣❧ês s❝r❡✇

❞✐s❧♦❝❛t✐♦♥s✮✳ ❆ ♣❛rt✐r ❞❛ ❝♦♥str✉çã♦ ❞❡ ❱♦❧t❡rr❛ é ♣♦ssí✈❡❧ ✈❡r q✉❡ ❡st❡s ❞♦✐s t✐♣♦s ❜ás✐❝♦s ❞❡

❞✐s❝♦r❞â♥❝✐❛s ♣♦❞❡♠ s❡r ❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧♦s ✈❡t♦r❡s ~t ❡ ~b✳ ❖ ✈❡t♦r ~t ✐❞❡♥t✐✜❝❛ ❛ ❞✐r❡çã♦ ❞❛

❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ✈❡t♦r~b ✐❞❡♥t✐✜❝❛ ❛ ❞✐r❡çã♦ ❡ ♠❛❣♥✐t✉❞❡ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦

r❡❧❛t✐✈♦ ❡♥tr❡ ❛s ♣❛rt❡s ❞♦ ♠❛t❡r✐❛❧ ♥❡❝❡ssár✐♦ ♣❛r❛ ♣r♦❞✉③✐r ❛ ❞✐s❝♦r❞â♥❝✐❛✳

❖s ♣r♦❝❡ss♦s ❞❡ ❝♦♥str✉çã♦ ❞❡ ❱♦❧t❡rr❛ ♥ã♦ ❧❡✈❛♠ ❡♠ ❝♦♥t❛ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦

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

✉♠❛ ❞✐s❝♦r❞â♥❝✐❛✳ ❈♦♥t✉❞♦✱ ❛ ❝♦♥str✉çã♦ ❞❡ ❱♦❧t❡rr❛ ❢❛❝✐❧✐t❛ ❣r❛♥❞❡♠❡♥t❡ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛

❝♦♥✜❣✉r❛çã♦ ❣❡♦♠étr✐❝❛ ❞♦s át♦♠♦s ❛♦ r❡❞♦r ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛✳

❆ ❋✐❣✉r❛ ✭✸✳✻✮ ♠♦str❛ ❝♦♠♦ ❝♦♥str✉✐r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ ❡♠ ✉♠❛ r❡❞❡ ❝ú❜✐❝❛ s✐♠♣❧❡s✳

❖❜s❡r✈❡ q✉❡ ❡♠ ✭✸✳✻✭❛✮✮ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❡stá ♣❡r❢❡✐t❛ s❡♠ ♥❡♥❤✉♠❛ ❞❡❢♦r♠❛çã♦ ❡ s❡♠

♥❡♥❤✉♠ ❞❡❢❡✐t♦ ❝r✐st❛❧✐♥♦✳ ❉❡ ♠❛♥❡✐r❛ ❛♥á❧♦❣❛ ❛♦ q✉❡ ❢♦✐ ❢❡✐t♦ ♥❛ ❝♦♥str✉çã♦ ❞❡ ❱♦❧t❡rr❛✱

♦ ❝r✐st❛❧ ❢♦✐ ❞✐✈✐❞✐❞♦ ❛♦ ♠❡✐♦ ♣❡❧♦ ♣❧❛♥♦ ❞❡♥♦t❛❞♦ ♣♦r ❆ ♥❛ ❋✐❣✉r❛ ✭✸✳✻✭❜✮✮✳ ❙❡ t♦❞♦s ♦s
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Figura 3.6: Em (b) mostra que se toda a parte superior do cristal for movida simultaneamente ne-
nhum defeito cristalino interno será criado. Em (c) mostra que se a parte que estiver em cima da
linha pontilhada permanecer inalterada uma discordância será formada separando os átomos que
foram movido dos que permaneceram nos seus sítios regulares. Figura retirada da referência [63].

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

~b t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs✱ ✐ss♦ ♣r♦✈♦❝❛rá ✉♠❛ ❞❡❢♦r♠❛çã♦ ♥♦ ❝r✐st❛❧ ❝♦♠♦

♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✻✭❜✮✮✳ ❖❜s❡r✈❡ q✉❡✱ ❛♣❡s❛r ❞❡ ♣r♦❞✉③✐r ✉♠❛ ❞❡❢♦r♠❛çã♦ ♥♦ ❝r✐st❛❧✱ ❡st❡

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

✉♠ ♣r♦❝❡❞✐♠❡♥t♦ s✐♠✐❧❛r à ❝♦♥str✉çã♦ ❞❡ ❱♦❧t❡rr❛✱ ♦✉ s❡❥❛✱ ✈❛♠♦s s❡❧❡❝✐♦♥❛r ✉♠❛ ♣❛rt❡ q✉❡

s❡rá ❞❡s❧♦❝❛❞❛ ❡ ♦✉tr❛ q✉❡ ♣❡r♠❛♥❡❝❡rá ✐♥❛❧t❡r❛❞❛✳ ◆❛ ❋✐❣✉r❛ ✭✸✳✻✭❝✮✮ t♦❞♦s ♦s át♦♠♦s q✉❡

❡stã♦ ❛❝✐♠❛ ❞❛ ❧✐♥❤❛ ❝♦♥tí♥✉❛ ❞❡♥♦t❛❞❛ ♣♦r ❆ ❢♦r❛♠ ❞❡s❧♦❝❛❞♦s ♣❛r❛ ❛ ❞✐r❡✐t❛ ♣♦r ✉♠ ✈❡t♦r ❞❡

r❡❞❡ ~b ❡ t♦❞♦s ♦s át♦♠♦s q✉❡ ❡stã♦ ❛❝✐♠❛ ❞❛ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ♣❡r♠❛♥❡❝❡r❛♠ ♥♦s s❡✉s sít✐♦s s❡♠

❛❧t❡r❛çã♦✳ ❖❜s❡r✈❡ ♥❛ ❋✐❣✉r❛ q✉❡ ♣♦❞❡♠♦s ✐♠❛❣✐♥❛r ✉♠❛ ❧✐♥❤❛ q✉❡ ❡stá ❡♥tr❛♥❞♦ ♥❛ ♣á❣✐♥❛

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

s❡ ♣r♦♣❛❣❛ ♣♦r t♦❞♦ ♦ ❝r✐st❛❧ ❡ ♥❛ ❋✐❣✉r❛ ❡❧❛ ❡stá s❡♥❞♦ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ sí♠❜♦❧♦ ⊥✳ ❊st❛ é

❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡✳ ❖❜s❡r✈❡ t❛♠❜é♠ q✉❡ ❤á ✉♠❛ ❧✐♥❤❛ ❞❡ át♦♠♦s ✐♠❡❞✐❛t❛♠❡♥t❡

❛❝✐♠❛ ❞♦ sí♠❜♦❧♦ ⊥✳ ❊st❡s át♦♠♦s tê♠ ❧✐❣❛çõ❡s q✉❡❜r❛❞❛s ❡ ❝♦♥st✐t✉❡♠ ♦ q✉❡ é ❝❤❛♠❛❞♦ ❞❡

❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ✭❞♦ ✐♥❣❧ês ❞✐s❧♦❝❛t✐♦♥ ❝♦r❡✮✳

❆❣♦r❛ ✈❛♠♦s ✉t✐❧✐③❛r ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❱♦❧t❡rr❛ ♣❛r❛ ♣r♦❞✉③✐r ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ♥❛
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♠❡s♠❛ r❡❞❡ ❝ú❜✐❝❛ s✐♠♣❧❡s✳ ❖❜s❡r✈❡ q✉❡ ♥❛ ❋✐❣✉r❛ ✭✸✳✼✮ ❛ ♣❛rt❡ ❞♦ ❝r✐st❛❧ ❡s❝♦❧❤✐❞❛ ♣❛r❛

s❡ ❞❡s❧♦❝❛r é ❛ ♣❛rt❡ ❛❝✐♠❛ ❞♦ ♣❧❛♥♦ ❝♦♠ s♦♠❜r❡❛♠❡♥t♦ ♠❛✐s ❡s❝✉r♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛

✭✸✳✼✭❜✮✮✳ ❆♦ ❝♦♥trár✐♦ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ❛♥t❡r✐♦r ❛❣♦r❛ ♦ ❝r✐st❛❧ ♥ã♦ s❡rá ❝♦♠♣r✐♠✐❞♦ ♠❛s s✐♠

t♦r❝✐❞♦ t❛❧ q✉❡ ❛ ❞✐r❡çã♦ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦s át♦♠♦s ✐♥❞✐❝❛❞❛ ♥❛ ❋✐❣✉r❛ ♣❡❧♦ ✈❡t♦r ~b ❝♦✐♥❝✐❞❛

❝♦♠ ❛ ❞✐r❡çã♦ ❞❛ ❧✐♥❤❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ q✉❡ s❡♣❛r❛ ❛ ♣❛rt❡ ❞❡s❧♦❝❛❞❛ ❞❛ ♣❛rt❡ q✉❡ ♣❡r♠❛♥❡❝❡✉

✐♥❛❧t❡r❛❞❛✳ ❆ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ❡stá r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❧✐♥❤❛ só❧✐❞❛ ❛tr❛✈❡ss❛♥❞♦

(b)(a)

Figura 3.7: Produzindo uma discordância screw. Figura retirada da referência [63].

t♦❞♦ ♦ ❝r✐st❛❧ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✼✭❜✮✮✳ ❖❜s❡r✈❡ q✉❡ ✉♠ ❝✐r❝✉✐t♦ ♣✉❧❛♥❞♦ át♦♠♦ ❛ át♦♠♦

❡♠ ✈♦❧t❛ ❞❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣r♦❞✉③ ✉♠❛ tr❛❥❡tór✐❛ ❤❡❧✐❝♦✐❞❛❧✳

❆té ❛q✉✐ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ❞♦✐s t✐♣♦s ❜ás✐❝♦s ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♦s q✉❛✐s ❡stã♦ ♠♦str❛❞♦s

❧❛❞♦ ❛ ❧❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✽✮✳ ◆❛ ❋✐❣✉r❛ ✭✸✳✽✭❛✮✮ ♠♦str❛ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ ❡ ❛♦ ❧❛❞♦ ❞❡❧❛

♥❛ ❋✐❣✉r❛ ✭✸✳✽✭❜✮✮ ❡stá ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇✳ ❆♦ ❝♦♥str✉✐r ❝❛❞❛ ✉♠❛ ❞❡❧❛s ♣❡r❝❡❜❡♠♦s q✉❡ ♦

❞❡s❧♦❝❛♠❡♥t♦ ❞♦s át♦♠♦s ♣❛r❛ ♣r♦❞✉③✐r ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ é ♣❡r♣❡♥❞✐❝✉❧❛r à ❧✐♥❤❛ ❞❛ ❞✐s✲

❝♦r❞â♥❝✐❛ ❡♥q✉❛♥t♦ q✉❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦s át♦♠♦s ♣❛r❛ ♣r♦❞✉③✐r ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ❡stá

♥❛ ♠❡s♠❛ ❞✐r❡çã♦ q✉❡ ❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ ♠❛s ♥❛❞❛ ✐♠♣❡❞❡ ✉♠❛ s✐t✉❛çã♦ ✐♥t❡r♠❡❞✐ár✐❛✱
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(a) (b)

Figura 3.8: Dois tipos básicos de discordância em (a) uma discordância edge e em (b) uma discor-
dância screw

❝❤❛♠❛❞❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♠✐st❛ ✭❞♦ ✐♥❣❧ês ♠✐①❡❞ ❞✐s❧♦❝❛t✐♦♥s✮✱ ♦♥❞❡ ❛ ❞✐r❡çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥✲

t♦s ❞♦s át♦♠♦s ❡stá ❡♠ ✉♠❛ ✐♥❝❧✐♥❛çã♦ ✐♥t❡r♠❡❞✐ár✐❛ ❡♥tr❡ ✵ ❡ ✾✵➦✳ ❆❧é♠ ❞✐ss♦ é ♣♦ssí✈❡❧

t❛♠❜é♠ q✉❡ ❛ ❧✐♥❤❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ s❡❥❛ ❝✉r✈❛✳ ◆❡st❛ s✐t✉❛çã♦✱ ♦ ❝❛rát❡r ❞❡❧❛ ♠✉❞❛ ❛♦ ❧♦♥❣♦

❞❛ ❧✐♥❤❛✳ ❯♠ ❡①❡♠♣❧♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✾✮✳ ❆♦ ❧❛❞♦ ❞✐r❡✐t♦ ❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛

Figura 3.9: Uma discordância mista.

❝♦♠❡ç❛ t♦t❛❧♠❡♥t❡ ❛❧✐♥❤❛❞❛ ❝♦♠ ♦ ✈❡t♦r ~b✱ ✐♥❞✐❝❛♥❞♦ ✉♠ ❝❛rát❡r ❞♦ t✐♣♦ s❝r❡✇✳ ❆♦ ♣r♦♣❛❣❛r✲

s❡ ♥♦ ✐♥t❡r✐♦r ❞♦ ❝r✐st❛❧ ❛ ❧✐♥❤❛ s❡ ❝✉r✈❛ ❡♠ r❡❧❛çã♦ à ❞✐r❡çã♦ ❞❡ ~b ❛té s❛✐r ♥❛ ❢❛❝❡ ❞❛ ❡sq✉❡r❞❛
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❞♦ ❝r✐st❛❧ t♦t❛❧♠❡♥t❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ✈❡t♦r ~b✳ ◆❡st❛ ♣♦s✐çã♦✱ ❛ ❞✐s❝♦r❞â♥❝✐❛ t♦r♥♦✉✲s❡ ❞❡

❝❛rát❡r ❡❞❣❡✳

➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ❛té ❛q✉✐ ❢♦r❛♠ ♠♦str❛❞♦s ❛❧❣✉♥s ❛s♣❡❝t♦s ❣❡r❛✐s ❞❡ ❞✐s❝♦r❞â♥✲

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

❞♦ ❝♦♥❝❡✐t♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛✳ P♦r ♠♦t✐✈♦s ❞✐❞át✐❝♦s✱ ❛ ❛❜♦r❞❛❣❡♠ ❛q✉✐ ✉t✐❧✐③❛❞❛ ❢❡③ ✉s♦ ❞❡ ✉♠❛

❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❝ú❜✐❝❛ s✐♠♣❧❡s ♠♦str❛♥❞♦ ❞✐s❝♦r❞â♥❝✐❛s ✐s♦❧❛❞❛s✱ ♠❛s ❡♠ ✉♠❛ s✐t✉❛çã♦

r❡❛❧ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡st❛s ❞✐s❝♦r❞â♥❝✐❛s ❛♣r❡s❡♥t❛♠ ❡str✉t✉r❛s ❜❡♠ ♠❛✐s ❝♦♠♣❧❡①❛s✳ ❯♠ ❞♦s

♠♦t✐✈♦s ❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ é q✉❡ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞❡ só❧✐❞♦s r❡❛✐s ❡♠ ❣❡r❛❧ sã♦ ❡str✉t✉r❛s

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

♣r♦❝❡ss♦ ❞❡ ❞❡❢♦r♠❛çã♦ ❛s ❞✐s❝♦r❞â♥❝✐❛s ♥ã♦ sã♦ ♥✉❝❧❡❛❞❛s ✐s♦❧❛❞❛♠❡♥t❡✱ ♣♦❞❡♥❞♦ ♦❝♦rr❡r ❡♠

❣r✉♣♦s✳ ❆ ❋✐❣✉r❛ ✭✸✳✶✵✮ ♠♦str❛ ✐♠❛❣❡♥s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❡♠ ✉♠ ❝r✐st❛❧ ❞❡ ▼♦❧✐❜❞ê♥✐♦ ❡♠

❞✐❢❡r❡♥t❡s ❡stá❣✐♦s ❞❡ ❞❡❢♦r♠❛çã♦✳ ❖❜s❡r✈❡ q✉❡ ❛s r❡❣✐õ❡s ❡s❝✉r❛s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❛❧t❛ ❞❡♥✲

s✐❞❛❞❡ ❞❡ ❧✐♥❤❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❡♠❛r❛♥❤❛❞❛s ❞❡ t❛❧ ❢♦r♠❛ q✉❡ é q✉❛s❡ ✐♠♣♦ssí✈❡❧ ❞✐st✐♥❣✉✐r

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

(a) (b) (c)

Figura 3.10: Discordância em Molibdênio em diferentes estágios de deformação. Figura retirada da
referência [63].

t❛✐s ❣r✉♣♦s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s é ♥❡❝❡ssár✐♦ ❡st✉❞❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s ❜ás✐❝❛s ❞❛s ❞✐s❝♦r❞â♥❝✐❛s

✐s♦❧❛❞❛s✳ ❊st❛ é ❛ r❛③ã♦ ♣❡❧❛ q✉❛❧ ❡①✐st❡♠ t❛♥t♦s tr❛❜❛❧❤♦s ❝✐❡♥tí✜❝♦s ❡st✉❞❛♥❞♦ ❛s ♣r♦♣r✐✲
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❡❞❛❞❡s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❡♠ s✐t✉❛çõ❡s ✐❞❡❛❧✐③❛❞❛s ♣❛r❛ ❞✐❢❡r❡♥t❡s s✉❜stâ♥❝✐❛s✳ ◆❡st❛ ❚❡s❡ ♦

♦❜❥❡t✐✈♦ é ♦ ♠❡s♠♦✱ ❡st✉❞❛♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♥♦ ❣❡❧♦ ■h✳

O vetor de Burgers

❏á ♠❡♥❝✐♦♥❛♠♦s q✉❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣♦❞❡ s❡r ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ❞♦✐s ✈❡t♦r❡s✳ ❯♠ ❞❡st❡s

é ♦ ✈❡t♦r q✉❡ ✐♥❞✐❝❛ ❛ ❞✐r❡çã♦ ❞❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❡ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧♦ ✈❡t♦r ~t✱ ♦ ♦✉tr♦

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

r❡♣r❡s❡♥t❛❞♦ ♣♦r ~b✳ ❊st❡ ú❧t✐♠♦ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ✈❡t♦r ❞❡ ❇✉r❣❡rs✳ ➱ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs q✉❡

♣♦ss✐❜✐❧✐t❛ ❛ ♠❛♥❡✐r❛ ♠❛✐s út✐❧ ❞❡ ✐❞❡♥t✐✜❝❛r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❡♠ ✉♠❛ r❡❞❡ ❝r✐st❛❧✐♥❛✳ ❖ ✈❡t♦r

❞❡ ❇✉r❣❡rs ♣♦❞❡ s❡r ♦❜t✐❞♦ ❛tr❛✈és ❞❡ ✉♠ ♠ét♦❞♦ ❝❤❛♠❛❞♦ ❝✐r❝✉✐t♦ ❞❡ ❇✉r❣❡rs✳ ❊st❡ ❝✐r❝✉✐t♦

❝♦♥s✐st❡ ❡♠ ✉♠ ❝♦♥t♦r♥♦ ❢❡❝❤❛❞♦ r❡❛❧✐③❛❞♦ ❡♠ ✉♠❛ r❡❣✐ã♦ ❞♦ ❝r✐st❛❧✱ s❛❧t❛♥❞♦ ❞❡ át♦♠♦ ❡♠

át♦♠♦ ❛ss✐♠ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✸✳✶✶✮✳ ❙❡ ♦ ❝✐r❝✉✐t♦ ❞❡ ❇✉r❣❡rs ✐♥❝❧✉✐r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛

♦ ♥ú♠❡r♦ ❞❡ ♣❛ss♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❢❡❝❤❛r ♦ ❝✐r❝✉✐t♦ s❡rá ❞✐❢❡r❡♥t❡ ❞♦ ♥ú♠❡r♦ ♥❡❝❡ssár✐♦

♣❛r❛ ❢❡❝❤❛r ♦ ❝✐r❝✉✐t♦ ❡♠ ✉♠❛ r❡❣✐ã♦ ❞❡ ❝r✐st❛❧ ♣❡r❢❡✐t♦✳ ❆ ❋✐❣✉r❛ ✭✸✳✶✶✮ ♠♦str❛ ❞♦✐s ♣❧❛♥♦s

Figura 3.11: Circuito de Burgers. Figura retirada da referência [64].

❛tô♠✐❝♦s✳ ❖ ♣❧❛♥♦ ❞❛ ❡sq✉❡r❞❛ r❡♣r❡s❡♥t❛ ❞❡ ✉♠ ❝r✐st❛❧ ♣❡r❢❡✐t♦✱ ♦✉ s❡❥❛✱ s❡♠ ♣r❡s❡♥ç❛ ❞❡
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❞✐s❝♦r❞â♥❝✐❛s✳ ❖ ♣❧❛♥♦ ❞❛ ❞✐r❡✐t❛ ♠♦str❛ ✉♠ ❝r✐st❛❧ ♦♥❞❡ ❤á ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛

❡❞❣❡ s❛✐♥❞♦ ❞❛ ♣á❣✐♥❛✳ ❖❜s❡r✈❡ q✉❡ ♦ ❝✐r❝✉✐t♦ ♥♦ ♣❧❛♥♦ ❞❛ ❡sq✉❡r❞❛ é ❢♦r♠❛❞♦ r❡❛❧✐③❛♥❞♦

♦ s❡❣✉✐♥t❡ ♣r♦❝❡ss♦✿ ✭✶✮ ♣❛rt✐r ❞♦ át♦♠♦ ✐♥✐❝✐❛❧ ❢♦r❛♠ ❞❛❞♦s ✸ ♣❛ss♦s ♥❛ ❤♦r✐③♦♥t❛❧ ♣❛r❛ ❛

❞✐r❡✐t❛✱ ✭✷✮ ❞❡♣♦✐s ❢♦r❛♠ ❞❛❞♦s ✹ ♣❛ss♦s ♥❛ ✈❡rt✐❝❛❧ ❡ ♣❛r❛ ❜❛✐①♦✱ ✭✸✮ ✸ ♣❛ss♦s ♥❛ ❤♦r✐③♦♥t❛❧

❡ ♣❛r❛ ❛ ❡sq✉❡r❞❛✱ ✭✹✮ ✜♥❛❧♠❡♥t❡ ♠❛✐s ✹ ♣❛ss♦s ♥❛ ✈❡rt✐❝❛❧ ❡ ♣❛r❛ ❝✐♠❛ ❢❡❝❤❛♥❞♦ ♦ ❝✐r❝✉✐t♦✳

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

♥❛ ❞✐r❡çã♦ ❤♦r✐③♦♥t❛❧ ♣❛r❛ ❛ ❞✐r❡✐t❛ é ✐❣✉❛❧ ❛♦ ♥ú♠❡r♦ ❞❡ ♣❛ss♦s ♣❛r❛ ❡sq✉❡r❞❛ ❡ ♦ ♠❡s♠♦ ✈❛❧❡

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

♣♦s✐çã♦ ✐♥✐❝✐❛❧✱ ♦✉ s❡❥❛✱ ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❇✉r❣❡rs ❡①❡❝✉t❛❞♦ ❡♠ ✉♠❛ r❡❣✐ã♦ ♣❡r❢❡✐t❛ ❞♦ ❝r✐st❛❧

é ✉♠ ❝✐r❝✉✐t♦ ❢❡❝❤❛❞♦✳ ❆❣♦r❛ ♦❜s❡r✈❡ q✉❡✱ ❛♦ t❡♥t❛r ❡①❡❝✉t❛r ♦ ♠❡s♠♦ ❝✐r❝✉✐t♦✱ ❝✐r❝✉❧❛♥❞♦

✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❛ss✐♠ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✶✶✭❜✮✮ ❡①❡❝✉t❛♥❞♦ ❛ ♠❡s♠❛ s❡q✉ê♥❝✐❛

❞❡ ♣❛ss♦s ♦ ❝✐r❝✉✐t♦ ♥ã♦ s❡rá ❢❡❝❤❛❞♦✱ ♦✉ s❡❥❛✱ ❛ ♣♦s✐çã♦ ✜♥❛❧ ♥ã♦ ❝♦✐♥❝✐❞❡ ❝♦♠ ❛ ♣♦s✐çã♦

✐♥✐❝✐❛❧✳ ❉❡st❛ ❢♦r♠❛ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs é ❞❡✜♥✐❞♦ ❝♦♠♦ s❡♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ♣♦s✐çã♦

✜♥❛❧ ❡ ❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✶✶✭❜✮✮✳ P♦r ✈ár✐♦s ♠♦t✐✈♦s ♦ ✈❡t♦r ❞❡

❇✉r❣❡rs é ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛✳ ❯♠ ❞❡❧❡s é q✉❡ ♦ ✈❡t♦r ❞❡

❇✉r❣❡rs é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ❝✐r❝✉✐t♦ r❡❛❧✐③❛❞♦✱ ♦✉ s❡❥❛✱ ♣❛r❛ q✉❛❧q✉❡r ❝✐r❝✉✐t♦ q✉❡ ❝✐r❝✉❧❡ ✉♠❛

❞✐s❝♦r❞â♥❝✐❛ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ♦❜t✐❞♦ ❡♠ t♦❞♦s ♦s ❝✐r❝✉✐t♦s s❡rá ♦ ♠❡s♠♦✳ P❛r❛ ♠♦str❛r ❡st❛

✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❝✐r❝✉✐t♦ ✈❛♠♦s ✉t✐❧✐③❛r ❛ ❋✐❣✉r❛ ✭✸✳✶✷✮✳ ❖❜s❡r✈❡ q✉❡ ❤á ✸ ❝✐r❝✉✐t♦s ❞❡ ❇✉r❣❡rs

♥❡st❛ ❋✐❣✉r❛✳ ❉♦ ❧❛❞♦ ❞✐r❡✐t♦ ❤á ♦ ❝✐r❝✉✐t♦ ♥♦♠❡❛❞♦ ❝♦♠♦ ✶ ❡ ❡st❡ ❝✐r❝✉✐t♦ ❢♦✐ ❡①❡❝✉t❛❞♦ ❡♠

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

é ♦ ♠❡s♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛✳ ❏á ♦s ❝✐r❝✉✐t♦s ✷ ❡ ✸ ❝✐r❝✉❧❛♠ ❛ ♠❡s♠❛ ❞✐s❝♦r❞â♥❝✐❛✳ ❖❜s❡r✈❡ q✉❡

❛♣❡s❛r ❞♦ ❝✐r❝✉✐t♦ ✸ s❡r ♠❛✐♦r q✉❡ ♦ ❝✐r❝✉✐t♦ ✷✱ ♦✉ s❡❥❛✱ ❝✐r❝✉❧❛♥❞♦ ✉♠❛ ár❡❛ ♠❛✐♦r ❡♠ t♦r♥♦

❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ ❡❧❡ ❢♦r♥❡❝❡ ✉♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ✐❣✉❛❧ ❛♦ ✈❡t♦r ❢♦r♥❡❝✐❞♦ ♣❡❧♦ ❝✐r❝✉✐t♦ ✷✳ ❈♦♠

✐ss♦ ♣♦❞❡♠♦s ❝♦♥❝❧✉✐r q✉❡ ♥ã♦ ✐♠♣♦rt❛ q✉❛❧ s❡❥❛ ♦ ❝✐r❝✉✐t♦ ❞❡ ❇✉r❣❡rs ❡s❝♦❧❤✐❞♦✱ ❞❡s❞❡ q✉❡

❡❧❡ ❝✐r❝✉❧❡ ❛ ♠❡s♠❛ ❞✐s❝♦r❞â♥❝✐❛✱ q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❡s❝♦❧❤✐❞♦ s❡rá ♦ ♠❡s♠♦✳ ❖ ❝✐r❝✉✐t♦
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Figura 3.12: Independência do vetor de Burgers com o circuito. Figura retirada da referência [63].

❞❡ ❇✉r❣❡rs t❛♠❜é♠ ♠♦str❛ q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs é ✉♠ ♠ú❧t✐♣❧♦ ❞❡ ✉♠ ✈❡t♦r ❞❡ r❡❞❡✳

❖✉tr❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♠♣♦rt❛♥t❡ ❛ s❡r ♠❡♥❝✐♦♥❛❞❛ é q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs é ❝♦♥s❡r✈❛❞♦

❛♦ ❧♦♥❣♦ ❞❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✳ P❛r❛ ✐❧✉str❛r ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ s❡rá ✉t✐❧✐③❛❞❛ ❛ ❋✐❣✉r❛

✭✸✳✶✸✮✳ ❊❧❛ ♠♦str❛ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ξ2 ❡ ξ3 ✐♥✐❝✐❛❧♠❡♥t❡ s❡♣❛r❛❞❛s ❡♠ ✉♠❛ r❡❣✐ã♦ ❞♦ ❝r✐st❛❧

❞❡♥♦t❛❞❛ ♣❡❧♦ ♣❧❛♥♦ ❇✳ ❆ ❞✐s❝♦r❞â♥❝✐❛ ξ2 t❡♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b2 ❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ ξ3 é

❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b3✳ ❊♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣♦♥t♦ ❞♦ ❝r✐st❛❧✱ ♥♦♠❡❛❞♦ ♥❛

❋✐❣✉r❛ ♣♦r P ❡st❛s ❞✐s❝♦r❞â♥❝✐❛ s❡ ✉♥❡♠✱ ❢♦r♠❛♥❞♦ ✉♠❛ ú♥✐❝❛ ❞✐s❝♦r❞â♥❝✐❛ ❞❡♥♦t❛❞❛ ♣♦r ξ1✳

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

♣❡r♠❛♥❡❝❡♠ ✉♥✐❞❛s✱ r❡✈❡❧❛ q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❞❡st❛ ♥♦✈❛ ❞✐s❝♦r❞â♥❝✐❛ é ~b1✳ ❊♥tr❡t❛♥t♦

s❡ ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❇✉r❣❡rs ❢♦r r❡❛❧✐③❛❞♦ ❝♦♥t♦r♥❛♥❞♦ ❛s ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ξ2 ❡ ξ3 ♥❛ r❡❣✐ã♦ B

♦♥❞❡ ❡❧❛s ❛✐♥❞❛ ❡stã♦ s❡♣❛r❛❞❛s✱ ❡st❡ ❝✐r❝✉✐t♦ ❢♦r♥❡❝❡rá ♦ ♠❡s♠♦ ✈❡t♦r ❇✉r❣❡rs~b1✳ ❊st❡ ❝✐r❝✉✐t♦

❢♦✐ ♥♦♠❡❛❞♦ ♥❛ ❋✐❣✉r❛ ♣❡❧❛ ❧❡tr❛ p✳ ❖ ❝✐r❝✉✐t♦ p r❡✈❡❧❛ q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs r❡s✉❧t❛♥t❡ ❞❛

s♦♠❛ ❞❡ ❞✉❛s ♦✉tr❛s ❞✐s❝♦r❞â♥❝✐❛s é ❛ s♦♠❛ ❞♦s ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ✐♥✐❝✐❛✐s✿

~b1 = ~b2 +~b3. (3.1)

❆ ♣❛rt✐r ❞❡st❛ ❛♥á❧✐s❡ ♣♦❞❡♠♦s ♣❡r❝❡❜❡r q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs s❡ ❝♦♥s❡r✈❛ ❞✉r❛♥t❡ t♦❞❛ ❛
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Figura 3.13: Mostra o circuito maior em p circulando duas discordâncias e o vetor de Burgers
resultante é a soma dos vetores de Burgers das duas discordâncias englobadas pelo circuito. A seção
transversal C foi retirada de uma parte do material depois da junção das duas discordâncias em uma
só e o circuito q mostra que o vetor de Burgers resultante é dado por~b1 = ~b2 +~b3. Figura retirada da
referência [63].

❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ ❡ ✉s❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❡st❛❜❡❧❡❝✐❞❛ ♣❡❧❛ ❛ ❡q✉❛çã♦ ✭✸✳✶✮✱ ♣♦❞❡✲s❡ ❢♦r♠✉❧❛r

✉♠❛ ❧❡✐ ❞❡ ❝♦♥s❡r✈❛çã♦ ♣❛r❛ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs s✐♠✐❧❛r à ❧❡✐ ❞❡ ❝♦♥s❡r✈❛çã♦ ❞❛s ❝♦rr❡♥t❡s

♥❛ ❡❧❡tr✐❝✐❞❛❞❡✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ♣❛r❛ ❛ ❝♦♥s❡r✈❛çã♦ ❞❡ ❝♦rr❡♥t❡s ♥❛

❡❧❡tr✐❝✐❞❛❞❡ ❡ ❛ ❝♦♥s❡r✈❛çã♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs é q✉❡ ♥❛ ❡❧❡tr✐❝✐❞❛❞❡ ❛ ❣r❛♥❞❡③❛ ❝♦♥s❡r✈❛❞❛ é

✉♠ ❡s❝❛❧❛r ❡♥q✉❛♥t♦ q✉❡ ♥❡st❡ ❝❛s♦ ❛ ❣r❛♥❞❡③❛ ❝♦♥s❡r✈❛❞❛ é ✉♠ ✈❡t♦r✳ P❛r❛ ❡st❛❜❡❧❡❝❡r ✉♠❛

❧❡✐ ❞❡ ❝♦♥s❡r✈❛çã♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs é ♣r❡❝✐s♦ ❛❞♦t❛r ❛ ❝♦♥✈❡♥çã♦ ❞❡ q✉❡ ❡♠ ✉♠ ♥ó t♦❞♦s

♦s ✈❡t♦r❡s ❞❡ ❞✐r❡çã♦ ~t ❞❛s ❞✐s❝♦r❞â♥❝✐❛s q✉❡ s❡ ❡♥❝♦♥tr❛♠ ♥❡st❡ ♥ó ❡st❡❥❛♠ ❛♣♦♥t❛♥❞♦ ♣❛r❛

❢♦r❛ ❞♦ ♥ó✳ ❙❡❣✉✐♥❞♦ ❡st❛ ❝♦♥✈❡♥çã♦✱ ♦s ✈❡t♦r❡s ~b2 ❡ ~b3 ❞❡✈❡♠ s❡r ✐♥✈❡rt✐❞♦s ❡ ❛ss✐♠ ♣♦❞❡♠♦s
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❡st❛❜❡❧❡❝❡r ❛ ❧❡✐ ❞❡ ❝♦♥s❡r✈❛çã♦ ♣❛r❛ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❞❛❞❛ ♣♦r✿
n

∑

i=1

~bi = 0, (3.2)

♦♥❞❡ n é ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❧✐♥❤❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❝♦♥❡❝t❛❞❛s ♥♦ ♥ó P✳ P❛r❛ ❛ ❋✐❣✉r❛ ✭✸✳✶✸✮

n = 3✳

3.3 Movimento de discordâncias

❆ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❞❡♣❡♥❞❡ ❞❡ ❞❡s❧✐③❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ❝r✐st❛❧✐♥♦s ❡✱ ❝♦♠♦ ❥á ♠❡♥❝✐♦✲

♥❛♠♦s ❛ ❡st✐♠❛t✐✈❛ t❡ór✐❝❛ ♣❛r❛ ❛ t❡♥sã♦ ♠í♥✐♠❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❞❡❢♦r♠❛r ✉♠ só❧✐❞♦ ♣❡r❢❡✐t♦

❛tr❛✈és ❞❡ ✉♠ ♣r♦❝❡ss♦ ❤♦♠♦❣ê♥❡♦ é ❞❛ ♦r❞❡♠ ❞❡ 104 ✈❡③❡s ♠❛✐♦r ❞♦ q✉❡ ❛s ♦❜s❡r✈❛çõ❡s ❡①♣❡✲

r✐♠❡♥t❛✐s✳ ❚❛❧ ❞✐s❝r❡♣â♥❝✐❛ ❧❡✈❛r❛♠ ❊✳ ❖r♦✇❛♥ ❬✶✵✺❪✱ ▼✳ P♦❧❛♥②✐ ❬✶✵✻❪ ❡ ●✳ ■✳ ❚❛②❧♦r ❬✶✵✼✱✶✵✽❪

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

❞❡ ♠♦✈✐♠❡♥t♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s✳ ❆ ❋✐❣✉r❛ ✭✸✳✶✹✮ ♠♦str❛ ❝♦♠♦ ♦ ♠♦✈✐♠❡♥t♦ ❞❡ ✉♠❛ ❞✐s❝♦r✲

❞â♥❝✐❛ ❡❞❣❡ ♣♦❞❡ ♣r♦✈♦❝❛r ✉♠❛ ❞❡❢♦r♠❛çã♦✳ ❆ ♣❛rt❡ ✭❛✮ ♠♦str❛ ✉♠❛ r❡❞❡ ❝ú❜✐❝❛ s✐♠♣❧❡s s❡♠

Figura 3.14: Movimento de discordância produzindo deformação plástica. Em (a) rede cúbica sim-
ples sem imperfeições, em (b) aplica-se uma tensão necessária para nuclear uma discordância, de (c)
até (e) a discordância se move até produzir uma deformação. Figura retirada da referência [63].

✐♠♣❡r❢❡✐çõ❡s✳ ❆ ❋✐❣✉r❛ ✭✸✳✶✹✭❜✮✮ ♠♦str❛ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ t❡♥sã♦ ❚x ♥❛ ♠❡t❛❞❡ s✉♣❡r✐♦r

❞♦ ❝r✐st❛❧✱ ♠❛♥t❡♥❞♦ ❛ ♠❡t❛❞❡ ✐♥❢❡r✐♦r ✜①❛ ❛té ♥✉❝❧❡❛r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛✳ ❆ ❧✐♥❤❛ ❞❡ ❞✐s❝♦r✲

❞â♥❝✐❛✱ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ sí♠❜♦❧♦ ⊥✱ ❡stá ♣❡r♣❡♥❞✐❝✉❧❛r ❛ ♣á❣✐♥❛ ❡ ❛tr❛✈❡ss❛ t♦❞♦ ♦ ❝r✐st❛❧✳

❆s ❋✐❣✉r❛s ✭✸✳✶✹✭❝✮✮ ❛té ✭✸✳✶✹✭❡✮✮ ♠♦str❛♠ ❛ ❞✐s❝♦r❞â♥❝✐❛ s❡ ♠♦✈✐♠❡♥t❛♥❞♦ ♣❛ss♦ ❛ ♣❛ss♦ ❛té

❝r✐❛r ✉♠❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ q✉❛♥❞♦ ❡❧❛ s❛✐ ❞♦ ❝r✐st❛❧ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦✳
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❆ ❋✐❣✉r❛ ✭✸✳✶✹✮ r❡♣r❡s❡♥t❛ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❡♠ ❧✐♥❤❛ r❡t❛

♥✉♠❛ r❡❞❡ ❝ú❜✐❝❛ s✐♠♣❧❡s✳ ❊♠ ❝r✐st❛✐s r❡❛✐s✱ ❝♦♠♦ ❥á ♠♦str❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛s ❡str✉t✉✲

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

❜❛s❡ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❡♠ ✉♠❛ s✐t✉❛çã♦ r❡❛❧íst✐❝❛✳ ❖

♠♦✈✐♠❡♥t♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ♥♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❞❡❢♦r♠❛✲

çã♦ ♣❧ást✐❝❛✳ ❉❡st❛ ❢♦r♠❛✱ ✉♠ ❝♦♠♣❧❡t♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ♣❧❛st✐❝✐❞❛❞❡ ❞♦s ♠❛t❡r✐❛✐s s♦♠❡♥t❡

s❡rá ❛❧❝❛♥ç❛❞♦ ❞❡♣♦✐s ❞❡ ❡♥t❡♥❞❡r q✉❛✐s ♦s ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ❛ ♠♦❜✐❧✐❞❛❞❡ ❞❛s ❞✐s❝♦r✲

❞â♥❝✐❛s ♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛✳ ❏á é ❝♦♥❤❡❝✐❞♦ q✉❡ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❡ ❛ ❡str✉t✉r❛ ❞♦

❝❛r♦ç♦ ❞❛ ♣ró♣r✐❛ ❞✐s❝♦r❞â♥❝✐❛ ❞❡s❡♠♣❡♥❤❛♠ ♣❛♣❡✐s ❝❤❛✈❡ ❡♠ s✉❛ ♠♦❜✐❧✐❞❛❞❡✳ ❆♥t❡s ❞❡ ❧❡✈❛r

❡♠ ❝♦♥t❛ ❡st❡s ❛s♣❡❝t♦s s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ❝❛r❛❝t❡ríst✐❝❛s ❣❡r❛✐s ♥❡❝❡ssár✐❛s ♣❛r❛ ♦

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

❖ ♣❧❛♥♦ ❢♦r♠❛❞♦ ♣❡❧♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b ❡ ♦ ✈❡t♦r q✉❡ ✐♥❞✐❝❛ ❛ ❞✐r❡çã♦ ❞❛ ❧✐♥❤❛ ❞❡

❞✐s❝♦r❞â♥❝✐❛ ~t é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♣❧❛♥♦ ❣❧✐❞❡✳ ❆ ♣❛rt✐r ❞❛ ❞❡✜♥✐çã♦ ❞❡st❡ ♣❧❛♥♦ ♣♦❞❡✲s❡ ❞❡✜♥✐r

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

♠♦✈✐♠❡♥t♦ t❛♠❜é♠ r❡❝❡❜❡rá ♦ ♥♦♠❡ ❞❡ ❣❧✐❞❡✳ ◆❡st❡ ❝❛s♦✱ ♦ ♥ú♠❡r♦ ❞❡ át♦♠♦s ❡♥✈♦❧✈✐❞♦s ♣❛r❛

q✉❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡①❡❝✉t❡ ❡st❡ ♠♦✈✐♠❡♥t♦ é ❝♦♥s❡r✈❛❞♦ ❡ ♣♦r ✐ss♦ ❡st❡ ♠♦✈✐♠❡♥t♦ t❛♠❜é♠

é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♠♦✈✐♠❡♥t♦ ❝♦♥s❡r✈❛t✐✈♦✳ ❙❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡①❡❝✉t❛r ✉♠ ♠♦✈✐♠❡♥t♦ ❡♠

✉♠❛ ❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦ ❣❧✐❞❡ ♦ ♠♦✈✐♠❡♥t♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝❧✐♠❜✳ P❛r❛ q✉❡ ❛

❞✐s❝♦r❞â♥❝✐❛ ❡①❡❝✉t❡ ❡st❡ ♠♦✈✐♠❡♥t♦ é ♥❡❝❡ssár✐♦ q✉❡ t❡♥❤❛ ❛ ❛❞✐çã♦ ♦✉ r❡♠♦çã♦ ❞❡ át♦♠♦s

❡ ♣♦r ✐ss♦ ❡ss❡ ♠♦✈✐♠❡♥t♦ t❛♠❜é♠ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♠♦✈✐♠❡♥t♦ ♥ã♦ ❝♦♥s❡r✈❛t✐✈♦✳ ❆ ❋✐❣✉r❛

✭✸✳✶✺✮ ♠♦str❛ ❛ ♠♦✈✐♠❡♥t❛çã♦ ❞♦s ❞♦✐s t✐♣♦s ❜ás✐❝♦s ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ ❡ s❝r❡✇✳ ❖❜s❡r✈❡

q✉❡ ❛ ❋✐❣✉r❛ ✭✸✳✶✺✭❛✮✮ ♠♦str❛ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡✱ ❝✉❥❛ ❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❡stá s❛✐♥❞♦

❞❛ ♣á❣✐♥❛ ❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ♥❛ ❤♦r✐③♦♥t❛❧✳ ◆❛ ♣❛rt❡ ✭❜✮ ❡st❛ ❞✐s❝♦r❞â♥❝✐❛ ❛♥❞♦✉ ✉♠❛

♣♦s✐çã♦ ❝r✐st❛❧✐♥❛ ♣❛r❛ ❛ ❞✐r❡✐t❛ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦ q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs✱ ♦✉ s❡❥❛✱ ❡①❡❝✉t♦✉

✉♠ ♠♦✈✐♠❡♥t♦ ❣❧✐❞❡✳ ❖❜s❡r✈❡ q✉❡ ♣❛r❛ ❡①❡❝✉t❛r ❡st❡ ♠♦✈✐♠❡♥t♦ ♥ã♦ ❢♦✐ ♥❡❝❡ssár✐♦ ❛❞✐❝✐♦♥❛r ❡
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3.3 Movimento de discordâncias 49

Figura 3.15: (b) mostra que a discordância edge executou um movimento conservativo, ou seja,
do tipo glide. Em (c) mostra que a discordância edge executou um movimento não conservativo
chamado de climb. Partes (e) e (f) mostram que a discordância screw pode se movimentar em
qualquer plano de forma conservativa. Figura retirada da referência [63].

♥❡♠ r❡♠♦✈❡r át♦♠♦s✳ ❏á ❡♠ ✭❝✮ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡①❡❝✉t❛ ✉♠ ♠♦✈✐♠❡♥t♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ✈❡t♦r

❞❡ ❇✉r❣❡rs ❡ à ❧✐♥❤❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛✱ ♦✉ s❡❥❛✱ ❡①❡❝✉t♦✉ ✉♠ ♠♦✈✐♠❡♥t♦ ❝❧✐♠❜✳ ❖❜s❡r✈❡ q✉❡ ❛

❞✐s❝♦r❞â♥❝✐❛ ❛♥❞♦✉ ✉♠❛ ♣♦s✐çã♦ ❝r✐st❛❧✐♥❛ ♣❛r❛ ❜❛✐①♦ ❡ q✉❡ ♣❛r❛ ✐ss♦ ❢♦✐ ♥❡❝❡ssár✐♦ ❛❞✐❝✐♦♥❛r

✉♠❛ ❧✐♥❤❛ ✐♥t❡✐r❛ ❞❡ át♦♠♦s ❞❡♥♦t❛❞❛ ♣❡❧❛ ❡s❢❡r❛ ❜r❛♥❝❛✳ ❆ ♠♦✈✐♠❡♥t❛çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s

s❝r❡✇ é ✉♠ ♣♦✉❝♦ ❞✐❢❡r❡♥t❡ ❞❡✈✐❞♦ ❛♦ s❡✉ ❛s♣❡❝t♦ ❣❡♦♠étr✐❝♦✱ ✉♠❛ ✈❡③ q✉❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs

~b ❡ ♦ ✈❡t♦r q✉❡ ✐♥❞✐❝❛ ❛ ❞✐r❡çã♦ ❞❛ ❧✐♥❤❛ ~t ❡stã♦ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦✳ ❈♦♠ ✐ss♦✱ ♦ ♣❧❛♥♦ ❣❧✐❞❡

❞❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ♥ã♦ é ✉♥✐❝❛♠❡♥t❡ ❞❡✜♥✐❞♦ ❡ ❡❧❛ ♣♦❞❡ s❡ ♠♦✈❡r ❡♠ q✉❛❧q✉❡r ♣❧❛♥♦ ❞❡

❢♦r♠❛ ❝♦♥s❡r✈❛t✐✈❛✳

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

◆♦ ❡♥t❛♥t♦✱ ♣♦r ♥❡❝❡ss✐t❛r ❞❡ ❛❞✐çã♦ ♦✉ r❡♠♦çã♦ ❞❡ ♠❛t❡r✐❛❧✱ ❡♠ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ❝❧✐♠❜ é
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3.3 Movimento de discordâncias 50

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

❛ ❞✐❢✉sã♦ ❛tô♠✐❝❛ ❛✉♠❡♥t❛ ❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s ♣♦❞❡♠ ❡♠✐t✐r ♦✉ ❛❜s♦r✈❡r ✈❛❝â♥❝✐❛s ❡ ❝♦♠ ✉♠❛

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

❬✻✸❪✳

❖ ♠♦✈✐♠❡♥t♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s s♦❢r❡ ❢♦rt❡ ✐♥✢✉ê♥❝✐❛ ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛✳ ❊❧❛s t❡♥❞❡♠

❛ s❡r ♠❛✐s ❡stá✈❡✐s ♥♦s ♣❧❛♥♦s ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞❡ ♠❛✐♦r ❞❡♥s✐❞❛❞❡ ❛tô♠✐❝❛ ❡ ❛ ❞✐r❡çã♦

❞❡ ♠♦✈✐♠❡♥t❛çã♦ t❡♥❞❡ ❛ s❡r ❛ ❞✐r❡çã♦ q✉❡ t❡♠ ♠❡♥♦r ❡s♣❛ç❛♠❡♥t♦ ❡♥tr❡ ♦s át♦♠♦s✳ ❆

❝♦♠❜✐♥❛çã♦ ❞♦s ♣❧❛♥♦s ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ❝♦♠ ❛ ❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ❞❡

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

♦❜s❡r✈❛❞♦s s❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝r✐st❛❧ ❢♦r s✉✜❝✐❡♥t❡♠❡♥t❡ ❜❡♠ ♣♦❧✐❞❛ ❛♥t❡s ❞❛ ❞❡❢♦r♠❛çã♦✳ ❆

Figura 3.16: Bandas de deformação. Figura retirada da referência [65].

❋✐❣✉r❛ ✭✸✳✶✻✮ ♠♦str❛ ✉♠ ❡①❡♠♣❧♦ ❞❡ ✉♠❛ ❧✐❣❛ ❞❡ s✐❧í❝✐♦✲❢❡rr♦ ❛ ✸✱✷✺ ♣♦r ❝❡♥t♦✳ ❆ ♣❛rt❡ ✭❛✮

♠♦str❛ ❛ ✐♠❛❣❡♠ ❞♦s ❞❡❣r❛✉s ❝❛✉s❛❞♦s ♥❛ s✉♣❡r❢í❝✐❡ ♣❡❧❛ ❞❡❢♦r♠❛çã♦✳ ❊♠ ✭❜✮ ❡stá ✉♠❛

r❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ♠♦str❛♥❞♦ q✉❡ ❡st❡s ❞❡❣r❛✉s ♥❛ s✉♣❡r❢í❝✐❡✳

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

❆ ❋✐❣✉r❛ ✭✸✳✶✼✮ ♠♦str❛ ✐♥✐❝✐❛❧♠❡♥t❡ ✉♠ ❝r✐st❛❧ s❡♠ ❞❡❢♦r♠❛çã♦ ❡♠ ✭❛✮✱ ♠❛s ❛♣ós ❛ ❛♣❧✐❝❛çã♦

❞❡ ✉♠❛ t❡♥sã♦ ✭str❡ss✮ ♦ ❝r✐st❛❧ s❡rá ❞❡❢♦r♠❛❞♦ ❡ ✉♠ ❞❡❣r❛✉ s❡rá ❝r✐❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡ ❝♦♠♦

50



3.3 Movimento de discordâncias 51

Figura 3.17: Mostra que as discordâncias de sinais opostos se movem em direções opostas mesmo
sendo submetidas à aplicação da mesma tensão. Figura retirada da referência [65].

♠♦str❛❞♦ ❡♠ ✭❜✮✳ P❡❧❛ ❞❡✜♥✐çã♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ s❛❜❡♠♦s q✉❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ r❡s♣♦♥sá✈❡❧ ♣♦r

❡st❛ ❞❡❢♦r♠❛çã♦ t❡♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ♥❛ ❞✐r❡çã♦ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭❜✮✳ P❡❧❛s ❋✐❣✉r❛s
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❞❡ ✭❝✮ ❛té ✭❢✮ ♣❡r❝❡❜❡♠♦s q✉❡ ❞✐s❝♦r❞â♥❝✐❛s ❝♦♠ s❡♥t✐❞♦s ♦♣♦st♦s ♣r♦✈♦❝❛♠ ❞❡❢♦r♠❛çã♦ ❡♠

❢❛❝❡s ♦♣♦st❛s ❞♦ ♠❛t❡r✐❛❧ s♦❜ ❛ ❛♣❧✐❝❛çã♦ ❞❛ ♠❡s♠❛ t❡♥sã♦✳ ❈♦♠ ❡st❛s ♦❜s❡r✈❛çõ❡s é ♣♦ssí✈❡❧

❞❡♠♦str❛r q✉❡ ✭✶✮ ❞✐s❝♦r❞â♥❝✐❛s ❝♦♠ s❡♥t✐❞♦s ♦♣♦st♦s ❡①❡❝✉t❛♠ ♠♦✈✐♠❡♥t♦ ❣❧✐❞❡ ❡♠ ❞✐r❡çõ❡s

♦♣♦st❛s ♠❡s♠♦ q✉❡ s✉❜♠❡t✐❞❛s à ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ ♠❡s♠❛ t❡♥sã♦ ❡ ✭✷✮ ♣❛r❛ q✉❡ ❛ ❞✐s❝♦r❞â♥❝✐❛

❡①❡❝✉t❡ ✉♠ ♠♦✈✐♠❡♥t♦ ❣❧✐❞❡ é ♥❡❝❡ssár✐♦ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ t❡♥sã♦ ♥❛ ❞✐r❡çã♦ ❞♦ ✈❡t♦r ❞❡

❇✉r❣❡rs✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛ ❞✐r❡çã♦ ❞❛ ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✳

❆ ♠♦✈✐♠❡♥t❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ é ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ s❡✉

❝❛r♦ç♦ ❝♦♠ ❛ ❡str✉t✉r❛ ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛✱ ♦✉ s❡❥❛✱ ❢❛t♦r❡s ❡str✉t✉r❛✐s sã♦ ✐♠♣♦rt❛♥t❡s ♣❛r❛ ♦

❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ♠♦❜✐❧✐❞❛❞❡ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❬✶✵✾❪✳ ❖s ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ❛ ♠♦❜✐❧✐❞❛❞❡

❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣♦❞❡♠ s❡r ❞✐✈✐❞✐❞♦s ❡♠ ❡①trí♥s❡❝♦s ❡ ✐♥trí♥s❡❝♦s✳ ❊①trí♥s❡❝♦s sã♦ ❢❛t♦r❡s

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

sã♦ ♦s q✉❡ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❛♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✳ ❯♠ ❡①❡♠♣❧♦ ❞❡st❡ é ❛ ✐♥t❡r❛çã♦

✐♥t❡r❛tô♠✐❝❛ ❡♥tr❡ ♦s át♦♠♦s q✉❡ ❢♦r♠❛♠ ♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✳ ❚❡♥❞♦ ✐st♦ ❡♠ ✈✐st❛✱ ✜❝❛

❡✈✐❞❡♥t❡ q✉❡ ♣❛r❛ ❡♥t❡♥❞❡r ❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❞❡ só❧✐❞♦s ❝r✐st❛❧✐♥♦s é ❡ss❡♥❝✐❛❧ ❝♦♥❤❡❝❡r ❛

❡str✉t✉r❛ ❞♦ ❝❛r♦ç♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡st❛s ❡str✉t✉r❛s ❞❡♥tr♦ ❞❛ ❡str✉t✉r❛

❝r✐st❛❧✐♥❛✳ P❛r❛ ❢❛❝✐❧✐t❛r ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ♠❛t❡r✐❛❧ ♥❛

♠♦❜✐❧✐❞❛❞❡ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s s❡rá ♣r❡❝✐s♦ ❞❡✜♥✐r ❞✉❛s ❣r❛♥❞❡③❛s✳ ❯♠❛ ❞❡❧❛s é ❛ ❜❛rr❡✐r❛ ❞❡

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

t❡♥sã♦ ♥✉❧❛✱ ❝❤❛♠❛❞❛ ❞❡ ❜❛rr❡✐r❛ ❞❡ P❡✐❡r❧s✳ ❆ ♦✉tr❛ é ❛ t❡♥sã♦ ♠í♥✐♠❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛

❞✐s❝♦r❞â♥❝✐❛ ❡♥tr❛r ❡♠ ♠♦✈✐♠❡♥t♦✳ ❊st❛s ❣r❛♥❞❡③❛s ❡stã♦ ✐❧✉str❛❞❛s ♥❛ ❋✐❣✉r❛ ✭✸✳✶✽✮✳ ❉❡✈✐❞♦

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

♣❡r✐ó❞✐❝❛ ❡ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ❡♠ ❢✉♥çã♦ ❞❛ s✉❛ ♣♦s✐çã♦ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✸✳✶✽✭❛✮✮✳

◆❛ ♣❛rt❡ s✉♣❡r✐♦r ❞❛ ❋✐❣✉r❛ ✭✸✳✶✽✭❛✮✮ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡stá r❡♣r❡s❡♥t❛❞❛ ♣♦r ✉♠❛ ❧✐♥❤❛ q✉❡ ❡stá

s❛✐♥❞♦ ❞❛ ♣á❣✐♥❛✳ ❖❜s❡r✈❡ q✉❡ ❡❧❛ ❡stá ❡♠ ✉♠ ♣♦♥t♦ ❞❡ ♠í♥✐♠♦ ❡ ♣❛r❛ ♣❛ss❛r ♣❛r❛ ❛ ♣ró①✐♠❛

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

52



3.3 Movimento de discordâncias 53

Figura 3.18: Em (a) mostra como a discordância exerga a barreira de Peierls para poder se movimen-
tar de um vale para outro em função da tensão de cisalhamento. Em (b) mostra que a discordância
pode se movimentar para o próximo vale através da formação de kinks. Figura retirada da referên-
cia [63].

❞❛❞❛ ♣♦r Eb✳ ❙❡ ❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ♥♦ ♠❛t❡r✐❛❧ τ ❢♦r ✐❣✉❛❧ ❛ ③❡r♦ ❡♥tã♦ ♦ ✈❛❧♦r ❞❡ss❛ ❜❛rr❡✐r❛ é

✐❣✉❛❧ à ❜❛rr❡✐❛ ❞❡ P❡✐❡r❧s✱ Eb = Ep✳ P❛r❛ ✉♠❛ s✐t✉❛çã♦ ♦♥❞❡ ❤á ✉♠❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ t❡♥sã♦

♥ã♦ ♥✉❧❛ ♠❛s ❛✐♥❞❛ ❢r❛❝❛ t❡♠♦s q✉❡ ❛ ❜❛rr❡✐r❛ q✉❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ t❡♠ q✉❡ ✈❡♥❝❡r ✜❝❛ ♠❡♥♦r

q✉❡ ❡ ❛ ❜❛rr❡✐r❛ ❞❡ P❡✐❡r❧s✳ ❙❡ ❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ❢♦r ❛✉♠❡♥t❛❞❛ ♣♦❞❡♠♦s ❝❤❡❣❛r ❛♦ ❧✐♠✐t❡

❝rít✐❝♦ ♦♥❞❡ τ = τp ♦♥❞❡ ❛ ❜❛rr❡✐❛ Eb ♣❛ss❛ ❛ s❡r ♥✉❧❛✱ ❡ q✉❛♥❞♦ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❝♦♠❡ç❛ ❛ s❡

♠♦✈❡r ♣❡❧♦ ❝r✐st❛❧✳

❆ ❋✐❣✉r❛ ✭✸✳✶✽✭❜✮✮ ♠♦str❛ q✉❡ ♥❡♠ s❡♠♣r❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s s❡ ♠♦✈❡♠ ❡♠ ❧✐♥❤❛s r❡t❛s✳

❆ ❋✐❣✉r❛ ♠♦str❛ q✉❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ✐♥✐❝✐❛❧♠❡♥t❡ ❡♠ ✉♠❛ ♣♦s✐çã♦ ❞❡ ♠í♥✐♠♦ ❝❤❛♠❛❞❛ ❞❡

✈❛❧❡ ❞❡ P❡✐❡r❧s ♣♦❞❡ ♣❛ss❛r ❛♣❡♥❛s ✉♠ s❡❣♠❡♥t♦ ❞❛ s✉❛ ❧✐♥❤❛ ♣❛r❛ ♦ ♣ró①✐♠♦ ✈❛❧❡✱ ❝r✐❛♥❞♦ ♦

q✉❡ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❦✐♥❦✳ ❊st❡s ❦✐♥❦s ♣♦❞❡♠ s❡ ❛❢❛st❛r ❧❡✈❛♥❞♦ ❛ss✐♠ ❛ ❞✐s❝♦r❞â♥❝✐❛ t♦❞❛

♣❛r❛ ♦ ♣ró①✐♠♦ ✈❛❧❡✳ ❑✐♥❦s sã♦ ❞❡❢❡✐t♦s ♥❛ ❧✐♥❤❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ q✉❡ ♣♦❞❡♠ s❡r ✐♥❞✉③✐❞♦s ♣♦r

❛❣✐t❛çã♦ tér♠✐❝❛ ❡ ♣♦❞❡♠ s❡r✈✐r ❝♦♠♦ ✉♥s ❞♦s ♠❡❝❛♥✐s♠♦s ❞❡ ♠♦❜✐❧✐❞❛❞❡ ♣❛r❛ ❞✐s❝♦r❞â♥❝✐❛s

❡♠ ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s ♦♥❞❡ ❛ ❜❛rr❡✐❛ ❞❡ P❡✐❡r❧s é ♠✉✐t♦ ❛❧t❛✳

❆ ❜❛rr❡✐r❛ ❞❡ P❡✐❡r❧s ❛❧é♠ ❞❡ ❞❡♣❡♥❞❡r ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❡ ❞❛ ❡str✉t✉r❛ ❞♦ ❝❛r♦ç♦
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❞❛ ❞✐s❝♦r❞â♥❝✐❛ t❛♠❜é♠ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞♦ t✐♣♦ ❞❡ ❝♦❡sã♦ ❡♥tr❡ ♦s át♦♠♦s ♦✉ ♠♦❧é❝✉❧❛s

❞♦ ♠❛t❡r✐❛❧ ❤♦s♣❡❞❡✐r♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❬✻✸✕✻✺✱ ✶✶✵❪✳ ❙❛❜❡✲s❡ q✉❡ ❛ ❧✐❣❛çã♦ ♠❡tá❧✐❝❛ é ♣r❡✲

❞♦♠✐♥❛♥t❡♠❡♥t❡ ♥ã♦✲❞✐r❡❝✐♦♥❛❧ ❡ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ r♦♠♣✐❞❛ ❡ r❡❢❡✐t❛✳ P♦r ❡st❛ r❛③ã♦✱ ❛s

❞✐s❝♦r❞â♥❝✐❛s s❡ ♠♦✈❡♠ ❡♠ ❣❡r❛❧ ❝♦♠ ♠❛✐♦r ❢❛❝✐❧✐❞❛❞❡ ❡♠ ♠❡t❛✐s✱ ❡ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛✱ ❡st❡s

♠❛t❡r✐❛✐s sã♦ ♠❛✐s ♠❛❧❡á✈❡✐s✳ ❏á ♣❛r❛ ❝r✐st❛✐s ♦♥❞❡ ❛ ❝♦❡sã♦ é ♠✉✐t♦ ❞✐r❡❝✐♦♥❛❧✱ ❛ss✐♠ ❝♦♠♦

♦❝♦rr❡ ❡♠ ❝r✐st❛✐s ❝♦♠ ❧✐❣❛çã♦ ❝♦✈❛❧❡♥t❡ ♦✉ ✐ô♥✐❝❛ ❛ r❡❞❡ ✐♠♣õ❡ ✉♠❛ r❡s✐stê♥❝✐❛ ♠✉✐t♦ ❣r❛♥❞❡

♣❛r❛ ❛ ♠♦❜✐❧✐❞❛❞❡ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s✱ ♦ q✉❡ s❡ r❡✢❡t❡ ♥✉♠❛ ❜❛rr❡✐r❛ ❞❡ P❡✐❡r❧s ♠✉✐t♦ ❛❧t❛✳ ❆

❝♦❡sã♦ ♥♦ ❣❡❧♦ ■h ♠❡❞✐❛❞❛ ♣♦r ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ t❛♠❜é♠ ❛❧t❛♠❡♥t❡ ❞✐r❡❝✐♦♥❛❧ ❡ ♣♦ss✉✐ ❛

❜❛rr❡✐❛ ❞❡ P❡✐❡r❧s ❛❧t❛✳ ❆❧é♠ ❞✐ss♦ ❛ ♠♦❜✐❧✐❞❛❞❡ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ❛✐♥❞❛

s❡ t♦r♥❛ ❜❡♠ ❝♦♠♣❧❡①❛ ♣❡❧♦ ❢❛t♦ ❞❡ s❡r ✉♠ ❝r✐st❛❧ ♠♦❧❡❝✉❧❛r ♣rót♦♥✲❞❡s♦r❞❡♥❛❞♦✳ ❈♦♠♦ s❡rá

♠♦str❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✺ ❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ✐♥✢✉❡♥❝✐❛ ❢♦rt❡♠❡♥t❡ ❛ ❡str✉t✉r❛ ❞♦ ❝❛r♦ç♦ ❞❛

❞✐s❝♦r❞â♥❝✐❛ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ s✉❛ ♠♦❜✐❧✐❞❛❞❡✳

3.4 Propriedades elásticas de discordâncias

❈♦♠ ❛ ❞❡s❝r✐çã♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ❢❡✐t❛ ❛té ❛q✉✐ é ❢á❝✐❧ ♣❡r❝❡❜❡r q✉❡ ❡❧❛s ♣r♦✈♦❝❛♠ ❞✐s✲

t♦rçõ❡s ♥❛ r❡❞❡✱ ♣♦✐s ♦s át♦♠♦s q✉❡ ❡stã♦ ❛♦ r❡❞♦r ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❡stã♦ ❞❡s❧♦❝❛❞♦s

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

❞✐s❝♦r❞â♥❝✐❛s sã♦ ❝❛r❛❝t❡r✐③❛❞❛s ♣❡❧♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs✳ ❖ ♦❜❥❡t✐✈♦ ❞❡st❛ s❡çã♦ é q✉❛♥t✐✜❝❛r

♦ ❣r❛✉ ❞❡ ❞✐st♦rçã♦ ❡♠ ❢✉♥çã♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs✳ ❊st❛ q✉❛♥t✐✜❝❛çã♦ é r❡❛❧✐③❛❞❛ ❛tr❛✈és

❞❡ ✉♠❛ ❡①♣r❡ssã♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❛r♠❛③❡♥❛❞❛ ♥♦ ❝r✐st❛❧ ❞❡✈✐❞♦ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠❛

❞✐s❝♦r❞â♥❝✐❛ ❝♦♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b✳ P❛r❛ r❡❛❧✐③❛r ❡st❡ ♦❜❥❡t✐✈♦ ✉s❛♠♦s r❡s✉❧t❛❞♦s ❞❛ t❡♦r✐❛

❡❧ást✐❝❛ ❞♦s ♠❡✐♦s ❝♦♥tí♥✉♦s✳ ❯♠❛ ❞❡s❝r✐çã♦ ❝♦♠♣❧❡t❛ ❞❡st❛ t❡♦r✐❛ ❢♦❣❡ ❞♦s ♦❜❥❡t✐✈♦s ❞❡st❡

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

♠❡✐♦s ❝♦♥tí♥✉♦s ✐s♦tró♣✐❝♦s✳ ❊♠❜♦r❛ ❛ ❡❧❛st✐❝✐❞❛❞❡ ❞❛ ♠❛✐♦r✐❛ ❞♦s ♠❛t❡r✐❛✐s ♥ã♦ s❡r ✉♠❛

♣r♦♣r✐❡❞❛❞❡ ✐s♦tró♣✐❝❛✱ ❛ t❡♦r✐❛ ❡❧ást✐❝❛ ✐s♦tró♣✐❝❛ ❞❡s❝r❡✈❡ ❞❡ ♠❛♥❡✐r❛ s❛t✐s❢❛tór✐❛ ♠✉✐t❛s
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♣r♦♣r✐❡❞❛❞❡s r❡❧❡✈❛♥t❡s ❛♦ ❡st✉❞♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s✱ ❡♥tr❡ ❡❧❛s ❛ ❡♥❡r❣✐❛ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛✱

❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ❡ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s

❡ ❞❡❢❡✐t♦s ♣♦♥t✉❛✐s ❬✻✸✕✻✺❪✳ ❆♥t❡s ❞❡ ❝❤❡❣❛r ❡♠ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞❡ ✉♠❛

❞✐s❝♦r❞â♥❝✐❛ ❡ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs é ♣r❡❝✐s♦ ❞❡✜♥✐r ❛❧❣✉♠❛s ❣r❛♥❞❡③❛s q✉❡ s❡rã♦ ❛❜♦r❞❛❞❛s ♥❛

s✉❜s❡çã♦ s❡❣✉✐♥t❡✳

3.4.1 Lei de Hooke generalizada

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

❧❡✐ ❞❡ ❍♦♦❦❡ ❣❡♥❡r❛❧✐③❛❞❛ r❡❧❛❝✐♦♥❛ ♦ t❡♥s♦r ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ❝♦♠ ♦ t❡♥s♦r ❞❡ ❞❡❢♦r♠❛çã♦

❬✻✹✱ ✻✺✱ ✶✵✵✱ ✶✵✶✱ ✶✶✶❪✳ P❛r❛ ❛♣r❡s❡♥t❛r ❡st❛ ❧❡✐ ♣r✐♠❡✐r♦ s❡rá ♥❡❝❡ssár✐♦ ♠♦str❛r ❝♦♠♦ sã♦

❝❛❧❝✉❧❛❞♦s ♦s ❡❧❡♠❡♥t♦s ❞♦s t❡♥s♦r❡s ❞❡ ❞❡❢♦r♠❛çã♦ ❡ t❡♥sã♦✳ P❛r❛ ❝❛❧❝✉❧❛r ♦s ❡❧❡♠❡♥t♦s ❞♦

t❡♥s♦r ❞❛ ❞❡❢♦r♠❛çã♦ ❞❡✜♥✐♠♦s ✉♠ ✈❡t♦r ❞❡s❧♦❝❛♠❡♥t♦ ~u✱ q✉❡ ❞❡s❝r❡✈❡ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦s✐çã♦

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

~u = [ux, uy, uz], (3.3)

♦♥❞❡ ❛s ❝♦♠♣♦♥❡♥t❡s ux✱ uy ❡ uz r❡♣r❡s❡♥t❛♠ ♣r♦❥❡çõ❡s ❞❡ ~u ♥♦s ❡✐①♦s x✱ y ❡ z ❝♦♠♦ ♠♦str❛❞♦

♥❛ ❋✐❣✉r❛ ✭✸✳✶✾✮✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛ ❡❧ást✐❝❛ ❧✐♥❡❛r ❛s ♥♦✈❡ ❝♦♠♣♦♥❡♥t❡s ❞♦ t❡♥s♦r ❞❡❢♦r✲

♠❛çã♦ sã♦ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❛s ♣r✐♠❡✐r❛s ❞❡r✐✈❛❞❛s ♣❛r❝✐❛✐s ❡♠ r❡❧❛çã♦ ❛ ❡st❛s ❝♦♠♣♦♥❡♥t❡s✳

❆s ❝♦♠♣♦♥❡♥t❡s ❞✐❛❣♦♥❛✐s✱ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ❞❡❢♦r♠❛çã♦ ♥♦r♠❛❧✱ sã♦ ❞❡✜♥✐❞❛s ❝♦♠♦

exx =
∂ux
∂x

eyy =
∂uy
∂y

(3.4)

ezz =
∂uz
∂z

,

❡ r❡♣r❡s❡♥t❛♠ ❛ r❛③ã♦ ❡♥tr❡ ❛ ✈❛r✐❛çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡❢♦r♠❛❞♦ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ♦r✐❣✐♥❛❧
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3.4.1 Lei de Hooke generalizada 56

Figura 3.19: Vetor deslocamento ~u, onde P é a posição de um ponto arbitrário no material antes da
deformação e P ′ é a posição deste mesmo ponto após a deformação. Figura retirada da referência
[65].

❡♠ ❝❛❞❛ ✉♠❛ ❞❛s ❞✐r❡çõ❡s x✱ y ❡ z r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆✐♥❞❛ r❡st❛♠ ❛s ✻ ❝♦♠♣♦♥❡♥t❡s

eyz = ezy =
1

2

(

∂uy
∂z

+
∂uz
∂y

)

ezx = exz =
1

2

(

∂uz
∂x

+
∂ux
∂z

)

(3.5)

exy = eyx =
1

2

(

∂ux
∂y

+
∂uy
∂x

)

❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ❞❡❢♦r♠❛çõ❡s ❞❡ ❝✐s❛❧❤❛♠❡♥t♦✳ ❆ ❋✐❣✉r❛ ✭✸✳✷✵✮ ♠♦str❛ ✉♠❛ r❡♣r❡s❡♥t❛çã♦

❣rá✜❝❛ ♣❛r❛ ❛s ❝♦♠♣♦♥❡♥t❡s exy ❡ eyx✳ ❊❧❛ ♠♦str❛ ✉♠ ♣❡q✉❡♥♦ ❡❧❡♠❡♥t♦ ❞❡ ár❡❛ ABCD ♥♦

♣❧❛♥♦ xy q✉❡ ❢♦✐ ❞❡❢♦r♠❛♥❞♦ ♣❛r❛ ✉♠❛ ♥♦✈❛ ❢♦r♠❛ AB′C ′D′ s❡♠ ❛❧t❡r❛r ❛ ár❡❛✳ ❖ â♥❣✉❧♦

❡♥tr❡ ♦s ❧❛❞♦s AB ❡ AD ✐♥✐❝✐❛❧♠❡♥t❡ ♣❛r❛❧❡❧♦s ❛ x ❡ y r❡s♣❡❝t✐✈❛♠❡♥t❡ ❢♦✐ ❞✐♠✐♥✉í❞♦ ❞❡ 2exy✳

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

ár❡❛ s❡♠ ❞❡❢♦r♠❛✲❧♦ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✸✳✷✵✭❜✮✮✳

❆ ♣❛rt✐r ❞♦ t❡♥s♦r ❞❡ ❞❡❢♦r♠❛çã♦ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ✈❛r✐❛çã♦ ❞❡ ✉♠ ♣❡q✉❡♥♦ ❡❧❡♠❡♥t♦

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

V +∆V = V (1 + exx)(1 + eyy)(1 + ezz) (3.6)
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3.4.1 Lei de Hooke generalizada 57

Figura 3.20: Em (a) mostra que para deslocamentos infinitesimais as componentes exy = eyx pode
ser dado pelos ângulos como descrito na Figura e em (b) mosta que a deformação resultante pode
ser dada pela soma dos dois ângulos. Figura retirada da referência [65].

❆ r❛③ã♦ ❡♥tr❡ ❛ ✈❛r✐❛çã♦ ❞♦ ✈♦❧✉♠❡ ∆V ❡ ♦ ✈♦❧✉♠❡ ✐♥✐❝✐❛❧ V ❞❡♥♦t❛❞❛ s✐♠♣❧❡s♠❡♥t❡ ♣♦r ∆

é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❞✐❧❛t❛çã♦ ✈♦❧✉♠étr✐❝❛✳ ❈♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❞❡❢♦r♠❛çõ❡s ✐♥✜♥✐t❡s✐♠❛✐s ❛

❞✐❧❛t❛çã♦ é ❞❛❞❛ ♣♦r

∆ =
∆V

V
= (exx + eyy + ezz). (3.7)

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

❞❡ ❢♦rç❛s ❛♣❧✐❝❛❞❛s à s✉♣❡r❢í❝✐❡ q✉❡ ♦ ❧✐♠✐t❛✳ ❆ t❡♥sã♦ ♠❡❝â♥✐❝❛ é ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ ❢♦rç❛ ♣♦r

✉♥✐❞❛❞❡ ❞❡ ár❡❛ ❞❡st❛ s✉♣❡r❢í❝✐❡✳ P❛r❛ t❡r ✉♠❛ ❝♦♠♣❧❡t❛ ❞❡s❝r✐çã♦ ❞❛ t❡♥sã♦ ♠❡❝â♥✐❝❛ sã♦

♥❡❝❡ssár✐♦s ♥ã♦ s♦♠❡♥t❡ ♦ ♠ó❞✉❧♦ ❡ ❛ ♦r✐❡♥t❛çã♦ ❞❛ ❢♦rç❛ ♠❛s t❛♠❜é♠ ❞❡ ✉♠❛ ♦r✐❡♥t❛çã♦

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

✈♦❧✉♠❡ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✶✮ é ♣r❡❝✐s♦ ❞❡ ✉♠ t❡♥s♦r ❝♦♠ ✾ ❝♦♠♣♦♥❡♥t❡s✳ ❆s

❝♦♠♣♦♥❡♥t❡s ❞♦ t❡♥s♦r sã♦ ❞❛❞❛s ♣❡❧♦s ♦s ❡❧❡♠❡♥t♦s σij✱ ♦♥❞❡ i ❡ j ♣♦❞❡♠ s❡r x✱ y ❡ z✳ ❈❛❞❛

❡❧❡♠❡♥t♦ σij é ❞❡✜♥✐❞♦ ❝♦♠♦ s❡♥❞♦ ❛ ❢♦rç❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ár❡❛ ♥❛ ❞✐r❡çã♦ +i ❛♣❧✐❝❛❞❛ à ✉♠❛

s✉♣❡r❢í❝✐❡ ❝✉❥♦ ✈❡t♦r ♥♦r♠❛❧ ❛♣♦♥t❛ ♥❛ ❞✐r❡çã♦ +j✳ ❖ ✈❡t♦r ♥♦r♠❛❧ à s✉♣❡r❢í❝✐❡ é ❡s❝♦❧❤✐❞♦

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

♥♦r♠❛❧ ♥❛ ❞✐r❡çã♦ −j ♦ ❡❧❡♠❡♥t♦ σij é ❛ ❢♦rç❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ár❡❛ ❡①❡r❝✐❞❛ ♥❛ ❞✐r❡çã♦ −i
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Figura 3.21: Componentes do tensor tensão. Figura retirada da referência [65].

❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✶✭❜✮✮✳

❆s ✻ ❝♦♠♣♦♥❡♥t❡s ❝♦♠ i 6= j sã♦ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ t❡♥sõ❡s ❞❡ ❝✐s❛❧❤❛♠❡♥t♦✳ ❉♦ ♣♦♥t♦ ❞❡

✈✐st❛ ❞❛ t❡♦r✐❛ ❡❧ást✐❝❛ ♣❛r❛ ♠❡✐♦s ❝♦♥tí♥✉♦s ❡ ✐s♦tró♣✐❝♦s ❡ s❡♠ t♦rq✉❡ ✐♥t❡r♥♦ t❡♠✲s❡ q✉❡ ❛

❝♦♥❞✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦✿

σxy = σyx

σxz = σzx (3.8)

σyz = σzy

❆s ✸ ♦✉tr❛s ❝♦♠♣♦♥❡♥t❡s σxx✱ σyy ❡ σzz sã♦ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ t❡♥sã♦ ♥♦r♠❛❧✳ ❉❛ ♠❛♥❡✐r❛ ❝♦♠♦

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

é ❞❛❞❛ ♣♦r

p =
1

3
(σxx + σyy + σzz) . (3.9)

❆❣♦r❛ q✉❡ ❥á ❢♦r❛♠ ❞❡✜♥✐❞♦s ♦s t❡♥s♦r❡s ❞❡ ❞❡❢♦r♠❛çã♦ ❡ ❞❛ t❡♥sã♦ ♣♦❞❡♠♦s ❡st❛❜❡❧❡❝❡r

✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❡❧❡s✳ ❊♠ ✉♠ r❡❣✐♠❡ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❧✐♥❡❛r ❛ ❧❡✐ ❞❡ ❍♦♦❦❡ ❣❡♥❡r❛❧✐③❛❞❛ ❞✐③

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

t❡♥s♦r ❞❡❢♦r♠❛çã♦✳ P❛r❛ só❧✐❞♦s ✐s♦tró♣✐❝♦s s♦♠❡♥t❡ ❞✉❛s ❝♦♥st❛♥t❡s ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ sã♦
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♥❡❝❡ssár✐❛s ❡ ❛ ❧❡✐ ❞❡ ❍♦♦❦❡ ❣❡♥❡r❛❧✐③❛❞❛ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

σxx = 2Gexx + λ(exx + eyy + ezz)

σyy = 2Geyy + λ(exx + eyy + ezz)

σzz = 2Gezz + λ(exx + eyy + ezz)

σxy = 2Gexy σyz = 2Geyz σzx = 2Gezx (3.10)

♦♥❞❡ λ ❡ G r❡❝❡❜❡♠ ♦ ♥♦♠❡ ❞❡ ❝♦♥st❛♥t❡s ▲❛♠é ❬✻✺❪✳ G é ♠❛✐s ❝♦♥❤❡❝✐❞♦ ❝♦♠ ♠ó❞✉❧♦

❞❡ ❝✐s❛❧❤❛♠❡♥t♦✳ ❖✉tr❛s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s t❛♠❜é♠ sã♦ út❡✐s ❡ ❢r❡q✉❡♥t❡♠❡♥t❡ ✉s❛❞❛s✳

❆❧❣✉♠❛s ❞❡❧❛s sã♦✿ ❖ ♠ó❞✉❧♦ ❞❡ ❨♦✉♥❣✱ E✱ ❛ r❛③ã♦ ❞❡ P♦✐ss♦♥✱ ν ❡ ♠ó❞✉❧♦ ✈♦❧✉♠étr✐❝♦✱ K✳

E é ❞❡✜♥✐❞♦ ❝♦♠♦ s❡♥❞♦ ❛ r❛③ã♦ ❡♥tr❡ ✉♠❛ t❡♥sã♦ ♥♦r♠❛❧ ❛♣❧✐❝❛❞❛ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ❡✐①♦ ❡ ❛

❞❡❢♦r♠❛çã♦ ♣r♦✈♦❝❛❞❛ ❛♦ ❧♦♥❣♦ ❞❡st❡ ♠❡s♠♦ ❡✐①♦✳ ❏á ❛ r❛③ã♦ ❞❡ P♦✐ss♦♥ ν é ❞❡✜♥✐❞❛ ❝♦♠♦

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

t❡♥sã♦ ❛♣❧✐❝❛❞❛✳ K é ❞❡✜♥✐❞♦ ❝♦♠♦ s❡♥❞♦ ♦ ♥❡❣❛t✐✈♦ ❞❛ r❛③ã♦ ❡♥tr❡ ❛ ♣r❡ssã♦ ✐♥✜♥✐t❡s✐♠❛❧

❛♣❧✐❝❛❞❛ ♣❡❧❛ ✈❛r✐❛çã♦ ❞❡ ✈♦❧✉♠❡✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❧❡✐ ❞❡ ❍♦♦❦❡ ❞❛❞❛ ❡♠ ✭✸✳✶✵✮ ♣♦❞❡♠♦s

r❡❧❛❝✐♦♥❛r ❡st❛s ❝♦♥st❛♥t❡s ❡♥tr❡ ❡❧❛s✱ ♣♦r ❡①❡♠♣❧♦ t❡♠♦s✿

E = 2G(1 + ν) (3.11)

ν =
λ

2(λ+G)
(3.12)

K =
E

3(1− 2ν)
. (3.13)

❯♠ ♠❛t❡r✐❛❧ s✉❜♠❡t✐❞♦ ❛ ❞❡❢♦r♠❛çã♦ ❛r♠❛③❡♥❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛✳ ■ss♦ ♦❝♦rr❡ ♣♦rq✉❡ ❡♠

✉♠ ♠❛t❡r✐❛❧ ❞❡❢♦r♠❛❞♦ ♦s át♦♠♦s ❡stã♦ ❢♦r❛ ❞❛s s✉❛s ♣♦s✐çõ❡s ❞❡ ❡q✉✐❧í❜r✐♦✳ ❉❡s❞❡ q✉❡ ❛

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

❝❛❞❛ ❞❡s❧♦❝❛♠❡♥t♦ ❡♥tã♦ t❡♠♦s q✉❡ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ♣♦r ✈♦❧✉♠❡ ♣♦❞❡ s❡r ❡s❝r✐t❛ ♣♦r✿

dEel =
1

2
dV

∑

i=x,y,z

∑

j=x,y,z

σijeij. (3.14)
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3.4.2 Energia elástica de uma discordância retilínea

◆❡st❛ s✉❜s❡çã♦ ✈❛♠♦s ❛♣r♦✈❡✐t❛r ❛s r❡❧❛çõ❡s ❛♥t❡r✐♦r❡s ♣❛r❛ ❡st✐♠❛r ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ♣♦r

✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ r❡t✐❧í♥❡❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ✐♥✜♥✐t♦ ❡♠ ✉♠ ❝r✐st❛❧

t❛♠❜é♠ ❝♦♠ ❞✐♠❡♥sõ❡s ✐♥✜♥✐t❛s✳ P❛r❛ ❢❛③❡r♠♦s ✐ss♦ é ♣r❡❝✐s♦ t❡r ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ❡st❛❞♦ ❞❡

t❡♥sã♦ q✉❡ ❡❧❛ ♣r♦❞✉③ ♥♦ ♠❡✐♦ ♦♥❞❡ ❡❧❛ ❡stá ✐♥s❡r✐❞❛✳ ❖s ✈❛❧♦r❡s ❞❡ t❡♥sã♦ ❛♦ r❡❞♦r ❞❡ ✉♠❛

❞✐s❝♦r❞â♥❝✐❛ sã♦ ❞❡s❝r✐t♦s ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ t❡♥s♦r✐❛❧ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝❛♠♣♦ ❞❡ t❡♥sã♦

❬✻✹✱ ✻✺❪✳ Pr✐♠❡✐r❛♠❡♥t❡ ❝❛❧❝✉❧❛r❡♠♦s ♦ ❝❛♠♣♦ ❞❡ t❡♥sã♦ ♣❛r❛ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇✳ P❛r❛

Figura 3.22: Campo de tensão ao redor da discordância screw. Figura retirada da referência [65].

❛✉①✐❧✐❛r ♦ ❝á❧❝✉❧♦ ❝♦♥s✐❞❡r❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✷✭❛✮✮✳ ❆❣♦r❛

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

♠❡s♠❛ ❞✐st♦rçã♦ ♣r♦✈♦❝❛ ♣❡❧❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✸✳✷✷✭❜✮✮✳ ❯♠

r❡tâ♥❣✉❧♦ r❛❞✐❛❧ ❞❛❞♦ ♣♦r LMNO ❢♦✐ ❝♦rt❛❞♦ ♥❛ ❞✐r❡çã♦ r❛❞✐❛❧ ❡ ♣❛r❛❧❡❧♦ ❛♦ ❡✐①♦ z ❡ ❛s

s✉♣❡r❢í❝✐❡s ❧✐✈r❡s s♦❢r❡r❛♠ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ r❡❧❛t✐✈♦ ❞❛❞♦ ♣♦r b ❡ ♥❛ ❞✐r❡çã♦ z✳ ◆❡st❡ ❝❛s♦✱
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b r❡♣r❡s❡♥t❛ ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ♥❡❝❡ssár✐♦ ♣❛r❛ ♣r♦❞✉③✐r ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇

♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✷✭❛✮✮✳

❆❣♦r❛ ♦ ♣ró①✐♠♦ ♣❛ss♦ é ❝❛❧❝✉❧❛r ♦ t❡♥s♦r ❞❡ ❞❡❢♦r♠❛çã♦ ♣❛r❛ ♦ ❝✐❧✐♥❞r♦ ❞❡❢♦r♠❛❞♦✳ P❛r❛

✐ss♦ é ♥❡❝❡ssár✐♦ ❝❛❧❝✉❧❛r ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ✈❡t♦r ❞❡s❧♦❝❛♠❡♥t♦ ~u✳ ◆♦t❡ q✉❡ ♥ã♦ ❤á ❞❡s❧♦❝❛✲

♠❡♥t♦ ♥❛s ❞✐r❡çõ❡s x ❡ y ❞❡ t❛❧ ❢♦r♠❛ q✉❡ t❡♠♦s✿

ux = uy = 0. (3.15)

❯♠❛ ✈❡③ q✉❡ ❛ ú♥✐❝❛ ❝♦♠♣♦♥❡♥t❡ ♥ã♦ ♥✉❧❛ é ❛ uz é r❛③♦á✈❡❧ s✉♣♦r q✉❡✱ ♣❛r❛ ✉♠ ♠❛t❡r✐❛❧

✐s♦tró♣✐❝♦✱ ♦ ❞❡s❧♦❝❛♠❡♥t♦ uz ❛✉♠❡♥t❛ ✉♥✐❢♦r♠❡♠❡♥t❡ ❞❡ ③❡r♦ ❛té b ❛ ♠❡❞✐❞❛ q✉❡ θ ✈❛r✐❛ ❞❡

✵ ❛té 2π✳ ❆ss✐♠ t❡♠♦s

uz =
bθ

2π
=

b

2π
arctan

(y

x

)

. (3.16)

❉❛s ❡q✉❛çõ❡s ✭✸✳✺✮ ❡ ✭✸✳✻✮ é ❢á❝✐❧ ✈❡r q✉❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ t❡♥s♦r ❞❡❢♦r♠❛çã♦ sã♦ ❞❛❞❛s

♣♦r✿

exx = eyy = ezz = exy = eyx = 0

exz = ezx = −
b

4π

(

y

x2 + y2

)

= −
b

4π

(

senθ

r

)

(3.17)

eyz = ezy =
b

4π

(

x

x2 + y2

)

=
b

4π

(

cosθ

r

)

❆ ♣❛rt✐r ❞❛ ❧❡✐ ❣❡♥❡r❛❧✐③❛❞❛ ❞❡ ❍♦♦❦❡ ❡♠ ✭✸✳✶✵✮ ❡ ❞❛s ❡q✉❛çõ❡s ❡♠ ✭✸✳✶✼✮ ♣♦❞❡♠♦s ❡♥tã♦

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

σxx = σyy = σzz = σxy = σyx = 0

σxz = σzx = −
Gb

2π

(

y

x2 + y2

)

= −
Gb

2π

(

sin θ

r

)

(3.18)

σyz = σzy =
Gb

2π

(

x

x2 + y2

)

=
Gb

2π

(

cos θ

r

)

❊st❛s ❡q✉❛çõ❡s ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s ❡♠ ✉♠❛ ❢♦r♠❛ ♠❛✐s s✐♠♣❧❡s ✉t✐❧✐③❛♥❞♦ ❝♦♦r❞❡♥❛❞❛s ❝✐✲
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❧í♥❞r✐❝❛s✿

σrz = σxzcosθ + σyzsenθ

σθz = −σxzsenθ + σyzcosθ. (3.19)

❉❡st❛ ❢♦r♠❛ ❛s ú♥✐❝❛s ❝♦♠♣♦♥❡♥t❡s ♥ã♦ ♥✉❧❛s sã♦

eθz = ezθ =
b

4πr

σθz = σzθ =
Gb

2πr
. (3.20)

❆ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s ✭✸✳✷✵✮ ♣❡r❝❡❜❡✲s❡ q✉❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦s t❡♥s♦r❡s ❞❡ ❞❡❢♦r♠❛çã♦ ❡

t❡♥sã♦ sã♦ ♣r♦♣♦r❝✐♦♥❛✐s ❛ 1/r ❡✱ ♣♦rt❛♥t♦✱ ❞✐✈❡r❣❡♠ ♣❛r❛ q✉❛♥❞♦ r → 0✳ ❊♠ só❧✐❞♦s r❡❛✐s

❛s ❞✐s❝♦r❞â♥❝✐❛s ♥ã♦ ♣r♦❞✉③❡♠ ❞❡❢♦r♠❛çõ❡s ❡ t❡♥sõ❡s ✐♥✜♥✐t❛s ❡ ♣♦r ✐ss♦ ♦ ❝✐❧✐♥❞r♦ ♥❛ ❋✐❣✉r❛

✭✸✳✷✷✭❜✮✮ ❡stá ♠♦str❛❞♦ ❝♦♠ ✉♠❛ ♣❛rt❡ ♦❝❛ ❞❡ r❛✐♦ r0✳ ❊♠ ❝r✐st❛✐s r❡❛✐s ♥ã♦ ❤á ❢✉r♦s ❝♦♠♦ ❡st❡

♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ❡ r0 é ❛❞♦t❛❞♦ ❝♦♠♦ s❡♥❞♦ ✉♠ ❧✐♠✐t❡ ❞❛ ✈❛❧✐❞❛❞❡ ❞❛ t❡♦r✐❛ ❡❧ást✐❝❛ ♣❛r❛

❞✐s❝♦r❞â♥❝✐❛s✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ♣❛r❛ ❞✐stâ♥❝✐❛s ♠❡♥♦r❡s q✉❡ r0 ❛ t❡♦r✐❛ ❡❧ást✐❝❛ ❞❡✐①❛ ❞❡

s❡r ✈á❧✐❞❛ ❡ ♥❡st❛ r❡❣✐ã♦ é ♣r❡❝✐s♦ ✉s❛r ✉♠ ♠♦❞❡❧♦ ❛t♦♠íst✐❝♦ ♣❛r❛ ❞❡s❝r❡✈❡r ❛s ♣r♦♣r✐❡❞❛❞❡s

❞❛s ❞✐s❝♦r❞â♥❝✐❛s✳ ❊st❛ r❡❣✐ã♦ ♦♥❞❡ ❛ t❡♦r✐❛ ❡❧ást✐❝❛ ❞❡✐①❛ ❞❡ s❡r ✈á❧✐❞❛ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦

❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✳

P❛r❛ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ ❛ ♦❜t❡♥çã♦ ❞❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❝❛♠♣♦ ❞❡ t❡♥sã♦ é ✉♠❛ t❛r❡❢❛

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

❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇✳ P❛r❛ ✐ss♦ ❝♦♥s✐❞❡r❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✸✭❛✮✮✳ ❆♦

❧❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✸✭❜✮✮ ✉♠ ❝✐❧✐♥❞r♦ ❢♦✐ ❞❡❢♦r♠❛❞♦ ♣❛r❛ ♣r♦❞✉③✐r ♦ ♠❡s♠♦ ❝❛♠♣♦ ❞❡ t❡♥sã♦

♣r♦❞✉③✐❞♦ ♣❡❧❛ ❞✐s❝♦r❞â♥❝✐❛✳ ➱ ♣♦ssí✈❡❧ ♠♦str❛r ❬✻✹✱ ✻✺❪ q✉❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❝❛♠♣♦ ❞❡
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Figura 3.23: Campo de tensão ao redor da edge. Figura retirada da referência [65].

t❡♥sã♦ ♣❛r❛ ❡st❛ ❞✐s❝♦r❞â♥❝✐❛ sã♦ ❞❛❞❛s ♣♦r

σxx = −Dy
(3x2 + y2)

(x2 + y2)2

σyy = Dy
(x2 − y2)

(x2 + y2)2

σxy = σyx = Dx
(x2 − y2)

(x2 + y2)2
(3.21)

σzz = ν(σxx + σyy)

σxz = = σzx = σyz = σzy = 0

♦♥❞❡

D =
Gb

2π(1− ν)
. (3.22)

➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♣❛r❛ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ ❛ t❡♦r✐❛ ❡❧ást✐❝❛ t❡♠ ❧✐♠✐t❡s ❞❡ ✈❛❧✐❞❛❞❡

s✐♠✐❧❛r❡s àq✉❡❧❡s ❥á ♠❡♥❝✐♦♥❛❞♦s ♣❛r❛ ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ❡ ♣♦r ✐ss♦ ♦ ❝✐❧✐♥❞r♦ ♥❛ ❋✐❣✉r❛

✭✸✳✷✸✭❜✮✮ t❛♠❜é♠ ❢♦✐ ❞❡s❡♥❤❛❞♦ ❝♦♠ ✉♠❛ ♣❛rt❡ ♦❝❛ ♥♦ ❝❡♥tr♦ ❞❡ r❛✐♦ r0✳

❆ ♣r❡s❡♥ç❛ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣r♦❞✉③ ❞✐st♦rçõ❡s ♥❛ r❡❞❡✱ t✐r❛♥❞♦ ♦s át♦♠♦s ❞❛s s✉❛s

♣♦s✐çõ❡s ❞❡ ❡q✉✐❧í❜r✐♦ ♥♦ ❝r✐st❛❧ ♣❡r❢❡✐t♦✳ ❆ ❡♥❡r❣✐❛ ❡①tr❛ ❞❡✈✐❞♦ à ♣r❡s❡♥ç❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛

é ❝❤❛♠❛❞❛ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❞❡❢♦r♠❛çã♦ ❡ ❡st❛ ❡♥❡r❣✐❛ ❞❡ ❞❡❢♦r♠❛çã♦ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞❛ ❡♠ ❞✉❛s
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♣❛rt❡s ❝♦♠♦ s❡ s❡❣✉❡✿

Et♦t❛❧ = E❝❛r♦ç♦ + E❞❡❢♦r♠❛çã♦ ❡❧ást✐❝❛ (3.23)

❆ ♣❛rt❡ ❡❧ást✐❝❛ ❛r♠❛③❡♥❛❞❛ ❢♦r❛ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ✐♥t❡❣r❛♥❞♦ ❛

❡♥❡r❣✐❛ ❞❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ ❞❡ ✈♦❧✉♠❡✳ P❛r❛ ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❛r♠❛③❡♥❛❞❛✱

♥♦s ❡❧❡♠❡♥t♦s ❞❡ ✈♦❧✉♠❡ ❝♦♠ ❞✐stâ♥❝✐❛ ❡♥tr❡ r ❡ r + dr ❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ ♣♦r ✉♥✐❞❛❞❡ ❞❡

❝♦♠♣r✐♠❡♥t♦✱ é ❞❛❞❛ ♣♦r✿

dEel(screw) =
1

2
2πrdr(σθzeθz + σzθezθ)

= 4πrdrGe2θz. (3.24)

❙✉❜st✐t✉✐♥❞♦ ♦ ✈❛❧♦r ❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❞❡❢♦r♠❛çã♦ ❞❛❞❛ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✵✮✱ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛

❛r♠❛③❡♥❛❞❛ ♥♦ ❝✐❧✐♥❞r♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✷✮ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ é ❡♥tã♦ ❞❛❞❛

♣♦r✿

Eel(screw) =
Gb2

4π

∫ R

r0

dr

r
=
Gb2

4π
ln

(

R

r0

)

(3.25)

♦♥❞❡ ❘ é ♦ r❛✐♦ ❡①t❡r♥♦ ❞♦ ❝✐❧✐♥❞r♦ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✷✮✳

P❛r❛ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡❞❣❡ é ♣♦ssí✈❡❧ ❞❡♠♦str❛r q✉❡ ❬✻✹❪ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ é ❞❛❞❛ ♣♦r✿

Eel(edge) =
Gb2

4π(1− ν)
ln

(

R

r0

)

(3.26)

❉❛s ❡q✉❛çõ❡s ✭✸✳✷✺✮ ❡ ✭✸✳✷✻✮ ♣❡r❝❡❜❡♠♦s q✉❡ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦

❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ r❡t✐❧í♥❡❛ ❞❡♣❡♥❞❡ ❞❡ R ❡ ❞✐✈❡r❣❡ ♣❛r❛ R → ∞✳ ■ss♦ s✐❣♥✐✜❝❛ q✉❡ ❛ ❡♥❡r❣✐❛

❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛ t❡♦r✐❛ ❡❧ást✐❝❛ ❞❡♣❡♥❞❡ ❞♦ t❛♠❛♥❤♦ ❞♦ ❝r✐st❛❧✳ ❊♠

❝r✐st❛✐s r❡❛✐s✱ R é ❛❞♦t❛❞♦ ❝♦♠♦ s❡♥❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧ à ❞✐stâ♥❝✐❛ ♠❛✐s ❝✉rt❛ ❞❡

❞✐s❝♦r❞â♥❝✐❛ ❛té ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝r✐st❛❧✳ ❊st❛s ❡①♣r❡ssõ❡s ♠♦str❛♠ t❛♠❜é♠ q✉❡ ❛ ❡♥❡r❣✐❛ ♣♦r

✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r

❞❡ ❇✉r❣❡rs ❛♦ q✉❛❞r❛❞♦✳ ◆❛ ♣ró①✐♠❛ s❡çã♦ s❡rá ♠♦str❛❞♦ q✉❡ ❡st❛ ❞❡♣❡♥❞ê♥❝✐❛ é ✉♠ ❢❛t♦r

❞❡t❡r♠✐♥❛♥t❡ ♥❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❡♠ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s✳
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3.5 Discordâncias parciais e falhas de empilhamento

❈♦♠♦ ✈✐♠♦s ♥❛ ❙❡çã♦ ✸✳✷✳✶✱ ♦s ❞♦✐s t✐♣♦s ❜ás✐❝♦s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s✱ ❝❧❛ss✐✜❝❛❞♦s ❝♦♠♦ ❡❞❣❡ ❡

s❝r❡✇✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♣♦ss✉❡♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ✐❣✉❛❧ ❛ ✉♠ ♠ú❧t✐♣❧♦ ❞♦ ✈❡t♦r ❞❡ r❡❞❡✳ ❱✐♠♦s

t❛♠❜é♠ q✉❡ r❡❛çõ❡s ❡♥tr❡ ❞✐s❝♦r❞â♥❝✐❛s ♣♦❞❡♠ ♦❝♦rr❡r✱ ♦✉ s❡❥❛✱ q✉❡ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣♦❞❡♠

s❡ ❥✉♥t❛r ❡ ❢♦r♠❛r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ só✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣♦❞❡ s❡ ❞✐ss♦❝✐❛r

❡♠ ❞✉❛s ♦✉tr❛s ❞✐s❝♦r❞â♥❝✐❛s✳ ◆❡st❛s r❡❛çõ❡s ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❞❡✈❡ s❡r ❝♦♥s❡r✈❛❞♦ ❝♦♠♦

❞❡s❝r✐t♦ ♥❛ ❡q✉❛çã♦ ✭✸✳✶✮✳ ◆❛ s❡çã♦ ❛♥t❡r✐♦r ✈✐♠♦s q✉❡ ❛ ❡♥❡r❣✐❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦

❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ r❡t✐❧í♥❡❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ q✉❛❞r❛❞♦ ❞♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs✳ ❆

♣❛rt✐r ❞✐ss♦ ♣♦❞❡♠♦s ✐❞❡♥t✐✜❝❛r ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❡♥❡r❣ét✐❝♦ s❡ ✉♠❛ r❡❛çã♦ ❡♥tr❡ ❞✐s❝♦r❞â♥❝✐❛s

é ❢❛✈♦rá✈❡❧ ♦✉ ♥ã♦✳ ❱❡r❡♠♦s ❛ ♣❛rt✐r ❞❛q✉✐ q✉❡ ❞✐s❝♦r❞â♥❝✐❛s ❝♦♠ ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ❞✐❢❡r❡♥t❡s

❞❡ ✉♠ ✈❡t♦r ❞❡ r❡❞❡ ♣♦❞❡♠ ❡①✐st✐r✳ ❊st❛s ❞✐s❝♦r❞â♥❝✐❛s sã♦ ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦ ❞✐s❝♦r❞â♥❝✐❛s

♣❛r❝✐❛✐s✳ P❛r❛ ❞✐❢❡r❡♥❝✐❛r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ r❡❣✉❧❛r ❞❡✜♥✐♠♦s

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

◆❡st❛ s❡çã♦ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠ ❞❡t❡r♠✐♥❛r q✉❛♥❞♦ ✉♠❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r✲

❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❡♠ ❞✉❛s ♣❛r❝✐❛✐s é ❢❛✈♦rá✈❡❧✳ P❛r❛ ✐ss♦ ❝♦♥s✐❞❡r❡♠♦s ❛ ❡♥❡r❣ét✐❝❛ ❞❛ ❞✐ss♦❝✐❛çã♦

❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❝♦♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b1 ❡♠ ❞✉❛s ♦✉tr❛s ♣❛r❝✐❛✐s ❝♦♠ ✈❡t♦r❡s ❞❡

❇✉r❣❡rs ~b2 ❡ ~b3✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❝♦♥s❡r✈❛çã♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❛ ❡q✉❛çã♦ ~b1 = ~b2+~b3 ❞❡✈❡

s❡r s❛t✐s❢❡✐t❛✳ ❆ ❋✐❣✉r❛ ✭✸✳✷✹✮ ✐❧✉str❛ ❞❡ ♠❛♥❡✐r❛ q✉❛❧✐t❛t✐✈❛ ❡st❛ r❡❛çã♦ ❞❡ ❞✐ss♦❝✐❛çã♦✳ ❉♦

❧❛❞♦ ❡sq✉❡r❞♦ t❡♠♦s ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❝♦♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs~b1✳ ❖ ❧❛❞♦ ❞✐r❡✐t♦ ♠♦str❛

q✉❡ ❡st❛ ❞✐s❝♦r❞â♥❝✐❛ ❢♦✐ ❞✐ss♦❝✐❛❞❛ ❡♠ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❝♦♠ ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ~b2

❡ ~b3✳ ❆ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥s❡r✈❛çã♦ ~b1 = ~b2 + ~b3 ❡stá ✐❧✉str❛❞❛ ♥♦ ❞✐❛❣r❛♠❛ ❛♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛

❋✐❣✉r❛✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❡♥❡r❣ét✐❝♦ ❡st❛ r❡❛çã♦ s♦♠❡♥t❡ s❡rá ❢❛✈♦rá✈❡❧ s❡✿

b21 > b22 + b23 (3.27)
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= +

Perfect dislocation Partial Partial

Figura 3.24: Mostra a reação de uma discordância perfeita se dissociando em duas parciais.

❡♥tã♦

b22 + b23 + 2b2b3cosφ > b22 + b23 (3.28)

✐st♦ ♥♦s ❧❡✈❛ ❛ ❝♦♥❞✐çã♦ ❞❡ q✉❡ ❛ r❡❛çã♦ s❡rá ❢❛✈♦rá✈❡❧ q✉❛♥❞♦

cosφ > 0. (3.29)

❊st❛ ❝♦♥❞✐çã♦ s❡rá s❛t✐s❢❡✐t❛ q✉❛♥❞♦

0 < φ <
π

2
(3.30)

♦♥❞❡ φ é ♦ ♠❡♥♦r â♥❣✉❧♦ ❡♥tr❡ ~b2 ❡ ~b3 ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✸✳✷✹✮✳ ❊st❛ ❝♦♥❞✐çã♦ ✐♠♣❧✐❝❛

q✉❡✱ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s✱ ❛ ❞✐ss♦❝✐❛çã♦ é ❢❛✈♦rá✈❡❧ q✉❛♥❞♦

b2 < b1 ❡ b3 < b1✳

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

~b2 ❡ ~b3 sã♦ ♣❡r♠✐t✐❞♦s✳ ❯♠❛ ✈❡③ q✉❡ ~b2 ❡ ~b3 ❞❡s❝r❡✈❡♠ ❞❡s❧♦❝❛♠❡♥t♦s ❞❡ át♦♠♦s ❡♠ r❡❧❛çã♦

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

♠❡t❛❡stá✈❡✐s✱ ♠❡s♠♦ s❡♥❞♦ ♠❡♥♦r❡s q✉❡ ✉♠ ✈❡t♦r ❞❡ r❡❞❡✳ ❊♠ ❝r✐st❛✐s ❜❛s❡❛❞♦s ♥❛ ❡str✉✲

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

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

✉♠❛ ♣❡rt✉❜❛çã♦ ❣r❛♥❞❡ ♥❛ r❡❞❡ ❝r✐st❛❧✐♥❛✱ ♦s át♦♠♦s q✉❡ ♥ã♦ ❢❛③❡♠ ♣❛rt❡ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s✲

❝♦r❞â♥❝✐❛ ❡stã♦ ❡♠ ✉♠ sít✐♦s r❡❣✉❧❛r❡s ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛✳ ❊♠ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♦ ✈❡t♦r
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❞❡ ❇✉r❣❡rs ♥ã♦ é ✉♠ ♠ú❧t✐♣❧♦ ❞♦ ✈❡t♦r ❞❡ r❡❞❡✱ ♦✉ s❡❥❛✱ ♦s át♦♠♦s ❡♥✈♦❧✈✐❞♦s ♥❛ ❝r✐❛çã♦ ❞❡

✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ sã♦ ❞❡s❧♦❝❛❞♦s ♣❛r❛ ✉♠❛ ♣♦s✐çã♦ q✉❡ ♥ã♦ é ✉♠ sít✐♦ r❡❣✉❧❛r ❞❛ r❡❞❡✳

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

❆ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❡♠ ❞✉❛s ♣❛r❝✐❛✐s ❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✺✮

Figura 3.25: Dissociação de uma discordância perfeita em duas discordâncias parciais criando uma
falha de empilhamento.

♦❜s❡r✈❡ q✉❡ ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ t❡♠♦s ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❡ q✉❡ ♦s át♦♠♦s ❢♦r❛ ❞♦ ❝❛r♦ç♦

❞❛ ❞✐s❝♦r❞â♥❝✐❛ s❡ ❡♥❝♦♥tr❛♠ ❡♠ s❡✉s sít✐♦s r❡❣✉❧❛r❡s ❞❛ r❡❞❡ ♣♦rt❛♥t♦ t❡♠♦s ❝r✐st❛❧ ♣❡r❢❡✐t♦✳

❆ ♣❛rt✐r ❞❡ ✉♠ ❝❡rt♦ ♣♦♥t♦ ❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ s❡ ❞✐✈✐❞❡ ❡♠ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s✳

❖s át♦♠♦s ❡♥✈♦❧✈✐❞♦s ♥❛ ❝r✐❛çã♦ ❞❛s ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥ã♦ sã♦ ❞❡s❧♦❝❛❞♦s ♣♦r ✉♠

♠ú❧t✐♣❧♦ ❞♦ ✈❡t♦r ❞❡ r❡❞❡ ✐st♦ ♣r♦❞✉③ ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ q✉❡ ❡stá ❧✐♠✐t❛❞❛ ♣❡❧❛s

❧✐♥❤❛s ❞❛s ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s✳ ❊st❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦ ❢♦r♠❛❞❛ ♣❡❧❛s ❞✉❛s ❞✐s❝♦r❞â♥✲

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

♦ ❝❛r♦ç♦ ❡st❡♥❞✐❞♦✳ ❖❜s❡r✈❡ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✺✮ q✉❡ ♦ ❝r✐st❛❧ ❢♦r❛ ❞♦ ❝❛r♦ç♦ ❡st❡♥❞✐❞♦ t❛♠❜é♠

t❡♠ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✉♠ ❝r✐st❛❧ ♣❡r❢❡✐t♦ ❛ss✐♠ ❝♦♠♦ ♦❝♦rr❡ ❛♦ r❡❞♦r ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛

♣❡r❢❡✐t❛✳ ❉❡✈❡♠♦s ♦❜s❡r✈❛r q✉❡ ❛ ❝r✐❛çã♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ t❡♠ ✉♠ ❝✉st♦ ❡♥❡r❣ét✐❝♦

❡ ♣♦r s❡r ✉♠ ❞❡❢❡✐t♦ ♣❧❛♥❛r ❛ ❡♥❡r❣✐❛ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ é ❡s❝❛❧❛❞❛ ❝♦♠ ❛ ár❡❛✱ ♦✉ s❡❥❛✱
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q✉❛♥t♦ ♠❛✐♦r ❛ ár❡❛ ❞❛ ❢❛❧❤❛ ♠❛✐♦r é ❛ ❡♥❡r❣✐❛✳ ❆ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛✲

♠❡♥t♦ ❡stá r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❧❡tr❛ γ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✺✮✳ ❊ ❛❣♦r❛ é ❢á❝✐❧ ✈❡r q✉❡ ❛ ❞✐ss♦❝✐❛çã♦

❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❡♠ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♣❛ss❛ ❛ ❞❡♣❡♥❞❡r t❛♠❜é♠ ❞❛

❡♥❡r❣✐❛ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡ q✉❡ q✉❛♥t♦ ♠❛✐♦r ❢♦r ❛ ❞✐stâ♥❝✐❛ d q✉❡ s❡♣❛r❛ ❛s ❞✉❛s

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

✉♠❛ ❞✐ss♦❝✐❛çã♦ s❡r ❢❛✈♦rá✈❡❧ ❛❧é♠ ❞❡ s❛t✐s❢❛③❡r ❛ ❝♦♥❞✐çã♦ ✭✸✳✷✼✮ ❞❡✈❡ t❛♠❜é♠ ❧❡✈❛r ❡♠ ❝♦♥t❛

♦ ❝✉st♦ ♣❛r❛ ❛ ❝r✐❛çã♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❆ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛

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

♣❛r❛ ❝r✐❛r ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✱ ❛ s❡♣❛r❛çã♦ d ❡♥tr❡ ❡❧❛s t❡♥❞❡r✐❛ ❛♦ ✐♥✜♥✐t♦✳ ❉❡st❛ ❢♦r♠❛✱

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

■st♦ ♣♦ss✐❜✐❧✐t❛ ❡st✐♠❛r ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ❡q✉✐❧í❜r✐♦ ♣❛r❛ ❛ s❡♣❛r❛çã♦ ❡♥tr❡ ❛s ❞✉❛s ❞✐s❝♦r❞â♥✲

❝✐❛s ♣❛r❝✐❛✐s✱ ❞❡s❞❡ q✉❡ s❡❥❛ ❝♦♥❤❡❝✐❞❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❡ ❛ ❡♥❡r❣✐❛

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

é ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ ❞✐stâ♥❝✐❛ d ❡♥tr❡ ❡❧❛s ❡ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦

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

❝♦♠♣r✐♠❡♥t♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❡st❡♥❞✐❞❛ ❝♦♠♦ ❬✻✹✱✻✺❪✿

Eestendida ∼ G(b22 + b23) + γd+
A

d
(3.31)

♦♥❞❡ γd é ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡ A
d
é ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s

❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s✳ ❆ ❞✐stâ♥❝✐❛ ❞❡ ❡q✉✐❧í❜r✐♦ s❡rá ❛❧❝❛♥ç❛❞❛ q✉❛♥❞♦ ❛ s♦♠❛ ❞♦s ❞♦✐s ú❧t✐♠♦s

t❡r♠♦s ❢♦r ♠í♥✐♠❛✳ ❊st❛ s✐t✉❛çã♦ ❡stá ✐❧✉str❛❞❛ ❞❡ ♠❛♥❡✐r❛ q✉❛❧✐t❛t✐✈❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✻✮ q✉❡

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

❞✐stâ♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ ❡♥tr❡ ❛s ♣❛r❝✐❛✐s✳ ❆ r❡t❛ ♥❛ ❝♦r ♣r❡t❛ ♠♦str❛ ❛ ❡♥❡r❣✐❛ ❞❛ ❢❛❧❤❛ ❞❡

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

❡ ❛ ❝✉r✈❛ ❡♠ ✈❡r❞❡ ♠♦str❛ ❛ s♦♠❛ r❡s✉❧t❛♥t❡ ❞❛s ❞✉❛s✳ ❖❜s❡r✈❡ q✉❡ q✉❛♥❞♦ d é ♠✉✐t♦ ❣r❛♥❞❡

❛ ❡♥❡r❣✐❛ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ s❡ t♦r♥❛ ❞♦♠✐♥❛♥t❡✳ ❉❡st❛ ❢♦r♠❛ ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦
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Figura 3.26: Distância de equilíbrio entre as parciais.

❢✉♥❝✐♦♥❛ ❝♦♠♦ ✉♠ ❢❛t♦r ❧✐❣❛♥t❡ ❡♥tr❡ ❛s ❞✉❛s ♣❛r❝✐❛✐s ♣r♦❞✉③✐♥❞♦ ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ❡q✉✐❧í❜r✐♦

❡♥tr❡ ❛s ♣❛r❝✐❛✐s ❬✻✺✱ ✶✶✵❪✳ ❊st❛ ❝♦♥❞✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ ♣❡r♠✐t❡ ❞❡t❡r♠✐♥❛r ❛ ❡♥❡r❣✐❛ ❞❡ ❢❛❧❤❛

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ γ ♠❡❞✐♥❞♦ ❛ ❞✐stâ♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ ❡♥tr❡ ❛s ♣❛r❝✐❛✐s ❬✻✺❪✳

❆té ❛q✉✐ ❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❛✐♥❞❛ ♥ã♦ ❧❡✈♦✉

❡♠ ❝♦♥t❛ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ♠❛t❡r✐❛❧✳ ❯s❛r❡♠♦s ❝♦♠♦ ❡①❡♠♣❧♦ ✉♠❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛

❝ú❜✐❝❛ ❞❡ ❢❛❝❡ ❝❡♥tr❛❞❛ ✭❢❝❝✮✳ ❊st❛ ❡s❝♦❧❤❛ é ♣✉r❛♠❡♥t❡ ❞✐❞át✐❝❛✱ ♣♦✐s ❛ ✈✐s✉❛❧✐③❛çã♦ ❞❛

❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥❛ ❢❝❝ é ♠❛✐s ❢á❝✐❧✳ ❆❧é♠ ❞✐ss♦✱ ♦s ❝♦♥❝❡✐t♦s ❛♣❧✐❝❛❞♦s à

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

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

♠❡♥t♦ ❞❡ ♣❧❛♥♦s ④✶✶✶⑥ ❛ss✐♠ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✸✳✷✼✮✳ ❖❜s❡r✈❡ q✉❡ ❛♦ ❡♠♣✐❧❤❛r ♦s ♣❧❛♥♦s

♥❛ ❡str✉t✉r❛ ❡①✐st❡♠ ✸ ♣♦s✐çõ❡s ♣♦ssí✈❡✐s ♣❛r❛ ❡♥❝❛✐①❛✲❧♦s ✉♥s s♦❜r❡ ♦s ♦✉tr♦s✱ ❛ss✐♠ ❝♦♠♦

♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✸✳✷✼✭❞✮✮✳ ❙❡ ♥♦♠❡❛r♠♦s ❝❛❞❛ ✉♠❛ ❞❡st❛s ♣♦s✐çõ❡s ♣♦r A✱ B ❡ C t❡r❡♠♦s

q✉❡ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❝♦rr❡t♦ ❞❛ ❢❝❝ é ❞❛❞♦ ♣❡❧❛ s❡q✉ê♥❝✐❛✿

· · ·ABCABCABC · · ·

❆ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ r❡❝❡❜❡ ❡st❡ ♥♦♠❡ ♣♦rq✉❡ ❡❧❛ ❝❛r❛t❡r✐③❛ ♣♦r ✉♠❛ q✉❡❜r❛ ❞❡st❛ s❡q✉ê♥✲

❝✐❛✳ ❯♠❛ ❞❛s ♠❛♥❡✐r❛s ❞❡ ❝r✐❛r ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ é ❛ ♣❛rt✐r ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ❞❡
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Figura 3.27: Estrutura cristalina cúbica de face centrada: (a) célula unitária, (b) mostra o plano
(111) e as direções principais, (c) arranjo dos átomos no plano (111) e (d) mostra como os planos
são empilhados uns sobre os outros, cada plano forma uma camada resultando em um empilhamento
ABC. Figura retirada da referência [65]

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

❢❛t♦✱ é ❡①❛t❛♠❡♥t❡ ❡st❡ t✐♣♦ ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ q✉❡ ♦❝♦rr❡ ♥❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛

♣❡r❢❡✐t❛ ❡♠ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s✳ P❛r❛ ✐❧✉str❛r ❡st❛ s✐t✉❛çã♦ ♥❛ ❡str✉t✉r❛ ❢❝❝ ❝♦♥s✐✲

❞❡r❡ ❛ ❋✐❣✉r❛ ✭✸✳✷✽✮✳ ❈♦♥s✐❞❡r❡ ✉♠ ❡s❝♦rr❡❣❛♠❡♥t♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ B s♦❜r❡ ✉♠❛ ❝❛♠❛❞❛ A✳

❖❜s❡r✈❡ q✉❡ s❡ ❡st❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ❢♦ss❡ ♣r♦✈♦❝❛❞♦ ♣♦r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ♦s át♦♠♦s

♥❛ ♣♦s✐çã♦ B t❡r✐❛♠ q✉❡ s❡ ❞❡s❧♦❝❛r ♣❡❧♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b1✱ t❡r♠✐♥❛♥❞♦ ♥♦✈❛♠❡♥t❡ ❡♠ ♣♦✲

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

♠✉✐t♦ ♣ró①✐♠♦s ❞♦s t♦♣♦s ❞♦s át♦♠♦s ❞❛ ❝❛♠❛❞❛ A✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❡♥❡r❣ét✐❝♦ é ♠❛✐s
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Figura 3.28: Escorregamento de planos {111} da fcc. Figura retirada da referência [65]

❢á❝✐❧ q✉❡ ♦s át♦♠♦s ❞❛ ❝❛♠❛❞❛ B s❡ ❞❡s❧♦q✉❡♠ ♣❛ss❛♥❞♦ ♣r✐♠❡✐r❛♠❡♥t❡ ♣❡❧❛s ♣♦s✐çõ❡s ❞❛

❝❛♠❛❞❛ C ❡ só ❞❡♣♦✐s ♣❛r❛ ❛ ♣♦s✐çã♦ B✳ ◆♦t❡ q✉❡ ♣❛r❛ ❡①❡❝✉t❛r t❛❧ ♠♦✈✐♠❡♥t♦ ❞❡ ③✐❣✲③❛❣ ♦s

át♦♠♦s ❞❛ ❝❛♠❛❞❛ B ❞❡✈❡♠ s❡ ♠♦✈✐♠❡♥t❛r ♥❛s ❞✐r❡çõ❡s ❞♦s ✈❡t♦r❡s ♣❛r❝✐❛✐s ~b2 ❡ ~b3✳ ❈♦♠♦ ❛

❡♥❡r❣✐❛ ❡❧ást✐❝❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ q✉❛❞r❛❞♦

❞♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ✈❛♠♦s ❝♦♠♣❛r❛r ♦ ♠ó❞✉❧♦ b1 ❝♦♠ ♦ ♠ó❞✉❧♦ b2 ❡ b3 ❡♠ ✉♠❛

❡str✉t✉r❛ ❢❝❝✳ ❆ ❞✐ss♦❝✐❛çã♦ ♥❛ ❢❝❝ é ❞❛❞❛ ♣❡❧❛ s❡❣✉✐♥t❡ r❡❛çã♦ ❬✻✹❪✿

~b1 → ~b2 +~b3 (3.32)

a

2
[102̄] →

a

6
[21̄1̄] +

a

6
[112̄] (3.33)

❈❛❧❝✉❧❛♥❞♦ ♦ ♠ó❞✉❧♦ ❛♦ q✉❛❞r❛❞♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b1✱ t❡♠♦s

b21 =
a2

4
(12 + 12 + 0) =

a2

2
. (3.34)

❆❣♦r❛ ❝❛❧❝✉❧❛♥❞♦ ❛ s♦♠❛ ❞♦s ♠ó❞✉❧♦s ❞♦s ✈❡t♦r❡s ♣❛r❝✐❛✐s ♦❜t❡♠♦s✿

b22 + b23 =
a2

36
(22 + 12 + 12) +

a2

36
(12 + 12 + 22) =

a2

3
. (3.35)

❈♦♠♦ ❡s♣❡r❛❞♦ ❛ s♦♠❛ ❞♦s q✉❛❞r❛❞♦s ❞♦s ♠ó❞✉❧♦s ❞♦s ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ♣❛r❝✐❛✐s t❡♠ ✈❛❧♦r
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3.6.1 Discordâncias em estruturas hexagonais

◆❡st❛ s❡çã♦ s❡rã♦ ❞✐s❝✉t✐❞♦s ❛❧❣✉♠❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❡♠ ❡str✉t✉r❛s s✐♠✐✲

❧❛r❡s ❛♦ ❞♦ ❣❡❧♦ ■h✳ ❈♦♠♦ ❥á ❞✐s❝✉t✐♠♦s ❛♥t❡r✐♦r♠❡♥t❡ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ é ✉♠❛

❡str✉t✉r❛ ❤❡①❛❣♦♥❛❧ ❞♦ t✐♣♦ ✇✉rt③✐t❛✳ P♦r ✐ss♦ ✈❛♠♦s ♣r✐♠❡✐r❛♠❡♥t❡ ❡①♣♦r ❛❧❣✉♠❛s ❝❛r❛❝t❡✲

ríst✐❝❛s ❞❛ ❡str✉t✉r❛ ❤❡①❛❣♦♥❛❧✳ ❆ ❡str✉t✉r❛ ❤❡①❛❣♦♥❛❧ ❞❡ ❛❣r✉♣❛♠❡♥t♦ ❝♦♠♣❛❝t♦ ✭❤❝♣✮✱ ❝♦♠♦

é ❝♦♠✉♠❡♥t❡ ❝♦♥❤❡❝✐❞❛✱ é ♠✉✐t♦ ❝♦♠✉♠ ❡♠ ♠❡t❛✐s ❬✻✹✱ ✻✺❪✳ ❊st❛ ❡str✉t✉r❛ é ✉♠ ♣♦✉❝♦ ♠❛✐s

❝♦♠♣❧✐❝❛❞❛ ❞♦ q✉❡ ❛s ❡str✉t✉r❛s ❝ú❜✐❝❛s✱ ♠❛s ❡❧❛ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ❞❡s❝r✐t❛ ♣❡❧❛ s✉❛ s❡q✉ê♥✲

❝✐❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ P❛r❛ ✐ss♦ s❡rá ♥❡❝❡ssár✐♦ ❞❡✜♥✐r ❛❧❣✉♥s ♣❛râ♠❡tr♦s ❡ ♥♦♠❡♥❝❧❛t✉r❛s✳

Pr✐♠❡✐r❛♠❡♥t❡ ✈❛♠♦s ❝♦♥s✐❞❡r❛r ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✸✵✮✳ ❆ ♣❛rt❡ ✭❛✮

❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ ♠♦str❛ ❛ ❝é❧✉❧❛ ♣r✐♠✐t✐✈❛ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ❞❡ r❡❞❡ a ❡ c✳ ❖ ❧❛❞♦ ❞✐r❡✐t♦

♠♦str❛ ✉♠❛ ❝é❧✉❧❛ ❤❡①❛❣♦♥❛❧ ❝♦♥str✉í❞❛ ❛ ♣❛rt✐r ❞❡ ✸ ❝é❧✉❧❛s ♣r✐♠✐t✐✈❛s✳ ❊st❛ ❡str✉t✉r❛ ❝r✐s✲

t❛❧✐♥❛ é ❝♦♠✉♠❡♥t❡ ❞❡s❝r✐t❛ ❜❛s❡❛❞❛ ❡♠ í♥❞✐❝❡s ❞❡ ▼✐❧❧❡r✲❇r❛✈❛✐s q✉❡ ❝♦♥s✐st❡ ❡♠ ✹ ✈❡t♦r❡s

❞❡ r❡❞❡ ❞❛❞♦s ♣♦r a1✱ a2✱ a3 ❡ c ❝♦♠♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✭✸✳✸✵✭❛✮✮✳ ❆❧❣✉♥s ♣❧❛♥♦s ❞❛ ❤❝♣

r❡❝❡❜❡♠ ♥♦♠❡s ❡s♣❡❝í✜❝♦s ❡♥tr❡ ❡❧❡s ❬✻✺❪✿

P❧❛♥♦ ❜❛s❛❧ ✭✵✵✵✶✮
P❧❛♥♦ ♣r✐s♠át✐❝♦✿ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✭✶1̄✵✵✮✱ ✭1̄✶✵✵✮✱ ❡t❝
P❧❛♥♦ ♣r✐s♠át✐❝♦✿ s❡❣✉♥❞❛ ♦r❞❡♠ ✭✶✶2̄✵✮✱ ✭2̄✶✶✵✮✱ ❡t❝
P❧❛♥♦ ♣✐r❛♠✐❞❛❧✿ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✭✶✵1̄✵✮✱ ✭1̄✵✶✶✮✱ ❡t❝
P❧❛♥♦ ♣✐r❛♠✐❞❛❧✿ s❡❣✉♥❞❛ ♦r❞❡♠ ✭✶✶2̄✷✮✱ ✭1̄1̄✷✷✮✱ ❡t❝

❆❧❣✉♥s ❞❡st❡s ♣❧❛♥♦s ♣♦❞❡♠ s❡r ✈✐s✉❛❧✐③❛❞♦s ♥❛ ❋✐❣✉r❛ ✭✸✳✸✷✮✳

❆ss✐♠ ❝♦♠♦ ❛ ❢❝❝ ❛ ❤❝♣ t❛♠❜é♠ ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ❝♦♠♦ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ❝❛♠❛❞❛s ❡ ❛

❋✐❣✉r❛ ✭✸✳✸✵✭❜✮✮ ♠♦str❛ ❝♦♠♦ ❡st❡ ❡♠♣✐❧❤❛♠❡♥t♦ é ❢❡✐t♦✳ ❆ ❤❝♣ é ❢♦r♠❛❞❛ ♣❡❧♦ ❡♠♣✐❧❤❛♠❡♥t♦

❞❡ ♣❧❛♥♦s ✭✵✵✵✶✮✱ ♦✉ s❡❥❛✱ ♣❧❛♥♦s ❜❛s❛✐s✳ ◆♦ ❡♠♣✐❧❤❛♠❡♥t♦ ✐❞❡❛❧ ❤á s♦♠❡♥t❡ ❞✉❛s ♣♦s✐çõ❡s

♦❝✉♣❛❞❛s t❛❧ q✉❡ ❛ s❡q✉ê♥❝✐❛ ❝♦rr❡t❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ é ❞❡s❝r✐t❛ ♣♦r

· · ·ABABABABABAB · · ·

P♦❞❡♠♦s ❛❜♦r❞❛r ❛❣♦r❛ ❛❧❣✉♥s ❛s♣❡❝t♦s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♥❡ss❡ t✐♣♦ ❞❡ ❡str✉t✉r❛✳ Pr✐♠❡✐r♦

✈❛❧❡ r❡ss❛❧t❛r q✉❡ ❤á ❞✐✈❡rs♦s ♠❡t❛✐s ✐♠♣♦rt❛♥t❡s q✉❡ ♣♦ss✉❡♠ ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s ❤❡①❛❣♦✲
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Figura 3.30: Estrutura cristalina hexagonal de agrupamento compacto em (a) mostra a célula unitária
e o arranjo hexagonal dos átomos em (b) mostra que o empilhamento correto da hcp é alternado entre
uma camada A e uma camada B. Figura retirada da referência [65]

♥❛✐s ❡ q✉❡ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ s♦❜r❡ ❞✐s❝♦r❞â♥❝✐❛s ❡♠ ❝r✐st❛✐s ❤❡①❛❣♦♥❛✐s ✈❡✐♦ ❞❛ ♦❜s❡r✈❛çã♦ ❞❡

❞✐s❝♦r❞â♥❝✐❛s ♥❡st❡s ♠❛t❡r✐❛✐s✳ ❆❧❣✉♥s ❡①❡♠♣❧♦s sã♦ ❚✐✱ ❩r✱ ▼❣✱ ❈♦✱ ❩♥✱ ❈❞ ❡ ❡t❝✳ ❈♦♠♦

❥á ✈✐♠♦s ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ q✉❛❞r❛❞♦ ❞♦ ♠ó❞✉❧♦ ❞♦

✈❡t♦r ❞❡ ❇✉r❣❡rs✳ P♦r ❡st❡ ♠♦t✐✈♦✱ ❛s ❞✐s❝♦r❞â♥❝✐❛s t❡♥❞❡♠ ❛ s❡r ❢♦r♠❛❞❛s ❡ sã♦ ♠❛✐s ❡stá✲

✈❡✐s ❡♠ ♣❧❛♥♦s q✉❡ ❣❛r❛♥t❡♠ ✉♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ♠❛✐s ❝✉rt♦✳ ❊st❡s ♣❧❛♥♦s sã♦ ♦s ❞❡ ♠❛✐♦r

❞❡♥s✐❞❛❞❡ ❛tô♠✐❝❛ ❡ ❡♠ ❣❡r❛❧ ❝♦✐♥❝✐❞❡♠ ❝♦♠ ♦ ♣❧❛♥♦ ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❞✐✲

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

❝♦♠ ❛s ❞✐r❡çõ❡s ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ sã♦ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦s ❝♦♠♦ s✐st❡♠❛s ❞❡

❡s❝♦rr❡❣❛♠❡♥t♦✳ ▼♦str❛r❡♠♦s ❛❣♦r❛ ♦s ♣r✐♥❝✐♣❛✐s s✐st❡♠❛s ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ♣❛r❛ ♠❛t❡r✐❛✐s

q✉❡ ♣♦ss✉❡♠ ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s ❤❡①❛❣♦♥❛✐s✳ ❆ ❋✐❣✉r❛ ✭✸✳✸✶✮ ♠♦str❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ s✐♠✲

♣❧✐✜❝❛❞❛ ❡♥tr❡ ❞♦✐s s✐st❡♠❛s ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ❞✐❢❡r❡♥t❡s✳ ❊♠ ✭❛✮ ♠♦str❛♠♦s ✉♠ ♣❧❛♥♦ ❝♦♠

♠❛✐♦r ❞❡♥s✐❞❛❞❡ ❛tô♠✐❝❛✱ ♦✉ s❡❥❛✱ ♦♥❞❡ ❛ ❞✐stâ♥❝✐❛ q✉❡ ♦s át♦♠♦s ❞❡✈❡♠ s❡ ❞❡s❧♦❝❛r ❡♥tr❡ ✉♠

✈❛❧❡ ❡ ♦✉tr♦ é ♠❡♥♦r✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ✭❜✮ ♠♦str❛ ✉♠ ♣❧❛♥♦ ❝♦♠ ♠❡♥♦r ❞❡♥s✐❞❛❞❡ ❛tô♠✐❝❛✳

❈♦♠ ✐ss♦ ❛ ❞✐stâ♥❝✐❛ s♦❜r❡ ❛ q✉❛❧ ♦s át♦♠♦s ❞❡✈❡♠ s❡ ♠♦✈❡r é ♠❛✐♦r✱ ❞✐✜❝✉❧t❛♥❞♦ ♦ ♣r♦❝❡ss♦✳

❆ ❋✐❣✉r❛ ✭✸✳✸✷✮ ♠♦str❛ ♦s s✐st❡♠❛s ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ♣❛r❛ ❤❝♣✳ ❖ s✐st❡♠❛ ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦

Figura 3.31: Escorregamento de planos. Fonte:http://practicalmaintenance.net/?p=1135

❞♦♠✐♥❛♥t❡ é ♦ s✐st❡♠❛ ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ❢♦r♠❛❞♦ ♣❡❧♦ ♣❧❛♥♦ ❜❛s❛❧ ❡ ❞✐r❡çõ❡s ❝r✐st❛❧✐♥❛s a1✱

a2 ❡ a3✳ ❆s ❞✐r❡çõ❡s ♣r❡❢❡r❡♥❝✐❛✐s ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ sã♦ ♣❡r♣❡♥❞✐❝✉❧❛r❡s ❛♦ ❡✐①♦ c✱ ❡ ♥ã♦

♣r♦❞✉③❡♠ ❞❡❢♦r♠❛çã♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ c ❬✻✹✱✻✺✱✶✶✹❪✳ ❊♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ❡s❝♦rr❡❣❛♠❡♥t♦s

❡♠ ❞✐r❡çõ❡s [112̄3] ♣❛ss❛♠ ❛ s❡r ♣♦ssí✈❡✐s ❡ ❡♥tã♦ ✉♠❛ ❞❡❢♦r♠❛çã♦ ♥♦s ❡✐①♦s < c + a > ♣♦❞❡

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

♦r❞❡♠ {101̄1} ❡ ♦ ♣✐r❛♠✐❞❛❧ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ {112̄2} ❬✶✶✸✱✶✶✺✱✶✶✻❪✳

❯♠❛ ✈❡③ q✉❡ ♦ s✐st❡♠❛ ❞❡ ❡s❝♦rr❡❣❛♠❡♥t♦ ♥♦ ♣❧❛♥♦ ❜❛s❛❧ é ♦ ♠❛✐s s✐❣♥✐✜❝❛t✐✈♦ ❛q✉✐ ❢♦❝❛♠♦s

às ❞✐s❝♦r❞â♥❝✐❛s ♥❡st❡ ♣❧❛♥♦✳ ❉✐✈❡rs❛s ♦❜s❡r✈❛çõ❡s ❞❡ ♠❡t❛✐s q✉❡ ♣♦ss✉❡♠ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛
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Figura 3.32: Sistemas de escorregamento para a hcp.Figura retirada da referência [113]

❤❡①❛❣♦♥❛❧ t❡♠ ❞❡♠♦str❛❞♦ ❛ q✉❡ ❡♥❡r❣✐❛ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❢♦r♠❛❞❛ ♥♦ ♣❧❛♥♦ ❜❛s❛❧ é

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

❧✐♠✐t❛♥❞♦ ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❍á três t✐♣♦s ❞❡ ❢❛❧❤❛s ❞✐st✐♥t❛s q✉❡ ♣♦❞❡♠ s❡r ❝r✐❛❞❛s

♥❡st❛ ❡str✉t✉r❛ s❡♠ ❛❢❡t❛r ❛s ❞✐stâ♥❝✐❛s ✐♥t❡r❛tô♠✐❝❛s ❞♦s ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s ❞♦s át♦♠♦s q✉❡

❡stã♦ ❛❞❥❛❝❡♥t❡s à ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❬✻✹✱✻✺✱✶✶✺❪✳ ❆ ♣r✐♠❡✐r❛ ❞❡❧❛s ♣♦❞❡ s❡r ❢❡✐t❛ s♦♠❡♥t❡

♣♦r ❞❡s❧✐③❛♠❡♥t♦ ❞❡ ❝❛♠❛❞❛s ❝♦♠♦ ✐♥❞✐❝❛❞♦ ❛❜❛✐①♦✿

❆ ❇ ❆ ❇ ❆ ❇ ❆ ❇ ❆ ❇ ❆
↓ ↓ ↓ ↓ ↓
❈ ❆ ❈ ❆ ❈

(3.36)

❘❡s✉❧t❛♥❞♦ ♥♦ s❡❣✉✐♥t❡ ❡♠♣✐❧❤❛♠❡♥t♦

ABABABAB
✳✳✳CACACA (3.37)

❆ s❡❣✉♥❞❛ ❢❛❧❤❛ é ❝r✐❛❞❛ r❡♠♦✈❡♥❞♦ ✉♠❛ ❝❛♠❛❞❛ B ❛❝✐♠❛ ❞❡ ✉♠❛ ❝❛♠❛❞❛ A

ABABABA
✳✳✳ABABAB (3.38)
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❡ ❡♠ s❡q✉ê♥❝✐❛ ❞❡s❧✐③❛♥❞♦ ❛s ❝❛♠❛❞❛s ❛❝✐♠❛ ❞❛ ❝❛♠❛❞❛ A ♣♦r ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ 1
3
[1̄100]✱

❆ ❇ ❆ ❇ ❆ ❆ ❇ ❆ ❇ ❆
↓ ↓ ↓ ↓ ↓
❈ ❆ ❈ ❆ ❈

(3.39)

q✉❡ r❡s✉❧t❛ ❡♠

ABABABA
✳✳✳CACACA (3.40)

❆ t❡r❝❡✐r❛ ❢❛❧❤❛ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❛❞✐❝✐♦♥❛♥❞♦ ✉♠❛ ❝❛♠❛❞❛ ❈ ❡♥tr❡ ❛s ❝❛♠❛❞❛s A ❡ B r❡s✉❧t❛♥❞♦

♥❛ s❡❣✉✐♥t❡ s❡q✉ê♥❝✐❛✿
↓

❆❇❆❇❆❈❇❆❇❆❇
↑

(3.41)

❆❣♦r❛ ✈❛♠♦s ✉t✐❧✐③❛r ❛ ❋✐❣✉r❛ ✭✸✳✸✸✮ ♣❛r❛ ❡①❡♠♣❧✐✜❝❛r ♦ t✐♣♦ ❞❡ r❡❛çã♦ ❞❡ ❞✐ss♦❝✐❛çã♦ ❞❡

❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s ❡♠ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥❛ ❡str✉t✉r❛ ❤❝♣✳ Pr✐♠❡✐r❛♠❡♥t❡ ♦❜s❡r✈❛r❡✲

♠♦s q✉❡ ❛s ♣♦s✐çõ❡s A✱ B✱ C ❡ S sã♦ ♣♦s✐çõ❡s r❡❣✉❧❛r❡s ❞❛ r❡❞❡ ❤❝♣ ❡♥q✉❛♥t♦ q✉❡ ❛ ♣♦s✐çã♦

σ ♥ã♦ é✳ ❉❡st❛ ❢♦r♠❛✱ ♦❧❤❛♥❞♦ ❛♣❡♥❛s ♣❛r❛ ♦ ♣❧❛♥♦ ❜❛s❛❧✱ t❡♠♦s q✉❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s

Figura 3.33: Vetores se Burgers para uma estrutura hexagonal de agrupamento compacto. Figura
retirada da referência [65].

t❡r✐❛♠ ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ❞❛❞♦ ♣♦r✿
−→
AB✱

−→
AC ❡

−−→
BC✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ r❡❛çã♦ ❞❡ ❞✐ss♦❝✐❛çã♦ ❞❡
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❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s ❡♠ ❞✉❛s ♣❛r❝✐❛✐s ♥❡st❛ ❡str✉t✉r❛ s❡r✐❛ ❬✻✺✱✶✶✻❪✿

−→
AB →

−→
Aσ +

−→
σB. (3.42)

❊st❛ ♠❡s♠❛ r❡❛çã♦ ❞❡s❝r✐t❛ ♣❡❧♦s í♥❞✐❝❡s ❞❡ ▼✐❧❧❡r✲❇r❛✈❛✐s ♣♦❞❡ s❡r ❞❛❞❛ ♣♦r✿

1

3
[112̄0] →

1

3
[101̄0] +

1

3
[011̄0] (3.43)

b2 : a2
a2

3

a2

3
,

♠♦str❛♥❞♦ q✉❡ ❛ r❡❛çã♦ é ❢❛✈♦rá✈❡❧✳

3.6.2 Discordâncias na rede cúbica do diamante

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

❞❛ ♦✉tr❛ ♣♦r ✭1
4
, 1
4
, 1
4
✮ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❡st❛ r❡❞❡ ♣♦❞❡ s❡r r❡♣r♦❞✉③✐❞❛ ❝♦♠ ✉♠❛ ❢❝❝ ❞❡ ❜❛s❡

❞♦✐s✳ ❆ ❝é❧✉❧❛ ♣r✐♠✐t✐✈❛ ❡stá ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✸✹✭❛✮✮✳ ❖s ✈❡t♦r❡s ♣r✐♠✐t✐✈♦s ❛ss♦❝✐❛❞♦s

❛ ❡st❡ r❡❞❡ ♣❡r♠❛♥❡❝❡♠ ♦s ♠❡s♠♦s ♣❛r❛ ✉♠❛ ú♥✐❝❛ r❡❞❡ ❢❝❝✳ ❆ss✐♠✱ ♦s ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ❞❡

❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s ♣❛r❛ ❛ r❡❞❡ ❝ú❜✐❝❛ ❞♦ ❞✐❛♠❛♥t❡ sã♦ ♦s ❞❛ ❢❝❝ ❝♦♥✈❡♥❝✐♦♥❛❧ ❬✻✹❪✳ ❉♦s

Figura 3.34: (a) Mostra a célula primitiva da rede cúbica do diamante. (b) Mostra o arranjo tetraé-
drico das ligações e as principais direções cristalinas. Figura retirada da referência [65].

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

❡st✉❞❛❞♦ ❬✻✺❪✳
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❆♣❡s❛r ❞❡ t❡r r❡❞❡s ❝r✐st❛❧✐♥❛s ❞✐❢❡r❡♥t❡s ❤á ♠✉✐t❛s s❡♠❡❧❤❛♥ç❛s ❡♥tr❡ ❛s ❡str✉t✉r❛s ❞❡

❞✐s❝♦r❞â♥❝✐❛s ♥♦ ❣❡❧♦ ■h ❡ ♥♦ s✐❧í❝✐♦✳ ❆ ♣r✐♠❡✐r❛ ❞❛s s❡♠❡❧❤❛♥ç❛s ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥❛ ❋✐✲

❣✉r❛ ✭✸✳✸✹✭❜✮✮✳ ❆ ❡str✉t✉r❛ ❞♦ ❞✐❛♠❛♥t❡ t❡♠ ✉♠ ♣❛❞rã♦ ❞❡ ❧✐❣❛çã♦ ❡♥tr❡ ♦s ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦

t❡tr❛é❞r✐❝♦ ❛ss✐♠ ❝♦♠♦ ♥♦ ❣❡❧♦ ■h✳ ❆ s❡❣✉♥❞❛ s❡♠❡❧❤❛♥ç❛ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✸✺✮✱

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

❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h✳ ❆ ❋✐❣✉r❛ ✭✸✳✸✺✮ ♠♦str❛ ✉♠❛ ♣r♦❥❡çã♦ ❞❛ r❡❞❡ ❝ú❜✐❝❛ ❞♦ ❞✐❛♠❛♥t❡

Figura 3.35: Projeção no plano (011̄) da estrutura do diamante mostrando o empilhamento em bica-
madas e as posições do plano shuffle e glide. Figura retirada da referência [65].

♥♦ ♣❧❛♥♦ ✭011̄✮✳ ◆❡st❛ ✈✐sã♦ ✜❝❛ ❡✈✐❞❡♥t❡ q✉❡ ❛ ❡str✉t✉r❛ ❞♦ ❞✐❛♠❛♥t❡ é ❢♦r♠❛❞❛ ♣❡❧♦ ❡♠♣✐✲

❧❤❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ✭✶✶✶✮ ❢♦r♠❛♥❞♦ ❜✐❝❛♠❛❞❛s ♠✉✐t♦ s❡♠❡❧❤❛♥t❡s às ♦❜s❡r✈❛❞❛s ♥❛ ❡str✉t✉r❛

❞♦ ❣❡❧♦ ■h✳ ❖ ♣❧❛♥♦ q✉❡ s❡♣❛r❛ ❞✉❛s ❜✐❝❛♠❛❞❛s é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❣❧✐❞❡ ❡ ♦ ♣❧❛♥♦ q✉❡ ❝♦rt❛

✉♠❛ ❜✐❝❛♠❛❞❛ ❛♦ ♠❡✐♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ s❤✉✤❡✳ ❆ s❡q✉ê♥❝✐❛ ❝♦rr❡t❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❛s

❜✐❝❛♠❛❞❛s é ❞❛❞❛ ♣♦r✿

· · ·AaBbCcAaBbCcAaBbCc · · · (3.44)

P❡❧♦ ❢❛t♦ ❞❡ ♥ã♦ ❡①✐st✐r ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦s ♣❧❛♥♦s s❤✉✤❡✱ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s✲
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❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s ♦❝♦rr❡ ♥♦s ♣❧❛♥♦s ❣❧✐❞❡ ❬✻✹✱ ✻✺❪✳ ❉✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s t❡♥❞❡♠ ❛ s❡r

❢♦r♠❛❞❛s ♥♦ ♣❧❛♥♦s ④✶✶✶⑥ ❝♦♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs 1
2
[110] ❡ ❝♦♠ ✉♠❛ ✐♥❝❧✐♥❛çã♦ ❞❡ ✻✵➦ ❡♠ r❡❧❛✲

çã♦ ❛ ❧✐♥❤❛ ❬✻✺❪✳ ❊st❛ ❞✐s❝♦r❞â♥❝✐❛ ✜❝♦✉ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❞✐s❝♦r❞â♥❝✐❛ ✻✵➦✱ ❡ ❞❡✈✐❞♦ à ❜❛✐①❛

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

✜❝❛r❛♠ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ♣❛r❝✐❛✐s ✸✵➦ ❡ ✾✵➦✳ ❆ ❡str✉t✉r❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♣❛r❛ ♦

Figura 3.36: Em (a) configuração do caroço da discordância parcial 30° mostrando que há ligações
rompidas e em (b) mostra a reconstrução deste caroço refazendo as ligações quebradas. Figura
retirada da referência [65].

s✐❧í❝✐♦ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✭✸✳✸✻✮ ♦❜s❡r✈❡ q✉❡ ❡♠ ✭❛✮ ♦s át♦♠♦s q✉❡ ❢❛③❡♠ ♣❛rt❡ ❞♦ ❝❛r♦ç♦

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

♣❛ss❛r ♣♦r ✉♠ ♣r♦❝❡ss♦ ❞❡ r❡❝♦♥str✉çã♦ ♣❛r❛ r❡❢❛③❡r ❛s ❧✐❣❛çõ❡s q✉❡❜r❛❞❛s ♦❜t❡♥❞♦ ❛ ❡str✉t✉r❛

q✉❡ ❡stá ♠♦str❛❞❛ ❡♠ ✭❜✮ ❬✻✸✕✻✺✱✶✶✼✕✶✷✵❪ ✈❡r❡♠♦s q✉❡ ❡st❡ ♣r♦❝❡ss♦ t❛♠❜é♠ ♦❝♦rr❡ ♣❛r❛ ❛s

❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥♦ ❣❡❧♦ ■h✳
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Capítulo 4

Simulação computacional de discordâncias

4.1 Abordagem por cálculos de primeiros princípios

❖s ♠ét♦❞♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ♦❜t❡♥çã♦ ❞♦s r❡s✉❧t❛❞♦s ❞❡st❛ ❚❡s❡ sã♦ ❜❛s❡❛❞♦s ♥❛ s✐♠✉❧❛çã♦

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

♥❛ ❝r✐❛çã♦ ❞❡ s✉♣❡r ❝♦♠♣✉t❛❞♦r❡s✱ ❛ s✐♠✉❧❛çã♦ t❡♠ ❝♦♥tr✐❜✉í❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ♣❛r❛ ♦ ❞❡s❡♥✲

✈♦❧✈✐♠❡♥t♦ ❞❛ ❝✐ê♥❝✐❛ ❡♠ ✈ár✐❛s ár❡❛s ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦✳ ❆ ❢ís✐❝❛ ❞♦ ❡st❛❞♦ só❧✐❞♦✱ ❛ ❝✐ê♥❝✐❛ ❞♦s

♠❛t❡r✐❛✐s ❡ ❛ q✉í♠✐❝❛ sã♦ ❡①❡♠♣❧♦s ❞❡ ár❡❛s q✉❡ ❢♦r❛♠ ❢♦rt❡♠❡♥t❡ ❜❡♥❡✜❝✐❛❞❛s ❝♦♠ ♦ ❛♣❡r❢❡✐✲

ç♦❛♠❡♥t♦ ❞♦s ♠ét♦❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❬✶✷✶✕✶✷✺❪✳ ❉❡♥tr❡ ♦s ✈ár✐♦s ♠ét♦❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s

❡①✐st❡♥t❡s✱ ♥❡st❛ ❚❡s❡ ❢♦r❛♠ ✉s❛❞♦s ♠ét♦❞♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ❜❛s❡❛❞♦s ♥❛ ❚❡♦r✐❛ ❞♦

❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭❉❋❚✮✳ ❊st❛ t❡♦r✐❛ t❡♠ ❝❛❞❛ ✈❡③ ♠❛✐s ❣❛♥❤❛❞♦ ❡s♣❛ç♦ ♥❛ ❛❜♦r❞❛❣❡♠

❞❡ ♣r♦❜❧❡♠❛s ❡♠ ❢ís✐❝❛✱ q✉í♠✐❝❛ ❡ ❞✐✈❡rs❛s ár❡❛s ❞❛ ❡♥❣❡♥❤❛r✐❛ ❡ ❛ s✉❛ ✐♠♣♦rtâ♥❝✐❛ ❢♦✐ r❡❝♦✲

♥❤❡❝✐❞❛ ❡♠ ✶✾✾✽ q✉❛♥❞♦ ❲❛❧t❡r ❑♦❤♥✱ ♦ ♣r✐♥❝✐♣❛❧ ❞❡s❡♥✈♦❧✈❡❞♦r ❞♦s ❢✉♥❞❛♠❡♥t♦s ❞❡ ❉❋❚✱

❢♦✐ ❧❛✉r❡❛❞♦ ❝♦♠ ♦ ♣rê♠✐♦ ◆♦❜❡❧ ❬✶✷✻❪✳ ❖ ❣r❛♥❞❡ tr✐✉♥❢♦ ❞❡ ❉❋❚ é q✉❡ ❡st❛ t❡♦r✐❛ ❝♦♥s❡❣✉❡

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

❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) q✉❡ ♣♦ss✉✐ ✸ ✈❛r✐á✈❡✐s✱ ❡✈✐t❛♥❞♦ t❡r q✉❡ tr❛t❛r ❞✐r❡t❛♠❡♥t❡

❝♦♠ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡st❡ s✐st❡♠❛ q✉❡ ♣♦ss✉✐ 3N ✈❛r✐á✈❡✐s ✭s❡ ♥ã♦ ❢♦r ❝♦♥s✐❞❡r❛❞♦ ❛ ✈❛r✐á✈❡❧

❞❡ s♣✐♥✮ ❬✶✷✼❪✳ ▼❡s♠♦ ❝♦♠ t❛♠❛♥❤❛ s✐♠♣❧✐✜❝❛çã♦✱ ♠ét♦❞♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s✱ t❛♠❜é♠
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❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ❛❜ ✐♥✐t✐♦✱ sã♦ ♠✉✐t♦ ♠❛✐s ❝❛r♦s ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❞♦ q✉❡ ♠ét♦❞♦s ❝❧áss✐❝♦s

❝♦♠♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡ ▼♦♥t❡ ❈❛r❧♦ ❝❧áss✐❝♦✳ ❆♣❡s❛r ❞❡ s❡r ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ♠❛✐s

❝❛r❛✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❜❛s❡❛❞❛ ❡♠ ❉❋❚ ♣❡r♠✐t❡ ♦❜t❡r ✉♠❛ ❞❡s❝r✐çã♦ ❞♦ s✐st❡♠❛ ❢ís✐❝♦ ❝♦♠ ✉♠❛

r✐q✉❡③❛ ❞❡ ❞❡t❛❧❤❡s q✉❡ ♦✉tr♦s ♠ét♦❞♦s ❝❧áss✐❝♦s ♥ã♦ ❝♦♥s❡❣✉❡♠ ♦❜t❡r✳ ❊ ❛❧é♠ ❞✐ss♦✱ ❛✐♥❞❛ é

♣♦ssí✈❡❧ r❡❛❧✐③❛r ✏❡①♣❡r✐♠❡♥t♦s✑ ❝♦♠♣✉t❛❝✐♦♥❛✐s q✉❡ ♥ã♦ sã♦ ♣♦ssí✈❡✐s ❞❡ s❡r❡♠ r❡❛❧✐③❛❞♦s ❝♦♠

❛s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ❡①✐st❡♥t❡s ❤♦❥❡✳ ❚❡♥❞♦ ✐ss♦ ❡♠ ✈✐st❛✱ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛ s❡ ❡♥❝❛✐①❛

♠✉✐t♦ ❜❡♠ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ❡str✉t✉r❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s q✉❡ é ♦ ♦❜❥❡t✐✈♦ ❝❡♥tr❛❧ ❞❡st❛ ❚❡s❡✳

▼ét♦❞♦s ❞❡ s✐♠✉❧❛çã♦ ❝♦♠♦ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡ ▼♦♥t❡ ❈❛r❧♦ ❝❧áss✐❝♦ ♥ã♦ s❡r✐❛♠ ❡✜❝❛③❡s ♥❛

❞❡t❡r♠✐♥❛çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛s ❧✐❣❛çõ❡s ❡ ❞♦ â♥❣✉❧♦ ❡♥tr❡ ❛s ❧✐❣❛çõ❡s ❍✲❖✲❍ ❞❛s ♠♦❧é❝✉❧❛s

❞❡ á❣✉❛✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ tr❛t❛r ❡st❡ t✐♣♦ ❞❡ ♣r♦❜❧❡♠❛ s❡r✐❛

❞❡ ❞✐❢í❝✐❧ ✐♠♣❧❡♠❡♥t❛çã♦ ♦✉ t❛❧✈❡③ ✐♠♣♦ssí✈❡❧ ♣♦✐s ♦ ✐s♦❧❛♠❡♥t♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛✱ ♦✉ s❡❥❛✱

tr❛t❛r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ♦✉tr♦s ❞❡❢❡✐t♦s ❝r✐st❛❧✐♥♦s ❡♠ ✉♠ ❝r✐st❛❧ r❡❛❧ é ✉♠❛

t❛r❡❢❛ ✐♠♣r❛t✐❝á✈❡❧✳ ❯s❛♥❞♦ ❝á❧❝✉❧♦s ❞❡ ❉❋❚ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r ♦s â♥❣✉❧♦s ❡ ❝♦♠♣r✐♠❡♥t♦ ❞❛s

❧✐❣❛çõ❡s ❞❛s ♠♦❧é❝✉❧❛s ❛❞❥❛❝❡♥t❡s ❛♦ ❝❛r♦ç♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s✳

❯♠ ❝♦♠♣❧❡t♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡ór✐❝♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✉s❛❞❛ ❢♦❣❡ ❞♦ ❡s❝♦♣♦ ❞❡st❡ tr❛❜❛❧❤♦✱

♠❛s ❛q✉✐ s❡rá ❞❡s❝r✐t❛ ❜r❡✈❡♠❡♥t❡ ❛ ❜❛s❡ t❡ór✐❝❛ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❉❋❚ ❡ ❛❧❣✉♠❛s ✐♥❢♦r♠❛✲

çõ❡s ♥❡❝❡ssár✐❛s ♣❛r❛ ❛ r❡♣r♦❞✉çã♦ ❞♦s ♥♦ss♦s r❡s✉❧t❛❞♦s ✉s❛♥❞♦ ❡st❛ ♠❡s♠❛ ♠❡t♦❞♦❧♦❣✐❛✳ ❖

❧❡✐t♦r ✐♥t❡r❡ss❛❞♦ ❡♠ s❛❜❡r ♠❛✐s s♦❜r❡ ♦s ❢✉♥❞❛♠❡♥t♦s ❞❡ ❉❋❚ ♣♦❞❡rá ❝♦♥s✉❧t❛r ❞✐✈❡rs♦s ❡

❡①❝❡❧❡♥t❡s t❡①t♦s q✉❡ tr❛t❛♠ ❞♦ ❛ss✉♥t♦ ❬✶✷✶✱✶✷✼✕✶✸✵❪✳

4.2 Fundamentos de DFT

❙✐st❡♠❛s ❡♠ ♥í✈❡❧ ❛tô♠✐❝♦ ❡ ♠♦❧❡❝✉❧❛r sã♦ r❡❣✐❞♦s ♣❡❧♦s ♣r✐♥❝í♣✐♦s ❡ ❧❡✐s ❞❛ ♠❡❝â♥✐❝❛

q✉â♥t✐❝❛✱ ❝✉❥❛ ❡q✉❛çã♦ ❢✉♥❞❛♠❡♥t❛❧ é ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✳ ❊♥tr❡t❛♥t♦✱ ❛ s♦❧✉çã♦ ♣❛r❛

❡❧❛ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❞❡ ❢♦r♠❛ ❡①❛t❛ ❛♣❡♥❛s ♣❛r❛ s✐st❡♠❛s ❡①tr❡♠❛♠❡♥t❡ s✐♠♣❧❡s ❬✶✸✵❪✳ ❆ss✐♠✱

s✐st❡♠❛s ❝♦♠ ♠❛✐s ❡❧étr♦♥s ❞♦ q✉❡ ♦s át♦♠♦s ❤✐❞r♦❣❡♥ó✐❞❡s ♥ã♦ ❛♣r❡s❡♥t❛♠ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛
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❡①❛t❛✳ ▼ét♦❞♦s ❛♣r♦①✐♠❛❞♦s ❡ s♦❧✉çõ❡s ♥✉♠ér✐❝❛s sã♦ ❛s s❛í❞❛s ✐♥❡✈✐tá✈❡✐s ♣❛r❛ r❡s♦❧✈❡r ♦s

♣r♦❜❧❡♠❛s ♠❛✐s ❝♦♠♣❧❡①♦s✱ ❡ ♦ ❢❛③❡♠ ❡♠ ❣❡r❛❧✱ ❞❡ ♠❛♥❡✐r❛ s❛t✐s❢❛tór✐❛✳ ❉❛❞♦ ♦ ❍❛♠✐❧t♦♥✐❛♥♦

♣❛r❛ s✐st❡♠❛s ♠✉❧t✐✲❡❧❡trô♥✐❝♦s✱ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ♥ã♦ r❡❧❛t✐✈íst✐❝❛ ❞❡♣❡♥❞❡♥t❡ ❞♦

t❡♠♣♦ é✿

i~
∂ψ({~ri}; t)

∂t
= Ĥψ({~ri}; t), (4.1)

♦♥❞❡ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ é ❡s❝r✐t❛ ❝♦♠♦ ψ({~ri}; t) = ψ(~r1, ~r2, ..., ~rN ; t) ♥❛ q✉❛❧ ❛s ❝♦♦r❞❡♥❛❞❛s

❞❡ s♣✐♥ ❞❛ ✐✲és✐♠❛ ♣❛rtí❝✉❧❛ ❡stã♦ ✐♥s❡r✐❞❛s ♥♦ ❝♦♥❥✉♥t♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❞❡♥♦t❛❞❛ ♣♦r ~ri✳ ❯♠

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

s✐st❡♠❛ ❞❡ ✉♥✐❞❛❞❡s ❛tô♠✐❝❛s✱ ❡♠ q✉❡ ~ = me = e = 1✱ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

Ĥ = T̂e + V̂Ne + V̂e + T̂N + V̂N (4.2)

Ĥ = −
1

2

∑

i

∇2
i −

∑

i,I

ZI

|~ri − ~RI |
+

1

2

∑

i 6=j

1

|~ri − ~rj|
−

∑

I

1

2MI

∇2
I +

∑

I 6=J

ZIZJ
~RI − ~RJ

(4.3)

♦♥❞❡ ❢♦r❛♠ ✉s❛❞❛s ❧❡tr❛s ♠✐♥ús❝✉❧❛s ♣❛r❛ ✈❛r✐á✈❡✐s r❡❧❛t✐✈❛s ❛♦s ❡❧étr♦♥s ❡ ❛s ♠❛✐ús❝✉❧❛s ♣❛r❛

♦s ♥ú❝❧❡♦s✳ ❉❡ ❢♦r♠❛ ❛ ❜✉s❝❛r ❝♦rr❡❧❛çõ❡s ❡❧❡trô♥✐❝❛s ❞❡s❝r✐t❛s s❛t✐s❢❛t♦r✐❛♠❡♥t❡✱ ❛s ✐♥t❡r❛çõ❡s

❝♦✉❧♦♠❜✐❛♥❛s ❡❧étr♦♥✲❡❧étr♦♥ sã♦ ♦s t❡r♠♦s ❞❡ ♠✉✐t♦s ❝♦r♣♦s ❡♠ q✉❡ r❡s✐❞❡ ❜♦❛ ♣❛rt❡ ❞❛s

❛♣r♦①✐♠❛çõ❡s ❤♦❥❡ ✉t✐❧✐③❛❞❛s✳ P❛r❛ ✉♠ s✐st❡♠❛ ❛tô♠✐❝♦ ♣♦❞❡♠♦s s❡♣❛r❛r ❡ss❡ ❍❛♠✐❧t♦♥✐❛♥♦

❡♠ ❞✉❛s ♣❛rt❡s✿ ✉♠❛ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ♣❛rt❡ ❡❧❡trô♥✐❝❛ ❡ ❛ ♦✉tr❛✱ ❛ ♥✉❝❧❡❛r✳ ❙❡

❧❡✈❛r♠♦s ❡♠ ❝♦♥t❛ q✉❡ ❛ ♠❛ss❛ ❞♦ ♥ú❝❧❡♦ é ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ❞♦ ❡❧étr♦♥✱ ❡♥tã♦ ♦ ú♥✐❝♦

t❡r♠♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥♦ ❞❡ ✭✹✳✸✮ ♣❛r❛ MI → ∞ ❡ q✉❡ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ ✉♠❛

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

Ĥ = Ĥele + V̂N , (4.4)

♦♥❞❡✱

Ĥele = T̂e + V̂Ne + V̂e. (4.5)
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❆ ✐♥t❡r♣r❡t❛çã♦ ❢ís✐❝❛ ❞❡ss❛ ❛♣r♦①✐♠❛çã♦✱ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❛♣r♦①✐♠❛çã♦ ❞❡ ❇♦r♥✲❖♣♣❡♥❤❡✐♠❡r✱

é ❞❡ q✉❡ ❛♦ ♠❡♥♦r ♠♦✈✐♠❡♥t♦ ♥✉❝❧❡❛r✱ ♦s ❡❧étr♦♥s ✐♥st❛♥t❛♥❡❛♠❡♥t❡ s❡ r❡❛rr❛♥❥❛♠ ❞❡ ❢♦r♠❛ ❛

r❡❝✉♣❡r❛r ❛ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛ ♣❛r❛ ❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦ ♥✉❝❧❡❛r ❬✶✷✶✱✶✷✼✱✶✷✽❪✳ P♦r ♦✉tr♦ ❧❛❞♦✱

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

❞❡ ♠♦❞♦ q✉❡ ♣♦❞❡♠♦s ❝♦♥s✐❞❡r❛r ♦s ♥ú❝❧❡♦s ✜①♦s ❡ ❞❡s❛❝♦♣❧❛❞♦s ❞♦ ♠♦✈✐♠❡♥t♦ ❡❧❡trô♥✐❝♦✳

❉❡ss❛ ❢♦r♠❛✱ r❡s♦❧✈❡✲s❡ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ♣❛r❛ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❡❧❡trô♥✐❝♦ ♣❛r❛ ✉♠❛

❞❛❞❛ ❝♦♥✜❣✉r❛çã♦ ♥✉❝❧❡❛r✳

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

♠í♥✐♠♦ ✈❛r✐❛❝✐♦♥❛❧ ♣❛r❛ ❛ ❝❧❛ss❡ ❞❡ ❢✉♥çõ❡s |ϕ〉 ❡s❝♦❧❤✐❞❛✳ ❆ss✐♠ E = E[ϕ] é ✉♠ ❧✐♠✐t❡

s✉♣❡r✐♦r ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❡①❛t❛ ❬✶✷✼✱ ✶✸✵❪✳ ❆ss✐♠✱ ♣❛r❛ q✉❛❧q✉❡r ❡st❛❞♦ ♦♥❞❡ E0 é ❛ ❡♥❡r❣✐❛ ❞♦

❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ t❡♠✲s❡ q✉❡✿

E[ϕ] ≥ E0, (4.6)

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

E[ϕ] ≡ 〈Ĥ〉 =
〈ψ|Ĥ|ψ〉

〈ψ|ψ〉
. (4.7)

❉❛❞❛ ❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s❡ r❡s♦❧✈❡r ❛♥❛❧✐t✐❝❛♠❡♥t❡ ❡ ❞❡ ❢♦r♠❛ ❡①❛t❛ s✐st❡♠❛s ♠✉❧t✐✲❡❧❡trô♥✐❝♦s✱

❡①✳ ♠♦❧❡❝✉❧❛r❡s✱ r❡❝♦rr❡✲s❡ ❝♦♥st❛♥t❡♠❡♥t❡ ❛ ❛♣r♦①✐♠❛çõ❡s✳

❆q✉✐ ❞❡s❝r❡✈❡r❡♠♦s ✉♠ ♠ét♦❞♦ ❞❡ r❡s♦❧✈❡r ♦ ♣r♦❜❧❡♠❛ ♠✉❧t✐✲❡❧❡trô♥✐❝♦✱ ❝❤❛♠❛❞♦ ❞❡ ❚❡♦r✐❛

❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭❉❋❚✮✱ ❝✉❥❛ ❣r❛♥❞❡③❛ ❢✉♥❞❛♠❡♥t❛❧ é ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r)✳

❉❛❞❛ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ♥✉❝❧❡❛r ♦ ♠ét♦❞♦ ❞❡ ❉❋❚ ❝♦♥s✐st❡ ❡♠ ❡♥❝♦♥tr❛r ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

q✉❡ ♠✐♥✐♠✐③❡ ❛ ❡♥❡r❣✐❛ ❞♦ s✐st❡♠❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❡♠ ✈❡③ ❞❡ r❡s♦❧✈❡r♠♦s ✉♠ ♣r♦❜❧❡♠❛ ❞❡ N

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

❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ✸ ❝♦♦r❞❡♥❛❞❛s ❡s♣❛❝✐❛✐s ❬✶✷✼✱ ✶✷✽✱ ✶✸✵❪✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ t❡♦r✐❛ ❞♦ ❢✉♥❝✐♦♥❛❧

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

❡❧❡trô♥✐❝❛s ❡ ❞✐♥â♠✐❝❛s ❡♠ ❝✐ê♥❝✐❛ ❞♦s ♠❛t❡r✐❛✐s✱ ♣♦✐s ❢♦r♥❡❝❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ q✉❡ s✐st❡♠❛s
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r❡❧❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡s ❝♦♠ ❝❡♥t❡♥❛s ❞❡ át♦♠♦s s❡❥❛♠ ❛❜♦r❞❛❞♦s ❡♠ ❞❡tr✐♠❡♥t♦ ❞❡ ♦✉tr♦s

♠ét♦❞♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ❬✶✷✼✱✶✸✵❪✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ♣♦r ❡①❡♠♣❧♦✱ ❢♦r❛♠ ✉s❛❞♦s ❝é❧✉❧❛s

❞❡ ❛té ✸✽✹ ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✶✶✺✷ át♦♠♦s ❬✶✸✶❪✳

❊♠ ✶✾✻✹✱ P✐❡rr❡ ❍♦❤❡♥❜❡r❣ ❡ ❲❛❧t❡r ❑♦❤♥ ♣✉❜❧✐❝❛r❛♠ ♦ ❛rt✐❣♦ ✐♥t✐t✉❧❛❞♦ ✏■♥❤♦♠♦❣❡♥❡♦✉s

❊❧❡❝tr♦♥ ●❛s✧ ❬✶✸✷❪ q✉❡ ❧❛♥ç♦✉ ♦s ❛❧✐❝❡r❝❡s ❞❛ ❉❋❚ ❡ ❢❡③ ❝♦♠ q✉❡ ❲❛❧t❡r ❑♦❤♥ ❢♦ss❡ ❛❣r❛❝✐❛❞♦

❝♦♠ ♦ Prê♠✐♦ ◆♦❜❡❧ ❞❡ ◗✉í♠✐❝❛ ❞❡ ✶✾✾✽✳ ◆❡ss❡ tr❛❜❛❧❤♦✱ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ❞♦✐s t❡♦r❡♠❛s

q✉❡ ❢♦r♠❛♠ ❛ ❜❛s❡ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❉❋❚✳

❚❡♦r❡♠❛ ✹✳✶ ❖ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ v(r) s❡♥t✐❞♦ ♣❡❧♦s ❡❧étr♦♥s é ✉♠ ❢✉♥❝✐♦♥❛❧ ú♥✐❝♦ ❞❛ ❞❡♥s✐✲

❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(r)✳

❚❡♦r❡♠❛ ✹✳✷ ❆ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ E0[ρ] é ♠í♥✐♠❛ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ρ(~r) ❡①❛t❛✱

E0[ρ] = 〈ψ|T̂ + Û + V̂ |ψ〉 (4.8)

❖s t❡♦r❡♠❛s ❛❝✐♠❛ ❛♣r❡s❡♥t❛❞♦s ❝♦♥st✐t✉❡♠ ♦ ❛r❝❛❜♦✉ç♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛ ❉❋❚✳ ❊❧❡s

❡st❛❜❡❧❡❝❡♠ q✉❡ ❛ ❡♥❡r❣✐❛ é ✉♠ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡✱ ❝✉❥♦ ♠í♥✐♠♦ é ❞❛❞♦ q✉❛♥❞♦ ❛ ❞❡♥s✐✲

❞❛❞❡ ρ(~r) ❡q✉✐✈❛❧❡ à ❡①❛t❛✳ ❆❧é♠ ❞✐ss♦✱ ♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ v(r) é ❢✉♥❝✐♦♥❛❧ ú♥✐❝♦ ❞❛ ❞❡♥s✐✲

❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r)✱ ♦✉ s❡❥❛✱ ♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ ❡♠ q✉❡stã♦ ❞❡t❡r♠✐♥❛ ✉♥✐❝❛♠❡♥t❡ ❛ ❞❡♥s✐✲

❞❛❞❡ ❬✶✷✼✱✶✷✽✱✶✸✵❪✳ ❆ss✐♠✱ ♣❛r❛ ✉♠ s✐st❡♠❛ ♠✉❧t✐❛tô♠✐❝♦✱ ❛ s♦❧✉çã♦ ❡❧❡trô♥✐❝❛ s❡rá ❞❛❞❛ ♣❡❧❛

❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ ❣❡r❛❞♦ ♣❡❧❛ ❝♦♥✜❣✉r❛çã♦ ♥✉❝❧❡❛r✳

P♦rt❛♥t♦✱ ❝♦♠ ❛ ❥✉♥çã♦ ❞♦s ❞♦✐s t❡♦r❡♠❛s t❡♠✲s❡ q✉❡✱ ❞❛❞❛ ❛ r❡❧❛çã♦ ú♥✐❝❛ ❡♥tr❡ ♦ ♣♦t❡♥❝✐❛❧

❡①t❡r♥♦ ❡ ❛ ❞❡♥s✐❞❛❞❡ ρ(~r)✱ ❛ ❞❡♥s✐❞❛❞❡ ❡①❛t❛ ♣❛r❛ ✉♠ ❞❛❞♦ ❛rr❛♥❥♦ ♥✉❝❧❡❛r é ❛q✉❡❧❛ q✉❡ ❣❡r❛

♦ ♠í♥✐♠♦ ❞❡ ❡♥❡r❣✐❛ ❬✶✷✼✱✶✷✽✱✶✸✵❪✳ ❖ ❣r❛♥❞❡ ♣r♦❜❧❡♠❛ ❞❛ ❉❋❚ ❝♦♥s✐st❡ ❥✉st❛♠❡♥t❡ ♥♦ ❢❛t♦ ❞❡

q✉❡ ♥ã♦ s❡ s❛❜❡ ❝♦♠♦ ❝♦♥str✉✐r✱ ♣♦r ♠❡✐♦ ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s✱ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❢✉♥❝✐♦♥❛❧

❞❛ ❞❡♥s✐❞❛❞❡ ρ(~r) ❡①❛t❛✳ ❉❡st❛ ♠❛♥❡✐r❛ é ♥❡❝❡ssár✐♦ r❡❝♦rr❡r ❛ ♠ét♦❞♦s ❛♣r♦①✐♠❛❞♦s ❡ ♦s

♠❛✐s ❝♦♥❤❡❝✐❞♦s sã♦✿ ❆♣r♦①✐♠❛çã♦ ▲♦❝❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭▲❉❆✱ ❞♦ ✐♥❣❧ês ▲♦❝❛❧ ❉❡♥s✐t② ❆♣♣r♦✲
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①✐♠❛t✐♦♥✮ ❡ ❆♣r♦①✐♠❛çã♦ ❞♦ ●r❛❞✐❡♥t❡ ●❡♥❡r❛❧✐③❛❞♦ ✭●●❆✱ ❞♦ ✐♥❣❧ês ●❡♥❡r❛❧✐③❡❞ ●r❛❞✐❡♥t

❆♣♣r♦①✐♠❛t✐♦♥✮ ❬✶✷✼✱✶✸✵❪✳

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

✐♥t❡r❛❣❡♥t❡s✱ ❡♠ ✶✾✻✺ ❑♦❤♥ ❡ ❙❤❛♠ ❬✶✸✸❪ ❞❡♠♦str❛r❛♠ q✉❡ ❡①✐st❡ ✉♠❛ ❡q✉✐✈❛❧ê♥❝✐❛ ❡♥tr❡ ❛s

❞❡♥s✐❞❛❞❡s ❡❧❡trô♥✐❝❛s ❞♦ s✐st❡♠❛ r❡❛❧ ❡ ❞❡ ✉♠ s✐st❡♠❛ ♠♦❞❡❧♦ ❞❡ ❡❧étr♦♥s ♥ã♦ ✐♥t❡r❛❣❡♥t❡s

s✉❜♠❡t✐❞♦s ❛♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦✱ Vef ✳ ❉❡ss❛ ❢♦r♠❛✱ ♦❜té♠✲s❡ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞❡ss❡

s✐st❡♠❛ ♥ã♦ ✐♥t❡r❛❣❡♥t❡ ✜❝tí❝✐♦ ❡ ❛ ❝♦rr❡❧❛❝✐♦♥❛ ❝♦♠ ❛ ❞♦ s✐st❡♠❛ r❡❛❧✳

❆ ❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛ ♥ã♦✲✐♥t❡r❛❣❡♥t❡ ♣♦❞❡ ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞♦s ♦r❜✐t❛✐s ψi(~r) ♣❛r❛

✉♠ ❡❧étr♦♥✱ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♦s ♦r❜✐t❛✐s ❞❡ ❑♦❤♥✲❙❤❛♠✭❑❙✮ ❬✶✷✼✱✶✷✽✱✶✸✵✱✶✸✸❪✱

ρ(~r) =
N
∑

i

|ψi(~r)|
2, (4.9)

♦♥❞❡ ❛ s♦♠❛ é r❡❛❧✐③❛❞❛ ♣❛r❛ t♦❞♦s ♦s N ❡❧étr♦♥s✳ ❈♦♠♦ ♥ã♦ s❡ s❛❜❡ ❛ ❞❡♥s✐❞❛❞❡ ρ(~r) ❡①❛t❛✱

❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ s❡❣✉♥❞♦ t❡♦r❡♠❛ ❞❡ ❍♦❤❡♥❜❡r❣ ❡ ❑♦❤♥ ❛♣r❡s❡♥t❛❞♦ ❛❝✐♠❛ ❛ ❡♥❡r❣✐❛ s❡rá

EDFT = minρ(~r)E[ρ(~r)] (4.10)

❆❧é♠ ❞❡ ❡①♣r❡ss❛r ♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❡♥❡r❣✐❛ ❡♠ t❡r♠♦s ❞❛ ❞❡♥s✐❞❛❞❡✱ ♣♦❞❡✲s❡ ❢❛③ê✲❧♦ ❡♠ t❡r♠♦s

❞♦s ♦r❜✐t❛✐s ❞❡ ✉♠ ❡❧étr♦♥✱ ❞❡✈✐❞♦ à ❡q✉❛çã♦ ✭✹✳✾✮✿

EDFT = minψi
EKS[{ψi}, {~RN}] (4.11)

❡♠ q✉❡ EKS ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦

EKS =
N
∑

i

∫

ψ∗
i (~r)

(

−∇2

2

)

ψi(~r)d
3r +

∫

Vef (~r)ρ(~r)d
3r

+
1

2

∫ ∫

ρ(~r)ρ(~r′)

|~r − ~r′|
d3rd3r′ + Exc[ρ(~r)] (4.12)

❡♠ q✉❡ Exc[ρ(~r)] ❝♦♥té♠ ❛s ❡♥❡r❣✐❛s ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ✐♥t❡r❛❣❡♥t❡ ❝♦♠

❞❡♥s✐❞❛❞❡ [ρ(~r)]✳ ❊ss❡ t❡r♠♦ é ✉♥✐✈❡rs❛❧✱ ♠❛s s✉❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ❡①❛t❛ ♥ã♦ é ❝♦♥❤❡❝✐❞❛✳
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❘❡❡s❝r❡✈❡✲s❡ ❛ ❡q✉❛çã♦ ✭✹✳✶✷✮ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❡♥❡r❣✐❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛ ❬✶✷✼❪✿

EKS =

∫

Vef (~r)ρ(~r)d
3r + T0[ρ(~r)] + (4.13)

+
1

2

∫ ∫

ρ(~r)ρ(~r′)

|~r − ~r′|
d3rd3r′ + Exc[ρ(~r)]

❡ ✉s❛✲s❡ ♦ ♣r✐♥❝í♣✐♦ ✈❛r✐❛❝✐♦♥❛❧ t♦♠❛♥❞♦ ❛ ✈❛r✐❛çã♦ ❞❡ E[ρ(~r)] ❝♦♠ ♦ ✈í♥❝✉❧♦ ❞❛ ❝♦♥s❡r✈❛çã♦

❞❛ ❝❛r❣❛ t♦t❛❧ ❞♦ s✐st❡♠❛
∫

ρ(~r)d3r = N (4.14)

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♣r♦♣♦s✐çã♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✳✶✶✮ ❡ ♦ ✈í♥❝✉❧♦ ❛❝✐♠❛✱ t❡♠✲s❡ q✉❡✿

δ

(

EDFT [ρ]− λ

[
∫

ρ(~r)d3 −N

])

= 0 (4.15)

q✉❡ r❡s✉❧t❛ ❡♠
∫

δρ(~r)

{

δT0
δρ

+
δV (~r)

δρ
+ V (~r) +

δExc
δρ

− λ

}

d3r = 0 (4.16)

∫

δρ(~r)

{

δT0
δρ

+

∫

ρ(~r)′

|~r − ~r′|
d3r′ + V (~r) + vxc[ρ]− λ

}

d3r = 0, (4.17)

♦♥❞❡ ✭✹✳✶✹✮ vxc[ρ] é ♦ ♣♦t❡♥❝✐❛❧ ❞❡ tr♦❝❛✲❝♦rr❡❧❛çã♦✱ ❞❛❞♦ ♣♦r

vxc[ρ] =
δExc
δρ

. (4.18)

P❛r❛ ✉♠❛ ✈❛r✐❛çã♦ ❛r❜✐trár✐❛ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✳✾✮✱ ❛ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦

✭✹✳✶✼✮ ♣♦❞❡ s❡r ♦❜t✐❞❛ r❡s♦❧✈❡♥❞♦ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ♣❛r❛ ✉♠❛ ♣❛rtí❝✉❧❛ s✉❜♠❡t✐❞❛ ❛♦

♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❞❡ ❑♦❤♥✲❙❤❛♠ ✭vKS✮✿

ĥksψi(~r) = εiψi(~r) →

(

−
1

2
∇2 + v̂KS[ρ]

)

ψi(~r) = ǫiψi(~r) (4.19)

♦✉
(

−
1

2
∇2 +

∫

ρ(~r)′

|~r − ~r′|
d3r′ + V (~r) + vxc[ρ]

)

ψi(~r) = ǫiψi(~r). (4.20)

❉❛s ❡q✉❛çõ❡s ✭✹✳✶✾✮ ❡ ✭✹✳✷✵✮ t❡♠✲s❡ q✉❡ vKS ❞❡♣❡♥❞❡ ❞❛ ❞❡♥s✐❞❛❞❡ ρ ❡ ❡st❛ ♣♦r s✉❛ ✈❡③ ❞❡♣❡♥❞❡

❞♦ ♣♦t❡♥❝✐❛❧ vKS✱ ❞❡✈✐❞♦ à ❞❡✜♥✐çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✳✾✮✳ ❉❡ss❛ ❢♦r♠❛✱ ❛
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♥♦r♠❛❧✐③❛❞❛ (
∫

ψ∗
i ψid

3r = 1) ❬✶✷✼❪✿

N
∑

i

∫

ψ∗
i (~r)

(

−
1

2
∇2 +

∫

ρ(~r)′

|~r − ~r′|
d3r′ + V (~r) + vxc[ρ]

)

ψi(~r)d
3r (4.22)

=
N
∑

i

∫

εiψ
∗
i (~r)ψi(~r)d

3r (4.23)

q✉❡ r❡s✉❧t❛ ❡♠

T0[ρ(~r)] +

∫

V (~r)ρ(~r)d3r +

∫ ∫

ρ(~r)′

|~r − ~r′|
d3rd3r′

+

∫

vxc[ρ]ρ(~r)d
3 =

N
∑

i

εi (4.24)

❙❡ ❝♦♠♣❛r❛r♠♦s ❛ ❡q✉❛çã♦ ❛❝✐♠❛ ❝♦♠ ♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❡♥❡r❣✐❛ s❡♠❡❧❤❛♥t❡ à ❡q✉❛çã♦ ✭✹✳✶✹✮✿

E[ρ] =

∫

V (~r)ρ(~r)d3r + T0[ρ(~r)] +
1

2

∫ ∫

ρ(~r)′

|~r − ~r′|
d3rd3r′

+

∫

ρ(~r)εxc[ρ]d
3r (4.25)

♦❜t❡r❡♠♦s q✉❡ ❛ ❡♥❡r❣✐❛ ❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞♦s ❛✉t♦✈❛❧♦r❡s ǫi é ❞❛❞❛ ♣♦r ❬✶✷✼❪✿

E[ρ] =
N
∑

i

εi −
1

2

∫ ∫

ρ(~r)′

|~r − ~r′|
d3rd3r′ +

∫

ρ(~r) {εxc[ρ]− vxcEρ} d
3r. (4.26)

4.2.1 Aproximação da densidade local

❆ ❜❛s❡ ❞❛ ▲❉❆✱ ❡stá ❡♠ ❝♦♥s✐❞❡r❛r ❛ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛✲❝♦rr❡❧❛çã♦ Exc ♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡

❞❡♥s✐❞❛❞❡ ρ(~r) ❝♦♠♦ s❡♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛✲❝♦rr❡❧❛çã♦ ♣❛r❛ ✉♠ ❣ás ❞❡ ❡❧étr♦♥s ✉♥✐❢♦r♠❡✱ q✉❡

é ❝♦♥❤❡❝✐❞❛ ❞❡ ❢♦r♠❛ ♣r❡❝✐s❛ ❬✶✸✵✱✶✸✹❪✳ ❊❧❛ s✉♣õ❡ ❛✐♥❞❛ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ρ(~r) ✈❛r✐❛ s✉❛✈❡♠❡♥t❡

♥❛s ♣r♦①✐♠✐❞❛❞❡s ❞❡ ~r t❛❧ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛✲❝♦rr❡❧❛çã♦ ❞❡ ✉♠ ❡❧étr♦♥ ❡♠ ✉♠ ❞❛❞♦ ♣♦♥t♦

❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❧♦❝❛❧ ❬✶✷✼✱ ✶✸✵❪✳ ❉❡✈✐❞♦ ❡st❛ ❧♦❝❛❧✐❞❛❞❡ ❛s ✐♥t❡r❛çõ❡s

❞❡ ❞✐s♣❡rsã♦ ♥ã♦ sã♦ ❜❡♠ ❞❡s❝r✐t❛s✳ ◆❛ ▲❉❆ ❛ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛✲❝♦rr❡❧❛çã♦ é ❡s❝r✐t❛ ❝♦♠♦✿

Exc[ρ(~r)] =

∫

ρ(~r)εhxc[ρ(~r)]d
3r (4.27)
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♦♥❞❡ ♦ ♣♦t❡♥❝✐❛❧ vxc

vxc[ρ(~r)] =
d

dρ(~r)
(ρ(~r)εxc[ρ(~r)]) . (4.28)

❯♠❛ ❞❛s s✉❣❡stõ❡s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ Exc✱ é s❡♣❛r❛r ♦s t❡r♠♦s ❞❡ tr♦❝❛ ✭q✉❡ ♣❛r❛ ♦ ❝❛s♦ ❞♦

❣ás ❤♦♠♦❣ê♥❡♦ ♣♦❞❡ s❡r ♦❜t✐❞♦ ❢❛❝✐❧♠❡♥t❡✮ ❡ ❞❡ ❝♦rr❡❧❛çã♦✱ ❡ ❛ss✐♠ t❡r❡♠♦s✿

Exc[ρ(~r)] ≈ ELDA
xc [ρ(~r)] =

∫

ρ(~r) {εx[ρ(~r)] + εc[ρ(~r)]} d
3r. (4.29)

4.2.2 Aproximação do gradiente generalizado

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

♠ét♦❞♦s ❜❛s❡❛❞♦s ♥❛ ❛♣r♦①✐♠❛çã♦ ❧♦❝❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ✭▲❉❆✮ ♥ã♦ ♦❢❡r❡❝❡♠ ❛ ♣r❡❝✐sã♦ ❞❡s❡❥❛❞❛✱

❝♦♠♦ ♦❝♦rr❡ ♣❛r❛ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛s ❛♣❧✐❝❛çõ❡s ♥❛ q✉í♠✐❝❛ ❡ ♥❛ ❜✐♦❧♦❣✐❛ ❬✶✷✼✱✶✸✵❪✳ ❯♠ ❛✈❛♥ç♦

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

❞❛ ❞❡♥s✐❞❛❞❡ (∇ρ(~r)) ♥❛ ❡①♣r❡ssã♦ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✳✷✶✮✳ P❛r❛ ✉♠ s✐st❡♠❛

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

EGGA
xc [ρ] =

∫

f (ρ,∇ρ) d3r (4.30)

❚❛♠❜é♠ ♥♦ ❢♦r♠❛❧✐s♠♦ ❞❛ ●●❆✱ ♦ ❢✉♥❝✐♦♥❛❧ EGGA
xc é ❣❡r❛❧♠❡♥t❡ ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ♣❛rt❡s✱

✉♠❛ ❝♦♥t❡♥❞♦ ♦s t❡r♠♦s ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛ EGGA
x ❡ ❛ ♦✉tr❛✱ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❝♦rr❡❧❛çã♦

EGGA
c ✳

❊①✐st❡♠ t❛♠❜é♠ ♦s ❝❤❛♠❛❞♦s ❢✉♥❝✐♦♥❛✐s ❤í❜r✐❞♦s✱ q✉❡ sã♦ ❢♦r♠❛❞♦s ❛ ♣❛rt✐r ❞❡ ✉♠❛

♠✐st✉r❛ ❞❡ ✉♠❛ ❢r❛çã♦ ❞♦ t❡r♠♦ ❞❡ tr♦❝❛ ❞❡ ❍❛rtr❡❡✲❋♦❝❦ ♥♦ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛ ❞❛ ❉❋❚✱

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

❛❥✉stá✈❡✐s✳ ❖ ✉s♦ ❞❡ss❡s ❢✉♥❝✐♦♥❛✐s ❢❛③ ❝♦♠ q✉❡ ❛❧❣✉♥s ❛✉t♦r❡s q✉❡st✐♦♥❡♠ ❛ ❉❋❚ ❝♦♠♦ s❡♥❞♦

✉♠ ♠ét♦❞♦ ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ❬✶✷✼✱✶✸✵❪✳

4.3 Método das ondas planas

❖ t❡♦r❡♠❛ ❞❡ ❇❧♦❝❤ ❛✜r♠❛ q✉❡✱ ♣❛r❛ ✉♠❛ r❡❞❡ ♣❡r✐ó❞✐❝❛✱ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ψ ❞❡✈❡ ♦❜❡❞❡❝❡r
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❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞❛ r❡❞❡ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♣♦❞❡ s❡r ❡①♣r❡ss❛❞❛ ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦ ❬✶✷✶✱✶✷✼✱

✶✷✽✱✶✸✺❪✿

ψ~k(~r) = ei
~k·~ru~k(~r) (4.31)

♦♥❞❡ u~k é ✉♠❛ ❢✉♥çã♦ ♣❡r✐ó❞✐❝❛ q✉❡ ♦❜❡❞❡❝❡ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞❛ r❡❞❡ ❞❡ t❛❧ ♠❛♥❡✐r❛ q✉❡

u~k(~r) = u~k(
~k, ~r + ~R), (4.32)

♦♥❞❡ ~R é ✉♠ ✈❡t♦r ❞❡ tr❛♥s❧❛çã♦ ❞❛ r❡❞❡ ❡ ~k é ✉♠ ✈❡t♦r ❞♦ ❡s♣❛ç♦ r❡❝í♣r♦❝♦✳ ❯♠❛ ✈❡③ q✉❡ u~k

é ✉♠❛ ❢✉♥çã♦ ♣❡r✐ó❞✐❝❛ ❡❧❛ ♣♦❞❡ s❡r ❡①♣❛♥❞✐❞❛ ❡♠ t❡r♠♦s ❞❡ ♦♥❞❛s ♣❧❛♥❛s ❬✶✷✽✱✶✸✺❪✿

u~k(~r) =
∑

~G

c ~Ge
i ~G·~r, (4.33)

♦♥❞❡ ~G é ✉♠ ✈❡t♦r ❞❡ tr❛♥s❧❛çã♦ ❞❛ r❡❞❡ r❡❝í♣r♦❝❛ ❞❛❞♦ ♣♦r ~G = m1
~b1 +m2

~b2 +m3
~b3✱ ♦♥❞❡

q✉❡ ~bi sã♦ ✈❡t♦r❡s ♣r✐♠✐t✐✈♦s ❞❛ r❡❞❡ r❡❝í♣r♦❝❛ ❡ mi sã♦ ♥ú♠❡r♦s ✐♥t❡✐r♦s✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛

❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✳✸✶✮ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

ψ~k(~r) =
∑

~G

ck+Ge
i(~k+ ~G)·~r. (4.34)

❱❡❥❛ q✉❡ ❡st❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡♣❡♥❞❡ ❞❡ ✉♠❛ ❜❛s❡ ❞❡ ♦♥❞❛s ♣❧❛♥❛s q✉❡ é ❞✐♠❡♥s✐♦♥❛❞❛

♣♦r ✐♥✜♥✐t♦s ✈❡t♦r❡s ❞❛ r❡❞❡ r❡❝í♣r♦❝❛ ~G✳ ❆ r✐❣♦r✱ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛

s❡r✐❛ ♥❡❝❡ssár✐♦ ❡❢❡t✉❛r ✉♠❛ s♦♠❛ ❝♦♠ ✐♥✜♥✐t♦s t❡r♠♦s✳ ◆❛ ♣rát✐❝❛ ♣♦❞❡✲s❡ ❞❡t❡r♠✐♥❛r ✉♠

♥ú♠❡r♦ ✜♥✐t♦ ❞❡ ♦♥❞❛s ♣❧❛♥❛s ❛❞❡q✉❛❞♦✳ P❛r❛ ✐ss♦✱ é ♥❡❝❡ssár✐♦ ♦❜s❡r✈❛r q✉❡ ❛ ❡q✉❛çã♦ ✭✹✳✸✹✮

♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞❛ ❝♦♠♦ ✉♠❛ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ❝♦♠ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞❛❞❛

♣♦r ❬✶✷✽✱✶✸✺❪✿

E =
~
2

2m
|~k + ~G|2. (4.35)

❊♥tã♦✱ ♥❛ ♣rát✐❝❛ ♦ q✉❡ s❡ ❢❛③ é ❞❡t❡r♠✐♥❛r ✉♠❛ ❡♥❡r❣✐❛ ♠á①✐♠❛ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❡♥❡r❣✐❛ ❞❡

❝♦rt❡ Ecut ❡ ❛ ♣❛rt✐r ❞❡st❛ ❡♥❡r❣✐❛ ♦❜té♠✲s❡ ♦ ♥ú♠❡r♦ ❞❡ ♦♥❞❛s ♣❧❛♥❛s ❞❛❞♦ ♣♦r✿

G2
cut =

2m

~2
Ecut. (4.36)
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❖ ♠ét♦❞♦ ❞❛s ♦♥❞❛s ♣❧❛♥❛s t❡♠ ✉♠❛ ❣r❛♥❞❡ ✉t✐❧✐❞❛❞❡ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ♣rát✐❝♦✱ ♣♦✐s ❡st❡

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

♣❛r❛ ❞❡s❝r❡✈❡r ♦ s✐st❡♠❛ ❬✶✷✶✱ ✶✷✼✕✶✷✾✱ ✶✸✺❪✳ ❊♥tr❡t❛♥t♦✱ ❞❡✈❡✲s❡ ♦❜s❡r✈❛r q✉❡✱ q✉❛♥t♦ ♠❛✐♦r

♦ ♥ú♠❡r♦ ❞❡ ♦♥❞❛s ♣❧❛♥❛s✱ ♠❛✐s ❝❛r❛ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ✜❝❛rá ❛ s✐♠✉❧❛çã♦✳ ❚❡♥❞♦ ✐ss♦ ❡♠

✈✐st❛ é ♥❡❝❡ssár✐♦ ✉♠❛ ❡s❝♦❧❤❛ ❛❞❡q✉❛❞❛ ♣❛r❛ ♦❜t❡r ♦ ♠❡❧❤♦r ❝✉st♦ ❜❡♥❡❢í❝✐♦ ♣❛r❛ r❡❛❧✐③❛r ❛s

s✐♠✉❧❛çõ❡s✳ ❯♠❛ ❡s❝♦❧❤❛ ❛❞❡q✉❛❞❛ ♥♦ ♥ú♠❡r♦ ❞❡ ♦♥❞❛s ♣❧❛♥❛s ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ♦❜t✐❞❛

❛tr❛✈és ❞❡ t❡st❡s ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ q✉❡ s❡rã♦ ❞❡s❝r✐t♦s ♥♦ ♣ró①✐♠♦ ❈❛♣ít✉❧♦✳

4.4 Detalhes computacionais

❆s s✐♠✉❧❛çõ❡s ❞❡st❛ ❚❡s❡ ❢♦r❛♠ ❢❡✐t❛s ❝♦♠ ♦ ❱✐❡♥♥❛ ❆❜✲✐♥✐t✐♦ ❙✐♠✉❧❛t✐♦♥ P❛❝❦❛❣❡ ✭❱❆❙P✮

q✉❡ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ●❡♦r❣❡ ❑r❡ss❡ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✶✸✻✕✶✸✾❪✳ P❛r❛ r❡♣r♦❞✉③✐r ❛s s✐♠✉✲

❧❛çõ❡s r❡❛❧✐③❛❞❛s ♥❡st❛ ❚❡s❡ é ♣r❡❝✐s♦ s❛❜❡r q✉❡ ♦ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ✉s❛❞♦ ❢♦✐ ♦

P❡r❞❡✇✲❇✉r❦❡✲❊r♥③❡r❤♦❢ ✭P❇❊✮ ❬✶✹✵❪ ❡ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦rt❡ ♣❛r❛ ❛s ♦♥❞❛s ♣❧❛♥❛s ❡♠ t♦❞❛s

❛s s✐♠✉❧❛çõ❡s ❢♦✐ ❞❡ ✼✵✵ ❡❱✳ ❆ r❡❞❡ ❞❡ ❛♠♦str❛❣❡♠ ♣❛r❛ ✐♥t❡❣r❛çã♦ ♥❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✉✐♥ ✉s❛❞❛

♣❛r❛ ❝❛❧❝✉❧❛r ❛s ❡♥❡r❣✐❛s ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❢♦✐ ❞❡ ✸①✸①✸ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❛s ❞✐s✲

❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❢♦✐ ✉s❛❞♦ ♦ ♣♦♥t♦ Γ✳ ❚♦❞❛s ❛s ♦t✐♠✐③❛çõ❡s ❞❡ ❡str✉t✉r❛s ❢♦r❛♠ ❢❡✐t❛s ❝♦♠

✉♠❛ ❝❛✐①❛ ❞❡ ✈♦❧✉♠❡ ✜①♦ s❡♠ ♣❡r♠✐t✐r ❞❡❢♦r♠❛çõ❡s ♥❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❞✉r❛♥t❡ ❛ ♦t✐♠✐③❛✲

çã♦✳ ❖ ❝r✐tér✐♦ ♣❛r❛ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛s ❢♦rç❛s ❢♦✐ ❞❡ ✵✱✵✷ ❡❱✴➴ ❡♠ ❝❛❞❛ ♥ú❝❧❡♦✳ ❊♠ t♦❞❛s ❛s

s✐♠✉❧❛çõ❡s ✉s❛♠♦s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ❝♦♠♦ ♠❡❧❤♦r ❡①♣❧✐❝❛❞♦ ♥❛ ♣ró①✐♠❛ s❡çã♦✳

4.5 Condições periódicas de contorno

❙❛❜❡✲s❡ q✉❡ ✉♠❛ ❛♠♦str❛ ♠❛❝r♦s❝ó♣✐❝❛ ❞❡ ✉♠ ❝r✐st❛❧ t❡♠ ❞❛ ♦r❞❡♠ ❞❡ 1023 ♠♦❧é❝✉❧❛s✳

❯♠❛ ❛♠♦str❛ r❡❛❧ é ❧✐♠✐t❛❞❛ ♣♦r ✉♠❛ s✉♣❡r❢í❝✐❡ q✉❡ ❡①❡r❝❡ ❢♦rt❡ ✐♥✢✉ê♥❝✐❛ s♦❜r❡ ❛s ♠♦❧é❝✉❧❛s

q✉❡ ❡stã♦ ♣ró①✐♠❛s ❛ ❡❧❛ ❞❡✈✐❞♦ à q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛ ❡ t❛♠❜é♠ ❞❡✈✐❞♦ ❛♦ r♦♠♣✐♠❡♥t♦ ❞❡ ❧✐❣❛✲

çõ❡s ❞❛s ♠♦❧é❝✉❧❛s ♣r❡s❡♥t❡s ♥❛ s✉♣❡r❢í❝✐❡✳ ◆♦ ❡♥t❛♥t♦✱ ❛s ♠♦❧é❝✉❧❛s q✉❡ ❡stã♦ ❜❡♠ ❛❢❛st❛❞❛s
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❞❛ s✉♣❡r❢í❝✐❡ ❡♠ ✉♠❛ r❡❣✐ã♦✱ ❝♦♠✉♠❡♥t❡ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ r❡❣✐ã♦ ❞❡ ❜✉❧❦✱ ❡stã♦ tã♦ ❞✐st❛♥t❡s ❞❛

s✉♣❡r❢í❝✐❡ q✉❡ ♥ã♦ s♦❢r❡♠ ✐♥✢✉ê♥❝✐❛ ❞❡❧❛✳ ❯♠❛ s✐♠✉❧❛çã♦ q✉❡ ♣r❡t❡♥❞❡ ❞❡s❝r❡✈❡r ♦ ❝♦♠♣♦rt❛✲

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

❝♦♥❞✐çõ❡s s❡♠❡❧❤❛♥t❡s à ❡♥❝♦♥tr❛❞❛ ❡♠ ✉♠ ❝r✐st❛❧ r❡❛❧✱ ♦✉ s❡❥❛✱ ❞❡✈❡ s❡r ❝❛♣❛③ ❞❡ ♠✐♥✐♠✐✲

③❛r ♦✉ ❛té ♠❡s♠♦ ❡❧✐♠✐♥❛r ♦s ❡❢❡✐t♦s ❞❡ s✉♣❡r❢í❝✐❡✳ P♦r ✉♠❛ r❛③ã♦ ❞❡ ❧✐♠✐t❛çã♦ ❞❡ r❡❝✉rs♦s

❝♦♠♣✉t❛❝✐♦♥❛✐s é ✐♠♣r❛t✐❝á✈❡❧ r❡❛❧✐③❛r ✉♠❛ s✐♠✉❧❛çã♦ q✉❡ t❡♥❤❛ ❞❛ ♦r❞❡♠ ❞❡ 1023 ♠♦❧é❝✉❧❛s✳

◗✉❛♥❞♦ s❡ tr❛t❛ ❞❡ ❝á❧❝✉❧♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♠ 103 ❬✶✷✶✱ ✶✷✼✱ ✶✷✽❪

❥á é ❡①tr❡♠❛♠❡♥t❡ ❝❛r❛✳ ❆t✉❛❧♠❡♥t❡✱ ♣❛r❛ r❡❛❧✐③❛r s✐♠✉❧❛çõ❡s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s ❞❡st❛

♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ é ♦❜r✐❣❛tór✐♦ ♦ ✉s♦ ❞❡ ✉♠ s✉♣❡r✲❝♦♠♣✉t❛❞♦r✳ ❖❜✈✐❛♠❡♥t❡✱ ✉♠ s✐st❡♠❛

❞❡st❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ é tã♦ ♣❡q✉❡♥♦ q✉❡ ❛ ❢r❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ♣r❡s❡♥t❡s ♥❛ s✉♣❡r❢í❝✐❡ ❥á

♥ã♦ ♣♦❞❡ ♠❛✐s s❡r ❞❡s♣r❡③❛❞❛ ❡ ♦ s✐st❡♠❛ ♣❛ss❛r✐❛ ❛ s❡r ❞♦♠✐♥❛❞♦ ♣♦r ❡❢❡✐t♦s ❞❡ s✉♣❡r❢í❝✐❡✳

❯♠❛ ❛❧t❡r♥❛t✐✈❛ ♣❛r❛ r❡s♦❧✈❡r ❡st❡ ♣r♦❜❧❡♠❛ é ♦ ♠ét♦❞♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s

❞❡ ❝♦♥t♦r♥♦ ✭♣❜❝✮✳ ❊st❡ ♠ét♦❞♦ ❝♦♥s✐st❡ ♥❛ r❡♣❡t✐çã♦ ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ✐♥✜♥✐t❛s ✈❡③❡s

s✐♠✉❧❛♥❞♦ ❞❡st❛ ❢♦r♠❛ ✉♠ ❝r✐st❛❧ ✐♥✜♥✐t♦✱ ♦✉ s❡❥❛✱ s❡♠ s✉♣❡r❢í❝✐❡ ❬✶✹✶❪✳

P♦r ♠♦t✐✈♦s ❞✐❞át✐❝♦s ✉s❛r❡♠♦s ✉♠ ♠♦❞❡❧♦ ❞❡ ✉♠ ❝r✐st❛❧ ❜✐❞✐♠❡♥s✐♦♥❛❧✳ Pr✐♠❡✐r❛♠❡♥t❡

✐♠❛❣✐♥❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ N ♠♦❧é❝✉❧❛s ♥✉♠❛ ❝❛✐①❛ ❜✐❞✐♠❡♥s✐♦♥❛❧✳ ❖ ✉s♦ ❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó✲

❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ✐♠♣❧✐❝❛ q✉❡ ❛ ❝❛✐①❛ ❝❡♥tr❛❧ s❡rá r❡♣❡t✐❞❛ ✐♥✜♥✐t❛s ✈❡③❡s✱ ♣r❡❡♥❝❤❡♥❞♦ t♦❞♦

♦ ❡s♣❛ç♦ ❜✐❞✐♠❡♥s✐♦♥❛❧✳ ❚♦❞❛s ❛s ✐♠❛❣❡♥s ❞❛ ❝❛✐①❛ ❝♦♥té♠ ❛s ✐♠❛❣❡♥s ❞❛s ♠♦❧é❝✉❧❛s ♥❛s

♠❡s♠❛s ♣♦s✐çõ❡s r❡❧❛t✐✈❛s ❞❛ ❝❛✐①❛ ❝❡♥tr❛❧✳ ❆❧é♠ ❞✐ss♦✱ s❡ ✉♠❛ ♠♦❧é❝✉❧❛ r❡❛❧✐③❛r ✉♠ ❞❡s❧♦✲

❝❛♠❡♥t♦ ♥❛ ❝❛✐①❛ ♦r✐❣✐♥❛❧ ❡♥tã♦✱ t♦❞❛s ❛s s✉❛s ✐♠❛❣❡♥s s❡ ♠♦✈❡rã♦ ❞❡ ♠❛♥❡✐r❛ ❡①❛t❛♠❡♥t❡

✐❣✉❛❧✳ ❉❡st❛ ❢♦r♠❛✱ q✉❛♥❞♦ ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡✐①❛r ❛ ❝❛✐①❛ ❝❡♥tr❛❧✱ ✉♠❛ ✐♠❛❣❡♠ ❞❡❧❛ ❡♥tr❛rá

♣❡❧❛ ❢❛❝❡ ♦♣♦st❛✳ ❊st❡ ♠ét♦❞♦ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✹✳✷✮✳ ❖❜s❡r✈❡ q✉❡✱ q✉❛♥❞♦ ❛ ♠♦❧é❝✉❧❛

1 s❡ ♠♦✈❡ ❡♠ ✉♠❛ ❞✐r❡çã♦ t♦❞❛s ❛s s✉❛s ✐♠❛❣❡♥s 1A✱ 1B ❡ ❡t❝✳✭♦s í♥❞✐❝❡s ✐♥❞✐❝❛♠ ❡♠ q✉❛❧

❝❛✐①❛ ❛s ✐♠❛❣❡♥s ❡stã♦✮ s❡ ♠♦✈❡♠ ❞❛ ♠❡s♠❛ ♠❛♥❡✐r❛✳

❯♠❛ ❝♦♥s❡q✉ê♥❝✐❛ ✐♠❡❞✐❛t❛ ❞❡st❡ ♠ét♦❞♦ é q✉❡ ❛ ✈✐③✐♥❤❛♥ç❛ ❞❛s ♠♦❧é❝✉❧❛s ♥❛ ❜♦r❞❛ ❞❛
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Figura 4.2: Mostra o funcionamento das condições periódicas de contorno para um cristal bidimen-
sional. Observe que quando a molécula 1 sai da caixa original mostrada no centro da Figura uma
imagem desta molécula entra na face oposta. Figura retirada da referência [141]

❝❛✐①❛ ♥ã♦ ❞❡♣❡♥❞❡ s♦♠❡♥t❡ ❞❛s ♠♦❧é❝✉❧❛s ♣r❡s❡♥t❡s ♥❛ ❝❛✐①❛ ♦r✐❣✐♥❛❧ ♠❛s t❛♠❜é♠ ❞❡♣❡♥❞❡ ❞❛s

✐♠❛❣❡♥s✳ ❆ ❋✐❣✉r❛ ✭✹✳✸✮ ♠♦str❛ ❛ ✈✐③✐♥❤❛♥ç❛ ❞❛ ♠♦❧é❝✉❧❛ ✶ ♦❜s❡r✈❡ q✉❡ ❛s ♠♦❧é❝✉❧❛s ✸✱ ✹ ❡ ✺

♥❛ ❝❛✐①❛ ♦r✐❣✐♥❛❧ ♥ã♦ ❢❛③❡♠ ♣❛rt❡ ❞❛ ✈✐♥❤❛ç❛ ❞❛ ♠♦❧é❝✉❧❛ ✶✱ ♦✉ s❡❥❛✱ ❝❛❞❛ ✉♠❛ ❞❡st❛ ♠♦❧é❝✉❧❛s

é s✉❜st✐t✉í❞❛ ♣♦r s✉❛s r❡s♣❡❝t✐✈❛s ✐♠❛❣❡♥s 3E✱ 4E ❡ 5C ✳ ❊st❛ ❝♦♥✈❡♥çã♦ ♥❛ ❡s❝♦❧❤❛ ❞❛s ✐♠❛❣❡♥s

é ❝♦♥❤❡❝✐❞❛ t❛♠❜é♠ ❝♦♠♦ ❝♦♥✈❡♥çã♦ ❞❡ ♠í♥✐♠❛ ✐♠❛❣❡♠ ❬✶✹✶❪✳ ❆♣❡s❛r ❞❡ s❡r ♠✉✐t♦ út✐❧ ♣❛r❛

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

❜✉❧❦✱ ♦ ♠ét♦❞♦ ❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ✐♠♣õ❡ ❛❧❣✉♠❛s ❝♦♥s❡q✉ê♥❝✐❛s ✐♥❞❡s❡❥❛❞❛s✳

❖ ❡①❡♠♣❧♦ ♠❛✐s ❝♦♠✉♠ é ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ✐♠❛❣❡♥s✱ ♦✉ s❡❥❛✱ ✉♠❛ ♠❡s♠❛ ♠♦❧é❝✉❧❛ ♣♦❞❡rá

❝♦♥tr✐❜✉✐r ♠❛✐s ❞❡ ✉♠❛ ✈❡③ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛s ✐♥t❡r❛çõ❡s ❬✶✹✷✕✶✹✹❪✳ ❊♠ ❛❧❣✉♠❛s s✐♠✉❧❛çõ❡s

❡st❛ ✐♥t❡r❛çã♦ ✐♥❞❡s❡❥❛❞❛ ♣♦❞❡ s❡r ❡❧✐♠✐♥❛❞❛ ❡st❛❜❡❧❡❝❡♥❞♦ ✉♠❛ r❛✐♦ ❞❡ ❝♦rt❡ ♣❛r❛ ❛ ✐♥t❡r❛çã♦

❬✶✹✶❪✳

❖ ♠ét♦❞♦ ❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ t❛♠❜é♠ ❞✐✜❝✉❧t❛ ❛ s✐♠✉❧❛çã♦ ❞❡ ❞❡❢❡✐t♦s

❡①t❡♥s♦s✳ ❈♦♠♦ ❢♦✐ ✈✐st♦ ♥♦ ❈❛♣ít✉❧♦ ✸✱ ❛s ❞✐s❝♦r❞â♥❝✐❛s ❡ ❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ sã♦
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4.5 Condições periódicas de contorno 95

Figura 4.3: Mostra que a vizinhança das moléculas na borda da caixa não depende somente das
moléculas originais mas também das imagens mais próximas. Figura retirada da referência [141]

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

❆ s✐♠✉❧❛çã♦ ❞❡st❡ t✐♣♦ ❞❡ ❞❡❢❡✐t♦ s♦❜ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ é ✉♠ ❣r❛♥❞❡ ❞❡s❛✜♦

♣❛r❛ q✉❛❧q✉❡r ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛✱ ♣♦✐s ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ r❡❧❛t✐✈♦ ❡♥tr❡ ❞✉❛s ♣❛rt❡s ❞❛ ❝❛✐①❛

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

✐♥t❡r❛çõ❡s ✐♥❞❡s❡❥❛❞❛s ❬✻✸❪✳

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

❡str✉t✉r❛ ❛♣r❡s❡♥t❛ ✉♠❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛✳ ❉❡♣♦✐s ❞❡ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ r❡❧❛t✐✈♦ ❡♥tr❡ ❞✉❛s

♣❛rt❡s ❞♦ ❝r✐st❛❧ ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ❛s ♣❛rt❡s ❞❡s❧♦❝❛❞❛s ♥ã♦ s❡ ❡♥❝❛✐①❛♠ ♠❛✐s✳

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

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

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

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

✉♠ ♠ét♦❞♦ q✉❡ s❡rá ❝❤❛♠❛❞♦ ❞❡ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ♠♦❞✐✜❝❛❞❛s ♣❛r❛ s✐♠✉❧❛r

❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ P❛r❛ ❡①❡♠♣❧✐✜❝❛r ♦ ✉s♦ ❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦
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4.5 Condições periódicas de contorno 96

Figura 4.4: Mostra a diferença entre a pbc convencional e a pbc modificada. O lado esquerdo mostra
duas imagens separadas por uma linha tracejada horizontal sob pbc convencional tal que não há
criação de falha de empilhamento. Já o lado direito mostra duas imagens separadas pela mesma
linha tracejada de uma caixa que está sob pbc modificada tal que há a criação de uma falha de
empilhamento entre as imagens [131].

♠♦❞✐✜❝❛❞❛s s❡rá ✉t✐❧✐③❛❞♦ ❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ q✉❡ ❢♦✐ ✉s❛❞❛ ♣❛r❛ s✐♠✉❧❛r ✉♠❛ ❞❛s ❢❛❧❤❛s ❞❡

❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h✳ ❆ ❋✐❣✉r❛ ✭✹✳✹✮ ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ ♠♦str❛ ✉♠❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ q✉❡

❢♦✐ r❡♣❡t✐❞❛ ♥❛ ❞✐r❡çã♦ ~c✱ q✉❡ ❡stá ♥♦ ♣❧❛♥♦ ❞❛ ♣á❣✐♥❛ ♥❛ ❞✐r❡çã♦ ✈❡rt✐❝❛❧✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛

s❡♣❛r❛ ❛ ❝❛✐①❛ ♦r✐❣✐♥❛❧ ❞❛ ♣r✐♠❡✐r❛ ✐♠❛❣❡♠ ❛♦ ❧♦♥❣♦ ❞❛ ❞✐r❡çã♦ ~c✳ ❖❜s❡r✈❡ q✉❡ ❛ ✐♠❛❣❡♠

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

❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ r❡❣✉❧❛r ❡ ♥ã♦ ❤á ❝r✐❛çã♦ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ◆❡st❡

❝❛s♦ ♦s ✈❡t♦r❡s ❞❡ r❡♣❡t✐çã♦ ❞❛ ❝❛✐①❛ sã♦ ❞❛❞♦s ♣♦r ~a = (Lx, 0, 0)✱ ~b = (0, Ly, 0) ❡ ~c = (0, 0, Lz)

♦♥❞❡ Lx✱ Ly ❡ Lz sã♦ ♦s ❧❛❞♦s ❞❛ ❝❛✐①❛ ♦rt♦rrô♠❜✐❝❛ ♦r✐❣✐♥❛❧✳ ❆❣♦r❛ ❝♦♥s✐❞❡r❡ ❛ ❋✐❣✉r❛ ✭✹✳✹✮

❞♦ ❧❛❞♦ ❞✐r❡✐t♦✳ ◆♦t❡ q✉❡ ❛ ✐♠❛❣❡♠ ♥ã♦ ❢♦✐ r❡♣❡t✐❞❛ ♦❜❡❞❡❝❡♥❞♦ ♦ ❛❧✐❛♠❡♥t♦ ♦r✐❣✐♥❛❧ ❝♦♠♦ ❢♦✐

❢❡✐t♦ ♥❛ ❝❛✐①❛ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦✳ ❍♦✉✈❡ ✉♠❛ ♠✉❞❛♥ç❛ ♥♦ ✈❡t♦r ❞❡ r❡♣❡t✐çã♦ ❞❛ ❝❛✐①❛ ❞❡ ~c ♣❛r❛ ~c′

♦♥❞❡ ~c′ é ❞❛❞♦ ♣♦r ~c′ = (0,−b1, Lz) ❡ b1 é ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ♣❛r❝✐❛❧ ♥♦ ♣❧❛♥♦ ❜❛s❛❧✳
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❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ ❝r✐❛ ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡♥tr❡ ❛ ✐♠❛❣❡♠ ❡ ❛ ❝❛✐①❛ ♦r✐❣✐♥❛❧✳ ❖❜s❡r✈❡

q✉❡ ❡st❛ ♠✉❞❛♥ç❛ ♥❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ r❡❛❧✐③❛ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ r❡❧❛t✐✈♦ ❡♥tr❡

❛s ✐♠❛❣❡♥s ❞❛ ❝❛✐①❛ q✉❡ ❧❡✈❛ ❛s ❝❛♠❛❞❛s ❇ ♣❛r❛ ♣♦s✐çõ❡s ❈ ❡ ❛s ❝❛♠❛❞❛s ♦r✐❣✐♥❛❧♠❡♥t❡ ❡♠

❆ ♣❛r❛ ♣♦s✐çõ❡s ❇✳ ➱ ✐♠♣♦rt❛♥t❡ ♦❜s❡r✈❛r q✉❡✱ ❛♣❡s❛r ❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦

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

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

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♣♦r ✐♠❛❣❡♠✱ ❢❛❝✐❧✐t❛♥❞♦ ♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❢❛❧❤❛✳

◆♦ ❝❛s♦ ❞❛ s✐♠✉❧❛çã♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥ã♦ é ♣♦ssí✈❡❧ s✐♠✉❧❛r ✉♠❛ ú♥✐❝❛ ❞✐s❝♦r✲

❞â♥❝✐❛ ❡♠ ✉♠ ❝r✐st❛❧ s✉❜♠❡t✐❞♦ à ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ❬✻✸❪✳ ❆ ❛❧t❡r♥❛t✐✈❛ ✉s❛❞❛

❢♦✐ ❛ ❝r✐❛çã♦ ❞❡ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ❝♦♠ ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ❡♠ s❡♥t✐❞♦s ♦♣♦st♦s ❛ss✐♠ ❝♦♠♦

♠♦str❛ ❛ ❋✐❣✉r❛ ✭✹✳✺✮ ❬✶✹✺❪✳ ◆❡st❛ ❋✐❣✉r❛ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❤á ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ❝♦♠

Figura 4.5: Mostra um dipolo de discordância separadas por uma distância a procedimento necessá-
rio para simulação de discordâncias em um cristal submetido a condições periódicas de contorno. Os
vetores −~b e ~b mostram que os vetores de Burgers de cada discordância estão em direções opostas.
Figura retirada da referência [63].

s❡✉s r❡s♣❡❝t✐✈♦s ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ❡♠ s❡♥t✐❞♦s ♦♣♦st♦s s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ a✳ ❊st❛

❝❛✐①❛ ❡stá s✉❜♠❡t✐❞❛ ❛ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ❡ ❝♦♠ ♦ ✈❡t♦r❡s ❞❡ r❡♣❡t✐çã♦ ❞❛❞♦s
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♣♦r ~c1✱ ~c2 ❡ ~c3✳ P❛r❛ ♠✐♥✐♠✐③❛r ♦s ❡❢❡✐t♦s ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ❛ ❞✐stâ♥❝✐❛

❡s❝♦❧❤✐❞❛ ❡♥tr❡ ❡❧❛s é ✐❣✉❛❧ ❛ ♠❡t❛❞❡ ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✳

4.6 Interações de momentos de dipolo - Soma de Ewald

❯♠❛ ❞❛s ❝♦♥s❡q✉ê♥❝✐❛s ✐♥❞❡s❡❥❛❞❛s q✉❡ ♣♦❞❡♠ ♦❝♦rr❡r ♥❛ s✐♠✉❧❛çã♦ ❞❡ ❞❡❢❡✐t♦s ❝r✐st❛❧✐♥♦s

❡♠ ✉♠❛ ❝❛✐①❛ s♦❜ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ é ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ✐♠❛❣❡♥s ❞♦ ❞❡❢❡✐t♦

❡st✉❞❛❞♦✳ ❊st❛ ✐♥t❡r❛çã♦ é ✐♥❞❡s❡❥❛❞❛ ♣♦rq✉❡ ✐♠♣♦ss✐❜✐❧✐t❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦

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

✐♥t❡r❛çã♦ ❞♦ ❞❡❢❡✐t♦ ❝♦♠ ❛ s✉❛ ♣ró♣r✐❛ ✐♠❛❣❡♠✳ ❉❡♣❡♥❞❡♥❞♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♠ s✐♠✉❧❛çõ❡s ❝❧ás✲

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

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

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

s❡r ❝♦♥t❛❜✐❧✐③❛❞❛ ❬✶✹✹❪✳ ❙❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ✐♠❛❣❡♥s ❢♦r ♣❡q✉❡♥❛ ❡ ♦ ❞❡❢❡✐t♦ ❝r✐st❛❧✐♥♦ t✐✈❡r

✉♠❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❛❧t❛ ❡♥tã♦ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ r❡❢❡r❡♥t❡ às ✐♥t❡r❛çõ❡s ❡♥tr❡

❛s ✐♠❛❣❡♥s ♣♦❞❡ s❡r ❞❡s♣r❡③❛❞❛✳ ◆♦ ❡♥t❛♥t♦✱ s❡ ♦ ♣♦t❡♥❝✐❛❧ ❢♦r ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ ❡ ❛ ❡♥❡r❣✐❛

❞❡ ❢♦r♠❛çã♦ ❞♦ ❞❡❢❡✐t♦ ❝r✐st❛❧✐♥♦ ❢♦r ♠✉✐t♦ ❜❛✐①❛ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡✈✐❞♦ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s

✐♠❛❣❡♥s ♣❛ss❛ ❛ s❡r s✐❣♥✐✜❝❛t✐✈❛✳ ❯♠ ❡①❡♠♣❧♦ ❞❡st❡ ú❧t✐♠♦ ❝❛s♦ é ❛ s✐♠✉❧❛çã♦ ❞❡ ❞❡❢❡✐t♦s

❝❛rr❡❣❛❞♦s ♣♦✐s ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❈♦✉❧♦♠❜ é ✉♠ ♣♦t❡♥❝✐❛❧ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡✳

❏á ✈✐♠♦s ♥♦ ❈❛♣ít✉❧♦ ✷ q✉❡ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h é ✉♠❛ ❡str✉t✉r❛ ♣rót♦♥ ❞❡s♦r❞❡✲

♥❛❞❛ t❛❧ q✉❡ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ r❡s✉❧t❛♥t❡ ❞❡st❛ ❡str✉t✉r❛ é ♥✉❧♦✳ ◆❛s s✐♠✉❧❛çõ❡s r❡❛❧✐③❛❞❛s

♥❡st❛ ❚❡s❡ ❢♦r❛♠ ✉s❛❞❛s ❝é❧✉❧❛s ❣❡r❛❞❛s ❛ ♣❛rt✐r ❞♦ ♠ét♦❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❍❛②✇❛r❞ ❡ ❘❡✐✲

♠❡rs ❬✶✹✻❪ q✉❡ ❝r✐❛ ❝é❧✉❧❛s ❞♦ ❣❡❧♦ ■h ❝♦♠ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ♥✉❧♦✳ ❆ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛

✐♠♣õ❡ ✉♠ ❣r❛✉ ❞❡ ❞✐✜❝✉❧❞❛❞❡ ♥❛ s✐♠✉❧❛çã♦ ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♣♦✐s ❛ ❝r✐❛çã♦ ❡st❡

t✐♣♦ ❞❡ ❢❛❧❤❛ ❝r✐❛ ✉♠❛ sér✐❡ ❞❡ ✈✐♦❧❛çõ❡s ❞❛s r❡❣r❛s ❞♦ ❣❡❧♦✱ ❣❡r❛♥❞♦ ❞❡❢❡✐t♦s ❇❥❡rr✉♠ q✉❡ sã♦

✈✐♦❧❛çõ❡s ❞❛ s❡❣✉♥❞❛ r❡❣r❛ ❞♦ ❣❡❧♦✳ ❆ ❝♦rr❡çã♦ ❞❡st❡s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ♠✉❞❛ ♦ ♠♦♠❡♥t♦ ❞❡
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❞✐♣♦❧♦ r❡s✉❧t❛♥t❡ ♥❛ ❝é❧✉❧❛ ❞❡ s✐♠✉❧❛çã♦✱ ♣♦✐s ❛ ❝♦rr❡çã♦ ❞♦s ♠❡s♠♦s ❝♦♥s✐st❡ ❡♠ r♦t❛çõ❡s ❞❛s

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

❡str✉t✉r❛ ♠✉❞❛ ♣♦rq✉❡ ❤á ✉♠❛ ❛❧t❡r❛çã♦ ♥❛ ❞✐r❡çã♦ ❞♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❞❡ ❝❛❞❛ ♠♦❧é❝✉❧❛

❣✐r❛❞❛✳ ◆♦ ♣ró①✐♠♦ ❈❛♣ít✉❧♦ ♠♦str❛r❡♠♦s q✉❡ ❛s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛✲

♠❡♥t♦ ♥♦ ❣❡❧♦ ■h sã♦ ♠✉✐t♦ ❜❛✐①❛s ❞❡ t❛❧ q✉❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ✐♠❛❣❡♥s

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

♣r♦❜❧❡♠❛ ✉s❛♠♦s ❛ ❛❜♦r❞❛❣❡♠ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ❑❛♥t♦r♦✈✐❝❤ ♥❛ r❡❢❡rê♥❝✐❛ ❬✶✹✸❪✳

Figura 4.6: Construção de uma soma convergente sobre imagens periódicas para corrigir a con-
tribuição espúria na energia devido a interação entre o dipolo e suas imagens. Figura retirada da
referência [144].

❊①✐st❡♠ ♦✉tr♦s ♠ét♦❞♦s t❛♠❜é♠ ❜❛s❡❛❞♦s ❡♠ s♦♠❛ ❞❡ ❊✇❛❧❞ q✉❡ ♣r♦♣õ❡ ✉♠❛ ♠❛♥❡✐r❛

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

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

❢❛t♦ ❞❡ ♣♦❞❡r s❡r ✉s❛❞♦ ❡♠ ✉♠❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❝♦♠ ♦ ❢♦r♠❛t♦ ❛r❜✐trár✐♦✳ ❈♦♠♦ ✈✐♠♦s ♥❛

s❡çã♦ ❛♥t❡r✐♦r✱ ♦ ♠ét♦❞♦ ❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ♠♦❞✐✜❝❛❞❛s ❛❧t❡r❛ ♦ ❢♦r♠❛t♦

❞❛ ❝❛✐①❛✱ s❡♥❞♦ ❛ss✐♠✱ ♦ ♠ét♦❞♦ ❞❡ ❑❛♥t♦r♦✈✐❝❤ é ♦ q✉❡ ♠❡❧❤♦r s❡ ❛♣❧✐❝❛ ♥❛s s✐♠✉❧❛çõ❡s ❞❛s

❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❆ ❛❜♦r❞❛❣❡♠ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ❑❛♥t♦r♦✈✐❝❤ ❝♦♥s✐st❡ ❡♠ s♦♠❛r ❛

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

s❡r ❢❡✐t❛ ♣♦r ✉♠❛ s♦♠❛ ✐♥✜♥✐t❛✳ ◆♦ ❡♥t❛♥t♦✱ ❡ ♣♦ssí✈❡❧ ✈❡r q✉❡ ❡ss❛ s♦♠❛ ❝♦♥✈❡r❣❡ ♣❛r❛ ✉♠
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Tabela 4.1: As 24 orientações possíveis para uma molécula de água na estrutura do gelo Ih. Tabela
retirada da referência [146].

❝♦✈❛❧❡♥t❡s ❖✲❍ ❡ q✉❡ â é ✉♠ ✈❡t♦r ❜✐ss❡t♦r ❞♦ â♥❣✉❧♦ θ ❢♦r♠❛❞♦ ♣❡❧❛s ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s ❡ b̂

é ✉♠ ✈❡t♦r ♦rt♦❣♦♥❛❧ à â✳ ❆ ♣❛rt✐r ❞❡ â ❡ b̂ ♣♦❞❡♠♦s ❞❡✜♥✐r

~R1 = ROH cos

(

θ

2

)

â+ROH sin

(

θ

2

)

b̂ (4.37)

❡

~R2 = ROH cos

(

θ

2

)

â−ROH sin

(

θ

2

)

b̂, (4.38)

♦♥❞❡ ROH é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦ ❖✲❍ ❡ ♦s ✈❡t♦r❡s ~R1 ❡ ~R2 ❧♦❝❛❧✐③❛♠ ♦s ❤✐❞r♦❣ê♥✐♦s H1 ❡

H2 r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❯♠❛ ✈❡③ q✉❡ ❝❛❞❛ ♠♦❧é❝✉❧❛ ♣♦❞❡ ❛ss✉♠✐r s❡✐s ♦r✐❡♥t❛çõ❡s ♣♦ssí✈❡✐s ❡ q✉❡

❝❛❞❛ ❝é❧✉❧❛ ♣r✐♠✐t✐✈❛ ❞♦ ❣❡❧♦ ♣♦ss✉✐ ✹ sít✐♦s✱ ❡♥tã♦ ♣❛r❛ ♦ ❣❡❧♦ ■h ❤á s♦♠❡♥t❡ ✷✹ ♦r✐❡♥t❛çõ❡s

♣♦ssí✈❡✐s✳ ❚♦❞❛s ❛s ✷✹ ♦r✐❡♥t❛çõ❡s ❡stã♦ ♠♦str❛❞❛s ♥❛ ❚❛❜❡❧❛ ✭✹✳✶✮✳

101



4.7 Geração de células do gelo Ih 102

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

♣❛r❛ ❢♦r♠❛r ❛ ❡str✉t✉r❛ ❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ sít✐♦s ❞❡s❡❥❛❞♦s✳ ➱ ❝♦♥✈❡♥✐❡♥t❡ ❞❡✜♥✐r ❛ ❜❛s❡ ❝♦♠♦

✉♠❛ ❝é❧✉❧❛ ♦rt♦rrô♠❜✐❝❛✳ ◆♦ ❝❛s♦ ❞♦ ❣❡❧♦ ■h✱ ❛ ❜❛s❡ é ❢♦r♠❛❞❛ ♣♦r ✉♠❛ ❝é❧✉❧❛ ♦rt♦rrô♠❜✐❝❛

q✉❡ ♣♦ss✉✐ ❞✉❛s ❝é❧✉❧❛s ❞✉❛s ❝é❧✉❧❛s ♣r✐♠✐t✐✈❛s t♦t❛❧✐③❛♥❞♦ ♦✐t♦ sít✐♦s ♣♦r ❜❛s❡✳ ❆s ❞✐♠❡♥sõ❡s

❞❡st❛ ❜❛s❡ sã♦ ❞❛❞❛ ♣♦r✿

x0l = (8/3)1/2R, y0l = 81/2R ❡ z0l = (8/3)R, (4.39)

♦♥❞❡ R é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s ❞❛❞❛ ♣❡❧❛ s❡♣❛r❛çã♦ ❖✲❖✳ ❆s ❝♦♦r❞❡♥❛❞❛s✱ ❡♠

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

✭✹✳✷✮✳ ❙✉♣❡r❝é❧✉❧❛s ❞❡ ❞✐❢❡r❡♥t❡s t❛♠❛♥❤♦s ♣♦❞❡♠ s❡r ❝♦♥str✉í❞❛s r❡♣❧✐❝❛♥❞♦ ❛ ❜❛s❡ ♥❛s três

Tabela 4.2: As coordenadas x, y e z de cada uma das oito moléculas de água presentes na base
ortorrômbica. As coordenadas estão dadas em temos de x0l , y

0
l e z0l . Tabela retirada da referência

[146].

❞✐r❡çõ❡s ❡s♣❛❝✐❛✐s x✱ y ❡ z✳ ❉❡st❛ ❢♦r♠❛ ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ sít✐♦s ❞❛ r❡❞❡ é ❞❛❞♦ ♣♦r✿

N = 8nxnynz (4.40)

♦♥❞❡ ni é ♦ ♥ú♠❡r♦ ❞❡ r❡♣❡t✐çõ❡s ❞❛ ❜❛s❡ ♥❛ ❞✐r❡çã♦ i✳ ❆s ❞✐♠❡♥sõ❡s ❞❛ s✉♣❡r❝é❧✉❧❛ sã♦ ❞❛❞❛s

♣♦r✿

Lx = nxx
0
l , Ly = nyy

0
l ❡ Lz = nzz

0
l (4.41)

♦♥❞❡ Li é ❛ ❞✐♠❡♥sã♦ ❞❛ s✉♣❡r❝é❧✉❧❛ ♥❛ ❞✐r❡çã♦ i✳
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P♦r ♠♦t✐✈♦s ❥á ❡①♣❧✐❝❛❞♦s ♥❛s s❡çõ❡s ❛♥t❡r✐♦r❡s é ❝♦♥✈❡♥✐❡♥t❡ ♦❜t❡r ❝é❧✉❧❛s ❝♦♠ ♠♦♠❡♥t♦

❞❡ ❞✐♣❧♦ ♥✉❧♦✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♠ét♦❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❍❛②✇❛r❞ ❡ ❘❡✐♠❡rs ❬✶✹✻❪✱ ❤á três

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

✶✳ ❈✵✿ ●❡r❛r t♦❞❛s ❛s ❝é❧✉❧❛s s❡♠ ♥❡♥❤✉♠❛ r❡str✐çã♦ ❡ s❡❧❡❝✐♦♥❛r ❛s ❝é❧✉❧❛s ❝♦♠ ♠♦♠❡♥t♦

❞❡ ❞✐♣♦❧♦ ♥✉❧♦✳ ❊st❡ ♠ét♦❞♦ é ✐♥❡✜❝✐❡♥t❡✱ ♠❛s ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ q✉❛❧q✉❡r t❛♠❛♥❤♦

❞❡ ❝é❧✉❧❛✳

✷✳ ❈✶✿ ❈♦♥str✉✐r ❝é❧✉❧❛s ❝✉❥♦ ♦ ♥ú♠❡r♦ ❞❡ ♦❝♦rrê♥❝✐❛ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s ✷✹ ♦r✐❡♥t❛çõ❡s

♣♦ssí✈❡✐s✱ ♠♦str❛❞❛s ♥❛ ❚❛❜❡❧❛ ✭✹✳✶✮ s❡❥❛ ✐❣✉❛❧✳ ■st♦ s♦♠❡♥t❡ ♣♦❞❡rá s❡r ❛❧❝❛♥ç❛❞♦ s❡

nxnynz ❢♦r ❞✐✈✐sí✈❡❧ ♣♦r ✸✳

✸✳ ❈✷✿ ❈♦♥str✉✐r ❝é❧✉❧❛s ❝✉❥♦ ♦ ♥ú♠❡r♦ ❞❡ ♦❝♦rrê♥❝✐❛ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s ✶✷ ♦r✐❡♥t❛çõ❡s

♣♦ssí✈❡✐s ♣♦r ❝❛♠❛❞❛ s❡❥❛ ♠❛♥t✐❞♦ ✐❣✉❛❧✳ ■st♦ ♣♦❞❡rá s❡r ❛❧❝❛♥ç❛❞♦ s❡ nxny ❢♦r ❞✐✈✐sí✈❡❧

♣♦r ✸✳

❆ ❛❧t❡r♥❛t✐✈❛ ❈✵✱ ❛♣❡s❛r ❞❡ ♥ã♦ ✐♠♣♦r ♥❡♥❤✉♠ t✐♣♦ ❞❡ r❡str✐çã♦ ♥❛ ❝é❧✉❧❛✱ é ✐♥❡✜❝✐❡♥t❡ ❞♦

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

♣♦❞❡r✐❛ s❡r ❣❡r❛❞♦✳ ❖s ♠ét♦❞♦s ❈✶ ❡ ❈✷ ❣❡r❛♠ ❝é❧✉❧❛s ❝♦♠ ♠♦♠❡♥t♦ ❞❡ ❞✐♣❧♦ ♥✉❧♦ ❡ sã♦

♠❛✐s ✈❛♥t❛❥♦s♦s ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ♣♦ré♠ ✐♥tr♦❞✉③❡♠ ❝♦rr❡❧❛çõ❡s ♥❛s ❡s❝♦❧❤❛s

❞❛s ♦r✐❡♥t❛çõ❡s ❞❛s ♠♦❧é❝✉❧❛s✳ ❖ ♠ét♦❞♦ ❈✷ ✐♥tr♦❞✉③ ✉♠❛ ❝♦rr❡❧❛çã♦ ❜❡♠ ♠❛✐♦r✱ ♣♦✐s ❡❧❡

✐♠♣õ❡ q✉❡ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ s❡❥❛ ③❡r❛❞♦ ♣♦r ❝❛♠❛❞❛✳ ❉❡st❛ ❢♦r♠❛ t❡♠♦s q✉❡ ♦ ♠❡❧❤♦r

❝✉st♦ ❜❡♥❡❢í❝✐♦ é ♦❜t✐❞♦ ❝♦♠ ♦ ♠ét♦❞♦ ❈✶ ❝♦♠❜✐♥❛♥❞♦ ✉♠❛ ♣❡q✉❡♥❛ r❡str✐çã♦ ❝♦♠ ❡✜❝✐ê♥❝✐❛

❝♦♠♣✉t❛❝✐♦♥❛❧✳ ➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ❛ r❡str✐çã♦ ✐♠♣♦st❛ ♣❡❧♦ ♠ét♦❞♦ ❈✷ é ✉♠❛ r❡str✐çã♦

❞❡s❡❥❛❞❛✱ ♣♦✐s t♦❞❛s ❛s ♦r✐❡♥t❛çõ❡s t❡♠ ✐❣✉❛❧ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ♦❝♦rrê♥❝✐❛✳
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❆ ❜✉s❝❛ ♣♦r ✉♠❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h é ❢❡✐t❛ ❡✜❝✐❡♥t❡♠❡♥t❡ ❛tr❛✈és ❞❡ ✉♠ ❛❧❣♦r✐t♠♦

r❡❝✉rs✐✈♦ ❬✶✹✻❪✳ ❯♠❛ ✈❡③ ❞❡✜♥✐❞❛s ❛s ♣♦s✐çõ❡s ❞♦s ♦①✐❣ê♥✐♦s✱ é ♥❡❝❡ssár✐♦ ❛tr✐❜✉✐r ✉♠❛ ♦r✐❡♥t❛✲

çã♦ ♣❛r❛ ❝❛❞❛ ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛✳ ❆ ♣❛rt❡ ❝❡♥tr❛❧ ❞♦ ❛❧❣♦r✐t♠♦ ❝♦♥s✐st❡ ❡♠ ✉♠ ❝✐❝❧♦ r❡❝✉rs✐✈♦

q✉❡ ❛tr✐❜✉✐ ❛❧❡❛t♦r✐❛♠❡♥t❡ ❛ ♦r✐❡♥t❛çã♦ ❞❛ ♠♦❧é❝✉❧❛ m+1✱ ❛ss✉♠✐♥❞♦ q✉❡ t♦❞❛s ❛s ♠♦❧é❝✉❧❛s

m ❥á ♣♦ss✉❡♠ ♦r✐❡♥t❛çõ❡s ❞❡✜♥✐❞❛s✳ ❆q✉✐ m é ✉♠ ♥ú♠❡r♦ ✐♥t❡✐r♦ q✉❡ ✐❞❡♥t✐✜❝❛ ❛ ♠♦❧é❝✉❧❛

❞❡ á❣✉❛ ❡ ♣♦❞❡ ✈❛r✐❛r ❞❡ ③❡r♦ ❛té N − 1✱ s❡♥❞♦ N ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ♠♦❧é❝✉❧❛s ❞❛ r❡❞❡✳ ❆

♦r✐❡♥t❛çã♦ ❞❛ ♠♦❧é❝✉❧❛ m+ 1 é ❛❝❡✐t❛ s❡ s❛t✐s❢❛③ ❛s r❡❣r❛s ❞♦ ❣❡❧♦✱ ❝❛s♦ ❝♦♥trár✐♦ é r❡❥❡✐t❛❞❛✳

❙❡ ♥❡♥❤✉♠❛ ❞❛s s❡✐s ♦r✐❡♥t❛çõ❡s ♣♦ssí✈❡✐s ♣❛r❛ ❛ ♠♦❧é❝✉❧❛ m+ 1 s❛t✐s❢❛③❡r ❛s r❡❣r❛s ❞♦ ❣❡❧♦✱

❡♥tã♦ ♦ ❛❧❣♦r✐t♠♦ r❡t♦r♥❛ ❛ ♠♦❧é❝✉❧❛ m ❡ ❛tr✐❜✉✐ ✉♠❛ ♥♦✈❛ ♦r✐❡♥t❛çã♦✳ ❙❡ m + 1 ❢♦r ✐❣✉❛❧ ❛

N ✱ ❡♥tã♦ t♦❞❛s ❛s ♠♦❧é❝✉❧❛s t❡rã♦ ♦r✐❡♥t❛çõ❡s ❛❝❡✐t❛s ❡ ✉♠❛ r❡❞❡ ✈á❧✐❞❛ é ❡♥❝♦♥tr❛❞❛✳
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Capítulo 5

Resultados

5.1 Testes de convergência

◆♦ ❈❛♣ít✉❧♦ ❛♥t❡r✐♦r ♠❡♥❝✐♦♥❛♠♦s q✉❡ ❛s s✐♠✉❧❛çõ❡s ❞❡st❛ ❚❡s❡ ❢♦r❛♠ ❢❡✐t❛s ❛tr❛✈és ❞♦

♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❱❆❙P✳ ❊st❡ ♣❛❝♦t❡ r❡❛❧✐③❛ ❝á❧❝✉❧♦s ❞❡ ❉❋❚ ❜❛s❡❛❞♦

♥♦ ♠ét♦❞♦ ❞❡ ♦♥❞❛s ♣❧❛♥❛s ❡ ✉♠❛ ❞❛s ✈❛♥t❛❣❡♥s ❞❡ tr❛❜❛❧❤❛r ❝♦♠ ❡st❡ ♠ét♦❞♦ é q✉❡ ❛

❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ❝♦♥tr♦❧❛❞❛ ❛ ♣❛rt✐r ❞♦ ♥ú♠❡r♦ ❞❡ ♦♥❞❛s

♣❧❛♥❛s✳ ❆ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦s r❡s✉❧t❛❞♦s é ❣❛r❛♥t✐❞❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ♦♥❞❛s ♣❧❛♥❛s✳

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

❛ s✐♠✉❧❛çã♦✳ ❙❡♥❞♦ ❛ss✐♠ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ✉♠ t❡st❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ ♥ú♠❡r♦

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

❋✐❣✉r❛ ✭✺✳✶✮ ♠♦str❛ ♦ ❣rá✜❝♦ r❡s✉❧t❛♥t❡ ❞❡ ✉♠ t❡st❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❝♦♠ ♦♥❞❛s ♣❧❛♥❛s✳ ❖

❣rá✜❝♦ ♠♦str❛ ❛ ❡♥❡r❣✐❛ t♦t❛❧ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❝♦rt❡ ❞❛s ♦♥❞❛s ♣❧❛♥❛s✳ ❖s ♣♦♥t♦s

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

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

✈❛❧♦r❡s ❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ♣❛r❛ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h ❝♦♠ ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳

❆♠❜❛s ❡str✉t✉r❛s ❝♦♥té♠ ✾✻ ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ ❡ ♦ ❢✉♥❝✐♦♥❛❧ ✉s❛❞♦ ❢♦✐ ♦ P❡r❞❡✇✲❇✉r❦❡✲

❊r♥③❡r❤♦❢ ✭P❇❊✮ ❬✶✹✵❪✳ ❆ ❛♠♦str❛❣❡♠ ♥❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✉✐♥ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡st❡ t❡st❡
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Figura 5.1: Convergência da energia total em função da energia de corte de ondas planas. Os pontos
em círculo e na cor preta representam o cristal do gelo Ih perfeito e os pontos em triângulo e na
cor vermelha representam a estrutura do gelo Ih com uma falha de empilhamento. As linhas foram
plotadas somente para guiar os olhos.

❢♦✐ s♦♠❡♥t❡ ❝♦♠ ♦ ♣♦♥t♦ Γ✳ ❖❜s❡r✈❡ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✮ q✉❡ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧ é

❛❧❝❛♥ç❛❞❛ ♣❛r❛ ✉♠ ✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ ❞❡ ❝♦rt❡ ♣ró①✐♠♦ ❞❡ ✻✵✵ ❡❱✳ ❊♠ ❣❡r❛❧✱ ❞✐❢❡r❡♥ç❛s ❞❡ ❡♥❡r❣✐❛

❝♦♥✈❡r❣❡♠ ♠❛✐s r❛♣✐❞❛♠❡♥t❡ ❬✶✷✼✕✶✷✾❪✳ ❈♦♠♦ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠ ♦❜t❡r ❞✐❢❡r❡♥ç❛s ❞❡

❡♥❡r❣✐❛ ❡♥tr❡ ❡str✉t✉r❛s r❡❛❧✐③❛♠♦s t❛♠❜é♠ ✉♠ t❡st❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ✈✐s❛♥❞♦ ♦ ❝á❧❝✉❧♦ ❞❛

❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦ ❡ ❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ❝♦♠ ✉♠❛ ❢❛❧❤❛

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❖ r❡s✉❧t❛❞♦ ❞❡st❡ t❡st❡ ❡stá ♥♦ ❣rá✜❝♦ ❞❛ ❋✐❣✉r❛ ✭✺✳✷✮✳ ◆❡st❡ ❣rá✜❝♦ ∆E

r❡♣r❡s❡♥t❛ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❞❛❞❛ ♣♦r∆E = Efalha−EIh ♦♥❞❡ EIh ❡ Efalha sã♦ ❛s ❡♥❡r❣✐❛s

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

q✉❡ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❡ ∆E é ❛❧❝❛♥ç❛❞❛ ♣❛r❛ ✉♠ ✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ ❞❡ ❝♦rt❡ ♣ró①✐♠♦ ❞❡ ✹✵✵

❡❱✱ ♠❡♥♦r ❞♦ q✉❡ ♦s ✻✵✵ ❡❱ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ♠♦str❛❞♦ ♥♦ ❣rá✜❝♦ ❞❛ ❋✐❣✉r❛ ✭✺✳✶✮✳ ❆♣❡s❛r ❞❛

❝♦♥✈❡r❣ê♥❝✐❛ ❥á s❡r ❛❧❝❛♥ç❛❞❛ ♣ró①✐♠♦ ❞❡ ✹✵✵ ❡❱ ❡♠ t♦❞❛s ❛s s✐♠✉❧❛çõ❡s ❞❡st❛ ❚❡s❡ ❛ ❡♥❡r❣✐❛

❞❡ ❝♦rt❡ ✉s❛❞❛ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s ❢♦✐ ❞❡ ✼✵✵ ❡❱✳ ◆❛s s✐♠✉❧❛çõ❡s ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✱

❛❧é♠ ❞❡ ✉s❛r ✉♠❛ ❡♥❡r❣✐❛ ❞❡ ❝♦rt❡ ❞❡ ✼✵✵ ❡❱✱ ❛ ❛♠♦str❛❣❡♠ ❞❡ ♣♦♥t♦s✲❦ ❞❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✉✐♥

✉s❛❞❛ ❢♦✐ ❞❡ ✸①✸①✸✳ ❊st❡ r✐❣♦r ♠❛✐♦r ♣❛r❛ ♦s ❝á❧❝✉❧♦s ❞❛s ❡♥❡r❣✐❛s ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦
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Figura 5.2: Teste de convergência da diferença de energia entre a estrutura do gelo com uma falha
de empilhamento e a estrutura do gelo Ih perfeito. Observe que a convergência é alcançada para uma
energia de corte de ondas planas próximo de 400 eV. A linha no gráfico foi plotada somente para
guiar os olhos.

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

♣r❡❝✐s♦s✳

5.2 Falhas de Empilhamento no Gelo Ih

P❛r❛ ❡♥t❡♥❞❡r ♦s ♠❡❝❛♥✐s♠♦s ❞❡ ♣❧❛st✐❝✐❞❛❞❡ ♥♦ ❣❡❧♦ é ♥❡❝❡ssár✐♦ ❡♥t❡♥❞❡r ♦s ♠❡❝❛♥✐s♠♦s

❞❡ ♠♦❜✐❧✐❞❛❞❡ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣r❡s❡♥t❡s ♥❛ ❡str✉t✉r❛ ❞❡st❡ ♠❛t❡r✐❛❧✳ ❙❛❜❡✲s❡ q✉❡ ❛ ♠♦❜✐❧✐✲

❞❛❞❡ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s é ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ♠❛t❡r✐❛❧ ❡ t❛♠❜é♠

❞❡ s✉❛ ♣ró♣r✐❛ ❡str✉t✉r❛ ❞❡ ❝❛r♦ç♦✳ ◆❡st❡ ❝♦♥t❡①t♦✱ ✉♠❛ q✉❡stã♦ ❝❤❛✈❡ ❛ s❡r r❡s♣♦♥❞✐❞❛ é s❡ ❛

❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s ❡♠ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s é ❢❛✈♦rá✈❡❧ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛

❡♥❡r❣ét✐❝♦✳ ❏á ✈✐♠♦s q✉❡✱ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛ t❡♦r✐❛ ❡❧ást✐❝❛✱ ✉♠❛ ❞✐ss♦❝✐❛çã♦ s♦♠❡♥t❡ s❡rá

❢❛✈♦rá✈❡❧ q✉❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✷✼✮ ❢♦r s❛t✐s❢❡✐t❛✿

b2 > b21 + b22, (5.1)

♦♥❞❡ b é ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❡ b1 ❡ b2 sã♦ ♦s ♠ó❞✉❧♦s ❞♦s
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✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s✳ ❱✐♠♦s t❛♠❜é♠ q✉❡ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s❝♦r❞â♥✲

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

❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s✱ ♠❡s♠♦ q✉❛♥❞♦ ❢❛✈♦rá✈❡❧ ♣❡❧❛ ❝♦♥❞✐çã♦ ❛❝✐♠❛✱ ♣❛❣❛ ✉♠ ♣r❡ç♦

❡♥❡r❣ét✐❝♦ ❛ss♦❝✐❛❞♦ à ❝r✐❛çã♦ ❞❡st❛ ❢❛❧❤❛✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐✲

t❛s ❡♠ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❡♠ ✉♠❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ s♦♠❡♥t❡ s❡rá ❢❛✈♦rá✈❡❧ s❡✱ ❛❧é♠ ❞❡

♦❜❡❞❡❝❡r ❛ ❝♦♥❞✐çã♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✺✳✶✮✱ ❡st❛ ❡str✉t✉r❛ ♣❡r♠✐t✐r ❛ ❝r✐❛çã♦ ❞❡ ❢❛❧❤❛s ❞❡

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

❞✐s❝♦r❞â♥❝✐❛s ♥♦ ❣❡❧♦ é ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥❡st❛ ❡str✉✲

t✉r❛✳ ❊st❛ é ✉♠❛ q✉❡stã♦ ❝❤❛✈❡ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♣❛r❛

❛ ♣❧❛st✐❝✐❞❛❞❡ ♥♦ ❣❡❧♦ ■h✱ ♣♦✐s ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❝♦♠ ♦ ❝❛r♦ç♦ ❡st❡♥❞✐❞♦ t❡♠ s✉❛ ♠♦❜✐❧✐❞❛❞❡

r❡str✐t❛ ❛♦ ♣❧❛♥♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ P❛r❛ ❛❜♦r❞❛r ❡st❛ q✉❡stã♦ ✉♠ ❞♦s ♣r♦♣ós✐t♦s

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

❞♦ ❣❡❧♦ ■h✳

❈♦♠♦ ❢♦✐ ♠♦str❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✷✱ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h é ✉♠❛ ❡str✉t✉r❛ ❤❡①❛❣♦✲

♥❛❧ ❞♦ t✐♣♦ ✇✉rt③✐t❛✳ ❊st❛ ❡str✉t✉r❛ é ❢♦r♠❛❞❛ ♣♦r ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ♣❧❛♥♦s ✭✵✵✵✶✮ ❢♦r♠❛♥❞♦

❜✐❝❛♠❛❞❛s q✉❡ ♣♦❞❡♠ s❡r r♦t✉❧❛❞❛s ♣♦r ❆✱ ❇ ♦✉ ❈✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♣♦s✐çã♦ r❡❧❛t✐✈❛s ❡♥tr❡ ❡❧❛s✳

➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♦ rót✉❧♦ ❞❡ ❝❛❞❛ ❝❛♠❛❞❛ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛s s✉❛s ♣♦s✐çõ❡s ❛❜s♦❧✉t❛s

♠❛s s✐♠ ❞❛s ♣♦s✐çõ❡s r❡❧❛t✐✈❛s ❡♥tr❡ ❡❧❛s✳ P❛r❛ ❢❛❝✐❧✐t❛r ❛ ❝♦♠♣r❡❡♥sã♦ ❞❛s ❡str✉t✉r❛s ❞❡ ❢❛❧❤❛s

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h é ♠✉✐t♦ út✐❧ ✐♠♣❧❡♠❡♥t❛r ❛ ♥♦t❛çã♦ ❞❡ ❋r❛♥❦ q✉❡ ♥ã♦ é ❜❛s❡❛❞❛ ❡♠

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

♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❇ s♦❜r❡ ✉♠❛ ❆ ❡ ♦ ❞❡ ❈ ❡♠ ❇ ❡ ♦ ❞❡ ❆ ❡♠ ❈ sã♦ ❞❡♥♦t❛❞♦s

♣♦r △✳ ❉❡ ♠❛♥❡✐r❛ s✐♠✐❧❛r ❞❡✜♥❡✲s❡ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ✐♥✈❡rs♦✱ ♦✉ s❡❥❛✱ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ✉♠❛

❝❛♠❛❞❛ ❆ s♦❜r❡ ✉♠❛ ❇✱ ❡ ♦ ❞❡ ❇ ❡♠ ❈ ❡ ✜♥❛❧♠❡♥t❡ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ❈ ❡♠ ❆ sã♦ ❞❡♥♦t❛❞♦s

♣♦r ▽✳ ❆ss✐♠ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❝♦rr❡t♦ ❞❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✸✮ é ❞❛❞♦
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♣❡❧❛s s❡❣✉✐♥t❡s s❡q✉ê♥❝✐❛s ❡q✉✐✈❛❧❡♥t❡s✿

· · ·ABABABABAB · · · ,

· · ·BCBCBCBCBC · · ·

❡

· · ·CACACACACA · · ·

❚♦❞♦s ❡st❡s r❡s✉❧t❛♠ ♥❛ ♠❡s♠❛ s❡q✉ê♥❝✐❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥♦t❛çã♦ ❞❡ ❋r❛♥❦✿

· · · △ ▽ △ ▽ △ ▽ △ ▽ △ ▽ · · ·

❆ ❋✐❣✉r❛ ✭✺✳✸✮ ♠♦str❛ ✉♠❛ ♣r♦❥❡çã♦ ❞❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♥♦ ♣❧❛♥♦ (112̄0) ♠♦str❛♥❞♦ ♦

[0001]

[1010]

A

A

B

B

c

shuffle set

glide set

Figura 5.3: Projeção da estrutura do gelo Ih no plano (112̄0) mostrando o empilhamento de bicama-
das. De acordo com a notação de Frank explicada no texto o empilhamento correto do gelo Ih pode
ser representado por · · · △ ▽ △ ▽ △ ▽ △ ▽ · · · esta sequência está mostrada do lado direito da
Figura.

❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ❜✐❝❛♠❛❞❛s✳ ❉♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❋✐❣✉r❛ ❛♦ ❧♦♥❣♦ ❞❛ ✈❡rt✐❝❛❧ ❡stã♦ ♠♦str❛❞❛s

❛s ❞✉❛s ♠❛♥❡✐r❛s ❞❡ r❡♣r❡s❡♥t❛r ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ❝♦rr❡t♦ ❞♦ ❣❡❧♦ ■h✳ P❡r❝❡❜❡✲s❡ q✉❡ ♦ ❡♠♣✐✲

❧❤❛♠❡♥t♦ ❝♦rr❡t♦ ❞♦ ❣❡❧♦ ■h é ♦❜t✐❞♦ q✉❛♥❞♦ ❤á ✉♠❛ s❡q✉ê♥❝✐❛ ❛❧t❡r♥❛❞❛ ❡♥tr❡ △ ❡ ▽✳ ❆ss✐♠

❞❡st❛ t❡♠✲s❡ q✉❡ ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ é ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ✉♠❛ q✉❡❜r❛ ❞❡st❛ s❡q✉ê♥❝✐❛✳
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5.2 Falhas de Empilhamento no Gelo Ih 110

Figura 5.4: Projeção da estrutura do gelo gelo Ih no plano (112̄0) mostrando uma discordância
parcial limitando uma falha de empilhamento que nesta Tese será chamada de falha 1. Figura retirada
da referência [6].

➱ ♣♦ssí✈❡❧ ✐♥s❡r✐r três ❞✐st✐♥t❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ❬✻❪✳ ❆

♣r✐♠❡✐r❛ ❞❡❧❛s s❡rá ❝❤❛♠❛❞❛ ❞❡ ❢❛❧❤❛ ✶ ❡ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✹✮✳ ❊st❛ ❢❛❧❤❛ ❞❡

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

❡q✉❛çã♦ ✭✸✳✸✻✮ r❡s✉❧t❛♥❞♦ ♥❛ s❡❣✉✐♥t❡ s❡q✉ê♥❝✐❛✿

· · ·BABA
✳✳✳CBCB · · · (5.2)

q✉❡✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥♦t❛çã♦ ❞❡ ❋r❛♥❦✱ ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r✿

· · ·▽ △ ▽▽▽ △ ▽ · · · (5.3)

❖❜s❡r✈❡ q✉❡ ❡st❡ ❞❡s❧✐③❛♠❡♥t♦ ❧❡✈❛ ✉♠❛ ❝❛♠❛❞❛ ❇ ♣❛r❛ ✉♠❛ ♣♦s✐çã♦ ❈ ❡ ✉♠❛ ❝❛♠❛❞❛ ❆

♣❛r❛ ✉♠❛ ♣♦s✐çã♦ ❇ ❡ q✉❡ ❡st❛ ❛❧t❡r❛çã♦ ♠✉❞❛ ✉♠ △ ♣❛r❛ ✉♠ ▽ ♣❛ss❛♥❞♦ ❛ t❡r três ▽

❝♦♥s❡❝✉t✐✈♦s✳ ◆♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❋✐❣✉r❛ ✭✺✳✹✮ ❛ ár❡❛ s♦♠❜r❡❛❞❛ ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦ ❞♦ ♣❧❛♥♦ ❞❛

❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ✶ ♦ ♣❧❛♥♦ ❞❛ ❢❛❧❤❛ ❡stá ♥❛ ❤♦r✐③♦♥t❛❧ ❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❛ ♣á❣✐♥❛✳ ❖❜s❡r✈❡

q✉❡ ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡stá s❡♥❞♦ ❧✐♠✐t❛❞❛ ♣♦r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧✱ ♦✉ s❡❥❛✱ ❛ ❢❛❧❤❛

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

❝♦rr❡t♦ ❡♥q✉❛♥t♦ q✉❡ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ t❡♠ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ❛ ❢❛❧❤❛ ✶✳ P❛r❛
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B

B

A

A

B

B

C

C

[1010]

[0001]

Plane of 

stacking fault

Figura 5.5: Duas imagens da célula contendo uma falha de empilhamento 1 as linhas tracejadas
mostram as posições das falhas de empilhamento entre duas imagens. O empilhamento característico
da falha 1 pode ser conferido do lado esquerdo da Figura ao longo da vertical.

r❡❛❧✐③❛r ❛s s✐♠✉❧❛çõ❡s ❞❛ ❢❛❧❤❛ ✶ ✉s❛♠♦s ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♣❡r✐ó❞✐❝❛s ♠♦❞✐✜❝❛❞❛s ✭♣❜❝

♠♦❞✐✜❝❛❞❛✮✱ ❛ss✐♠ ❝♦♠♦ ❡①♣❧✐❝❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ❛♥t❡r✐♦r✳ ❆ ❋✐❣✉r❛ ✭✺✳✺✮ ♠♦str❛ ✉♠ ❡①❡♠♣❧♦ ❞❡

✉♠❛ ❝é❧✉❧❛ ❞❛ ❢❛❧❤❛ ✶ r❡♣❧✐❝❛❞❛ ♥❛ ❞✐r❡çã♦ ✈❡rt✐❝❛❧ ♦♥❞❡ ❛s ❧✐♥❤❛s tr❛❝❡❥❛❞❛s ❤♦r✐③♦♥t❛✐s ✐♥❞✐❝❛♠

❛s ♣♦s✐çõ❡s ❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡♥tr❡ ❛s ✐♠❛❣❡♥s✳ P♦❞❡✲s❡ ✈❡r✐✜❝❛r ♥♦ ❧❛❞♦ ❡sq✉❡r❞♦

❞❛ ❋✐❣✉r❛ ✭✺✳✺✮ ❛♦ ❧♦♥❣♦ ❞❛ ✈❡rt✐❝❛❧ q✉❡ s✉r❣✐✉ ✉♠❛ ❝❛♠❛❞❛ ❈ ♥♦ ❧✉❣❛r ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❇

t❛❧ q✉❡ é ❢á❝✐❧ ✈❡r q✉❡ ❛ ♣❜❝ ♠♦❞✐✜❝❛❞❛ r❡♣r♦❞✉③ ❡①❛t❛♠❡♥t❡ ♦ ♣❛❞rã♦ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❞❛

❢❛❧❤❛ ✶✳ P❛r❛ ❛♠♦str❛r ♦s ❡❢❡✐t♦s ❞❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ❢♦r❛♠ ✉s❛❞❛s ✹ ❝é❧✉❧❛s ❞✐❢❡r❡♥t❡s ♥❛s

s✐♠✉❧❛çõ❡s ❞❛ ❢❛❧❤❛ ✶ ❡ ❝❛❞❛ ✉♠❛ ❞❡st❛s ❝é❧✉❧❛s t❡♠ ✾✻ ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛✳

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

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

◆❡st❛ ❚❡s❡✱ ❡st❡ t✐♣♦ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ s❡rá ❝❤❛♠❛❞❛ ❞❡ ❢❛❧❤❛ ✷✳ ❊❧❛ ❡stá ✐❧✉str❛❞❛

♥❛ ❋✐❣✉r❛ ✭✺✳✻✮ ❡ ♣♦❞❡ s❡r ♦❜t✐❞❛ r❡♠♦✈❡♥❞♦ ✉♠❛ ❝❛♠❛❞❛ ❞❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦✳
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5.2 Falhas de Empilhamento no Gelo Ih 112

Figura 5.6: Projeção da estrutura do gelo gelo Ih no plano (112̄0) mostrando uma discordância
parcial limitando uma falha de empilhamento que nesta Tese será chamada de falha 2. Figura retirada
da referência [6].

❙❡ ✉♠❛ ❝❛♠❛❞❛ ❆ ❡♥tr❡ ❞✉❛s ❝❛♠❛❞❛s ❇ ❢♦r r❡♠♦✈✐❞❛✱ ❛s ❞✉❛s ❝❛♠❛❞❛s ❇ só ♣♦❞❡♠ s❡ ✉♥✐r

s❡ ✉♠❛ ❞❡❧❛s s❡ ❞❡s❧♦❝❛r ♣❛r❛ ✉♠❛ ♣♦s✐çã♦ ❞❡ ❝❛♠❛❞❛ ❈✳ ❖ ♣r♦❝❡ss♦ ❞❡ ❝r✐❛çã♦ ❞❡st❡ t✐♣♦ ❞❡

❢❛❧❤❛ ❢♦✐ ❞❡s❝r✐t♦ ♥♦ ❈❛♣ít✉❧♦ ✸✱ ❞❛ ❡q✉❛çã♦ ✭✸✳✸✽✮ ❛té ❛ ❡q✉❛çã♦ ✭✸✳✹✵✮✳ ❆ ❋✐❣✉r❛ ✭✺✳✻✮ ✐❧✉str❛

✉♠ ❡①❡♠♣❧♦ ❞❡st❡ t✐♣♦ ❞❡ ❢❛❧❤❛ ♦♥❞❡ ✉♠❛ ❝❛♠❛❞❛ ❆ ❢♦✐ r❡♠♦✈✐❞❛✳ ❆ ❧♦❝❛❧✐③❛çã♦ ❞❡❧❛ ❡stá

✐♥❞✐❝❛❞❛ ♣❡❧❛ r❡❣✐ã♦ s♦♠❜r❡❛❞❛ ♥❛ ❋✐❣✉r❛✳ ❊st❡ t✐♣♦ ❞❡ ❢❛❧❤❛ r❡s✉❧t❛ ♥❛ s❡❣✉✐♥t❡ s❡q✉ê♥❝✐❛ ❞❡

❝❛♠❛❞❛s✿

· · ·ABAB
✳✳✳CBCB · · · (5.4)

q✉❡✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥♦t❛çã♦ ❞❡ ❋r❛♥❦✱ é ❞❛❞❛ ♣♦r✿

· · · △ ▽ △△ ▽ △ ▽ · · · (5.5)

❱❡❥❛ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡s❝r✐t♦ ❛❝✐♠❛ r❡s✉❧t❛ ❡♠ ❞♦✐s △ ❝♦♥s❡❝✉t✐✈♦s ♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ❛ ❢❛❧❤❛ ❞❡

❡♠♣✐❧❤❛♠❡♥t♦ q✉❡ s❡rá r❡❢❡r❡♥❝✐❛❞❛ ♥❡st❛ ❚❡s❡ ❝♦♠♦ ❢❛❧❤❛ ✷✳ ❖❜s❡r✈❡ t❛♠❜é♠ q✉❡ ❛ ❋✐❣✉r❛

✭✺✳✻✮ ♠♦str❛ q✉❡ ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡stá ❧✐♠✐t❛❞❛ ♣♦r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ❡ ❛ r❡❣✐ã♦

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

s✐♠✉❧❛çõ❡s ❞❛ ❢❛❧❤❛ ✷ ❢♦✐ ♣r❡❝✐s♦ ❛✉♠❡♥t❛r ❛ ❝é❧✉❧❛✱ ♣♦✐s ♥ã♦ é ♣♦ssí✈❡❧ ✐♠♣❧❡♠❡♥t❛r ❛ ❢❛❧❤❛

✷ ❡♠ ✉♠❛ ❝é❧✉❧❛ ❞❡ ✾✻ ♠♦❧é❝✉❧❛s✳ ◆♦✈❛♠❡♥t❡ ❢♦r❛♠ ❝r✐❛❞❛s q✉❛tr♦ ❛♠♦str❛s ❞✐st✐♥t❛s ❞❡st❡
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5.2 Falhas de Empilhamento no Gelo Ih 113

B

A

A

B

C

C

C

B

B

A

[1010]

[0001]

  

Stacking fault

plane

Figura 5.7: Duas imagens da célula contendo uma falha de empilhamento 2 as linhas tracejadas
mostram as posições das falhas de empilhamento. O empilhamento característico da falha 2 pode
ser conferido do lado esquerdo da Figura ao longo da vertical.

♠❡s♠♦ t✐♣♦ ❞❡ ❢❛❧❤❛ ♣❛r❛ ❢❛③❡r ✉♠❛ ❛♠♦str❛❣❡♠ ❞♦s ❡❢❡✐t♦s ❞❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛✳ ❯♠

❡①❡♠♣❧❛r ❞❡st❡ t✐♣♦ ❞❡ ❢❛❧❤❛ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✼✮✳ ❈❛❞❛ ❛♠♦str❛ ❢♦✐ ❝r✐❛❞❛ ❝♦♠ ❛

❛❞✐çã♦ ❞❡ ✉♠❛ ❜✐❝❛♠❛❞❛ ♣rót♦♥ ❞❡s♦r❞❡♥❛❞❛ ❡♠ ❝é❧✉❧❛s q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡ t✐♥❤❛♠ ✾✻ ♠♦❧é❝✉❧❛s✳

❊st❛ ❛❞✐çã♦ ♣r♦❞✉③ ✉♠❛ sér✐❡ ❞❡ ❞❡❢❡✐t♦s ❇❥❡rr✉♠ q✉❡ ❢♦r❛♠ ❝♦rr✐❣✐❞♦s ♠❛♥✉❛❧♠❡♥t❡ ❛♥t❡s ❞❛

s✐♠✉❧❛çã♦✳ ❆ ❋✐❣✉r❛ ✭✺✳✼✮ ♠♦str❛ ❞✉❛s ✐♠❛❣❡♥s ❞❡ ✉♠❛ ❝é❧✉❧❛ ❝♦♥t❡♥❞♦ ✉♠❛ ❢❛❧❤❛ ✷✳ ❱❡❥❛ q✉❡

❛ ❛❞✐çã♦ ❞❡st❛ ❝❛♠❛❞❛ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦ ✉s♦ ❞❛ ♣❜❝ ♠♦❞✐✜❝❛❞❛ r❡s✉❧t❛ ❡♠ ✉♠ ❡♠♣✐❧❤❛♠❡♥t♦

❝❛r❛❝t❡ríst✐❝♦ ❞❛ ❢❛❧❤❛ ✷ ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✺✳✺✮✳ ❆ ❧✐♥❤❛s tr❛❝❡❥❛❞❛s ♥❛ ❋✐❣✉r❛ ✭✺✳✼✮ ✐♥❞✐❝❛♠

❛s ♣♦s✐çõ❡s ❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛❝✐♠❛ ❞♦ ♣❧❛♥♦ ❞❛ ❢❛❧❤❛ ❡stá ❛ ❝❛♠❛❞❛

❛❞✐❝✐♦♥❛❞❛ à ❝é❧✉❧❛ ♣❛r❛ ♣r♦❞✉③✐r ❛ ❢❛❧❤❛ ✷✳ ❖ ❡♠♣✐❧❤❛♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❛ ❢❛❧❤❛ ✷ ♣♦❞❡

s❡r ❝♦♥❢❡r✐❞♦ ❛♦ ❧♦♥❣♦ ❞❛ ✈❡rt✐❝❛❧ ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛ ❋✐❣✉r❛✳

❖ t❡r❝❡✐r♦ t✐♣♦ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ t❛♠❜é♠ ♥ã♦ ♣♦❞❡ s❡r ♦❜t✐❞♦ s♦♠❡♥t❡ ❝♦♠ ❞❡s✲
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5.2 Falhas de Empilhamento no Gelo Ih 114

❧✐③❛♠❡♥t♦ ❞❡ ❡♥tr❡ ❝❛♠❛❞❛s ❡ ♣❛r❛ ♣r♦❞✉③✐✲❧❛ é ♥❡❝❡ssár✐♦ ❛ ❛❞✐çã♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❈ ❡♥tr❡

✉♠❛ ❝❛♠❛❞❛ ❆ ❡ ❇ ♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h r❡❣✉❧❛r✳ ❊st❡ t✐♣♦ ❞❡ ❢❛❧❤❛✱ q✉❡ ❡stá ✐❧✉str❛❞❛ ♥❛

❋✐❣✉r❛ ✭✺✳✽✮✱ s❡rá r❡❢❡r❡♥❝✐❛❞❛ ♥❡st❛ ❚❡s❡ ❝♦♠♦ ❢❛❧❤❛ ✸✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❛s ❢❛❧❤❛s ✶ ❡ ✷ ♣❛r❛

Figura 5.8: Projeção da estrutura do gelo gelo Ih no plano (112̄0) mostrando uma discordância
parcial limitando uma falha de empilhamento que nesta Tese será chamada de falha 3. Figura retirada
da referência [6].

r❡♣r♦❞✉③✐r ❛ ❢❛❧❤❛ ✸ ♥ã♦ é ♥❡❝❡ssár✐♦ ✐♥tr♦❞✉③✐r ❞❡s❧✐③❛♠❡♥t♦ ❡♥tr❡ ❝❛♠❛❞❛s✳ ❊❧❛ ♣♦❞❡ s❡r

♦❜t✐❞❛ s♦♠❡♥t❡ ❝♦♠ ❛ ✐♥s❡rçã♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❡①tr❛ ❡♥tr❡ ❞✉❛s ❝❛♠❛❞❛s ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦✳

❆ ❋✐❣✉r❛ ✭✺✳✽✮ ♠♦str❛ q✉❡ ✉♠❛ ❝❛♠❛❞❛ ❈ ❢♦✐ ✐♥s❡r✐❞❛ ❡♥tr❡ ✉♠ ❝❛♠❛❞❛ ❇ ❡ ✉♠❛ ❝❛♠❛❞❛ ❆

♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦✱ ♣r♦❞✉③✐♥❞♦ ❛ s❡q✉ê♥❝✐❛✿

· · ·ABABCABAB · · · (5.6)

q✉❡✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥♦t❛çã♦ ❞❡ ❋r❛♥❦✱ é ❞❡s❝r✐t❛ ♣♦r✿

· · ·▽ △△△△ ▽ △ · · · (5.7)

❱❡❥❛ q✉❡ ✐♥s❡rçã♦ ❞❛ ❝❛♠❛❞❛ ❈ é ❡q✉✐✈❛❧❡♥t❡ à ✐♥s❡rçã♦ ❞❡ ❞♦✐s △ ♥❛ ♥♦t❛çã♦ ❞❡ ❋r❛♥❦ ♦ q✉❡

r❡s✉❧t❛ ❡♠ ✹ △ ❝♦♥s❡❝✉t✐✈♦s ❝❛r❛❝t❡r✐③❛♥❞♦ ❛ ❢❛❧❤❛ ✸✳ ❆ r❡❣✐ã♦ s♦♠❜r❡❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✽✮

♠♦str❛ ❛ ♣♦s✐çã♦ ❞❛ ❝❛♠❛❞❛ ❈ ✐♥s❡r✐❞❛ ❡♥tr❡ ❛s ❝❛♠❛❞❛s ❇ ❡ ❆✳ ❆ss✐♠ ♥❛s ♦✉tr❛s ❢❛❧❤❛s ✶

❡ ✷✱ ❛ ❢❛❧❤❛ ✸ t❛♠❜é♠ ❡stá s❡♥❞♦ ❧✐♠✐t❛❞❛ ♣♦r ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ❡ ♦ ♣❧❛♥♦ ❞❛ ❢❛❧❤❛
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5.2 Falhas de Empilhamento no Gelo Ih 115
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Figura 5.9: Duas imagens da célula contendo uma falha de empilhamento 3 as linhas tracejadas
mostram as posições das falhas de empilhamento. O empilhamento característico da falha 3 pode
ser conferido do lado esquerdo da Figura ao longo da vertical.

❡stá ♥❛ ❤♦r✐③♦♥t❛❧ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦ ❞❛ ♣á❣✐♥❛✳ P❛r❛ r❡❛❧✐③❛r ❛s s✐♠✉❧❛çõ❡s ❞❛ ❢❛❧❤❛ ✸

❢♦✐ ♥❡❝❡ssár✐♦ ✉s❛r ❝é❧✉❧❛s ❞❡ ✶✷✵ ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛✳ ◆♦✈❛♠❡♥t❡ ❢♦r❛♠ ❣❡r❛❞❛s q✉❛tr♦ ❝é❧✉❧❛s

❝♦♠ ❞✐❢❡r❡♥t❡s ♦r❞❡♥❛♠❡♥t♦s ♣r♦tô♥✐❝♦s✳ ❆ ❋✐❣✉r❛ ✭✺✳✾✮ ♠♦str❛ ❞✉❛s ✐♠❛❣❡♥s ♣❡r✐ó❞✐❝❛s ❞❛

❝é❧✉❧❛ ❝♦♠ ❛ ❢❛❧❤❛ ✸✳ ❖❜s❡r✈❡ q✉❡✱ ❝♦♠♦ ♥ã♦ é ♥❡❝❡ssár✐♦ ❞❡s❧✐③❛r ❝❛♠❛❞❛s✱ ♥ã♦ ❢♦✐ ♥❡❝❡ssár✐♦

♠♦❞✐✜❝❛r ❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ❢❛③❡r ❛s s✐♠✉❧❛çõ❡s ❞❡st❛ ❢❛❧❤❛✳ ❆s ❧✐♥❤❛s

tr❛❝❡❥❛❞❛s ♥❛ ❋✐❣✉r❛ ♠♦str❛♠ ❛s ♣♦s✐çõ❡s ❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡ ❛ ❝❛♠❛❞❛ ❛❞✐❝✐♦♥❛❧

❈ ❡stá ❧♦❣♦ ❛❝✐♠❛✳ ❆ s❡q✉ê♥❝✐❛ ❞♦ ❡♠♣✐❧❤❛♠❡♥t♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ❛ ❢❛❧❤❛ ✸ ♣♦❞❡ s❡r ❝♦♥❢❡r✐❞♦

❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛ ❋✐❣✉r❛ ❛♦ ❧♦♥❣♦ ❞❛ ✈❡rt✐❝❛❧✳

❯♠❛ ✈❡③ q✉❡ ❥á ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❛s ♣♦ssí✈❡✐s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h✱ ✈❛♠♦s

❛❣♦r❛ ❛♣r❡s❡♥t❛r ♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❡❧❛s✳ Pr✐♠❡✐r❛♠❡♥t❡ é ✈á❧✐❞♦ ♦❜s❡r✈❛r q✉❡ ♦

❞❡s❧✐③❛♠❡♥t♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ♣r♦❞✉③✐r ❛ ❢❛❧❤❛ ✶ ❞❡✈❡ s❡r ❢❡✐t♦ ♥❛ ❞✐r❡çã♦ ❞❡ ✉♠ ❞♦s ✈❡t♦r❡s
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5.2 Falhas de Empilhamento no Gelo Ih 116

♣❛r❝✐❛✐s ❞❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h✳ ❉♦✐s ❡①❡♠♣❧♦s ❞❡st❡s ✈❡t♦r❡s ❡stã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛

✭✺✳✶✵✮✳ ❖❜s❡r✈❡ q✉❡ ❡st❡s ❞❡s❧✐③❛♠❡♥t♦s ❧❡✈❛♠ ✉♠❛ ❝❛♠❛❞❛ ❆ ♦✉ ❇ ❡♠ ✉♠❛ ♣♦s✐çã♦ ❞❡ ❝❛✲

Figura 5.10: Projeção da estrutura do gelo Ih no plano (0001). Moléculas rotuladas com A per-
tencem à uma camada A e moléculas rotuladas com B pertencem à uma camada B. As posições C
permanecem desocupadas em todo o cristal, mas se uma camada se deslocar por um vetor de Burgers
parcial dado por~b1 ou~b2 a posição C será ocupada.

♠❛❞❛ ❈✱ q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡ ❡st❛✈❛ ✈❛③✐❛ ♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t❛✱ ❛ss✐♠ ❝♦♠♦ ♠♦str❛

❛ ❋✐❣✉r❛ ✭✺✳✶✵✮✳ ◆❡st❡ ❞❡s❧✐③❛♠❡♥t♦ s✉r❣❡ ✉♠❛ ❞❛s ❝♦♥s❡q✉ê♥❝✐❛s ❞❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ❞♦

❣❡❧♦✳ ❚♦❞❛s ❛s ❧✐❣❛çõ❡s ❡♥tr❡ ❛s ❞✉❛s ❝❛♠❛❞❛s q✉❡ s♦❢r❡r❛♠ ✉♠ ❞❡s❧✐③❛♠❡♥t♦ r❡❧❛t✐✈♦ sã♦

r♦♠♣✐❞❛s ❡ ♥ã♦ s❡ ❛❧✐♥❤❛♠ ♥♦✈❛♠❡♥t❡ ♥❛ ♥♦✈❛ ♣♦s✐çã♦✳ ❊st❡ ❡❢❡✐t♦ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛

✭✺✳✶✶✭❛✮✮✳ P❛r❛ ❢❛❝✐❧✐t❛r ❛ ✈✐s✉❛❧✐③❛çã♦ s♦♠❡♥t❡ ♠♦str❛♠♦s ❞♦✐s ♣❧❛♥♦s ❛tô♠✐❝♦s ❛❞❥❛❝❡♥t❡s à

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

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

♠♦❧é❝✉❧❛s ❡♠ ✈❡r♠❡❧❤♦ ♦❝✉♣❛✈❛♠ ♣♦s✐çõ❡s r❡❢❡r❡♥t❡s àq✉❡❧❛ q✉❡ ❡stá ❞❡♥♦t❛❞❛ ♣❡❧♦ ❝ír❝✉❧♦

♣♦♥t✐❧❤❛❞♦ ❡♠ ✈❡r♠❡❧❤♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✶✭❛✮✮✳ ◆❛ ❝♦♥✜❣✉r❛çã♦ ✐♥✐❝✐❛❧ t♦❞❛s ❛s ❧✐❣❛çõ❡s ❞❡

❤✐❞r♦❣ê♥✐♦ s❡ ❡♥❝❛✐①❛✈❛♠ ❛❞❡q✉❛❞❛♠❡♥t❡ s❡♠ ♥❡♥❤✉♠❛ ✈✐♦❧❛çã♦ ❞❛s r❡❣r❛s ❞♦ ❣❡❧♦✳ P❛r❛

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

❞✐r❡çã♦ ❞♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ♣❛r❝✐❛❧ ~b1 ❛ss✐♠ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✺✳✶✶✭❛✮✮✳ ❊st❡ ❞❡s❧♦❝❛✲
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5.2 Falhas de Empilhamento no Gelo Ih 117

(a)

Free DFT

(b)

Figura 5.11: Em (a) estrutura da falha de empilhamento não reconstruída em (b) mostra o resultado
de uma otimização livre por DFT mostrando a tendência de correção dos defeitos Bjerrum.

♠❡♥t♦ ❢♦✐ s✉✜❝✐❡♥t❡ ♣❛r❛ r♦♠♣❡r t♦❞❛s ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ❛s ♠♦❧é❝✉❧❛s ♣r❡s❡♥t❡s

♥❡st❡s ❞♦✐s ♣❧❛♥♦s✳ ❖ ❤❡①á❣♦♥♦ ♣♦♥t✐❧❤❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✶✭❛✮✮ é ♣❛r❛ ❢❛❝✐❧✐t❛r ❛ ✈✐s✉❛❧✐③❛çã♦✱

♠♦str❛♥❞♦ q✉❡ t♦❞❛s ❛s ❧✐❣❛çõ❡s ❡stã♦ ❢♦r❛ ❞♦ ❛❧✐♥❤❛♠❡♥t♦ ❡s♣❡r❛❞♦✳ ❉❡♣♦✐s ❞❡ ❝♦♥str✉í❞❛ ❛

❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✱ r❡❛❧✐③❛♠♦s ✉♠❛ ♦t✐♠✐③❛çã♦ ❞❡ ❣❡♦♠❡tr✐❛ ❞❛ ❡str✉t✉r❛ ❛tr❛✈és ❞❛ ❚❡✲

♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭❉❋❚✮✳ ❖❜s❡r✈❛♠♦s q✉❡ ❛s ♠♦❧é❝✉❧❛s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❢♦rt❡

t❡♥❞ê♥❝✐❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ r♦♠♣✐❞❛s✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♣♦❞❡

s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✶✭❜✮✮✳ ◆♦t❡ q✉❡ ♦ ❤❡①á❣♦♥♦ ♣♦♥t✐❧❤❛❞♦ ❞❡s❡♥❤❛❞♦ s♦❜r❡ ❛s ♠❡s♠❛s

♠♦❧é❝✉❧❛s ❛♥t❡s ❞❛ ♦t✐♠✐③❛çã♦ ✐♥❞✐❝❛ q✉❡ ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡stã♦ ♠✉✐t♦ ♣ró①✐♠❛s ❞♦

♣❛❞rã♦ ✐❞❡❛❧ ♣❛r❛ ♦ ❣❡❧♦ ■h✳ ❆♣❡s❛r ❞❛s ♠♦❧é❝✉❧❛s ❛♣r❡s❡♥t❛r❡♠ ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ❡♠ r❡st❛✲

❜❡❧❡❝❡r ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ❛s ❧✐❣❛çõ❡s sã♦ r❡❢❡✐t❛s✳ ❈♦♥s❡q✉ê♥❝✐❛ ❞✐ss♦ é ❛ ♣r♦❞✉çã♦ ❞❡

❞❡❢❡✐t♦s ❇❥❡rr✉♠✳ ❆s ♠♦❧é❝✉❧❛s ❛❞❥❛❝❡♥t❡s ❛ ❡st❡s ❞❡❢❡✐t♦s ❡stã♦ ❝✐r❝✉❧❛❞❛s ❞❡♥tr♦ ❞❛s ❡❧✐♣s❡s

♣♦♥t✐❧❤❛❞❛s ♥❛ ❋✐❣✉r❛ ✭✺✳✶✶✭❜✮✮✳ ❆s ✈✐♦❧❛çõ❡s ❞❛s r❡❣r❛s ❞♦ ❣❡❧♦✱ ♣♦r t❡r ❛ ❝♦✐♥❝✐❞ê♥❝✐❛ ❞❡

❞♦✐s ♣rót♦♥s ❡♥tr❡ ❞✉❛s ♠♦❧é❝✉❧❛s✱ ❡stã♦ ❞❡st❛❝❛❞❛s ❝♦♠ ❛s ❡❧✐♣s❡s ♣♦♥t✐❧❤❛❞❛s ♥❛ ❝♦r ♣r❡t❛

❡ r♦t✉❧❛❞❛s ❝♦♠ ❛ ❧❡tr❛ D ❡ ❛s ✈✐♦❧❛çã♦ ❞❡✈✐❞♦ ❛ ❢❛❧t❛ ❞❡ ♣rót♦♥ ❡♥tr❡ ❞✉❛s ♠♦❧é❝✉❧❛s ❡stá

❞❡♥♦t❛❞❛ ♣❡❧❛ ❡❧✐♣s❡ ♣♦♥t✐❧❤❛❞❛ ♥❛ ❝♦r ✈❡r❞❡ ❡ r♦t✉❧❛❞❛ ❝♦♠ ❛ ❧❡tr❛ L✳ ❋❛③❡♥❞♦ ✉♠❛ ❛♥á❧✐s❡
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5.2 Falhas de Empilhamento no Gelo Ih 118

❣❡♦♠étr✐❝❛ ❞❛ ❡str✉t✉r❛ ♦t✐♠✐③❛❞❛ ♣❡r❝❡❜❡✲s❡ q✉❡ ❛s ♠♦❧é❝✉❧❛s ❛❞❥❛❝❡♥t❡s ❛♦s ❞❡❢❡✐t♦s ♥♦♠❡✲

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

❞❡ ❡st❛r❡♠ ❛♣r✐s✐♦♥❛❞❛s ❡♥tr❡ ❞♦✐s ♣rót♦♥s ❞❛s ♠♦❧é❝✉❧❛s ✈✐③✐♥❤❛s✱ ❞✐✜❝✉❧t❛♥❞♦ ✉♠❛ r♦t❛çã♦

♥❡❝❡ssár✐❛ ♣❛r❛ ♦ r❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❛s ❧✐❣❛çõ❡s✳ ❏á ❛s ♠♦❧é❝✉❧❛s ♣❛rt✐❝✐♣❛♥t❡s ❞❡ ✉♠ ❞❡❢❡✐t♦

L ♥ã♦ ❝♦♥s❡❣✉✐r❛♠ ♦ r❡st❛❜❡❧❡❝✐♠❡♥t♦ r❡❣✉❧❛r ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣♦rq✉❡ ❡♥❝♦♥tr❛♠

✉♠ ♠í♥✐♠♦ ❧♦❝❛❧ ❞♦❛♥❞♦ s❡✉s ♣rót♦♥s ♣❛r❛ ♦✉tr❛s ♠♦❧é❝✉❧❛s ✈✐③✐♥❤❛s✳

P♦r s❡r ✉♠ ❞❡❢❡✐t♦ ♣❧❛♥❛r é ❝♦♥✈❡♥✐❡♥t❡ ❛♥❛❧✐s❛r ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❢❛❧❤❛ ❞❡

❡♠♣✐❧❤❛♠❡♥t♦ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ár❡❛✳ ❙❡❣✉✐♥❞♦ ❡st❛ ❧ó❣✐❝❛ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❢❛❧❤❛ ❞❡

❡♠♣✐❧❤❛♠❡♥t♦ é ❞❡✜♥✐❞❛ ♣♦r

γ =
EF − EP

A
, (5.8)

♦♥❞❡ A é ár❡❛ ♦❝✉♣❛❞❛ ♣❡❧❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡ EF ❡ EP sã♦ ❛s ❡♥❡r❣✐❛s t♦t❛✐s ❞❛s

❡str✉t✉r❛s ❝♦♥t❡♥❞♦ ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡ ❛ ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❈♦♠♦ ❥á ♠❡♥❝✐♦♥❛♠♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ❢♦r❛♠ ✉s❛❞❛s q✉❛tr♦ ❛♠♦str❛s ❞✐❢❡r❡♥t❡s ♣❛r❛ r❡❛✲

❧✐③❛r ❛s s✐♠✉❧❛çõ❡s ❞❛ ❢❛❧❤❛ ✶✳ ➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♥❡♥❤✉♠❛ r❡❝♦♥str✉çã♦ ❞❡ ❞❡❢❡✐t♦s

❇❥❡rr✉♠ ❢♦✐ r❡❛❧✐③❛❞❛ ❛♥t❡s ❞❛ r❡❧❛①❛çã♦ ❞❛ ❡str✉t✉r❛✱ ♦✉ s❡❥❛✱ ❛ ♦t✐♠✐③❛çã♦ ❞❡ t♦❞❛s ❛s ❛♠♦s✲

tr❛s ♣❛rt✐✉ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ t♦❞♦s ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ♣r❡s❡♥t❡s ❛♣ós ❛ ❝r✐❛çã♦ ❞❛ ❢❛❧❤❛

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ◆♦♠❡❛♠♦s ❝❛❞❛ ✉♠❛ ❞❛s q✉❛tr♦ ❛♠♦str❛s ❝♦♠♦ ❝❡❧❧✶✱ ❝❡❧❧✷✱ ❝❡❧❧✸✱ ❝❡❧❧✹✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❯♠❛ ❝♦♥✜❣✉r❛çã♦ tí♣✐❝❛ ✐♥✐❝✐❛❧ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✶✭❛✮✮ ❡ ✉♠❛

❝♦♥✜❣✉r❛çã♦ tí♣✐❝❛ ❞❛ ❡str✉t✉r❛ ❞❡♣♦✐s ❞❡ r❡❧❛①❛❞❛ ♣♦❞❡ s❡r ✈✐st❛ ❡♠ ✭✺✳✶✶✭❜✮✮✳ ❆s ❝♦rr❡s✲

♣♦♥❞❡♥t❡s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♣❛r❛ ❝❛❞❛ ❛♠♦str❛ ❡stã♦ ♥❛ ❚❛❜❡❧❛

✭✺✳✶✮✳ ❆s ❡st✐♠❛t✐✈❛s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ♣❧❛♥♦ ❜❛s❛❧ ❞❛ ❡str✉✲

cell1 cell2 cell3 cell4

γ (meV/Å
2
) 9,3 8,3 11,5 11,5

Tabela 5.1: Energias da falha de empilhamento 1 não reconstruída para quatro amostras distintas.

t✉r❛ ❞♦ ❣❡❧♦ ■h ✈❛r✐❛♠ ❡♥tr❡ ✵✱✵✷ ♠❡❱✴➴2 ❛té ✵✱✵✹ ♠❡❱✴➴2 ❬✻✱✻✷❪✳ ❆ss✐♠✱ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s
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5.2 Falhas de Empilhamento no Gelo Ih 119

❝♦♠ ❛s s✐♠✉❧❛çõ❡s ❉❋❚ ❝❤❡❣❛♠ ❛ s❡r três ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❛✐♦r q✉❡ ❛ ❡st✐♠❛t✐✈❛ ❡①♣❡r✐✲

♠❡♥t❛❧✳ ❉✐s❝r❡♣â♥❝✐❛s tã♦ ❣r❛♥❞❡s ♣❡r♠✐t❡♠ s✉❣❡r✐r q✉❡ ❛ ❡str✉t✉r❛ ♦❜t✐❞❛ ❝♦♠ ❛ ♦t✐♠✐③❛çã♦

❧✐✈r❡ ♣♦r ❉❋❚ ♥ã♦ ❝♦rr❡s♣♦♥❞❡ à ❡str✉t✉r❛ ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡♠ ❝r✐st❛✐s r❡❛✐s ❞❡

❣❡❧♦ ■h✳ ❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♠♣❛r❛r ❞❡ ✉♠❛ ♠❛♥❡✐r❛ ♠❛✐s q✉❛❧✐t❛t✐✈❛ ❛s ♣r✐♥❝✐♣❛✐s ❞✐❢❡r❡♥ç❛s

❡str✉t✉r❛✐s ❡♥tr❡ ♦ ❝r✐st❛❧ ❞❡ ❣❡❧♦ Ih ♣❡r❢❡✐t♦ ❡ ♦ ❝r✐st❛❧ ❝♦♠ ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❢♦r❛♠

❢❡✐t♦s ❤✐st♦❣r❛♠❛s q✉❡ ❝♦♠♣❛r❛♠ ❛❧❣✉♥s ❝❡rt♦s ♣❛râ♠❡tr♦s ❡♥tr❡ ❛s ❞✉❛s ❡str✉t✉r❛s✳ P❛r❛ ❛

2.62 2.66 2.7 2.74

O-O distances (Å)

D
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ib
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Defect free
Unreconstructed stacking fault 1

1.004 1.006 1.008

O-H distances (Å)

106 107 108

H-O-H angle in degrees

Figura 5.12: Distribuição das distâncias O-O, O-H e dos ângulos das moléculas. Pontos e linhas
na cor preta representam o cristal de gelo Ih perfeito enquanto que a falha de empilhamento 1 não
reconstruída está representada por pontos e linhas em vermelho.

❢❛❧❤❛ ✶✱ ❡st❡s ❤✐st♦❣r❛♠❛s ❡stã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✭✺✳✶✷✮✳ ❊❧❡s ❢♦r♥❡❝❡♠ ❛s ❞✐stâ♥❝✐❛s ❡♥tr❡

♦s ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s ❖✲❖✱ ❛ ❞✐str✐❜✉✐çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛s ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s ❞❛ ♠♦❧é❝✉❧❛

❞❡ á❣✉❛ ❖✲❍ ❡ ❛ ❞✐str✐❜✉✐çã♦ ❞♦s â♥❣✉❧♦s ❞❛s ♠♦❧é❝✉❧❛s✳ ◆❛ ❋✐❣✉r❛ ✭✺✳✶✷✮ ♦s ♣♦♥t♦s ❡ ❛ ❧✐♥❤❛s

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

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

❤✐st♦❣r❛♠❛ ❡stá ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❝r✐st❛❧ ♣❡r❢❡✐t♦ ❝♦♠ ✾✻ ♠♦❧é❝✉❧❛s ❡ ❛s q✉❛tr♦ ré♣❧✐❝❛s ❞❛

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

♠✉❞❛❞♦ ♠✉✐t♦ ♣♦✉❝♦ ❡♠ r❡❧❛çã♦ ❛♦ ❝r✐st❛❧ ♣❡r❢❡✐t♦ ❛s ❞✐str✐❜✉✐çõ❡s ♣❛r❛ ❛s ❡str✉t✉r❛s ❝♦♠ ❛
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5.2 Falhas de Empilhamento no Gelo Ih 120

❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡stã♦ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❛✐s ❛❧❛r❣❛❞❛s✳ ❊st❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❞✉❛s

❡str✉t✉r❛s ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞❛ ♣❡❧♦ ❢❛t♦ ❞♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ❝❛✉s❛r❡♠ ✉♠❛ ♣❡rt✉❜❛çã♦ ♠✉✐t♦

❣r❛♥❞❡ ♥❛ r❡❞❡✱ t❡♥❞♦ ✐♥✢✉ê♥❝✐❛ ♥♦s ❝♦♠♣r✐♠❡♥t♦s ❡ â♥❣✉❧♦s ❞❛s ❧✐❣❛çõ❡s ❡ ❛té ♠❡s♠♦ ❡♠

❞❡s❧♦❝❛r ❛❧❣✉♠❛s ♠♦❧é❝✉❧❛s ❞❡ ♠❛♥❡✐r❛ s✐❣♥✐✜❝❛t✐✈❛ ❞❛ ♣♦s✐çã♦ r❡❣✉❧❛r ❞❛ r❡❞❡✳ ❏á é ❝♦♥❤❡❝✐❞♦

q✉❡ ❞❡❢❡✐t♦s ❇❥❡rr✉♠ t❡♠ ❡♥❡r❣✐❛s ❡❧❡✈❛❞❛s ❬✾✶✱✶✹✼✱✶✹✽❪ ❡ ✐st♦ s✉❣❡r❡ q✉❡ ❛ ♠❛✐♦r ❝♦♥tr✐❜✉✐çã♦

♣❛r❛ ❛s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♠♦str❛❞❛s ♥❛ ❚❛❜❡❧❛ ✭✺✳✶✮ é ❞❡✈✐❞❛ à

❢♦r♠❛çã♦ ❞❡st❡s ❞❡❢❡✐t♦s✳

❚❡♥❞♦ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ❛ ❡♥❡r❣✐❛ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❞❡❢❡✐✲

t♦s ❇❥❡rr✉♠ ❛❞♦t❛♠♦s ✉♠ ♦✉tr♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛ s✐♠✉❧❛çã♦ ❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳

◆❡st❛ ♥♦✈❛ s✐♠✉❧❛çã♦ t♦❞♦s ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ❢♦r❛♠ ❝♦rr✐❣✐❞♦s ♠❛♥✉❛❧♠❡♥t❡ ❛♥t❡s ❞❛ r❡❧❛①❛✲

çã♦ ❞❛ ❡str✉t✉r❛s✳ ❆ ❋✐❣✉r❛ ✭✺✳✶✸✮ ♠♦str❛ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ tí♣✐❝❛ ❞❡st❛s s✐♠✉❧❛çõ❡s✳ ❆ss✐♠

reconstruction

+

DFT

(a) (b)

Figura 5.13: Em (a) mostra a falha de empilhamento 1 não reconstruída em (b) mostra a estrutura
resultante depois de uma correção manual e uma relaxação livre por DFT.

❝♦♠♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛♦ ❝r✐❛r ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ t❛♠❜é♠ sã♦ ❝r✐❛❞♦s ✈ár✐♦s ❞❡❢❡✐t♦s

❇❥❡rr✉♠ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✺✳✶✸✭❛✮✮✳ ❊♥tã♦ ❛♥t❡s ❞❛ r❡❧❛①❛çã♦ ✜③❡♠♦s ✉♠❛ r❡❝♦♥str✉✲

çã♦ ♠❛♥✉❛❧ ♣❛r❛ ❝♦rr✐❣✐r t♦❞♦s ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠✳ ❙♦♠❡♥t❡ ❞❡♣♦✐s ✜③❡♠♦s ❛ r❡❧❛①❛çã♦ ❝♦♠

❉❋❚✱ ♦❜t❡♥❞♦ ❛ ❡str✉t✉r❛ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✸✭❜✮✮✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ ❢♦✐ ❛❞♦t❛❞♦ ♣❛r❛

t♦❞❛s ❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡ ♦s r❡s✉❧t❛❞♦s ❞❛s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❡ ❝❛❞❛ ❢❛❧❤❛ ❡stã♦
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5.2 Falhas de Empilhamento no Gelo Ih 121

♥❛ ❚❛❜❡❧❛ ✭✺✳✷✮✳ ❏á ❡r❛ ❡s♣❡r❛❞♦ q✉❡ ♦s r❡s✉❧t❛❞♦s ❞❛s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛s ❞❡

Falha 1 Falha 2 Falha 3

γ (meV/Å
2
) γ (meV/Å

2
) γ (meV/Å

2
)

cell1 -0.1 0.0 -0.1
cell2 -0.4 -0.2 -0.2
cell3 -0.4 -0.2 -0.3
cell4 -0.2 -0.3 -0.3

Tabela 5.2: Resultados obtidos para as energias de formação das três falhas de empilhamento sendo
que cada falha tem quatro amostras distintas.

❡♠♣✐❧❤❛♠❡♥t♦ ❢♦ss❡♠ ❛❜❛✐①❛r✳ ❉❡ ❢❛t♦✱ ♦s r❡s✉❧t❛❞♦s sã♦ tã♦ ♣❡q✉❡♥♦s q✉❡ ❞❡ ❛❝♦r❞♦ ❝♦♠

❛ ♣r❡❝✐sã♦ ❞♦s ❝á❧❝✉❧♦s ❞❡ ❉❋❚✱ ♥ã♦ ❤á ❝♦♠♦ ❞✐st✐♥❣✉✐r ❡st❡s ✈❛❧♦r❡s ❞❡ ③❡r♦✳ ▼❛s ❛♣❡s❛r

❞❡ ♠✉✐t♦ ♣❡q✉❡♥♦s t♦❞♦s ♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ ♥❡❣❛t✐✈♦s ♦ q✉❡ ♥ã♦ ❢❛③ s❡♥t✐❞♦ ❞♦ ♣♦♥t♦ ❞❡

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

❛ ❡str✉t✉r❛ ✐❞❡❛❧✳ P❛r❛ ❡♥t❡♥❞❡r ❛ ♦r✐❣❡♠ ❞❡st❡ ♣r♦❜❧❡♠❛ é ♣r❡❝✐s♦ ❧❡♠❜r❛r q✉❡ ♦ ❣❡❧♦ ■h

é ♣rót♦♥✲❞❡s♦r❞❡♥❛❞❛ t❛❧ q✉❡ ❡♠ ✉♠❛ ❛♠♦str❛ ❞❡ ✉♠ ❝r✐st❛❧ r❡❛❧✱ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ r❡✲

s✉❧t❛♥t❡ ❞♦ ❣❡❧♦ ■h é ♠✉✐t♦ ♣ró①✐♠♦ ❞❡ ③❡r♦✳ ➱ ♣r❡❝✐s♦ ❧❡♠❜r❛r t❛♠❜é♠ q✉❡ ❛s s✐♠✉❧❛çõ❡s

r❡❛❧✐③❛❞❛s ♥❡st❛ ❚❡s❡ ❢♦r❛♠ ❢❡✐t❛s ❛ ♣❛rt✐r ❞❡ ✉♠❛ ❝é❧✉❧❛ q✉❡ ❢♦✐ ❣❡r❛❞❛ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❬✶✹✻❪

q✉❡ ♣r♦❞✉③ ❝é❧✉❧❛s q✉❡ ♦❜❡❞❡❝❡♠ ❛s r❡❣r❛s ❞♦ ❣❡❧♦ ❝♦♠ ✉♠ ❞❡s♦r❞❡♥❛♠❡♥t♦ ♣r♦tô♥✐❝♦ t❛❧ q✉❡

♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ t❛♠❜é♠ s❡❥❛ ③❡r♦✳ ❆♣❡s❛r ❞✐ss♦✱ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❞❡ ❝❛❞❛ ❡str✉t✉r❛

❢♦✐ ❛❧t❡r❛❞♦ ❛♦ ✐♥tr♦❞✉③✐r ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❆♦ ✐♠♣❧❡♠❡♥t❛r ❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦

❢♦✐ ♥❡❝❡ssár✐♦ ❝♦rr✐❣✐r ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠✳ ❚❛✐s ❝♦rr❡çõ❡s ✐♠♣❧✐❝❛♠ ❡♠ r♦t❛çõ❡s ❞❡ ♠♦❧é❝✉❧❛s

❛té q✉❡ t♦❞❛s ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ s❡ ❡♥❝❛✐①❡♠ ♥♦✈❛♠❡♥t❡✳ ◆❛s ❢❛❧❤❛s ✷ ❡ ✸✱ ❛❧é♠ ❞❡

r♦t❛çõ❡s ❞❛s ♠♦❧é❝✉❧❛s ♣❛r❛ ❛ ❝♦rr❡çã♦ ❞♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ❛✐♥❞❛ ❢♦✐ ♣r❡❝✐s♦ ❛❝r❡s❝❡♥t❛r ✉♠❛

❜✐❝❛♠❛❞❛ ♣rót♦♥✲❞❡s♦r❞❡♥❛❞❛✳ ❊st❛s ♠♦❞✐✜❝❛çõ❡s ❛❧t❡r❛♠ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ r❡s✉❧t❛♥t❡

❞❛ ❝é❧✉❧❛✱ ❞❡✐①❛♥❞♦ ❞❡ s❡r ♥✉❧♦✳ ❯♠❛ ✈❡③ q✉❡ ❛s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s s♦❜ ❝♦♥❞✐çõ❡s

♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ❡♥tã♦ ❛ ❡♥❡r❣✐❛ t♦t❛❧ r❡s✉❧t❛♥t❡ ❡stá s✉❥❡✐t❛ à ✐♥✢✉ê♥❝✐❛ ❞❛ ✐♥t❡r❛çã♦

❡♥tr❡ ♦s ♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦ ❞❡ ❝❛❞❛ ✐♠❛❣❡♠ ❝♦♠♦ ❛❜♦r❞❛❞♦ ♥❛ s❡çã♦ ✹✳✻✳ ❯♠❛ ✈❡③ q✉❡ ❛s

121



5.2 Falhas de Empilhamento no Gelo Ih 122

❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ sã♦ ♠✉✐t♦ ♣❡q✉❡♥❛s ❛ ♣♦ssí✈❡❧ ✐♥✢✉ê♥❝✐❛ ❞❛

❡♥❡r❣✐❛ ❡s♣úr✐❛ ❞❡✈✐❞♦ à ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ✐♠❛❣❡♥s ♣❛ss❛ ❛ s❡r s✐❣♥✐✜❝❛t✐✈❛ ❡ ♣♦r ✐ss♦ ❞❡✈❡

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

P❛r❛ r❡❛❧✐③❛r ❡st❛ ❝♦rr❡çã♦ ✉s❛♠♦s ♦ ♠ét♦❞♦ ❞❡ ❑❛♥t♦r♦✈✐❝❤ ❞❡s❡♥✈♦❧✈✐❞♦ ♥❛ r❡❢❡rê♥✲

❝✐❛ ❬✶✹✸❪✳ ❖ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❞❡ ❝❛❞❛ ❝é❧✉❧❛ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ♣♦r ❉❋❚ ❡ ♦s ♠ó❞✉❧♦s ❞♦s

♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦ r❡s✉❧t❛♥t❡ ♣❛r❛ ❝❛❞❛ ❝é❧✉❧❛ s✐♠✉❧❛❞❛ ❡stã♦ ♥❛ ❚❛❜❡❧❛ ✭✺✳✸✮✳ ❉❡st❛ ❢♦r♠❛

Falha 1 Falha 2 Falha 3

dipole (eÅ) dipole (eÅ) dipole (eÅ)

cell1 4.89 0.03 0.03
cell2 4.95 6.48 4.92
cell3 4.44 4.29 4.28
cell4 4.90 6.58 8.54

Tabela 5.3: Resultados dos módulos dos momentos de dipolo para todas as células usadas nas simu-
lações

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

❡stã♦ ♥❛ ❚❛❜❡❧❛ ✭✺✳✹✮✳ ❆s s✐♠✉❧❛çõ❡s r❡❛❧✐③❛❞❛s ❝♦♠♦ ❞❡s❝r✐t❛s ❛❝✐♠❛ ❢♦r♥❡❝❡r❛♠ r❡s✉❧t❛❞♦s

falha 1 falha 2 falha 3

γ (meV/Å
2
) γ (meV/Å

2
) γ (meV/Å

2
)

cell1 0.2 0.0 -0.2
cell2 -0.1 0.5 0.0
cell3 -0.1 0.2 0.1
cell4 0.1 0.5 1.4

Tabela 5.4: Resultados da energia de formação das falhas de empilhamento γ para todas as células
reconstruídas depois da correção da energia espúria.

❡①tr❡♠❛♠❡♥t❡ ❜❛✐①♦s ♣❛r❛ ❛s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h✳

❊st❡s ✈❛❧♦r❡s r❡♣r❡s❡♥t❛♠ ❡♥❡r❣✐❛s ♣♦r ♠♦❧é❝✉❧❛ ❛❞❥❛❝❡♥t❡ à ❢❛❧❤❛ ❡♥tr❡ ✵✳✽ ♠❡❱ ❡ ✸✱✸ ♠❡❱✳ ➱

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

❞♦s ❝á❧❝✉❧♦s ❞❡ ❉❋❚ ✉s❛❞♦s ♥❛s s✐♠✉❧❛çõ❡s q✉❡ é ❞❛ ♦r❞❡♠ ❞❡ ✶ ♠❡❱ ♣♦r át♦♠♦✳ ❊♠ ♦✉tr❛s

♣❛❧❛✈r❛s✱ ♦s r❡s✉❧t❛❞♦s ❡♥❝♦♥tr❛❞♦s ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦
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5.2 Falhas de Empilhamento no Gelo Ih 123

sã♦ tã♦ ♣❡q✉❡♥♦s q✉❡ ♥ã♦ sã♦ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❛✐♦r❡s q✉❡ ③❡r♦ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ♣r❡❝✐sã♦

❞❛s s✐♠✉❧❛çõ❡s✳ ❊♥tr❡t❛♥t♦✱ ❡st❡s r❡s✉❧t❛❞♦s ❡stã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s

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

❡♥tr❡ ✵✱✵✷ ♠❡❱✴➴
2
❛té ✵✱✵✹ ♠❡❱✴➴

2
❬✻✱ ✻✷❪✳ ❆tr❛✈és ❞♦s ❤✐st♦❣r❛♠❛s ♠♦str❛❞♦s ♥❛s ❋✐❣✉r❛s
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Figura 5.14: Distribuição das distâncias O-O, O-H e dos ângulos das moléculas. Pontos e linhas na
cor preta representam o cristal de gelo Ih perfeito enquanto que a falha de empilhamento 1 recons-
truída está representada por pontos e linhas em vermelho.
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Figura 5.15: Distribuição das distâncias O-O, O-H e dos ângulos das moléculas. Pontos e linhas na
cor preta representam o cristal de gelo Ih perfeito enquanto que a falha de empilhamento 2 recons-
truída está representada por pontos e linhas em vermelho.

123



5.2 Falhas de Empilhamento no Gelo Ih 124
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Figura 5.16: Distribuição das distâncias O-O, O-H e dos ângulos das moléculas. Pontos e linhas na
cor preta representam o cristal de gelo Ih perfeito enquanto que a falha de empilhamento 3 recons-
truída está representada por pontos e linhas em vermelho.

✭✺✳✶✹✮✱ ✭✺✳✶✺✮ ❡ ✭✺✳✶✻✮ ♣♦❞❡♠♦s ✈❡r q✉❡ ♥ã♦ ❤á ❛❧t❡r❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s ♥♦s ♣r✐♥❝✐♣❛✐s ♣❛râ✲

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

♣❡r❢❡✐t♦✳ ❊♠ ❝❛❞❛ ❋✐❣✉r❛ ❡stã♦ ♠♦str❛❞❛s ❛s ❞✐str✐❜✉✐çõ❡s ❞❛s ❞✐stâ♥❝✐❛s ❡♥tr❡ ♦s ♣r✐♠❡✐r♦s

✈✐③✐♥❤♦s ❝♦♥t❛❜✐❧✐③❛♥❞♦ s♦♠❡♥t❡ ♦s ♦①✐❣ê♥✐♦s ❖✲❖✱ ❛ ❞✐str✐❜✉✐çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛s ❧✐❣❛çõ❡s

❝♦✈❛❧❡♥t❡s ❖✲❍ ❡ ❛ ❞✐str✐❜✉✐çã♦ ❞♦s â♥❣✉❧♦s ❡♥tr❡ ❛s ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s ❍✲❖✲❍✳ ◆❛s ❋✐❣✉r❛s

✭✺✳✶✹✮✱ ✭✺✳✶✺✮ ❡ ✭✺✳✶✻✮ ❛ ❧✐♥❤❛ ❡ ♦s ♣♦♥t♦s ❡♠ ❢♦r♠❛ ❞❡ ❝ír❝✉❧♦ ♥❛ ❝♦r ♣r❡t❛ r❡♣r❡s❡♥t❛ ♦ ❝r✐st❛❧

❞❡ ❣❡❧♦ ■h ♣❡r❢❡✐t♦✱ ❡♥q✉❛♥t♦ q✉❡ ❛ ❧✐♥❤❛ ❡ ♦s ♣♦♥t♦s ❡♠ ❢♦r♠❛ ❞❡ q✉❛❞r❛❞♦ ♥❛ ❝♦r ✈❡r♠❡❧❤❛

r❡♣r❡s❡♥t❛♠ ♦ ❝r✐st❛❧ ❝♦♠ ❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❚♦❞♦s ♦s ❤✐st♦❣r❛♠❛s ❡stã♦ ♥♦r♠❛❧✐③❛✲

❞♦s✳ ◆♦t❛♠♦s q✉❡ ♦ ❞❡s✈✐♦ ❡♥tr❡ ❛s ❞✐str✐❜✉✐çõ❡s ❞♦ ❝r✐st❛❧ ♣❡r❢❡✐t♦ ❡ ♦ ❝r✐st❛❧ ❝♦♠ ❛ ❢❛❧❤❛ sã♦

♠í♥✐♠❛s✳ ■st♦ ✐♠♣❧✐❝❛ q✉❡ ❛ ✈✐③✐♥❤❛♥ç❛ ❞❛s ♠♦❧é❝✉❧❛s ❛❞❥❛❝❡♥t❡s ❛♦ ♣❧❛♥♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠✲

♣✐❧❤❛♠❡♥t♦ ♥ã♦ s♦❢r❡ ❛❧t❡r❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s ❥✉st✐✜❝❛♥❞♦ ✈❛❧♦r❡s tã♦ ❜❛✐①♦s ♣❛r❛ ❛s ❡♥❡r❣✐❛s

❞❡ ❢♦r♠❛çã♦ ❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦✳ ❆ ❝♦♥❝♦r❞â♥❝✐❛ ❞❡st❡s r❡s✉❧t❛❞♦s ❝♦♠ ♦s r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ♣❡r♠✐t❡ ❛ s✉❣❡stã♦ ❞❡ q✉❡ ❛s ❡str✉t✉r❛s ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h

sã♦ r❡❝♦♥str✉í❞❛s✱ ♦✉ s❡❥❛✱ ♥❛s ❡str✉t✉r❛s ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡♠ ❝r✐st❛✐s r❡❛✐s ❞❡ ❣❡❧♦

■h ♥ã♦ ❤á ❝♦♥❝❡♥tr❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s ❞❡ ❞❡❢❡✐t♦s ❇❥❡rr✉♠✳ ❉❛❞❛ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦
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❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ sã♦ tã♦ ❜❛✐①❛s✱ ❛✐♥❞❛ é ♣♦ssí✈❡❧ s✉❣❡r✐r q✉❡ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛

❞✐s❝♦r❞â♥❝✐❛ ♣❡r❢❡✐t❛ ❡♠ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s é ❢❛✈♦rá✈❡❧ ♥♦ ♣❧❛♥♦ ❜❛s❛❧✳

5.3 Discordâncias parciais no gelo Ih

◆❛ s❡çã♦ ❛♥t❡r✐♦r ✈✐♠♦s q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥❛ ❡str✉t✉r❛

❞♦ ❣❡❧♦ ■h é ♠✉✐t♦ ♣❡q✉❡♥❛ ♦ q✉❡ s✉❣❡r❡ q✉❡ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s ❡♠ ❞✉❛s

♣❛r❝✐❛✐s s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ é ❢❛✈♦rá✈❡❧✳ ❍á ❢♦rt❡s ❡✈✐❞ê♥❝✐❛s ❞❡ q✉❡

❛ ❞✐ss♦❝✐❛çã♦ ❞❡st❛s ❞✐s❝♦r❞â♥❝✐❛s ♦❝♦rr❡ ❡♠ ♣❧❛♥♦s ♥♦♠❡❛❞♦s ❝♦♠♦ ❣❧✐❞❡ s❡t ✭✈❡❥❛ ❛ ❋✐❣✉r❛

✭✺✳✸✮✮ ❞❡ ✉♠❛ ♠❛♥❡✐r❛ ♠✉✐t♦ s✐♠✐❧❛r à ❞✐ss♦❝✐❛çã♦ q✉❡ ♦❝♦rr❡ ♥❛ ❡str✉t✉r❛ ❞♦ s✐❧í❝✐♦ ♠♦str❛❞♦

♥♦ ❈❛♣ít✉❧♦ ❛♥t❡r✐♦r✳ ❆ ❋✐❣✉r❛ ✭✺✳✶✼✮ ♠♦str❛ ❞♦✐s t✐♣♦s ❞❡ ❞✐ss♦❝✐❛çã♦ q✉❡ ♣♦❞❡♠ ♦❝♦rr❡r

♥♦ ♣❧❛♥♦ ❜❛s❛❧ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h✳ ❊st❛ ❋✐❣✉r❛ ♠♦str❛ q✉❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛

b = (a/3)[1210]

b1 = (a/3)[1100]b2 = (a/3)[0110]

b = (a/3)[1210]

b1 = (a/3)[1100]

b2 = (a/3)[0110]

(a) (b)

SF-I

SF-I

Figura 5.17: Dois exemplos de dissociação de discordâncias no plano basal da estrutura do gelo Ih
em (a) a dissociação de uma discordância screw, em (b) a dissociação de uma discordância 60°.

♣❡r❢❡✐t❛ ❝♦♠ ✈❡t♦r ❞❡ ❇✉r❣❡rs ~b = (a/3)[1̄21̄0] s❡ ❞✐ss♦❝✐❛♥❞♦ ❡♠ ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s
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❝♦♠ ✈❡t♦r❡s ❞❡ ❇✉r❣❡rs ♣❛r❝✐❛✐s ❞❛❞♦ ♣♦r ~b1 = (a/3)[1̄100] ❡ ~b2 = (a/3)[011̄0]✱ ♦♥❞❡ a é ♦

♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ♥♦ ♣❧❛♥♦ ❜❛s❛❧✳ ❆ ❋✐❣✉r❛ ✭✺✳✶✼✭❛✮✮ ♠♦str❛ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛

s❝r❡✇✱ ♦✉ s❡❥❛✱ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❡stá ♣❛r❛❧❡❧♦ à ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ ❡♥q✉❛♥t♦ q✉❡ ❛ ❋✐❣✉r❛

✭✺✳✶✼✭❜✮✮ ♠♦str❛ ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❝✉❥♦ ♦ ✈❡t♦r ❞❡ ❇✉r❣❡rs ❡stá ❝♦♠ ✉♠❛

✐♥❝❧✐♥❛çã♦ ❞❡ ✻✵➦ ❡♠ r❡❧❛çã♦ à ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✳ P♦r ✐ss♦ ❡❧❛ é ❝❤❛♠❛❞❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛

✻✵➦✳ ❙❡❣✉✐♥❞♦ ♦ ♠❡s♠♦ r❛❝✐♦❝í♥✐♦ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ s❝r❡✇ s❡ ❞✐ss♦❝✐❛ ❡♠ ❞✉❛s

❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ✸✵➦✱ ❡♥q✉❛♥t♦ ❛ ❞✐s❝♦r❞â♥❝✐❛ ✻✵➦ s❡ ❞✐ss♦❝✐❛ ❡♠ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧

✸✵➦ ❡ ✾✵➦✱ ❛ss✐♠ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✺✳✶✼✮✳

◆❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ❢❡✐t❛s s✐♠✉❧❛çõ❡s ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ✸✵➦ ❡ ✾✵➦✳ ❈♦♠♦ ♥ã♦ é

♣♦ssí✈❡❧ s✐♠✉❧❛r ✉♠❛ ú♥✐❝❛ ❞✐s❝♦r❞â♥❝✐❛ ❡♠ ✉♠❛ ❝é❧✉❧❛ s♦❜ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦

❢♦✐ ♣r❡❝✐s♦ ✐♥s❡r✐r ❞✉❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❡♠ ✉♠❛ ♠❡s♠❛ ❝é❧✉❧❛✳ ❆♦ ✐♥s❡r✐r ♦ ❞✐♣♦❧♦

❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ✉♠❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ é ❝r✐❛❞❛ ❡♥tr❡ ❡❧❛s ♣r♦❞✉③✐♥❞♦ ✉♠❛

sér✐❡ ❞❡ ❞❡❢❡✐t♦s ❇❥❡rr✉♠✳ ❆♥t❡s ❞❛ ♦t✐♠✐③❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛✱ ❡st❡s ❞❡❢❡✐t♦s ❛❞❥❛❝❡♥t❡s à

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

❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♣❡r♠❛♥❡❝❡r❛♠ ✐♥❛❧t❡r❛❞❛s✳ ❆ ❋✐❣✉r❛ ✭✺✳✶✽✮ ♠♦str❛ ❛ ❡str✉t✉r❛

❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦✳ P❛r❛ ❢❛❝✐❧✐t❛r ❛ ✈✐s✉❛❧✐③❛çã♦ ❢♦r❛♠ ♣❧♦t❛❞♦s s♦♠❡♥t❡

❞♦✐s ♣❧❛♥♦s ♠♦❧❡❝✉❧❛r❡s ❛❞❥❛❝❡♥t❡s à ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❝r✐❛❞❛ ❡♥tr❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s

♣❛r❝✐❛✐s✳ ❖❜s❡r✈❡ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❛✮✮ q✉❡ t♦❞♦s ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ❝r✐❛❞♦s ❡♥tr❡ ❛s ❞✉❛s

❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ❞❡✈✐❞♦ à ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❢♦r❛♠ ❝♦rr✐❣✐❞♦s✱ ♠❛s ❛s ♠♦❧é❝✉❧❛s q✉❡

❢♦r♠❛♠ ♦ ❝❛r♦ç♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥ã♦ ♣❛ss❛r❛♠ ♣♦r ♥❡♥❤✉♠ t✐♣♦ ❞❡

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

■h ✐❞❡❛❧ é q✉❛tr♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛s ♠♦❧é❝✉❧❛s q✉❡ ❡stã♦ ♥♦ ❝❛r♦ç♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s

✸✵➦ t❡♠ ❛♣❡♥❛s três ✈✐③✐♥❤♦s✳ ❆ ❞✐st✐♥çã♦ ❡♥tr❡ ❡st❡s ❞✐❢❡r❡♥t❡s ♥ú♠❡r♦s ❞❡ ❝♦♦r❞❡♥❛çã♦ é

✐♥❞✐❝❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ❝♦r❡s ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❛✮✮✳ ❆s ♠♦❧é❝✉❧❛s q✉❡ ♣♦ss✉❡♠ q✉❛tr♦ ❧✐❣❛çõ❡s

❞❡ ❤✐❞r♦❣ê♥✐♦ ❡stã♦ ♥❛ ❝♦r ✈❡r♠❡❧❤❛✱ ❡♥q✉❛♥t♦ q✉❡ ❛s ♠♦❧é❝✉❧❛s q✉❡ ♣♦ss✉❡♠ s♦♠❡♥t❡ três
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A B

(a)

C D

(b)

A B C D

Figura 5.18: Estrutura do caroço de discordância parcial 30° no gelo Ih. As linhas tracejadas mos-
tram as posições dos caroços das discordâncias parciais. Moléculas em cinza claro realizam somente
três ligações de hidrogênio. Em (a) dipolo de discordâncias antes da relaxação. Em (b) mostra a es-
trutura obtida através de uma otimização livre por DFT a partir da estrutura em (a).

❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡stã♦ ♥❛ ❝♦r ❝✐♥③❛ ❝❧❛r♦✳ ◆❛ ❋✐❣✉r❛ ✭✺✳✶✽✮ ♥ã♦ é ♣♦ssí✈❡❧ ✈❡r t♦❞❛s

❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❞❛s ♠♦❧é❝✉❧❛s✱ ♣♦✐s t♦❞❛s ❡❧❛s r❡❛❧✐③❛♠ ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦

❝♦♠ ✉♠❛ ♠♦❧é❝✉❧❛ q✉❡ ❡stá ❛❝✐♠❛ ♦✉ ❛❜❛✐①♦ ❞♦ ♣❧❛♥♦ ❞❛ ♣á❣✐♥❛✳ ❈♦♠♦ ❡①❡♠♣❧♦ ❛ ♠♦❧é❝✉❧❛

❞❡st❛❝❛❞❛ ❝♦♠ ❛ ❧❡tr❛ ❇ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❛✮✮ r❡❝❡❜❡ ❞♦✐s ♣rót♦♥s ❞❡ ♠♦❧é❝✉❧❛s q✉❡ ❡stã♦ ♥♦

♣❧❛♥♦ ❞❛ ♣á❣✐♥❛ ❡ ✈✐sí✈❡✐s ♥❛ ❋✐❣✉r❛✳ ❆❧é♠ ❞✐ss♦ ❡❧❛ ❞♦❛ ✉♠ ♣rót♦♥ ♣❛r❛ ✉♠❛ ♠♦❧é❝✉❧❛ q✉❡

❡stá ❛❝✐♠❛ ❞♦ ♣❧❛♥♦ ❞❛ ♣á❣✐♥❛ q✉❡ ♥ã♦ é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛✳ ❆ss✐♠✱ ❡st❛ ♠♦❧é❝✉❧❛ t❡♠

♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ três ❡ ❡stá ❞❡st❛❝❛❞❛ ❡♠ ❝✐♥③❛ ❝❧❛r♦✳

❆ ❡str✉t✉r❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♥♦ ❣❡❧♦ ■h é ♠✉✐t♦ s❡♠❡❧❤❛♥t❡ à ❡str✉t✉r❛ ❞❡

❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ q✉❡ ♦❝♦rr❡ ♥♦ s✐❧í❝✐♦ ❝✉❥❛ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ é ❛ ❞♦ ❞✐❛♠❛♥t❡✳

❖ ❝❛r♦ç♦ ❞❡ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♥♦ s✐❧í❝✐♦ ❡stá ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✾✮✳ ◆♦t❡

❛ s❡♠❡❧❤❛♥ç❛ ❣❡♦♠étr✐❝❛ ❡♥tr❡ ♦ ❝❛r♦ç♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❛✮✮ ❡ ♦ ❝❛r♦ç♦ ♠♦str❛❞♦

♥❛ ❋✐❣✉r❛ ✭✺✳✶✾✭❛✮✮✳ ❊♥tr❡t❛♥t♦✱ ♥♦ ❝❛s♦ ❞♦ s✐❧í❝✐♦ ❛ ❝♦❡sã♦ ❡♥tr❡ ♦s át♦♠♦s é ❞❛❞❛ ♣♦r

❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s✱ ❡♥q✉❛♥t♦ q✉❡ ♥♦ ❣❡❧♦ ■h ❛ ❝♦❡sã♦ é ❞❛❞❛ ♣♦r ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ❆ss✐♠
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5.3 Discordâncias parciais no gelo Ih 128

Figura 5.19: Estrutura de caroço da discordância parcial 30° no silício. Em (a) a estrutura do caroço
não reconstruído, em (b) a estrutura do caroço com um APD separando duas fases de reconstrução
do caroço. Figura retirada da referência [118].

❝♦♠♦ ♥♦ ❣❡❧♦ ■h✱ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❡ ✉♠ át♦♠♦ ❞❡ s✐❧í❝✐♦ ❡♠ ✉♠ sít✐♦ r❡❣✉❧❛r ❞❛

r❡❞❡ é q✉❛tr♦✱ ♠❛s ♦s át♦♠♦s ♣r❡s❡♥t❡s ♥♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ t❡♠ ♥ú♠❡r♦ ❞❡

❝♦♦r❞❡♥❛çã♦ três✱ ♦✉ s❡❥❛✱ ❝❛❞❛ át♦♠♦ ♣♦ss✉✐ ✉♠❛ ❧✐❣❛çã♦ ❝♦✈❛❧❡♥t❡ r♦♠♣✐❞❛ ❬✶✶✽❪✳ ❏á é

❝♦♥❤❡❝✐❞♦ q✉❡ ♦s át♦♠♦s ♣r❡s❡♥t❡s ♥♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♥♦ s✐❧í❝✐♦ t❡♥❞❡♠

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

❞❡ ❝♦♦r❞❡♥❛çã♦ q✉❛tr♦✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✺✳✶✾✭❜✮✮✳ ❊st❡ ♣r♦❝❡ss♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦

r❡❝♦♥str✉çã♦ ❞❡ ❝❛r♦ç♦ ❡ r❡❞✉③ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛ ❡♥❡r❣✐❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❛

❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❣❡♦♠étr✐❝♦ ✉♠❛ r❡❝♦♥str✉çã♦ ♠✉✐t♦ s❡♠❡❧❤❛♥t❡ s❡r✐❛

♣♦ssí✈❡❧ ♥♦ ❣❡❧♦ ■h✱ ❛♣❡s❛r ❞❛ ❝♦❡sã♦ s❡r ❞✐❢❡r❡♥t❡✳ ❊st❛ t❡♥❞ê♥❝✐❛ ❞❡ r❡❝♦♥str✉çã♦ ♣♦❞❡

s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❜✮✮ q✉❡ ♠♦str❛ ❛ ❡str✉t✉r❛ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦

❛♣ós r❡❧❛①❛çã♦ ❧✐✈r❡ ♣♦r ❉❋❚ ❛ ♣❛rt✐r ❞❛ ❡str✉t✉r❛ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❛✮✮✳ ❖❜s❡r✈❡
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5.3 Discordâncias parciais no gelo Ih 129

q✉❡ ❛s ♠♦❧é❝✉❧❛s t❡♥❞❡♠ ❛ s❡ ❥✉♥t❛r ❞✉❛s ❛ ❞✉❛s✱ r❡st❛❜❡❧❡❝❡♥❞♦ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦

q✉❡❜r❛❞❛ ❡ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ♣❛r❛ q✉❛tr♦✳ ❊st❡ ♣r♦❝❡ss♦ ❞❡ r❡❝♦♥str✉çã♦ ♣♦❞❡ s❡r

❡①❡♠♣❧✐✜❝❛❞♦ ♣❡❧♦ ♣❛r ❞❡ ♠♦❧é❝✉❧❛s ❞❡♥♦t❛❞❛s ♥❛ ❋✐❣✉r❛ ♣♦r ❆ ❡ ❇✳ ❖❜s❡r✈❡ q✉❡ ❞✉r❛♥t❡

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

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

❆ é ❝❤❛♠❛❞❛ ❞❡ ❛❝❡✐t❛❞♦r❛ ❞❡ ♣rót♦♥ ❡♥q✉❛♥t♦ q✉❡ ❛ ♠♦❧é❝✉❧❛ ❇ é ❝❤❛♠❛❞❛ ❞❡ ❞♦❛❞♦r❛ ❞❡

♣rót♦♥✳ ❉❡st❛ ❢♦r♠❛ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ✉♠❛ ❧✐❣❛çã♦ ❛ss✐♠étr✐❝❛✱ ♦✉

s❡❥❛✱ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ só é ♣♦ssí✈❡❧ s❡r ❢♦r♠❛❞❛ ❡♥tr❡ ❞✉❛s ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛ s❡ ✉♠❛

❛t✉❛r ❝♦♠♦ ❞♦❛❞♦r❛ ❡ ♦✉tr❛ ❝♦♠♦ ❛❝❡✐t❛❞♦r❛✳ ❊st❛ ❛ss✐♠❡tr✐❛ ❡ ❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ sã♦ ♦s

♣r✐♥❝✐♣❛✐s r❡s♣♦♥sá✈❡✐s ♣❡❧♦ ❢❛t♦ ❞❡ ❛❧❣✉♠❛s ♠♦❧é❝✉❧❛s ♥ã♦ ❝♦♥s❡❣✉✐r❡♠ r❡st❛❜❡❧❡❝❡r ❛ ❧✐❣❛çã♦

❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡❜r❛❞❛✳ ■ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ às ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡s ❛❝❡✐t❛❞♦r❛✲❛❝❡✐t❛❞♦r❛ ❡

❞♦❛❞♦r❛✲❞♦❛❞♦r❛✳ ❯♠ ❡①❡♠♣❧♦ ❞❡st❛ ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ é ♦ ♣❛r ❞❡ ♠♦❧é❝✉❧❛s ❈ ❡ ❉ ♥❛ ❋✐❣✉r❛

✭✺✳✶✽✭❛✮✮✳ ◆♦t❡ q✉❡ ♥❡st❛ ❝♦♥✜❣✉r❛çã♦ ❡st❛s ♠♦❧é❝✉❧❛s ♥ã♦ ♣♦❞❡♠ s❡ ❥✉♥t❛r ♣❛r❛ ❢♦r♠❛r ✉♠❛

❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣♦✐s ❛♠❜❛s ❡stã♦ ❡♠ ♣♦s✐çã♦ ❞❡ ❛t✉❛r ❝♦♠♦ ❛❝❡✐t❛❞♦r❛✱ ♦✉ s❡❥❛✱ ❤á

✉♠❛ ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❛❝❡✐t❛❞♦r❛✲❛❝❡✐t❛❞♦r❛✳ ◆❡st❡ ❝❛s♦ ♥ã♦ é ♣♦ssí✈❡❧ q✉❡ ❡st❛s ♠♦❧é❝✉❧❛s

s❡ ❛♣r♦①✐♠❡♠ ♣❛r❛ ❢♦r♠❛r ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ❛ ♥ã♦ s❡r q✉❡ ✉♠❛ ❞❡❧❛s s♦❢r❛ ✉♠❛

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

❛❝❡✐t❛❞♦r❛✲❛❝❡✐t❛❞♦r❛✳ ❆ ❋✐❣✉r❛ ✭✺✳✶✽✭❜✮✮ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ r❡❧❛①❛çã♦ ❧✐✈r❡ ♣♦r ❉❋❚

s❡♠ ♥❡♥❤✉♠❛ r❡❝♦♥str✉çã♦ ❞❡ ❝❛r♦ç♦ ❛♥t❡s ❞❛ r❡❧❛①❛çã♦✱ ♦✉ s❡❥❛✱ ♥❡♥❤✉♠❛ ❝♦rr❡çã♦ ❞❛s

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

◆❡st❛ s✐♠✉❧❛çã♦ ❢♦✐ ♦❜s❡r✈❛❞♦ q✉❡ ♦s ♣❛r❡s ❞❡ ♠♦❧é❝✉❧❛s ✏❝♦♠♣❛tí✈❡✐s✑ ❝♦♠♦ ❛s ♠♦❧é❝✉❧❛s ❆

❡ ❇ ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ❞❡ s❡ ❥✉♥t❛r ❡♠ ♣❛r❡s ♣❛r❛ r❡st❛❜❡❧❡❝❡r ❛ ❧✐❣❛çã♦ ❞❡

❤✐❞r♦❣ê♥✐♦ q✉❡❜r❛❞❛✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♣❛r❡s ❞❡ ♠♦❧é❝✉❧❛s ✐♥❝♦♠♣❛tí✈❡✐s ♥ã♦ ❝♦♥s❡❣✉✐r❛♠

r❡st❛❜❡❧❡❝❡r ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ♣❡r♠❛♥❡❝❡♥❞♦ ❝♦♠ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ três✳ ❯♠

❡①❡♠♣❧♦ é ❛ ♠♦❧é❝✉❧❛ ❈ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❜✮✮✳ ❆s ♠♦❧é❝✉❧❛s q✉❡ ♥ã♦ ❝♦♥s❡❣✉❡♠ r❡st❛❜❡❧❡❝❡r
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5.3 Discordâncias parciais no gelo Ih 130

❛ ❧✐❣❛çã♦ q✉❡❜r❛❞❛ ❢♦r♠❛♠ ✉♠ ❞❡❢❡✐t♦ q✉❡ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❉❡❢❡✐t♦ ❞❡ ❆♥t✐ ❋❛s❡ ✭❆P❉✮

✭❞♦ ✐♥❣❧ês ❆♥t✐✲P❤❛s❡✲❉❡❢❡❝t✮✳ ❊st❡ t✐♣♦ ❞❡ ❞❡❢❡✐t♦ t❛♠❜é♠ é ♦❜s❡r✈❛❞♦ ♥♦ s✐❧í❝✐♦ ❬✶✶✽❪ ❝♦♠♦

♠♦str❛ ❛ ❋✐❣✉r❛ ✭✺✳✶✾✭❜✮✮ ❡ q✉❡ ♥♦ ❛s♣❡❝t♦ ❣❡♦♠étr✐❝♦ é ♠✉✐t♦ s❡♠❡❧❤❛♥t❡ ❛♦ ❡♥❝♦♥tr❛❞♦ ♥❛s

s✐♠✉❧❛çõ❡s r❡❛❧✐③❛❞❛s ♥❡st❛ ❚❡s❡ ♣❛r❛ ❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h✳ ❖ ❞❡❢❡✐t♦ ❞❡ ❛♥t✐ ❢❛s❡ ✭❆P❉✮

r❡❝❡❜❡ ❡st❡ ♥♦♠❡ ♣♦rq✉❡ ❡❧❡ s❡♣❛r❛ ❞✉❛s ❢❛s❡s ❞❡ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛

♣❛r❝✐❛❧✳ ❖❜s❡r✈❡ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✾✭❜✮✮ q✉❡ ♦ ❆P❉ ❡stá s❡♣❛r❛♥❞♦ ✉♠ s❡❣♠❡♥t♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛

q✉❡ ❢♦✐ r❡❝♦♥str✉í❞♦ ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❡ ♦✉tr♦ q✉❡ ❢♦✐ r❡❝♦♥str✉í❞♦ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦✳

❆ r❡❝♦♥str✉çã♦ ❡s♣♦♥tâ♥❡❛ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛

✭✺✳✶✽✭❜✮✮ s✉❣❡r❡ ❢♦rt❡♠❡♥t❡ q✉❡ ♦ ❝❛r♦ç♦ ❞❡st❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ♥♦ ❣❡❧♦ ■h s❡❥❛ r❡❝♦♥s✲

tr✉í❞♦✳ P❛r❛ q✉❛♥t✐✜❝❛r q✉ã♦ ❢❛✈♦rá✈❡❧ é ❛ r❡❝♦♥str✉çã♦ ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ s✐♠✉❧❛çã♦ ♣❛r❛

❞❡t❡r♠✐♥❛r ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ❛ ❡str✉t✉r❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ t♦t❛❧♠❡♥t❡ ♥ã♦ r❡❝♦♥s✲

tr✉í❞❛✱ ❝♦♠♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❛✮✮✱ ❡ ✉♠❛ ❡str✉t✉r❛ t♦t❛❧♠❡♥t❡ r❡❝♦♥str✉í❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✷✵✭❜✮✮✳

P❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❡♥❡r❣✐❛ ❞♦ ❞✐♣♦❧♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s t♦t❛❧♠❡♥t❡ ♥ã♦ r❡❝♦♥str✉í❞♦s r❡❛❧✐③❛♠♦s

b

(a)

2b

(b)

Figura 5.20: Estrutura do caroço da discordância parcial 30° no gelo Ih em (a) a estrutura do caroço
não reconstruído com periodicidade b moléculas em cinza claro possuem uma ligação de hidrogênio
a menos, em (b) a estrutura do caroço reconstruído com periodicidade 2b.

✉♠❛ s✐♠✉❧❛çã♦ ♥❛ q✉❛❧ ♦s át♦♠♦s ❞❡ ♦①✐❣ê♥✐♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s ♠♦❧é❝✉❧❛s ♣r❡s❡♥t❡s ♥♦ ❝❛r♦ç♦
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❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❢♦r❛♠ ✜①❛❞♦s✱ ✐♠♣❡❞✐♥❞♦ ❛ r❡❝♦♥str✉çã♦ ❞✉r❛♥t❡ ❛ r❡❧❛①❛çã♦✳ P❛r❛ ♦❜t❡r ❛

❡♥❡r❣✐❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ t♦t❛❧♠❡♥t❡ r❡❝♦♥str✉í❞❛ ❝♦rr✐❣✐♠♦s ♠❛♥✉❛❧♠❡♥t❡ ❛s ✐♥✲

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

❞❛s ❞✐s❝♦r❞â♥❝✐❛s ❛♥t❡s ❞❛ r❡❧❛①❛çã♦✳ ❆ ❡str✉t✉r❛ r❡s✉❧t❛♥t❡ ❞❡♣♦✐s ❞❡st❛ ❝♦rr❡çã♦ ❡stá ♠♦s✲

tr❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✷✵✭❛✮✮✳ ❉❡♣♦✐s ❞❡ ❝♦rr✐❣✐❞❛s ❛s ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡s ❛❝❡✐t❛❞♦r❛✲❛❝❡✐t❛❞♦r❛

❡ ❞♦❛❞♦r❛✲❞♦❛❞♦r❛ ❛ ❡str✉t✉r❛ ❝♦♠♦ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✷✵✭❛✮✮ ❢♦✐ r❡❧❛①❛❞❛ ❧✐✈r❡♠❡♥t❡

❡ ❛ ❡str✉t✉r❛ r❡s✉❧t❛♥t❡ ♦❜t✐❞❛ é ❛q✉❡❧❛ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✷✵✭❜✮✮✳ ❖❜s❡r✈❡ q✉❡ t♦❞❛s

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

❝❡♥❞♦ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ♣❛r❛ q✉❛tr♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ♥ã♦ ❤á ❢♦r♠❛çã♦ ❞❡ ❆P❉ ❡ ✉♠❛

r❡❝♦♥str✉çã♦ t♦t❛❧ ❡ ❡s♣♦♥tâ♥❡❛ ❞♦ ❝❛r♦ç♦ é ♦❜t✐❞❛✳

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

❡str✉t✉r❛s ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦✱ ♦✉ s❡❥❛✱ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ❝❛❞❛ ❞✐s❝♦r❞â♥❝✐❛

♦❜t✐❞❛ ♥❡st❛ ❚❡s❡ é ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞❛ ❡str✉t✉r❛ ❝♦♠ ❛ ❞✐s❝♦r❞â♥❝✐❛ ❡ ❛

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

✭✺✳✷✵✭❛✮✮ ♣♦❞❡ s❡r ✈✐st♦ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♣♦❞❡ s❡r ❡s❝❛❧❛❞♦ ♣♦r b

❡ ♥❡st❡ ❝❛s♦ t❡♠♦s q✉❡ ❝❛❞❛ ✉♠❛ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s t❡♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ 6b ♦♥❞❡ b é ♦ ♠ó❞✉❧♦

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

❝♦♥s✐❞❡r❛r t❛♠❜é♠ ❛ ♦✉tr❛ ❞✐s❝♦r❞â♥❝✐❛ q✉❡ t❡♠ ♦ ♠❡s♠♦ ❝♦♠♣r✐♠❡♥t♦✱ ❡♥tã♦ ♥♦ ❝á❧❝✉❧♦ ❞❛

❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠❛ ❞✐s❝♦r❞â♥❝✐❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ 12b✳ ❖❜s❡r✈❡ ♥❛ ❋✐❣✉r❛

✭✺✳✷✵✭❜✮✮ q✉❡ ❞❡♣♦✐s ❞❡ t♦t❛❧♠❡♥t❡ r❡❝♦♥str✉í❞❛ ♦ ♣❡rí♦❞♦ ❞❡ r❡♣❡t✐çã♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❞❡✐①❛

❞❡ s❡r b ♣❛ss❛♥❞♦ ❛ s❡r 2b✱ ♠❛s ❝♦♠ ♦ ♠❡s♠♦ ❝♦♠♣r✐♠❡♥t♦ t♦t❛❧✳ ❉❡✈✐❞♦ ❛ ❡st❛ ♠✉❞❛♥ç❛

❞❡ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ r❡❝♦♥str✉í❞❛ ❡st❛ r❡❝♦♥str✉çã♦ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦

r❡❝♦♥str✉çã♦ ❞❡ ♣❡rí♦❞♦ ❞✉♣❧♦✳ ❚❛♥t♦ ♥♦ s✐❧í❝✐♦ q✉❛♥t♦ ♥♦ ❣❡❧♦ ■h ❡st❛ r❡❝♦♥str✉çã♦ r❡❞✉③ ❛

❡♥❡r❣✐❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❬✶✶✼✱✶✶✽✱✶✸✶❪✳

❆ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♥ã♦ r❡❝♦♥str✉í❞❛ ❞❛ ❋✐❣✉r❛ ✭✺✳✶✽✭❛✮✮ é
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✵✱✹✻ ❡❱ ♣♦r ✉♥✐❞❛❞❡ ❞❡ b ♦✉ s✐♠♣❧❡s♠❡♥t❡ ✵✱✹✻ ❡❱✴❜✳ ❆ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛

t♦t❛❧♠❡♥t❡ r❡❝♦♥str✉í❞❛ ❞❛ ❋✐❣✉r❛ ✭✺✳✷✵✭❜✮✮ é ✵✱✷✺ ❡❱✴❜✳ ❖❜s❡r✈❡ q✉❡ ❛ r❡❝♦♥str✉çã♦ r❡❞✉③✐✉ ♦

❡①❝❡ss♦ ❞❡ ❡♥❡r❣✐❛ ❡♠ r❡❧❛çã♦ à ❞✐s❝♦r❞â♥❝✐❛ ♥ã♦ r❡❝♦♥str✉í❞❛ ❡♠ ✵✱✷✶ ❡❱✴❜✳ ❊st❡s r❡s✉❧t❛❞♦s

❡♥tã♦ s✉❣❡r❡♠ ❢♦rt❡♠❡♥t❡ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♥♦ ❣❡❧♦ ■h é ❢❛✈♦rá✈❡❧

♣❡❧❛ r❡❞✉çã♦ ❢♦rt❡ ❞❛ ❡♥❡r❣✐❛✳ ❊st❛ r❡❞✉çã♦ ❛✐♥❞❛ ♣♦❞❡ s❡r ❡s❝❛❧❛❞❛ ♣❡❧♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s

❞❡ ❤✐❞r♦❣ê♥✐♦ r❡st❛❜❡❧❡❝✐❞❛s ♥♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❞✉r❛♥t❡ ❛ r❡❝♦♥str✉çã♦✳ ❖ ❞✐♣♦❧♦ ❞❡

❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ♥ã♦ r❡❝♦♥str✉í❞♦ ♣♦ss✉✐ s❡✐s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡❜r❛❞❛s✱ t♦❞❛s

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

♠♦❧é❝✉❧❛s só ♣♦❞❡ s❡r ❡stá✈❡❧ s❡ ❛ ❡♥❡r❣✐❛ ❞❡st❛s ◆ ♠♦❧é❝✉❧❛s ❧✐❣❛❞❛s ❢♦r ♠❡♥♦r ❞♦ q✉❡ ❛ s♦♠❛

❞❛s ❡♥❡r❣✐❛s ❞❡ ◆ ♠♦❧é❝✉❧❛s ❧✐✈r❡s✱ ♦✉ s❡❥❛✱ q✉❛♥❞♦ ❞✉❛s ♠♦❧é❝✉❧❛s s❡ ✉♥❡♠ ❡♠ ✉♠❛ ❧✐❣❛çã♦

é ❡s♣❡r❛❞♦ q✉❡ ❤❛❥❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ❡♥❡r❣✐❛✳ ❙❡❣✉✐♥❞♦ ❡st❡ r❛❝✐♦❝í♥✐♦✱ ❛ r❡❞✉çã♦ ❞❡ ❡♥❡r❣✐❛

❞❡✈✐❞♦ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❢♦✐ ❡s❝❛❧❛❞❛ ❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s ❞❡

❤✐❞r♦❣ê♥✐♦ r❡❢❡✐t❛s ❡ ♦ ✈❛❧♦r ❡♥❝♦♥tr❛❞♦ ❢♦✐ ✵✱✹✶ ❡❱ ♣♦r ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✳ P❛r❛ ❛♥❛❧✐s❛r

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

❤✐❞r♦❣ê♥✐♦ ♥♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦✳ P❛r❛ ♦❜t❡r ❛ ❡♥❡r❣✐❛ ❝♦❡s✐✈❛ ❞❡ ❝❛❞❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é

♥❡❝❡ssár✐♦ ♣r✐♠❡✐r♦ ❝❛❧❝✉❧❛r ❛ ❡♥❡r❣✐❛ ❞❡ s✉❜❧✐♠❛çã♦ ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ❞♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦✳ ❆

❡♥❡r❣✐❛ ❞❡ s✉❜❧✐♠❛çã♦ ❢♦✐ ♦❜t✐❞❛ ❛tr❛✈és ❞❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

Esub = Elivre −
E(N)

N
, (5.9)

♦♥❞❡ Elivre é ❛ ❡♥❡r❣✐❛ ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ❧✐✈r❡ ❡ E(N) é ❛ ❡♥❡r❣✐❛ ❞❡ ✉♠ ❝r✐st❛❧ ♣❡r❢❡✐t♦ ❝♦♠

N ♠♦❧é❝✉❧❛s✳ ❖ r❡s✉❧t❛❞♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ s✉❜❧✐♠❛çã♦ ❡♥❝♦♥tr❛❞♦ é ✵✱✻✻ ❡❱ ♦ q✉❡ ❡stá ❡♠ ❜♦♠

❛❝♦r❞♦ ❝♦♠ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❛♥t❡r✐♦r❡s ❬✶✹✾❪✳ ❙❛❜❡✲s❡ q✉❡ ♣❛r❛ r❡t✐r❛r ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡

á❣✉❛ ❞♦ ❣❡❧♦ ■h é ♥❡❝❡ssár✐♦ ❞❡s❢❛③❡r q✉❛tr♦ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❝❛❞❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦

é r❡❛❧✐③❛❞❛ ❡♥tr❡ ❞✉❛s ♠♦❧é❝✉❧❛s✱ s❡♥❞♦ ❛ss✐♠ ❛ ❡♥❡r❣✐❛ ❝♦❡s✐✈❛ ❞❡ ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦

✐❣✉❛❧ ❛ ✵✱✸✸ ❡❱✳ ❆ r❡❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❞❡✈✐❞♦ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ é

✵✱✹✶ ❡❱ ♣♦r ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ♦✉ s❡❥❛✱ ❡st❡ ✈❛❧♦r é ♠❛✐♦r q✉❡ ❛ ❡♥❡r❣✐❛ ❝♦❡s✐✈❛ ❞❡ ✉♠❛
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❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥♦ ❣❡❧♦ ■h ♣❡r❢❡✐t♦✳ ❊st❡ r❡s✉❧t❛❞♦ s✉❣❡r❡ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ é

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

♦ ❡①❝❡ss♦ ❞❡ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞❡✈✐❞♦ ❛s ❞✐st♦rçõ❡s ❝❛✉s❛❞❛s ♣❡❧❛ ♣r❡s❡♥ç❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♥❛

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

❛ ❡str✉t✉r❛ ❞❡ ❝❛r♦ç♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ✸✵➦ ♥♦ s✐❧í❝✐♦✱ ♦s r❡s✉❧t❛❞♦s ❞❡st❛s s✐♠✉❧❛çõ❡s

s✉❣❡r❡♠ q✉❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ✸✵➦ ♥♦ ❣❡❧♦ ■h s❡❥❛♠ r❡❝♦♥str✉í❞❛s ❛ss✐♠ ❝♦♠♦ ♠♦str❛❞♦

♥❛ ❋✐❣✉r❛ ✭✺✳✷✵✭❜✮✮✳ ❊♠ s❡❣✉✐❞❛ ❝♦♥s✐❞❡r❛r❡♠♦s ❛ ❡str✉t✉r❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦✳

❆ss✐♠ ❝♦♠♦ ♦❜s❡r✈❛❞♦ ♥❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ❛s ❡str✉t✉r❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s

✾✵➦ ♥♦ ❣❡❧♦ ■h ❛♣r❡s❡♥t❛♠ ♠✉✐t❛s s❡♠❡❧❤❛♥ç❛s ❝♦♠ ❛s ❞♦ s✐❧í❝✐♦ ❬✶✶✾✱ ✶✺✵❪✳ ❆♦ ❝♦♥trár✐♦ ❞❛

❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦✱ q✉❡ t❡♠ ♦ ❝❛r♦ç♦ ❢♦r♠❛❞♦ s♦♠❡♥t❡ ♣♦r ✉♠❛ ❧✐♥❤❛ ❞❡ ♠♦❧é❝✉❧❛s ♦

❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ é ❢♦r♠❛❞♦ ♣♦r ❞✉❛s ❧✐♥❤❛s ❞❡ ♠♦❧é❝✉❧❛s✳ ❉❡st❛ ❢♦r♠❛

t❡♠✲s❡ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ♠♦❧é❝✉❧❛s ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ b ♥♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛

♣❛r❝✐❛❧ ✾✵➦ é ❞✉❛s ✈❡③❡s ♠❛✐♦r q✉❡ ♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦✳ ❆ ❋✐❣✉r❛ ✭✺✳✷✶✭❛✮✮ ♠♦str❛ ♦

[1010]

[1210]

[1010]

[1210]

Figura 5.21: Estrutura de caroço da discordância parcial 90° em (a) mostra o caroço não reconstruído
moléculas em cinza claro tem uma ligação de hidrogênio quebrada, em (b) mostra a reconstrução
em período simples.

❞✐♣♦❧♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ✾✵➦ s❡♠ ♥❡♥❤✉♠❛ r❡❝♦♥str✉çã♦✳ ❖❜s❡r✈❡ q✉❡ ❛ ❝♦♥✜❣✉r❛çã♦

❞❛s ♠♦❧é❝✉❧❛s ♥❡st❡ ❝❛r♦ç♦ ♦❜❡❞❡❝❡ ✉♠❛ s✐♠❡tr✐❛ ❞❡ r❡✢❡①ã♦ ❡♠ r❡❧❛çã♦ à ✉♠❛ ❧✐♥❤❛ tr❛❝❡❥❛❞❛
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♣❡r♣❡♥❞✐❝✉❧❛r à ❧✐♥❤❛ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ ❛ss✐♠ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛✳ ❆ss✐♠ ❝♦♠♦ ♥❛

♣❛r❝✐❛❧ ✸✵➦ ❛s ♠♦❧é❝✉❧❛s q✉❡ ❢❛③❡♠ ♣❛rt❡ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ ♣♦ss✉❡♠ ✉♠❛

❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡❜r❛❞❛✱ ❞❡st❛❝❛❞❛s ❡♠ ❝✐♥③❛ ❝❧❛r♦ ♥❛ ❋✐❣✉r❛ ✭✺✳✷✶✭❛✮✮✳ ❊st❡ t✐♣♦

❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ t❛♠❜é♠ é ♦❜s❡r✈❛❞❛ ♥♦ s✐❧í❝✐♦ ❡ ❛ss✐♠ ❝♦♠♦ ♥❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧

✸✵➦ ❛s ♠♦❧é❝✉❧❛s t❡♥❞❡♠ ❛ s❡ ❥✉♥t❛r ❡♠ ♣❛r❡s ♣❛r❛ ❝♦rr✐❣✐r ❛s ❧✐❣❛çõ❡s q✉❡❜r❛❞❛s✳ ◆♦ ❝❛s♦

❞♦ s✐❧í❝✐♦ ❤á ❞♦✐s t✐♣♦s ❞❡ r❡❝♦♥str✉çã♦ ♣❛r❛ ❡st❡ t✐♣♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧✳ ❯♠❛ ❞❡❧❛s

♥ã♦ ♠✉❞❛ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❡ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ r❡❝♦♥str✉çã♦ ❞❡

♣❡rí♦❞♦ s✐♠♣❧❡s✳ ❆ ♦✉tr❛ ❛❧t❡r❛ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ❞❡ b ♣❛r❛ 2b ❡

♣♦r ✐ss♦ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ r❡❝♦♥str✉çã♦ ❞❡ ♣❡rí♦❞♦ ❞✉♣❧♦✳ ❆ss✐♠ ❝♦♠♦ ♦❝♦rr❡ ❝♦♠ ❛ ♣❛r❝✐❛❧

✸✵➦ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ t❛♠❜é♠ é ♣♦ssí✈❡❧ ❞❡s❞❡ q✉❡ s❡❥❛♠

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

❖ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ✉s❛❞♦ ♣❛r❛ q✉❛♥t✐✜❝❛r ❛ t❡♥❞ê♥❝✐❛ ❞❡ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ ❞❛

❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ❢♦✐ ✉s❛❞♦ ♣❛r❛ ❛ ♣❛r❝✐❛❧ ✾✵➦✳ Pr✐♠❡✐r♦ ❝❛❧❝✉❧❛♠♦s ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦

❞♦ ❞✐♣♦❧♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ s❡♠ ♥❡♥❤✉♠❛ r❡❝♦♥str✉çã♦ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❋✐❣✉r❛

✭✺✳✷✶✭❛✮✮✳ ◆♦✈❛♠❡♥t❡ ♥❡st❛ s✐♠✉❧❛çã♦ ❢♦✐ ♣r❡❝✐s♦ ✜①❛r ♦s ♦①✐❣ê♥✐♦s ❞❛s ♠♦❧é❝✉❧❛s ♣r❡s❡♥t❡s

♥♦ ❝❛r♦ç♦ ♣❛r❛ ❣❛r❛♥t✐r q✉❡ ❛ ❡str✉t✉r❛ ❞❡ ❝❛r♦ç♦ ♣❡r♠❛♥❡❝❡ss❡ ✐♥❛❧t❡r❛❞❛✳ ❖ r❡s✉❧t❛❞♦ ❞❡st❛

s✐♠✉❧❛çã♦ é q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞♦ ❞✐♣♦❧♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ ♥ã♦ r❡❝♦♥str✉í❞❛ é

✵✱✹✼ ❡❱ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ b ♦✉ s✐♠♣❧❡s♠❡♥t❡ ✵✱✹✼ ❡❱✴❜✳ P❛r❛ r❡❛❧✐③❛r ❛ s✐♠✉❧❛çã♦

❞❛ r❡❝♦♥str✉çã♦ ❡♠ ♣❡rí♦❞♦ s✐♠♣❧❡s ❝♦rr✐❣✐♠♦s ♣r✐♠❡✐r♦ ❛s ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡s ❛❝❡✐t❛❞♦r❛✲

❛❝❡✐t❛❞♦r❛ ❡ ❞♦❛❞♦r❛✲❞♦❛❞♦r❛ ♣r❡s❡♥t❡s ♥♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛✱ s❡❣✉✐❞♦ ♣♦r ✉♠❛ ♦t✐♠✐③❛çã♦

❞❡ ❣❡♦♠❡tr✐❛ ♣♦r ❉❋❚✳ ❆ ❡str✉t✉r❛ ❞♦ ❝❛r♦ç♦ r❡❝♦♥str✉í❞♦ ❡♠ ♣❡rí♦❞♦ s✐♠♣❧❡s ❡stá ♠♦str❛❞❛

♥❛ ❋✐❣✉r❛ ✭✺✳✷✶✭❜✮✮✳ ◆♦t❡ q✉❡✱ ❛ss✐♠ ❝♦♠♦ ♦❝♦rr❡ ♥❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦✱ ❛s ♠♦❧é❝✉❧❛s

♣r❡s❡♥t❡s ♥♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ s❡ ❥✉♥t❛♠ ❡♠ ♣❛r❡s ♣❛r❛ ❝♦rr✐❣✐r ❛ ❧✐❣❛çã♦ ❞❡

❤✐❞r♦❣ê♥✐♦ q✉❡ ❢❛❧t❛✈❛✳ ❖❜s❡r✈❡ t❛♠❜é♠ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧

✾✵➦ ❡♠ ♣❡rí♦❞♦ s✐♠♣❧❡s é ♠✉✐t♦ s❡♠❡❧❤❛♥t❡ à r❡❝♦♥str✉çã♦ ♥♦ s✐❧í❝✐♦ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✷✷✮✳
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❆ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞♦ ❞✐♣♦❧♦ r❡❝♦♥str✉í❞♦ ❡♠ ♣❡rí♦❞♦ s✐♠♣❧❡s é ✵✱✸✹ ❡❱✴❜ ❢♦r♥❡❝❡♥❞♦ ✉♠❛

Figura 5.22: Estrutura do caroço da discordância parcial 90° no silício reconstruído em período
simples. Figura retirada da referência [117].

r❡❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡♠ r❡❧❛çã♦ ❛♦ ❝❛r♦ç♦ ♥ã♦ r❡❝♦♥str✉í❞♦ ❞❡ ✵✱✶✸ ❡❱✴❜✳

P❛r❛ r❡❛❧✐③❛r ❛ s✐♠✉❧❛çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ ❢♦✐ ♣r❡❝✐s♦

♣r❡✈✐❛♠❡♥t❡ ♦r❣❛♥✐③❛r ❛s ♠♦❧é❝✉❧❛s s❡❣✉✐♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❥á ♦❜s❡r✈❛❞❛ ♥♦

s✐❧í❝✐♦ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✭✺✳✷✸✮ ❬✶✶✼❪✳ ❉❡♣♦✐s ❞❡st❛ ♦r❣❛♥✐③❛çã♦ ♣ré✈✐❛ ❛ ❡str✉t✉r❛ ❢♦✐

♦t✐♠✐③❛❞❛ ❧✐✈r❡♠❡♥t❡ ♣♦r ❉❋❚ ❡ ❛ ❡str✉t✉r❛ ✜♥❛❧ ❡♥❝♦♥tr❛❞❛ ❡stá ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✭✺✳✷✹✮✳

Figura 5.23: Estrutura do caroço da discordância parcial 90° no silício reconstruído em período
duplo. Figura retirada da referência [117].

❖❜s❡r✈❡ q✉❡ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦ ❝❛r♦ç♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♠✉❞♦✉ ❞❡ b ♣❛r❛ 2b ❡ ♣♦r ✐ss♦
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[1010]

[1210]

(a)

[1010]

[1210]

2b

(b)

Figura 5.24: Estrutura do caroço da discordância parcial 90° para a estrutura cristalina do gelo Ih
em (a) mostra a estrutura do caroço não reconstruído e em (b) mostra a reconstrução do caroço em
período duplo.

❡ss❛ r❡❝♦♥str✉çã♦ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ♣❡rí♦❞♦ ❞✉♣❧♦✳ ❆❧é♠ ❞❡ ❝♦rr✐❣✐r ❛s ❧✐❣❛✲

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

❞❛s ♠♦❧é❝✉❧❛s ❞❡✐①❛♥❞♦ ❛ ❡str✉t✉r❛ ❞♦ ❝❛r♦ç♦ ❡♠ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ♠❛✐s ❝♦♠♣❧✐❝❛❞❛✳ ❖s

r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ❢♦r♥❡❝❡r❛♠ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦

r❡❝♦♥str✉í❞❛ ❡♠ ♣❡rí♦❞♦ ❞✉♣❧♦ é ✵✱✸✶ ❡❱✴❜✱ ✐st♦ s✐❣♥✐✜❝❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡♠ r❡❧❛çã♦

❛♦ ❝❛r♦ç♦ ♥ã♦ r❡❝♦♥str✉í❞♦ ❞❡ ✵✱✶✻ ❡❱✴❜✳ ❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s s✉❣❡r❡♠ ❢♦rt❡♠❡♥t❡

q✉❡ ❛s ❡str✉t✉r❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ✾✵➦ ♥♦ ❣❡❧♦ ■h sã♦ t❛♠❜é♠ r❡❝♦♥str✉í❞❛s✳ ❆♣❡s❛r ❞❡

❢♦r♥❡❝❡r❡♠ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❡♠ ♣❡rí♦❞♦ ❞✉♣❧♦ é ❡♥❡r❣❡t✐❝❛♠❡♥t❡ ♠❛✐s ❢❛✈♦rá✈❡❧ ❛ ❞✐❢❡r❡♥ç❛

❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ♦s ❞♦✐s t✐♣♦s ❞❡ r❡❝♦♥str✉çã♦ é ♣❡q✉❡♥❛ ❡ ♣♦r ✐ss♦ é ♣❧❛✉sí✈❡❧ s✉♣♦r q✉❡ ❡st❛s

❞✉❛s ❢♦r♠❛s ❞❡ r❡❝♦♥str✉çã♦ ♣♦❞❡♠ ❝♦❡①✐st✐r ♥♦ ❝❛r♦ç♦ ❞❡ ✉♠❛ ♠❡s♠❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧✳

❊st❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦❡①✐stê♥❝✐❛ t❛♠❜é♠ ❥á ❢♦✐ ♣r♦♣♦st❛ ♣❛r❛ ♦ s✐❧í❝✐♦ ❬✶✶✾❪✳ ❊st❡ é ♠❛✐s ✉♠

❡①❡♠♣❧♦ ❞❛s ❣r❛♥❞❡s s❡♠❡❧❤❛♥ç❛s ❡♥tr❡ ❛s ❡str✉t✉r❛ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥♦ ❣❡❧♦ ■h ❝♦♠

♦ ❝❛s♦ ❞♦ s✐❧í❝✐♦✳
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Capítulo 6

Conclusões e perspectivas

6.1 Conclusões

❊st❛ ❚❡s❡ t❡✈❡ ❝♦♠♦ ♣r♦♣ós✐t♦ ✐♥✈❡st✐❣❛r ❛s ❡str✉t✉r❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♥❛ ❢❛s❡ só❧✐❞❛ ♠❛✐s

❝♦♠✉♠ ❞❛ á❣✉❛ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❣❡❧♦ ■h✳ ❆❧é♠ ❞❡ s❡r ❢♦r♠❛❞♦ ♣♦r ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛✱ ♦ ❣❡❧♦

■h t❡♠ ❝♦♠♦ ✉♠❛ ❞❡ s✉❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ♦ ❞❡s♦r❞❡♥❛♠❡♥t♦ ♣r♦tô♥✐❝♦ ❞❡s❞❡ q✉❡

♦❜❡❞❡❝✐❞❛s ❛s ❝♦♥❤❡❝✐❞❛s r❡❣r❛s ❞♦ ❣❡❧♦✳ ❊st❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ❡①❡r❝❡ ❢♦rt❡ ✐♥✢✉ê♥❝✐❛ ♥❛s

❡str✉t✉r❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♥♦ ❣❡❧♦ ■h✳ ❱✐♠♦s q✉❡ ❡st❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ♣♦❞❡ ✐♥✢✉❡♥❝✐❛r

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

r❡❝♦♥str✉çã♦ ❞❡st❛s ❡str✉t✉r❛s ❡ ❡❧❡✈❛♥❞♦ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ❢❛❧❤❛ ❞❡

❡♠♣✐❧❤❛♠❡♥t♦✳ ❙❛❜❡✲s❡ q✉❡ ❡♠ ❛❧❣✉♠❛s ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❡r❢❡✐t❛s t❡♥❞❡♠

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

q✉❡ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ♣❡r♠✐t❛ ❛ ❝r✐❛çã♦ ❞❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❡stá✈❡✐s✳ ❱✐♠♦s q✉❡

♣❛r❛ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❣❡❧♦ ■h ❡st❛ ❞✐ss♦❝✐❛çã♦ ❝r✐❛ ✉♠❛ sér✐❡ ❞❡ ♦✉tr♦s ❞❡❢❡✐t♦s ❝♦♥❤❡❝✐✲

❞♦s ❝♦♠♦ ❞❡❢❡✐t♦s ❇❥❡rr✉♠ q✉❡ ♣♦ss✉❡♠ ❡♥❡r❣✐❛ ❛❧t❛✳ ❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♠♦str❛r❛♠

q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❝♦♠ ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ❝❤❡❣❛ ❛ s❡r ❛té três

♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❛✐♦r ❞♦ q✉❡ ❛s ❡st✐♠❛t✐✈❛s ❡①♣❡r✐♠❡♥t❛✐s✳ ❯♠❛ ❡♥❡r❣✐❛ tã♦ ❛❧t❛ ❞❡ ❢❛❧❤❛

❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♣♦❞❡r✐❛ ✐♥✈✐❛❜✐❧✐③❛r ❛ ❞✐ss♦❝✐❛çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❡♠ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s✳
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❊st❛ ❞✐s❝r❡♣â♥❝✐❛ tã♦ ❣r❛♥❞❡ s✉❣❡r❡ q✉❡ ❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h ♥ã♦ ♣♦ss✉❡♠

❛❧t❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ❞❡❢❡✐t♦s ❇❥❡rr✉♠✱ ❉❡ ❢❛t♦ ♦s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ❞❡ ❢❛❧❤❛s ❞❡

❡♠♣✐❧❤❛♠❡♥t♦ r❡❝♦♥str✉í❞❛s✱ ♦✉ s❡❥❛✱ s❡♠ ❞❡❢❡✐t♦s ❇❥❡rr✉♠✱ ❢♦r♥❡❝❡r❛♠ ✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛s

♠✉✐t♦ ♣ró①✐♠❛s às ❡st✐♠❛t✐✈❛s ❡①♣❡r✐♠❡♥t❛✐s✳ ❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♠♦str❛r❛♠ q✉❡

❛s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❛ ❢❛❧❤❛ ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ sã♦ ❜❛✐①❛s ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞♦s ♣❛râ♠❡tr♦s

❡str✉t✉r❛✐s ❞❛s ♠♦❧é❝✉❧❛s ❛❞❥❛❝❡♥t❡s ❛♦ ♣❧❛♥♦ ❞❛ ❢❛❧❤❛ ♣❡r♠❛♥❡❝❡r❡♠ ♣r❛t✐❝❛♠❡♥t❡ ✐♥❛❧t❡r❛✲

❞♦s✳ ❆s ❞✐stâ♥❝✐❛s ❡♥tr❡ ♦s ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s✱ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❛s ❧✐❣❛çõ❡s ❖✲❍ ❡ ♦s â♥❣✉❧♦s

✐♥t❡r♥♦s ❞❛s ♠♦❧é❝✉❧❛s ♣❡r♠❛♥❡❝❡♠ s❡♠ ❛❧t❡r❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s✳ ❙❡♥❞♦ ❛ss✐♠✱ ❡st❡s r❡s✉❧t❛✲

❞♦s ♣❡r♠✐t❡♠ ❛ ❝♦♥❝❧✉sã♦ ❞❡ q✉❡ ❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h sã♦ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛

r❡❝♦♥str✉í❞❛s ♣❛r❛ ❡❧✐♠✐♥❛r ♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠✳

❖ ❢❛t♦ ❞❛s ❡♥❡r❣✐❛s ❞❡ ❢♦r♠❛çã♦ ❞❛s ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ♣❧❛♥♦ ❜❛s❛❧ ❞❛ ❡str✉t✉r❛ ❞♦

❣❡❧♦ ■h s❡r❡♠ tã♦ ❜❛✐①❛s s✉❣❡r❡ q✉❡ ❞✐s❝♦r❞â♥❝✐❛s ♥❡st❡ ♣❧❛♥♦ s❡❥❛♠ ❞✐ss♦❝✐❛❞❛s✳ ❊st✉❞❛♠♦s

❞♦✐s t✐♣♦s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s q✉❡ ♣♦❞❡♠ ♦❝♦rr❡r ♥❡st❡ ♣❧❛♥♦✳ ❊st❛s ❞✐s❝♦r❞â♥❝✐❛s sã♦

❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✸✵➦ ❡ ❞✐s❝♦r❞â♥❝✐❛ ✾✵➦✳ ❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s

♠♦str❛r❛♠ q✉❡ ♦ ❝❛r♦ç♦ ❞❡st❛s ❞✐s❝♦r❞â♥❝✐❛s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ❞❡ r❡❝♦♥str✉çã♦

❛❧❝❛♥ç❛♥❞♦ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛✳ ❊st❛ r❡❝♦♥str✉çã♦ ❞✐♠✐♥✉✐ ❛ ❡♥❡r❣✐❛ ♣♦rq✉❡✱

❛❧é♠ ❞❡ r❡❢❛③❡r ❛s ❧✐❣❛çõ❡s q✉❡❜r❛❞❛s ❡❧❛ t❛♠❜é♠ ❛❝♦♠♦❞❛ ♠❡❧❤♦r ❛ ❞✐s❝♦r❞â♥❝✐❛ ❞✐♠✐♥✉✐♥❞♦

♦ ❡①❝❡ss♦ ❞❡ ❡♥❡r❣✐❛ ❞❡✈✐❞♦ ❛s ❞✐st♦rçõ❡s ❝❛✉s❛❞❛s ♥❛s ✈✐③✐♥❤❛♥ç❛s ❞♦ ❝❛r♦ç♦✳ ▼❛✐s ✉♠❛ ✈❡③ ❛

✐♥✢✉ê♥❝✐❛ ❞❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ❢♦✐ ♦❜s❡r✈❛❞❛ ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❞✐s❝♦r❞â♥❝✐❛s✳

❆ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ é r❡s♣♦♥sá✈❡❧ ♣♦r ✉♠❛ sér✐❡ ❞❡ ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡s ❛❝❡✐t❛❞♦r❛✲❛❝❡✐t❛❞♦r❛

❡ ❞♦❛❞♦r❛✲❞♦❛❞♦r❛ ❡♥tr❡ ❛s ♠♦❧é❝✉❧❛s ♣r❡s❡♥t❡s ♥♦ ❝❛r♦ç♦ ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ❡ ❡st❛s ✐♥❝♦♠✲

♣❛t✐❜✐❧✐❞❛❞❡s ❞✐✜❝✉❧t❛♠ ♦ r❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡❜r❛❞❛s ♥♦ ❝❛r♦ç♦

❝r✐❛♥❞♦ ❞❡❢❡✐t♦s ❞❡ r❡❝♦♥str✉çã♦ q✉❡ sã♦ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ❞❡❢❡✐t♦s ❞❡ ❛♥t✐ ❢❛s❡ ✭❆P❉✮✳ ❉❡♣♦✐s

❞❡ ❝♦rr✐❣✐❞❛s ❡st❛s ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡s ❡ ✉♠❛ ♦t✐♠✐③❛çã♦ ❧✐✈r❡ ♣♦r ❉❋❚ ✉♠❛ r❡❞✉çã♦ s✐❣♥✐✜❝❛✲

t✐✈❛ ❞❡ ❡♥❡r❣✐❛ ❢♦✐ ♦❜t✐❞❛ ❝♦♠ ❛s r❡❝♦♥str✉çõ❡s ❞❡ ❝❛r♦ç♦✳ ❊st❡s r❡s✉❧t❛❞♦s ❧❡✈❛♠ à ❝♦♥❝❧✉sã♦
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6.2 Perspectivas 139

❞❡ q✉❡ ❛s ❞✐s❝♦r❞â♥❝✐❛s ♥❛ ❡str✉t✉r❛ ❞♦ ❣❡❧♦ ■h t❛♠❜é♠ sã♦ r❡❝♦♥str✉í❞❛s✳ ❖✉tr❛ ♦❜s❡r✈❛çã♦

t❛♠❜é♠ é q✉❡ ❛s r❡❝♦♥str✉çõ❡s ❞❛s ❞✐s❝♦r❞â♥❝✐❛s ♣❛r❝✐❛✐s ♥♦ ❣❡❧♦ ■h sã♦ ♠✉✐t♦ s❡♠❡❧❤❛♥t❡s

às r❡❝♦♥str✉çõ❡s ♦❜s❡r✈❛❞❛s ♥♦ s✐❧í❝✐♦✳ ▼♦str❛♠♦s q✉❡ ❛ ❞✐s❝♦r❞â♥❝✐❛ ♣❛r❝✐❛❧ ✾✵➦ ❛♣r❡s❡♥t❛

❞♦✐s t✐♣♦s ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❝❛r♦ç♦✱ ✉♠❛ ❞❛s r❡❝♦♥str✉çõ❡s é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ r❡❝♦♥str✉çã♦

❞❡ ♣❡rí♦❞♦ s✐♠♣❧❡s✱ ♣♦r ♠❛♥t❡r ✐❣✉❛❧ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦ ❝❛r♦ç♦✱ ❡ ❛ ♦✉tr❛ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦

r❡❝♦♥str✉çã♦ ❞❡ ♣❡rí♦❞♦ ❞✉♣❧♦ ♣♦r ❞♦❜r❛r ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦ ❝❛r♦ç♦✳ ❆ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛

❡♥tr❡ ❡st❛s ❞✉❛s r❡❝♦♥str✉çõ❡s é tã♦ ♣❡q✉❡♥❛ q✉❡ é ♣❧❛✉sí✈❡❧ s✉❣❡r✐r q✉❡ ✉♠❛ ❝♦❡①✐stê♥❝✐❛

❞❡st❛s r❡❝♦♥str✉çõ❡s ♣♦ss❛♠ ❡①✐st✐r ❡♠ ✉♠ ♠❡s♠♦ ❝❛r♦ç♦✳ ❊st❛ ❝♦❡①✐stê♥❝✐❛ é ♠❛✐s ✉♠❛

s❡♠❡❧❤❛♥ç❛ ❡♥tr❡ ❛s ❡str✉t✉r❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛ ♥♦ ❣❡❧♦ ■h ❡ ♦ ❝❛s♦ ❞♦ s✐❧í❝✐♦✳

6.2 Perspectivas

❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ❡ ❛ ❝♦♥❝♦r❞â♥❝✐❛ ❞❡st❡s ❝♦♠ ❛❧❣✉♠❛s ❡st✐♠❛t✐✈❛s ❡①♣❡r✐♠❡♥✲

t❛✐s ❛♣♦♥t❛♠ q✉❡ ❛s ❡str✉t✉r❛s ❞❡ ❞✐s❝♦r❞â♥❝✐❛s ❡ ❢❛❧❤❛s ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ♥♦ ❣❡❧♦ ■h s❡❥❛♠

r❡❝♦♥str✉í❞❛s✳ ◆♦ ❡♥t❛♥t♦✱ ♦❜s❡r✈❛♠♦s t❛♠❜é♠ q✉❡ ✉♠❛ t♦t❛❧ r❡❝♦♥str✉çã♦ ♥ã♦ é ❛❧❝❛♥ç❛❞❛

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

♥❛ ❞❡s♦r❞❡♠ ♣r♦tô♥✐❝❛ ♣r❡s❡♥t❡ ♥♦ ❣❡❧♦ ■h✳ ❚❡♥❞♦ ✐st♦ ❡♠ ✈✐st❛✱ ♦ ♣ró①✐♠♦ ❞❡s❛✜♦ é ❡♥t❡♥✲

❞❡r ❝♦♠♦ ❛s ❞✐s❝♦r❞â♥❝✐❛s ♥♦ ❣❡❧♦ ■h s❡ ♠♦✈✐♠❡♥t❛♠ ❡ ♦ ♣❛♣❡❧ ❞♦s ❞❡❢❡✐t♦s ❇❥❡rr✉♠ ♥❡st❛

♠♦❜✐❧✐❞❛❞❡✳
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❬✺✹❪ ❏✳ ●r❡❡♥❜❡r❣✱ ❖✳ ❙❤❛❧❛❜✐❡❛✱ ❈✳ ▼❡♥❞♦③❛✲●♦♠❡③✱ ❲✳ ❙❝❤✉tt❡✱ ❛♥❞ P✳ ●❡r❛❦✐♥❡s✱ ✏❖r✐❣✐♥
♦❢ ♦r❣❛♥✐❝ ♠❛tt❡r ✐♥ t❤❡ ♣r♦t♦s♦❧❛r ♥❡❜✉❧❛ ❛♥❞ ✐♥ ❝♦♠❡ts✱✑ ❆❞✈❛♥❝❡s ✐♥ ❙♣❛❝❡ ❘❡s❡❛r❝❤✱
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✶✾✼✶✳
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✈♦❧✳ ✽✾✱ ♣♣✳ ✻✵✺✕✻✶✸✱ ✶✾✸✹✳ ✶✵✳✶✵✵✼✴❇❋✵✶✸✹✶✹✼✽✳

❬✶✵✻❪ ▼✳ P♦❧❛♥②✐✱ ✏Ü❜❡r ❡✐♥❡ ❛rt ❣✐tt❡rstör✉♥❣✱ ❞✐❡ ❡✐♥❡♥ ❦r✐st❛❧❧ ♣❧❛st✐s❝❤ ♠❛❝❤❡♥
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We consider the molecular structure and energetics of extended defects in proton-disordered hexagonal ice Ih.

Using plane-wave density functional theory (DFT) calculations, we compute the energetics of stacking faults and

determine the structure of the 30◦ and 90◦ partial dislocations on the basal plane. Consistent with experimental

data, the formation energies of all fully reconstructed stacking faults are found to be very low. This is consistent

with the idea that basal-plane glide dislocations in ice Ih are dissociated into partial dislocations separated by an

area of stacking fault. For both types of partial dislocation we find a strong tendency toward core reconstruction

through pairwise hydrogen-bond reformation. In the case of the 30◦ dislocation, the pairwise hydrogen-bond

formation leads to a period-doubling core structure equivalent to that seen in zinc-blende semiconductor crystals.

For the 90◦ partial we consider two possible core reconstructions, one in which the periodicity of the structure

along the core remains unaltered and another in which it is doubled. The latter is preferred, although the energy

difference between both is rather small, so that a coexistence of both reconstructions appears plausible. Our

results imply that a mobility theory for dislocations on the basal plane in ice Ih should be based on the idea of

reconstructed partial dislocations.

DOI: 10.1103/PhysRevB.85.024119 PACS number(s): 61.72.Lk, 61.72.Nn, 71.15.Nc

I. INTRODUCTION

The properties of water ice play a significant role in diverse
fields of the natural sciences.1–6 To comprehend the role of ice
in these settings an understanding of its fundamental physical
and chemical properties is required. To this end, a vast body
of knowledge, both experimental and theoretical, has been
assembled over the past few decades.1 Despite this activity,
however, many aspects of the physics and chemistry of ice
remain unsettled.

One of these issues involves the mechanical behavior of
ice, which is a central ingredient, for instance, in the process
of glacier flow.5,7,8 Focusing on the most abundant form of ice
on Earth, the hexagonal proton-disordered ice Ih, it is known
that its mechanical properties depend largely on the fact that
the plastic behavior of single crystals is highly anisotropic,
deforming predominantly on the basal plane, and that stress-
relief mechanisms require thermal activation.1,9 Still, despite
this insight, the fundamental molecular processes that give rise
to this behavior continue to be uncertain.

As in any other crystalline material, plastic deformation
in ice is controlled by extended defects such as dislocations,
stacking faults, and grain boundaries.10–12 Specifically, it is the
motion of dislocations that induces the relative slip between ad-
jacent crystal planes, providing the fundamental microscopic
mechanism for plastic deformation. Indeed, the ease with
which these line defects can flow through a crystal directly
controls its macroscopic mechanical behavior, determining,
for instance, whether it behaves in a brittle or ductile manner.
In turn, the mobility of dislocations is controlled by (1) the
nature of the chemical bonding and (2) the structure of their
cores.13

In ice Ih the cohesion is dominated by hydrogen bonds,
which, by the structure of the water molecule, leads to a
strongly directional bonding scheme that favors the tetrahedral
arrangement of water molecules in the Wurtzite hexagonal
lattice. The tetrahedral directionality of the bonding and the
hexagonal-type crystal symmetry suggest that dislocations

in ice Ih, at least those that glide in the basal plane, may
closely resemble those of {111}-type planes in zinc-blende
semiconductor crystals such as silicon.1 The latter have been
investigated exhaustively over the past decades, leading to
a well-established picture of both their structural as well as
their mobility properties.13–15 In diamond-cubic silicon, for
instance, there is ample experimental as well as theoretical
evidence that the relevant {111} dislocations are dissociated

into partial dislocations separated by an area of stacking fault
and that these partials are reconstructed, meaning that broken
covalent bonds in the core of these defects are reformed by
adjustments of the atomic positions. This structural insight
has allowed the further development of a detailed microscopic
theory for the mobility of dislocations in silicon.15,16

In ice Ih the situation is less clear. There is only in-

direct experimental evidence that basal-plane dislocations

are dissociated,1 and in contrast to the case of silicon, it

is not possible to determine experimentally whether or not

the broken bonds in the dislocation cores are reconstructed.

Indeed, the latter is a particularly important question given

that the mobilities of reconstructed and unreconstructed partial

dislocations are expected to be markedly different. This is

due to the proton-disordered character of ice Ih, by which the

molecular shifts induced by the motion of a dislocation lead

to mismatching hydrogen bonds.17 Accordingly, the motion

of an unreconstructed core is expected to be easier than a

reconstructed one because the dangling hydrogen bonds in

the former can more easily adjust to such molecular shifts.

Based on this notion, a dislocation velocity theory based on

the assumption of unreconstructed partial dislocations has

been developed18 to explain the dislocation velocities observed

experimentally. However, as mentioned above, it has not been

possible to verify experimentally whether this assumption is

justified.
In this context, the purpose of the present paper is to

shed light on the structure and energetics of stacking faults
and dislocations in ice Ih by using computational modeling
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techniques. To this end we use density functional theory (DFT)
calculations to evaluate the formation energies of stacking
faults (SFs) and analyze whether or not the cores of partial
dislocations on the basal plane are reconstructed. In particular,
we consider the structure of the 30◦ and 90◦ partials, which
are produced in the dissociation of perfect screw and 60◦

dislocations on the basal plane. Indeed, it is known that this
particular dislocation is also important in the growth of ice
crystals.19

The remainder of the paper is organized as follows. In Sec. II
we summarize the basic structural features of the ice Ih crystal,
the possible stacking faults in this structure, and its basal-plane
dislocations. In Sec. III we describe the computational details
of the first-principles calculations, followed by a discussion of
the results in Sec. IV. We end with conclusions in Sec. V

II. BASIC STRUCTURE OF ICE Ih AND EXTENDED

DEFECTS

A. Ice Ih

The crystal structure of ice Ih is a Wurtzite hexagonal
lattice on which each water molecule is hydrogen bonded to
four nearest-neighbor molecules such that the oxygen atoms
of these are located at the corners of a regular tetrahedron.
Furthermore, there is no long-range order in the orientation of
the water molecules, meaning that each of the six possible
molecular orientations on a given lattice site is equally
likely. This randomness is, however, constrained by the two
Bernal-Fowler ice rules, which assert that (i) each molecule
accepts or donates two protons from or to two nearest-neighbor
molecules and (ii) there is precisely one proton between each
nearest-neighbor pair of oxygen atoms.

Given its hexagonal character, the Wurtzite structure of
ice Ih can be seen as a stacking of (0001) layers along the c

axis. As is customary for hexagonal and fcc-type lattices,12

the positions of such layers are labeled by the letters A, B,
and C. In this view, the Wurtzite lattice consists of a sequence
of double layers of the type · · · AABBAABB · · ·, as depicted
in Fig. 1. The C positions remain unoccupied, which leads to
the empty channels along the [0001] direction characteristic
of hexagonal-type lattices, as shown in Fig. 2.

B. Stacking faults

Stacking faults represent flaws in the stacking sequence of
a defect-free crystal.12 In the particular case of ice Ih, these
flaws embody disruptions in the arrangement of double layers,
which arise when the stacking across the closely spaced planes
belonging to the glide set (cf. Fig. 1) is altered relative to
the defect-free · · · AABBAABB · · · sequence. Given that SFs
are created by displacing double layers, we now simplify the
notation by using a single letter for each double layer.1 In
this manner, the defect-free stacking sequence is denoted as
· · · ABABAB · · ·.

In ice Ih, there are three distinct stacking-fault types. The
first, which we will refer to as SF-I, is characterized by a
stacking sequence of the type

· · · BABA|CBCB · · · . (1)

A

A

B

B

FIG. 1. (Color online) Ice Ih Wurtzite structure projected on a

{112̄0} plane, with the c axis running vertically. Oxygen ions are

arranged in a double-layer sequence of the type · · ·AABBAA· · ·.

The long-dashed line indicates the plane between two widely spaced

molecular planes of the same double layer, also referred to as the

shuffle set. The short-dashed line denotes the plane between two

closely spaced molecular planes that belong to different double layers,

also referred to as the glide set.

Here the entire double-layer sequence BABA · · · to the right
of the vertical line, which represents a plane of the glide
set, has been displaced such that all B-type double layers
have shifted into the C position and the A-type double layers
have transposed into the B position. These shifts are precisely
those associated with the Burgers vectors of Shockley partial
dislocations in the basal plane, as indicated in Fig. 2. We are
mainly interested in this type of stacking fault given that it

a

b

b
2

b
1

FIG. 2. (Color online) Ice Ih structure projected on a (0001) plane

depicting positions of layers A and B. The position of empty layer

C is shown by dashed circles. The full basal-plane Burgers vector b

and associated partial Burgers vector b1 and b2 are also shown.
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is the particular fault that is involved in the dissociation of
full basal-plane dislocations into Shockley partials, as will be
discussed further below.

The other two faults are created by inserting or removing
an extra double layer into the stacking sequence. The stacking
fault of type II, denoted as SF-II, is created by first removing an
A-type double layer from the defect-free sequence, followed
by a shift that is necessary to link the opposite sides of the gap.
The corresponding sequence can then be described as

· · · ABAB|CBCB · · · , (2)

where the vertical line denotes the glide plane at which the
double A layer was removed. The remaining layers to its right
were shifted from BABA · · · to CBCB · · ·.

The third kind of stacking fault, which we will refer to as
SF-III, is formed by inserting a C-type double layer in between
B- and A-type double layers, giving the sequence

· · · ABAB|C|ABAB · · · . (3)

Here the two vertical lines indicate the glide planes between
which the extra C layer has been inserted. This particular fault
contains a four-layer-thick sequence of zinc-blende stacking,
also known as cubic ice Ic.1

C. Dislocations

Given that basal slip is the primary deformation mode,18 the
main interest in the structure and mobility of dislocations in
ice Ih crystals concerns those that glide on the (0001) planes.
As shown in Fig. 1, there are two distinct types of such planes:
those of the glide set and those of the shuffle set. There is
strong evidence that basal-plane dislocations in ice Ih move
on the planes of the glide set,18 similar to the case of {111}
dislocations in zinc-blende semiconductor crystals.

The existence of low-energy stacking faults on the glide set,
as discussed above, provides a mechanism for dislocations
to lower their energy by dissociating into Shockley partial
dislocation separated by a ribbon of stacking fault.10–12 As
depicted in Fig. 2, the Burgers vector b of full dislocations
(i.e., for which the Burgers vector is a full lattice vector) on
the basal plane is of the (a/3)[1210] type, where a is the basal-
plane lattice parameter defined in Fig. 2. The dissociation then
splits such a dislocation into two Shockley partial dislocations
according to the reaction

b → b1 + b2, (4)

where b1 = (a/3)[1100] and b2 = (a/3)[0110] are the respec-
tive partial Burgers vectors. Because the latter are not full
lattice vectors, the area between the partials comprises a planar
fault. In this particular case, it is a stacking fault of the type
SF-I, as can be inferred from Fig. 2. Due to the hexagonal
symmetry, the simplest full dislocations on the basal plane are
those in which the Burgers vector is either parallel or at an
angle of 60◦ with respect to the line direction. For the former,
also known as the screw dislocation, a dissociation process
will produce two 30◦ partials, whereas the 60◦ dislocation
splits into a 90◦ and a 30◦ partial, as depicted schematically in
Fig. 3.1

b = (a/ 3)[1210]

b1 = (a/ 3)[1100]b2 = (a/ 3)[0110]

b = (a/ 3)[1210]

b1 = (a/ 3)[1100]

b2 = (a/ 3)[0110]

(a) (b)

SF-I

SF-I

FIG. 3. (Color online) Dissociation of full dislocations on the

basal plane in ice Ih into 30◦ and 90◦ partials. (a) Screw dislocation

and (b) 60◦ dislocation. Solid blue lines denote full dislocations.

Dashed red lines depict Shockley partial dislocations.

III. COMPUTATIONAL DETAILS

Our approach is based on DFT within the generalized gradi-
ent approximation (GGA)20 as implemented in the plane-wave
VASP package.21 We use the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional,22 the projector-augmented
wave (PAW) approach,23 and a plane-wave kinetic-energy
cutoff of 700 eV. Brillouin-zone sampling is carried out using a
3 × 3 × 3 Monkhorst-Pack grid for the stacking-fault-energy
(SFE) calculations and the Ŵ point only for the dislocation
studies. This first-principles approach has been shown to
provide a satisfactory description of various defect properties
in ice Ih.24–30 All geometry optimizations are carried out at
fixed volume using a force-tolerance criterion of 0.02 eV/Å
on each nucleus.

The supercells used for the different stacking-fault config-
urations are all based on the 96-molecule proton-disordered
defect-free cell generated by Hayward and Reimers,31 with
each basal-plane single layer containing 12 molecules. To
guarantee only one fault per supercell, we use modified
periodic boundary condition (PBC) repeat vectors without
changing the absolute positions of the molecules in the
supercell. An example is given in Fig. 4, which displays the
effect of the changed PBC on the relative placement of adjacent
periodic images along the c axis to produce a fault of type
SF-I. The left panel shows the defect-free crystal supercell
and one of its images along the c axis. The horizontal dashed
line separates the main supercell from the first image. In this
case, the three repeat vectors of the PBC are �a = (Lx,0,0),
�b = (0,Ly,0), and �c = (0,0,Lz), with Lx , Ly , and Lz the sides
of the orthorhombic unit cell. In this case, the image is stacked
on top of the main supercell following a translation by the
vertical repeat vector �c. In the right panel, however, repeat
vector �c has been modified, adding a horizontal component:
�c′ = (0, − b1,Lz), with b1 being the magnitude of a partial
Burgers vector on the basal plane. This modification leads to a
horizontal shift of the image with respect to the main supercell,
changing B layers into C layers and A layers into B layers
across the cell boundary. Faults of type SF-II and SF-III were
generated starting from the defect-free 96-molecule cell and
adding a randomly oriented double layer of 24 water molecules
in the C position and, in the case of fault SF-II, supplemented
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FIG. 4. (Color online) Visualization32 of modified periodic repeat

vectors to create single fault of type SF-I per supercell. (left) Two

periodic images separated by horizontal dashed line for defect-free

crystal. (right) Two periodic images shifted by a partial Burgers vector

create a single stacking fault per unit cell. Letters A, B, and C denote

double layers.

by a PBC shift. In all stacking-fault calculations Lx = 13.15 Å
and Ly = 15.20 Å, giving a fault area of 199.9 Å2.

While this procedure produces the stacking sequences
described in Sec. II B, it also induces disruptions in the
hydrogen-bond network. This is so because, if two planes
of molecules are connected by randomly oriented hydrogen
bonds, a slip event that produces a relative shear of these two
planes will inevitably lead to a situation in which nearest-
neighbor pairs of molecules located on the adjacent planes
no longer link up correctly. This is shown in Fig. 5, which
depicts the positions of the two molecular layers on either
side of the fault plane for the stacking fault of type SF-I.
Figure 5(a) shows a configuration immediately after the PBC
shift. The hydrogen-bond network is disrupted entirely due
to the relative displacements of the molecules. In all cases,
we manually restore the hydrogen-bond network before any
geometry optimizations such that each molecule satisfies the
Bernal-Fowler ice rules, as shown in Fig. 5(b). For each type
of fault we generated four different hydrogen-bonding patterns
by subsequently placing the SFs on each of the four glide-set
planes available in the defect-free 96-molecule cell. Finally,
in case of a nonzero dipole moment due to the molecular
rotations, the spurious image-dipole interactions effects on the
energetics are eliminated following the approach in Ref. 33.

For the dislocation studies we use periodic supercells
containing 384 water molecules, obtained by duplicating the
original Hayward-Reimers 96-molecule cell in the [1210] and
[1010] directions, respectively. In each cell we introduce a
pair of partial dislocations with opposite Burgers vectors, also
referred to as a dislocation dipole, with the distance between
them chosen such that it is precisely half the length of the
periodic cell in the direction perpendicular to the dislocation
lines.34 As in the case of the supercells containing only a
stacking fault, the stacking-fault areas between the partials are
manually reconstructed before the geometry optimizations.
Furthermore, the cell shapes are adjusted to accommodate

(a)

(b)

FIG. 5. (Color online) Two molecule planes [blue (dark gray)

and red (medium gray)] on either side of the fault plane for a

stacking fault of type SF-I. (a) Unreconstructed fault after PBC shift.

(b) Reconstructed hydrogen-bond network obtained by geometry

optimization after a series of molecular rotations.

the plastic strain induced by the presence of the dislocation
pairs.34

IV. RESULTS AND DISCUSSION

A. Stacking faults

Table I shows the average formation energies of recon-
structed stacking faults of the three types over the four distinct
replicas, with the error bars representing a standard deviation
in the mean. As expected, the formation energies are very
low, ranging between 0.8 and 3.3 meV per molecule in the
planes adjacent to the fault. Indeed, given that these values
are of the same order of magnitude as the typical per-atom
precision of DFT total-energy calculations, these results

TABLE I. Average stacking-fault energies in units of meV/Å2 for

three SF types.

SF-I SF-II SF-III

(0.1 ± 0.1) (0.4 ± 0.1) (0.4 ± 0.3)
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cannot significantly distinguish the SFE values from zero.
Overall, this is consistent with experimental observations,
which estimate the stacking-fault energy of type II to be even
closer to zero, at ∼0.04 meV/Å2,1,35 which is equivalent to an
excess energy of ∼0.3 meV per molecule adjacent to the fault
plane.

The low values reflect the fact that the essential molecular-
structure features across the fault plane remain essentially un-
altered in comparison to the defect-free structure. Considering
the geometry-optimized structures, neither the oxygen-oxygen
and oxygen-hydrogen distance nor the intramolecular angle
distributions reveal any significant distortions with respect to
the defect-free configurations for any of the three fault types.
With regard to the properties of dislocations on the basal plane,
the extremely low values of the SFEs in ice Ih facilitate the
dissociation into Shockley partials, supporting the idea that
basal-plane dislocations in ice Ih move in the planes of the
glide set. Furthermore, the fact that the SFEs are so low and
similar for the different types may be involved in the issue
comparing cubic and hexagonal ices.36–38

B. Dislocations

Figure 6 depicts the two molecular planes on either side
of the glide-set plane after the introduction of a dipole of 30◦

Shockley partial dislocations. In contrast to regular molecules,

A B

(a)

(b)

C D

A B C D

FIG. 6. (Color online) Core structure of 30◦ Shockley partial

dislocation dipole in ice Ih. Straight dashed lines depict positions

of dislocation cores. Molecules with oxygen atoms shown in medium

gray are those that participate in only three hydrogen bonds. (a)

Dislocation dipole before relaxation. (b) Relaxed structure obtained

by free geometry optimization of the structure in (a).

which form four hydrogen bonds with surrounding molecules,
the ones that are located in the core of the partials have only
three nearest-neighbor molecules, leaving a single dangling
hydrogen bond per molecule. This situation is equivalent to the
case of the 30◦ partial in diamond-cubic silicon, for instance,
where each core atom participates in only three covalent bonds,
leaving a single dangling bond per core atom.39

In the case of Si, the atoms in the core can move closer
to each other in a pairwise manner such that the unpaired
electrons reestablish covalent bonds,39 restoring the fourfold
coordination. Indeed, in Si there is a strong tendency to do
so because it significantly reduces the excess energy per unit
length of dislocation. From a geometrical standpoint, a similar
reconstruction process can also occur in ice. By moving closer
toward each other, a pair of molecules in the core may link
up to eliminate a dangling hydrogen bond and reestablish the
fourfold coordination. In Fig. 6(a), for instance, molecules A
and B can reform a hydrogen bond when approaching each
other along the direction of the dislocation core. However,
differently from the case of Si, due to the asymmetric nature
of the hydrogen bonding (with one molecule acting as a
proton donor and another as an acceptor) and the proton
disorder, there will be neighboring molecules that cannot easily
reform a hydrogen bond by only moving closer together.
An example is the pair of molecules C and D in Fig. 6(a),
for which the molecular orientations are such that they are
both in a position to act as acceptors. In this case, not only
should the two molecules move closer together to reform a
hydrogen bond, one of them should also be rotated to change
its character from a proton donor to an acceptor or vice versa.
Figure 6(b) depicts the result of a full geometry optimization
of the structure shown in Fig. 6(a) without any prior molecular
rotations. Indeed, hydrogen-bond reconstruction takes place
in a fashion equivalent to the case of Si, with molecules
A and B reestablishing a hydrogen bond and full fourfold
coordination by moving closer together. Molecules C and D, on
the other hand, do not reconstruct due to the acceptor-acceptor
incompatibility. Instead, molecule D reforms a hydrogen
bond with the molecule to its right, leaving molecule C
undercoordinated. Again, the corresponding reconstruction
flaws are similar to those observed in Si.

The spontaneous reconstruction in Fig. 6(b) strongly sug-
gests that the 30◦ partial dislocation in ice Ih is reconstructed.
To quantify this reconstruction tendency, we determine the
energy difference between a fully reconstructed and unrecon-
structed core. To this end we begin by rotating a number of
molecules in the cores of Fig. 6(a) to remove donor-donor or
acceptor-acceptor incompatibilities that prevent an incomplete
reconstruction as in Fig. 6(b). Next, this adjusted structure is
relaxed while keeping fixed the oxygen nuclei of the molecules
that are threefold coordinated. The resulting energy is then
associated with the unreconstructed cores. To obtain the energy
of the fully reconstructed cores, the constraints on the oxygen
nuclei in the cores are subsequently removed, allowing a full
optimization of all atomic positions. Figure 7 depicts the
resulting relaxed structures for both the unreconstructed and
reconstructed cores.

The reconstructed core of the 30◦ partial features the
same period-doubled structure as seen in Si.39 While the
periodicity along the dislocation line with the unreconstructed
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b

2b

(a)

(b)

FIG. 7. (Color online) Relaxed (a) unreconstructed and (b)

reconstructed cores of the 30◦ Shockley partial dislocation dipole

in ice Ih. Straight dashed lines depict positions of dislocation cores.

Molecules with oxygen atoms shown in medium gray are those that

participate in only three hydrogen bonds.

core is b, where b is the magnitude of the full Burgers
vector, it becomes 2b for the reconstructed core. The energy
difference between the unreconstructed and reconstructed
cores is significant. Considering only the DFT total-energy
part, core reconstruction lowers the energy by 0.21 eV per unit
b of dislocation line length, which is equivalent to 0.42 eV
per reformed hydrogen bond. The natural energy scale to
which this result should be compared is that of the cohesive
energy of a hydrogen bond in defect-free ice Ih. For the used
PBE functional, which gives a sublimation energy of 0.66 eV
per water molecule, it is 0.33 eV. In this context, the fact
that the reconstruction energy is larger than the defect-free
hydrogen bond value reflects the fact that, in addition to broken
hydrogen bonds, the unreconstructed core configuration also
involves significant elastic distortions with respect to the
perfect crystal. In this manner, in addition to reforming
hydrogen bonds, core reconstruction also accounts for a
significant relief of these strains around the dislocation core.
Finally, the zero-point vibrational contributions also favor
core reconstruction because the reestablishment of fourfold
coordination lowers the intramolecular stretching and bending
frequencies compared to molecules with dangling protons.25

Figure 8 shows the structure of an unreconstructed 90◦

Shockley partial dislocation. The core contains twice the num-
ber of uncoordinated molecules per unit length b compared to
the 30◦ partial, organized in two molecular rows on either side
of the dislocation lines. Their disposition is such that there

(a)

(b)

(c)

b

2b

FIG. 8. (Color online) Core structure of 90◦ Shockley partial

dislocation in ice Ih. Horizontal straight dashed lines depict positions

of dislocation cores. Molecules with oxygen atoms shown in medium

gray are those that participate in only three hydrogen bonds.

(a) Unreconstructed core. Vertical dashed line depicts the mirror-

symmetry plane. (b) Single-period reconstruction. (c) Double-period

reconstruction.

is mirror symmetry with respect to planes perpendicular to
the dislocation line, as shown in Fig. 8(a). Once again this
situation is equivalent to the case of Si. For the 90◦ partial
Si there are two known ways in which the broken covalent
bonds in the core can be reestablished, again by the pairwise
approximation of atoms in the core.40,41 In one of them the core
reconstructs in a way that preserves the periodicity along the
dislocation line, called the single-period (SP) reconstruction,
while in the double-period (DP) reconstruction it is doubled. In
ice Ih precisely the same reconstruction schemes are possible,
although, as in the case of the 30◦ partial, due to the asymmetric
nature of the hydrogen bond and the proton disorder, the
pairwise reapproximation of neighboring water molecules may
also have to be accompanied by molecular rotations to allow
hydrogen-bond reformation.

As in the case of the 30◦ partial, we quantify the reconstruc-
tion tendencies for both possibilities by computing the energy
differences between the fully reconstructed cores and the
unreconstructed core. To this end we again first rotate a number
of molecules to eliminate donor-donor and acceptor-acceptor
incompatibilities, followed by a full geometry optimization.
The resulting structures for the SP and DP reconstructions
are shown in Figs. 8(b) and 8(c), respectively. Considering
the DFT total-energy part, both reconstructions significantly
lower the excess energy per unit length of dislocation. For the
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SP reconstruction, the energy gain per unit b of dislocation
line length, or per hydrogen bond, is 0.13 eV. The DP
reconstruction leads to a further energy reduction, lowering
the excess energy by 0.16 eV per restored hydrogen bond.
These results strongly suggest that the 90◦ partial in ice
Ih is also reconstructed. Furthermore, they indicate that the
reconstruction should preferentially occur according to the
DP structure. However, given that energy difference between
the SP and DP reconstructions is rather small, a coexistence
of both reconstruction types is plausible. This is again similar
to the case of Si, where such a coexistence has also been
proposed.41

V. CONCLUSIONS

We conduct first-principles calculations for stacking faults
and Shockley partial dislocations on the basal plane of ice
Ih. We find that the formation energies of the three stacking
faults are very low, consistent with experimental results. These
low values are a consequence of the structural properties in
the vicinity of the fault planes, with the bond lengths and
angles of the molecules adjacent to the fault plane remaining
essentially unaltered compared to the defect-free crystal. For
the properties of dislocations on the basal plane, the low
stacking-fault energies values imply a strong tendency toward

dissociation into Shockley partials, supporting the idea that
basal-plane dislocations in ice Ih move in the planes of the
glide set.

Furthermore, our results for the 30◦ and 90◦ Shockley
partial dislocations strongly suggest that their cores are
reconstructed through pairwise hydrogen-bond reformation.
The reconstructed cores are found to be equivalent to those
seen in zinc-blende semiconductors such as silicon. The 30◦

partial reconstructs according to a period-doubling geometry,
whereas the 90◦ partial has two possible reconstruction modes,
one in which the periodicity along the dislocation line is
preserved and another in which it is doubled. The energy
difference between these two is small, however, so that a
coexistence of both reconstruction types is plausible. Finally,
these results imply that a mobility theory for dislocations
on the basal plane in ice Ih should be based on the idea of
reconstructed partial dislocations.
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