




✐✐✐



✐✈

❘❡s✉♠♦

◆❡st❡ tr❛❜❛❧❤♦✱ ❛♣r❡s❡♥t❛♠♦s ✉♠ ❡st✉❞♦ ❞♦ t✉♥❡❧❛♠❡♥t♦ ❡ ❞♦ tr❛♥s♣♦rt❡ q✉â♥t✐❝♦ ❡♠ s✐s✲
t❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✱ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ❡♠ ❥✉♥çõ❡s ❞❡ t✉♥❡❧❛♠❡♥t♦ ♠❛❣♥ét✐❝❛s✱ ✈✐s❛♥❞♦ ❡s❝❧❛r❡❝❡r
❛ ♣♦❧❛r✐③❛çã♦ ♠❛❣♥ét✐❝❛ ❞❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳ ◆♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ t✉♥❡❧❛♠❡♥t♦✱ ✉♠ ✜❧♠❡
✐s♦❧❛♥t❡ é ❝r❡s❝✐❞♦ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s✳ ◆❡ss❡ s✐st❡♠❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ é ❝♦♥tr♦✲
❧❛❞❛ ♣❡❧♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞♦ ❡❢❡✐t♦ tú♥❡❧✳ ◆♦s ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦ ✭❋❡✱ ❈♦✱ ◆✐✮✱ ❛s
❜❛♥❞❛s s✱ ♣ ❡ ❞ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❛ ❝♦♥❞✉çã♦ ❡❧❡trô♥✐❝❛✱ ❡♥tr❡t❛♥t♦ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡✈❡✲s❡ à
♣♦❧❛r✐③❛çã♦ ❞❛s ❜❛♥❞❛s ❞✳ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♠♦str❛♠ q✉❡ ❡ss❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❝♦rr❡♥t❡
♣♦❞❡ s❡r ♠✉✐t♦ ❞✐❢❡r❡♥t❡ ❞❛ ♣♦❧❛r✐③❛çã♦ ❞♦ ✈♦❧✉♠❡ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱ ♣♦❞❡♥❞♦ ❛té ❡st❛r ✐♥✈❡r✲
t✐❞❛✳ ◗✉❛❧✐t❛t✐✈❛♠❡♥t❡ s❛❜❡✲s❡ q✉❡ ♦s ❡❧étr♦♥s ❞❛ ❜❛♥❞❛ ❞ ❛♣r❡s❡♥t❛♠ ♠❡♥♦r ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡
t✉♥❡❧❛♠❡♥t♦ ❞♦ q✉❡ ♦s ❡❧étr♦♥s s ♦✉ ♣✳ ❖s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❞♦ t✐♣♦ s sã♦ r❡♣r❡s❡♥t❛❞♦s ♣♦r
♦♥❞❛s ♣❧❛♥❛s ❝♦♠ ✈❡t♦r❡s ❞❡ ♦♥❞❛ ♣❡q✉❡♥♦s ✭❝❡♥tr♦ ❞❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✉✐♥✮✳ ❏á ♦s ❡❧étr♦♥s ❞ ♣♦s✲
s✉❡♠ ♠❛✐♦r ♠❛ss❛ ❡❢❡t✐✈❛ ❡ ✉♠ ❝❛rát❡r ❧♦❝❛❧✐③❛❞♦✱ ♣♦rt❛♥t♦✱ sã♦ r❡♣r❡s❡♥t❛❞♦s ♣♦r ♣❛❝♦t❡s ❞❡
♠✉✐t❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ♦♥❞❛s ♣❧❛♥❛s ❝♦♠ ✈❡t♦r❡s ❞❡ ♦♥❞❛ ♠❛✐♦r❡s✳ ❊st✉❞❛♠♦s ♦ t✉♥❡❧❛♠❡♥t♦
❞❡ss❡s ❡❧étr♦♥s ♣♦r ❜❛rr❡✐r❛s ❞❡ ♣♦t❡♥❝✐❛❧ q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ♠❛t❡r✐❛❧ ✐s♦❧❛♥t❡ ❡♥tr❡ ❡❧❡tr♦❞♦s
♠❡tá❧✐❝♦s✳ Pr♦♣♦♠♦s ✉♠ ♠♦❞❡❧♦ s✐♠♣❧❡s ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡ ❡st✐♠❛♠♦s ♦ ❡❢❡✐t♦
❞❛ ♠❛❣♥❡t♦r❡s✐tê♥❝✐❛✳

P❛❧❛✈r❛s ❝❤❛✈❡✿ ▼❛❣♥❡t♦rr❡s✐stê♥❝✐❛✱ ❚✉♥❡❧❛♠❡♥t♦✱ ❏✉♥çã♦ tú♥❡❧ ♠❛❣♥ét✐❝❛✳



✈

❆❜str❛❝t

❚❤✐s ✇♦r❦ ✐♥tr♦❞✉❝❡s ❛ ❞❡t❛✐❧❡❞ st✉❞② ♦❢ t✉♥♥❡❧✐♥❣ ❛♥❞ q✉❛♥t✉♠ tr❛♥s♣♦rt ✐♥ ♠❡s♦s❝♦♣✐❝
s②st❡♠s✱ ♣❛rt✐❝✉❧❛r❧② ✐♥ t✉♥♥❡❧✐♥❣ ♠❛❣♥❡t✐❝ ❥✉♥❝t✐♦♥s✱ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ♠❛❣♥❡t✐❝ ♣♦❧❛r✐③❛t✐♦♥
♦❢ t❤❡ t✉♥♥❡❧✐♥❣ ❝✉rr❡♥t✳ ❚❤❡s❡ s②st❡♠s ❝♦♥s✐st ♦❢ t✇♦ ❢❡rr♦♠❛❣♥❡t✐❝ ♠❡t❛❧ ❧❛②❡rs s❡♣❛r❛t❡❞ ❜②
❛ t❤✐♥ ✐♥s✉❧❛t✐♥❣ ❜❛rr✐❡r ❧❛②❡r✳ ❚❤❡ ❝♦♥❞✉❝t❛♥❝❡ ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t
♦❢ t❤❡ t✉♥♥❡❧ ❡✛❡❝t✳ ■♥ t❤❡ tr❛♥s✐t✐♦♥ ♠❡t❛❧ ✭❋❡✱ ❈♦✱ ◆✐✮✱ t❤❡ ❜❛♥❞s s✱ ♣ ❛♥❞ ❞ ❝♦♥tr✐❜✉t❡ t♦
t❤❡ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐♦♥✱ ❤♦✇❡✈❡r✱ t♦ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ♦♥❧② t❤❡ ❞✲❜❛♥❞ ❝♦♥tr✐❜✉t❡s✳ ❊①♣❡r✐✲
♠❡♥t❛❧ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❝✉rr❡♥t ♣♦❧❛r✐③❛t✐♦♥ ♠❛② ❜❡ ❞✐✛❡r❡♥t ♦❢ t❤❡ ❜✉❧❦ ♣♦❧❛r✐③❛t✐♦♥ ✐♥
t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ❛♥❞ ♠❛② ❜❡ r❡✈❡rs❡❞✳ ◗✉❛❧✐t❛t✐✈❡❧② ✐t ✐s ❦♥♦✇♥ t❤❛t t✉♥♥❡❧✐♥❣ ♣r♦❜❛❜✐❧✐t② ♦❢
t❤❡ ❞✲❧✐❦❡ ❡❧❡❝tr♦♥s ✐s ❧♦✇❡r t❤❛♥ t❤❡ s✲❧✐❦❡ ❛♥❞ ♣✲❧✐❦❡ ❡❧❡❝tr♦♥s✳ ❚❤❡ s✲❡❧❡❝tr♦♥s ❛r❡ r❡♣r❡s❡♥t❡❞
❜② ✇❛✈❡ ♣❧❛♥❡s ✇✐t❤ s♠❛❧❧ ✇❛✈❡ ✈❡❝t♦r ✭❝❡♥t❡r ♦❢ t❤❡ ❇r✐❧❧♦✉✐♥ ③♦♥❡✮✳ ❙✐♥❝❡ t❤❡ ❞✲❡❧❡❝tr♦♥s
❤❛✈❡ ❤✐❣❤❡r ❡✛❡❝t✐✈❡ ♠❛ss ❛♥❞ t❤❡② ❛r❡ ❧♦❝❛❧✐③❡❞ st❛t❡s✱ t❤❡② ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ✇❛✈❡ ♣❛❝❦❡t
✇✐t❤ ♠❛♥② ❝♦♠♣♦♥❡♥ts ♦❢ ✇❛✈❡ ♣❧❛♥❡s ✇✐t❤ ❧❛r❣❡r ✇❛✈❡ ✈❡❝t♦rs✳ ❲❡ ✐♥✈❡st✐❣❛t❡ t❤❡ t✉♥♥❡❧✐♥❣
♦❢ t❤❡s❡ ❡❧❡❝tr♦♥s t❤r♦✉❣❤ ♣♦t❡♥t✐❛❧ ❜❛rr✐❡rs✱ ✇❤✐❝❤ r❡♣r❡s❡♥t t❤❡ ✐♥s✉❧❛t✐♥❣ ❧❛②❡r ❜❡t✇❡❡♥ t❤❡
❢❡rr♦♠❛❣♥❡t✐❝ ❡❧❡❝tr♦❞❡s✳ ❲❡ ♣r♦♣♦s❡ ❛ s✐♠♣❧❡ ♠♦❞❡❧ ❢♦r t❤❡ t✉♥♥❡❧✐♥❣ ❝✉rr❡♥t ❛♥❞ ❡st✐♠❛t❡❞
t❤❡ ❡✛❡❝t ♦❢ t❤❡ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡✳

❑❡②✇♦r❞s✿ ▼❛❣♥❡t♦r❡s✐st❛♥❝❡✱ ❚✉♥♥❡❧✐♥❣✱ ▼❛❣♥❡t✐❝ ❚✉♥♥❡❧ ❏✉♥❝t✐♦♥✳
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❆❣r❛❞❡❝✐♠❡♥t♦s

❙♦✉ ❣r❛t❛ ❛♦ Pr♦❢❡ss♦r ●✉✐❧❧❡r♠♦ ●✳ ❈❛❜r❡r❛✱ ♣❡❧❛ s✉❛ ❛t❡♥çã♦✱ ♣❡❧♦s ❡♥s✐♥❛♠❡♥t♦s ❡ ✐♥❝❡♥t✐✈♦
❛♦ ❧♦♥❣♦ ❞❛ ♦r✐❡♥t❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦ ❡ ♣❡❧❛ ❛♠✐③❛❞❡✳

❆♦ ♣❡ss♦❛❧ ❞❛ ❙❡❝r❡t❛r✐❛ ❞❛ Pós ●r❛❞✉❛çã♦ ❞♦ ■❋●❲✳

❆♦ Pr♦❢❡ss♦r ❈❛r❧♦s ●✐❧❡s ♣❡❧❛s ❧♦♥❣❛s ❞✐s❝✉ssõ❡s s♦❜r❡ ❢ís✐❝❛ ❡ ♣❡❧❛ ❛♠✐③❛❞❡✳

❆♦s ♠❡✉s ❛♠✐❣♦s ❆♥❞ré✱ ❆❧✐♥❡ ❡ ❇r✉♥❛ ♣❡❧♦s ❛♥♦s ❛♠✐③❛❞❡ ❡ q✉❡ ♠❡s♠♦ ❞✐st❛♥t❡s ✜s✐❝❛♠❡♥t❡
❡stã♦ s❡♠♣r❡ ❝♦♠✐❣♦✳

❆♦s ❛♠✐❣♦s q✉❡ ✜③ ♥❛ ❢❛❝✉❧❞❛❞❡ ❈❛r❧♦s ❙❛t♦✱ ❉é❜♦r❛✱ ❏✉❧✐❛♥❛✱ ❉❛✈✐❞✱ ❈❛r♦❧✱ ❙❛♥t❛r❡❧❧✐ ❡ ❈❧❛r❛
q✉❡ ♠❡ ❛❥✉❞❛r❛♠ ❞✉r❛♥t❡ ❡ss❛ ❥♦r♥❛❞❛✳ ❊♠ ❡s♣❡❝✐❛❧ ❛♦ ●✉✐❧❤❡r♠❡ ❡ ❛ ❑❛t❥❛ ♣❡❧❛ ❛❥✉❞❛ ♥❛s
s♦❧✉çõ❡s ❞♦s ❡①❡r❝í❝✐♦s ♠❛✐s ❝♦♠♣❧✐❝❛❞♦s✳

❆♦ ❘✐❝❛r❞♦ q✉❡ ❛♣❡s❛r ❞❡ ❞❡♠♦r❛r t❛♥t♦ ♣❛r❛ s❡ t♦r♥❛r ♠❡✉ ❛♠✐❣♦ ❝♦♠ ❝❡rt❡③❛ ❡st❛rá s❡♠♣r❡
❝♦♠✐❣♦✳ ❆❣r❛❞❡ç♦ ♣♦r ❡st❛r ♣r❡s❡♥t❡ ❡ ♠❡ ❛❥✉❞❛r ❞✉r❛♥t❡ ❛s ♠✐♥❤❛s ❝r✐s❡s✳

➚ ♠✐♥❤❛ ❛♠✐❣❛ ▲❛r✐ss❛ ♣❡❧❛ ✐♠♣♦rt❡ ❛❥✉❞❛ ♥♦s ❡st✉❞♦s ❡ t❛♠❜é♠ ♣♦r s❡r ❝♦♠♣❛♥❤❡✐r❛ ❞❡ t♦❞❛s
❛s ❤♦r❛s ❛♦ ❧♦❣♦ ❞❡ss❡s ❛♥♦s ❡s♣❡❝✐❛❧♠❡♥t❡ ❞✉r❛♥t❡ ♦s ♠♦♠❡♥t♦s ♠❛✐s ❞✐❢í❝❡✐s✳

➚ ♠✐♥❤❛ ❢❛♠í❧✐❛ ♣❡❧♦ ❛♣♦✐♦ ❞✉r❛♥t❡ ❡st❛ ❥♦r♥❛❞❛✱ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛ ❡ ♣♦r t❡r❡♠ t♦r♥❛❞♦ ❡st❡
tr❛❜❛❧❤♦ ♣♦ssí✈❡❧✳ ❊♠ ❡s♣❡❝✐❛❧ à ♠✐♥❤❛ ♠ã❡✱ ❇❛r❜❛r❛✱ ♣❡❧♦ s❡✉ ❛♠♦r ❡ ♣♦r ❡st❛r ♣r❡s❡♥t❡ ❡♠
t♦❞♦s ♦s ♠♦♠❡♥t♦s✳ ➚ ♠✐♥❤❛ ✐r♠ã ❆r✐❛♥❡ ♣♦r t♦❞♦ s❡✉ ❛♣♦✐♦ ❡ ♣❡❧❛s ❧♦♥❣❛s ❝♦♥✈❡rs❛s ❛♦
t❡❧❡❢♦♥❡✳ ❆♦ ♠❡✉ ♣❛✐✱ ▲✉✐s✱ ♣❡❧♦ s✉♣♦rt❡✱ ♣❡❧♦ ❛♠♦r ❡ ♣❡❧❛ ❝♦♠♣r❡❡♥sã♦ ❞❛ ♠✐♥❤❛ ❛✉sê♥❝✐❛ ❡♠
❛❧❣✉♥s ♠♦♠❡♥t♦s✳

❆❣r❛❞❡ç♦ ❡♠ ❡s♣❡❝✐❛❧ ♠❡✉ ♥❛♠♦r❛❞♦✱ ❏♦sé ❘❡♥❛t♦✱ ♣❡❧♦ ❛♣♦✐♦ ✐♥❝♦❞✐❝✐♦♥❛❧✱ ❝❛r✐♥❤♦ ❡ ♣❡❧❛s
❧♦♥❣❛s ❞✐s❝✉ssõ❡s s♦❜r❡ ❢ís✐❝❛✱ ❢✉t❡❜♦❧ ❡ tê♥✐s✳ P❡ss♦❛ s❡♠ ❛ q✉❛❧ ❡✉ ♥ã♦ s❡r✐❛ q✉❡ ❡✉ s♦✉ ❤♦❥❡✳

➚ ❈❆P❊❙✱ ♣❡❧♦ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦✳

✈✐✐



❆♦s ♠❡✉s ♣❛✐s✱ ♠❡✉s ✐r♠ã♦s ❡ ♠❡✉ ♥❛♠♦r❛❞♦✳

✈✐✐✐



❙✉♠ár✐♦

▲✐st❛ ❞❡ ❋✐❣✉r❛s ①✐

▲✐st❛ ❞❡ ❚❛❜❡❧❛s ①✈

▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐

✶ ■♥tr♦❞✉çã♦ ✶

✷ ❆s♣❡❝t♦s t❡ór✐❝♦s ✺
✷✳✶ ❊①♣❡r✐♠❡♥t♦s ❞❡ ❚✉♥❡❧❛♠❡♥t♦ ❞❡♣❡♥❞❡♥t❡ ❞❡ ❙♣✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
✷✳✷ ▼❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❡♠ ❥✉♥çõ❡s tú♥❡❧ ♠❛❣♥ét✐❝❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✷✳✶ ▼♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽
✷✳✸ ❋❡rr♦♠❛❣♥❡t✐s♠♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✷✳✸✳✶ ❋❡rr♦♠❛❣♥❡t✐s♠♦ ✐t✐♥❡r❛♥t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✹ ❈♦♥❞✉tâ♥❝✐❛ ✲ ❋ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r✲❇ütt✐❦❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✷✳✺ ❚r❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻
✷✳✻ ▼♦❞❡❧♦ ❚❡ór✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✸ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s ✷✶
✸✳✶ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✸✳✶✳✶ ❉❡♣❡♥❞ê♥❝✐❛ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❝♦♠ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ✳ ✳ ✳ ✳ ✷✻
✸✳✷ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✹ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✸✺
✹✳✶ P❛❝♦t❡ ❞❡ ♦♥❞❛ ●❛✉ss✐❛♥♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✶✳✶ ❋✉♥çã♦ ❞❡ ♦♥❞❛ ♥♦ ❡s♣❛ç♦ ❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✹✳✶✳✷ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡♠ ✉♠❛ ❜❛rr❡✐r❛ r❡t❛♥❣✉❧❛r ✳ ✳ ✳ ✳ ✸✻
✹✳✶✳✸ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡♠ ✉♠❛ ❜❛rr❡✐r❛ ❧✐♥❡❛r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✹✳✷ P❛❝♦t❡ ❞❡ ♦♥❞❛✿ P✉❧s♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
✹✳✷✳✶ ❋✉♥çã♦ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ ♥♦ ❡s♣❛ç♦ ❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
✹✳✷✳✷ ❚r❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣✉❧s♦ ♣♦r ✉♠❛ ❜❛rr❡✐r❛ q✉❛❞r❛❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✺ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ✹✾
✺✳✶ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✺✳✶✳✶ ▼❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛✿ mm = 2.5mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✐①



① ❙❯▼➪❘■❖

✺✳✶✳✷ ▼❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛✿ mm = 1.5mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺
✺✳✷ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s s ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵
✺✳✸ ❉✐s❝✉ssã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✻ ❈♦♥❝❧✉sã♦ ✻✺

❘❡❢❡rê♥❝✐❛s ❜✐❜❧✐♦❣rá✜❝❛s ✻✽



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✷✳✶ ❚✉♥❡❧❛♠❡♥t♦ ❡♠ ✉♠❛ ❡str✉t✉r❛ ❋▼✲■✲❙✳ ✭❛✮ ❆ ❉❖❙ ❞♦ s✉♣❡r❝♦♥❞✉t♦r ❞❛s ❝♦♥✲
tr✐❜✉✐çõ❡s ❞❡ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦ é s❡♣❛r❛❞❛ 2µBH✳ ✭❜✮ ❈♦♥❞✉tâ♥✲
❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛ ❝❛❞❛ ♦r✐❡♥t❛çã♦ ❞❡ s♣✐♥ ✭❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s✮ ❡
❝♦♥❞✉tâ♥❝✐❛ t♦t❛❧ ✭❧✐♥❤❛ ❝❤❡✐❛✮ ❬✶✼❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✷✳✷ ❙❡çã♦ ❞❡ ❝♦rt❡ tr❛♥s✈❡rs❛❧ ❞❛ ♠✐❝r♦❣r❛✜❛ ❞❡ ▼❚❏ ❝♦♠♣♦st❛ ❞❡ ❝❛♠❛❞❛s ▼♥❋❡✲
P②✴❆❧2❖3/❈♦✳ ❖ ❡❧❡tr♦❞♦ ❞❡ ❈♦ é ❧✐✈r❡✳ ❈❛❞❛ ✉♠❛ ❞❛s ❝❛♠❛❞❛s ❞❛ ❥✉♥çã♦ ❡stá
✐♥❞✐❝❛❞❛ ❬✷✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✸ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❡ ✉♠❛ ▼❚❏✳ ❆s s❡t❛s ♣r❡t❛s ✐♥❞✐❝❛♠ ❛ ♠❛❣♥❡t✐✲
③❛çã♦ ❞♦ ❡❧❡tr♦❞♦ ❢❡rr♦♠❛❣♥ét✐❝♦ ❡ ❛ s❡t❛ ❛③✉❧ ✐♥❞✐❝❛ ♦ s❡♥t✐❞♦ ❞❛ ❝♦rr❡♥t❡ ❞❡
t✉♥❡❧❛♠❡♥t♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✹ Pr✐♠❡✐r❛ ✈❡③ ❡♠ q✉❡ ❢♦✐ ♦❜s❡r✈❛❞♦ ♦ ❡❢❡✐t♦ ❚▼❘✳ ❱❛r✐❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ r❡❧❛✲
t✐✈❛ ❞❡✈✐❞♦ à ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠
❛♣❧✐❝❛❞❛ ❡♠ ✉♠❛ ❥✉♥çã♦ ❋❡✴●❡✴❈♦ ❛ ✹✳✷ ❑ ✭♠♦❞✐✜❝❛❞❛ ❞❡ ❬✷❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✺ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ ❉❖❙ ♥❛ ❝♦♥s❡r✈❛çã♦ ❞♦ s♣✐♥ ♥♦ t✉♥❡❧❛♠❡♥t♦✳ ✳ ✳ ✾
✷✳✻ ❉❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♣❛r❛ ❡❧étr♦♥s ❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦✱ ♠♦str❛✲

s❡ ❛ s❡♣❛r❛çã♦ ❡s♣♦♥tâ♥❡❛ ❞❛s ❜❛♥❞❛s s❡♠ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳
❬✷✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✼ ❱♦❧♦r❡s ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❙t♦♥❡r U ✱ ❞❛ ❉❖❙ ❞❡ ❡st❛❞♦s ♣♦r át♦♠♦ g(EF ) ❡
g(EF ) · U ❡♠ ❢✉♥çã♦ ❞♦ ♥ú♠❡r♦ ❛tô♠✐❝♦ ❩✳ ❆♣❡♥❛s ♦s ❡❧❡♠❡♥t♦s ❋❡✱ ❈♦✱ ❡ ◆✐
s❛t✐s❢❛③❡♠ ♦ ❝r✐tér✐♦ ❞❡ ❙t♦♥❡r ❡ sã♦ ❢❡rr♦♠❛❣♥ét✐❝♦s✳ ❬✷✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✷✳✽ ❯♠ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦ ❝♦♥❡❝t❛❞♦ ❛ ❞♦✐s ❝♦♥t❛t♦s✳ ❈♦♠♦ ♦s ❝♦♥t❛t♦s tê♠ ✉♠❛
❞✐♠❡♥sã♦ ✐♥✜♥✐t❛ ❡♠ r❡❧❛çã♦ ❛♦ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦✱ ♦s ❡st❛❞♦s ♥♦s ❝♦♥t❛t♦s sã♦
❝♦♥tí♥✉♦s ❡ ♥♦ ❝♦♥s❞✉t♦r sã♦ q✉❛♥t✐③❛❞♦s✳ ◆♦ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦✱ ♦s ❡st❛❞♦s tê♠
♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ µ1 ♣❛r❛ +kx ❡ µ2 ♣❛r❛ −kx✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✹❪ ✶✹

✷✳✾ ❉✐❛❣r❛♠❛ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♠ ✉♠❛ ▼❚❏✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✷✳✶✵ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ ❉❖❙ ♥♦s ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✸✳✶ P❡r✜❧ ❞❡ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ❛ss✐♠étr✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷
✸✳✷ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k✳ ❈♦♥s✐❞❡r❛♥❞♦ ♦ ❝❛s♦ ❡♠ q✉❡ ❛

♠❛ss❛ ❡❢❡t✐✈❛ ❞♦ ❡❧étr♦♥ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥ ❧✐✈r❡ ♥❛s três r❡❣✐õ❡s✱
♦♥❞❡ r é ❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✸ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k ❝♦♥s✐❞❡r❛♥❞♦ m1 = m3 = rmel ❡
m2 = mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
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✸✳✹ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k✱ ❝♦♥s✐❞❡r❛♥❞♦ m1 = r1mel✱ m2 =
mel ❡ m3 = 2mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✸✳✺ P❡r✜❧ ❞❡ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✸✳✻ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k ✈❛r✐❛♥❞♦ ♦ ♣❛râ♠❡tr♦ V1✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
✸✳✼ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k ✈❛r✐❛♥❞♦ ♦ ♣❛râ♠❡tr♦ V1 ❡ ❝♦♥✲

s✐❞❡r❛♥❞♦ V2 = V0 − V1✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✹✳✶ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛
❣❛✉ss✐❛♥♦ (σ)✱ ❛s ❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s ✐♥❞✐❝❛♠ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦
♣❛r❛ ❛ ♦♥❞❛ ♣❧❛♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✹✳✷ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ s✐♠étr✐❝❛ ❡
❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✹✳✸ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❡ V1✱ ♣❛r❛ ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦
❝♦♠ ❧❛r❣✉r❛ σ = 3.6 ➴✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✹ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ❝♦♠ V1 ❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜✲
❛❜✐❧✐❞❛❞❡ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❞❡ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ σ = 3.6 ➴ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✺ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❡ V1✱ ♣❛r❛ ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦
❝♦♠ ❧❛r❣✉r❛ σ = 49.6 ➴ ❡ ❞✐❢❡r❡♥t❡s ❡♥❡r❣✐❛ ♠é❞✐❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✻ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛ ❡♠ ❢✉♥çã♦ ❞❡ V1 ✭❧✐♥❤❛
❝❤❡✐❛✮ ❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❞❡
❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹✾✳✻ ➴✭♣♦♥t✐❧❤❛❞♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✼ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞♦ ♣✉❧s♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷
✹✳✽ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦✳ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛

✈❡r♠❡❧❤❛ ✐♥❞✐❝❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹
✹✳✾ P❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ❡♠ ❢✉♥çã♦ ❞❡ k0✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺
✹✳✶✵ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ r❛③ã♦ E/V0✱ ✈❛r✐❛♥❞♦ ❛ ❧❛r❣✉r❛ ❞♦

♣✉❧s♦✳ ❆ ❧✐♥❤❛ ✈❡r❞❡ ✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳ ✳ ✳ ✳ ✳ ✳ ✹✺
✹✳✶✶ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦✱ ✈❛r✐❛♥❞♦ ❛ ❧❛r❣✉r❛

❞❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✹✳✶✷ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ r❛③ã♦ Em/V0✳ ❆ ❧✐♥❤❛ ✈❡r❞❡ ✐♥❞✐❝❛

♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✺✳✶ ❉✐❛❣r❛♠❛ ❞❛ ❞❡❢♦r♠❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♠ ✉♠❛ ▼❚❏ ❛♦ ❛♣❧✐❝❛r ✉♠❛ ❜✐❛s✳ ✳ ✳ ✳ ✳ ✺✶
✺✳✷ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡

❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 2.5mel✳ ❆s ❝♦r❡s ✈❡r♠❡❧❤♦✱
❛③✉❧✱ r♦①♦ ❡ ✈❡r❞❡ ✐♥❞✐❝❛♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ▼✲▼✱ ♠✲♠✱ ▼✲♠ ❡ ♠✲▼✱ r❡s♣❡❝t✐✲
✈❛♠❡♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✺✳✸ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐✲
❞❡♥t❡ ♥♦ ❡s♣❛ç♦ k ❞❡ ❧❛r❣✉r❛ ✹ ➴✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ▼✳ ❆
❧✐♥❤❛ ❝❤❡✐❛ ✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 2.5mel ✳ ✳ ✺✷

✺✳✹ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐✲
❞❡♥t❡ ♥♦ ❡s♣❛ç♦ k ❞❡ ❧❛r❣✉r❛ ✹ ➴✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ♠✳ ❆
❧✐♥❤❛ ❝❤❡✐❛ ✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 2.5mel ✳ ✳ ✺✹



▲■❙❚❆ ❉❊ ❋■●❯❘❆❙ ①✐✐✐

✺✳✺ ❈♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦
❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 2.5mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✺✳✻ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠
❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 2.5mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✺✳✼ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡
❣❛✉ss✐❛♥♦ ❡ ✉♠ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴✲ mm = 1.5mel✳ ❆s ❝♦r❡s ✈❡r✲
♠❡❧❤♦✱ ❛③✉❧✱ r♦①♦ ❡ ✈❡r❞❡ ✐♥❞✐❝❛♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ▼✲▼✱ ♠✲♠✱ ▼✲♠ ❡ ♠✲▼✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✺✳✽ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥✲
❝✐❞❡♥t❡ ♥♦ ❡s♣❛ç♦ k✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ▼✳ ❆ ❧✐♥❤❛ ❝❤❡✐❛
✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 1.5mel✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✾ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥✲
❝✐❞❡♥t❡ ♥♦ ❡s♣❛ç♦ k✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ♠✳ ❆ ❧✐♥❤❛ ❝❤❡✐❛
✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 1.5mel✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✺✳✶✵ ❈♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦
❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 1.5mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✺✳✶✶ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠
❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 1.5mel ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✺✳✶✷ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶
✺✳✶✸ ❈♦♥❞✉tâ♥❝✐❛ ❡ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ❡❧étr♦♥s s✱ mm,s =

1.3mel✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷



①✐✈ ▲■❙❚❆ ❉❊ ❋■●❯❘❆❙



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✷✳✶ ❚✉♥❡❧❛♠❡♥t♦ ❝♦♠ s♣✐♥ ♣♦❧❛r✐③❛❞♦ ♣❛r❛ ❥✉♥çõ❡s FM/Al2O3/Al ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✹✳✶ ❱❛❧♦r ❞♦ ♣❛râ♠❡tr♦ α ❛♦ ❛❥✉st❛r ❛ ❝✉r✈❛ ❞♦ ♣❡rí♦❞♦ ❡♠ ❢✉♥çã♦ ❞❡ k0✱ ✈❛r✐❛♥❞♦
❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✺✳✶ ❉❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ♣❛r❛ s♣✐♥s ▼ ❡ ♠✱ ❡♥❡r❣✐❛ ❞♦ ♥í✈❡❧ ❞❡
❋❡r♠✐ ❡♠ eV ✱ r❛③ã♦ ❡♥tr❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ✭❡q✉❛çã♦ ✷✳✹✺✮ ❡ ♠❛ss❛ ❡❢❡t✐✈❛
✭❡q✉❛çã♦ ✷✳✹✻✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✺✳✷ ❱❛❧♦r❡s ❞❡ rM ❡ rm ❡st✐♠❛❞♦s ❡ s❡✉s r❡s♣❡❝t✐✈♦s ♥ú♠❡r♦s ❞❡ ❋❡r♠✐✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵
✺✳✸ ❱❛❧♦r❡s ❞❡ rM,s ❡ rm,s ❡st✐♠❛❞♦s ❡ s❡✉s r❡s♣❡❝t✐✈♦s ✈❡t♦r❡s ❞❡ ❋❡r♠✐✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

①✈
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▲✐st❛ ❞❡ ❆❜r❡✈✐❛çõ❡s ❡ ❙í♠❜♦❧♦s

❆❋▼ ✲ ❆♥t✐❢❡rr♦♠❛❣♥ét✐❝♦
❆❧2❖3 ✲ Ó①✐❞♦ ❞❡ ❆❧✉♠í♥✐♦
❆P ✲ ❆♥t✐♣❛r❛❧❡❧❛
❉❉P ✲ ❉✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧
❉❖❙ ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ❊st❛❞♦s
❋▼ ✲ ❋❡rr♦♠❛❣♥ét✐❝♦
❋▼✲■✲❙ ✲ ❋❡rr♦♠❛❣♥ét✐❝♦✲✐s♦❧❛♥t❡✲s✉♣❡r❝♦♥❞✉t♦r
● ✲ ❈♦♥❞✉tâ♥❝✐❛
●▼❘ ✲ ▼❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ●✐❣❛♥t❡
▼ ✲ ▼❛❣♥❡t✐③❛çã♦
▼✲■✲▼ ✲ ▼❡t❛❧✲✐s♦❧❛♥t❡✲♠❡t❛❧
▼▼❚ ✲ ▼ét♦❞♦ ❞❛ ▼❛tr✐③ ❞❡ ❚r❛♥s❢❡rê♥❝✐❛
▼❘❆▼ ✲ ▼❡♠ór✐❛s ♠❛❣♥ét✐❝❛s ♥ã♦ ✈♦❧át❡✐s
▼❘ ✲ ▼❛❣♥❡t♦rr❡s✐stê♥❝✐❛
▼❚❏ ✲ ❏✉♥çã♦ ❚ú♥❡❧ ▼❛❣♥ét✐❝❛
P ✲ P❛r❛❧❡❧❛
P❙ ✲ P♦❧❛r✐③❛çã♦ ❞❡ s♣✐♥
❙ ✲ ❙✉♣❡r❝♦♥❞✉t♦r
❙❉❚ ✲ ❚✉♥❡❧❛♠❡♥t♦ ❞❡♣❡♥❞❡♥t❡ ❞❡ s♣✐♥
❚▼❘ ✲ ▼❛❣♥❡t♦r❡s✐stê♥❝✐❛ ❞❡ t✉♥❡❧❛♠❡♥t♦
3di ✲ ✸❞ ✐t✐♥❡r❛♥t❡s
3dl ✲ ✸❞ ❧♦❝❛❧✐③❛❞♦s
D(EF ) ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐
e ✲ ▼ó❞✉❧♦ ❞❛ ❝❛r❣❛ ❡❧❡♠❡♥t❛r ❞♦ ❡❧étr♦♥ ✭1.602 10−19 C✮
EF ✲ ❊♥❡r❣✐❛ ❞❡ ❋❡r♠✐
h ✲ ❈♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦ ✭4.135 10−15 eV s✮
~ ✲ ❈♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦ s♦❜r❡ ✷π ✭6.582 10−16 eV s✮
kb ✲ ❈♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ✭8.617 10−5 eV K−1✮
mel ✲ ▼❛ss❛ ❞♦ ❡❧étr♦♥ ❧✐✈r❡ ✭9.109 10−31 kg✮
µ ✲ P♦t❡♥❝✐❛❧ q✉í♠✐❝♦
µB ✲ ▼❛❣♥❡t♦♥ ❞❡ ❇♦❤r ✭927 10−26 JT−1✮
µ0 ✲ P❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ♥♦ ✈á❝✉♦ ✭4π10−7Hm−1✮
T (k) ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ ❚r❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛

①✈✐✐
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❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❆ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ✭▼❘✮ ❝♦♥s✐st❡ ♥❛ ✈❛r✐❛çã♦ ❞❛ r❡s✐stê♥❝✐❛ ❡❧étr✐❝❛ ❡♠ ♠❡t❛✐s ❞❡✈✐❞♦

à ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ P❛r❛ ♠❡t❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s t❛✐s ❝♦♠♦ ❢❡rr♦✱ ❝♦❜❛❧t♦ ❡

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

❝♦rr❡♥t❡ q✉❡ ❛tr❛✈❡ss❛ ♦ ♠❡t❛❧✳ ➱ ❝♦♥❤❡❝✐❞♦ q✉❡ ❡st❛ ♣r♦♣r✐❡❞❛❞❡ t❡♠ ♦r✐❣❡♠ ♥♦ ❛❝♦♣❧❛♠❡♥t♦

s♣✐♥✲ór❜✐t❛ ❞♦ ❡❧étr♦♥ ❬✶❪✳ ❊♠ ❣❡r❛❧✱ ♦ ❡❢❡✐t♦ ❞❛ ▼❘ é ♣❡q✉❡♥♦✱ ❞❛ ♦r❞❡♠ ❞❡ ❛❧❣✉♥s ♣♦✉❝♦s

♣♦r❝❡♥t♦s ✭♠❡♥♦r q✉❡ ✸✪✮✳

P♦st❡r✐♦r♠❡♥t❡✱ ❢♦✐ ❞❡s❝♦❜❡rt♦ ♦ ❡❢❡✐t♦ ❞❛ ▼❘ ❞❡✈✐❞♦ à ♣♦❧❛r✐③❛çã♦ ❞❡ s♣✐♥ ♥❛ ❝♦rr❡♥t❡ ❡

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

✈♦✉ ♦ ❡❢❡✐t♦ ❞❛ ▼❘ ❡♠ ❥✉♥çõ❡s ❞❡ t✉♥❡❧❛♠❡♥t♦ ❢♦✐ ♥♦ ❡①♣❡r✐♠❡♥t♦ r❡❛❧✐③❛❞♦ ♣❡❧♦ ❢ís✐❝♦ ❢r❛♥❝ês

▼✐❝❤❡❧ ❏✉❧❧✐èr❡ ❛♦ ❡st✉❞❛r ♦ t✉♥❡❧❛♠❡♥t♦ ❡♥tr❡ ✜❧♠❡s ❢❡rr♦♠❛❣♥ét✐❝♦s s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❝❛✲

♠❛❞❛ s❡♠✐❝♦♥❞✉t♦r❛ ❬✷❪✳ ◆❡ss❡ ❡①♣❡r✐♠❡♥t♦✱ ❏✉❧❧✐èr❡ ✈❡r✐✜❝♦✉ q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦

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

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

♦❜t✐❞♦s✳ ❊st❡ ❡❢❡✐t♦ ❢♦✐ ❞❡♥♦♠✐♥❛❞♦ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✭❚▼❘✱ s✐❣❧❛ ❞♦ ✐♥❣❧ês

❚✉♥♥❡❧ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡✮ ❡ ❛♣r❡s❡♥t❛ ✈❛❧♦r❡s tí♣✐❝♦s ❞❡ ❛té ✸✺✪ ❡♠ ❥✉♥çõ❡s ❞❡ t✉♥❡❧❛♠❡♥t♦

❬✷✱ ✸❪✳

❊♠ ✶✾✽✽✱ ❞♦✐s ❣r✉♣♦s ❞❡ ♣❡sq✉✐s❛s ✐♥❞❡♣❡♥❞❡♥t❡s ❞❡s❝♦❜r✐r❛♠ ♠❛t❡r✐❛✐s q✉❡ ❛♣r❡s❡♥t❛♠ ✉♠

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

✭●▼❘✱ s✐❣❧❛ ❞♦ ✐♥❣❧ês ●✐❛♥t ♠❛❣♥❡t♦r❡s✐st❛♥❝❡✮✳ ❖ ❡❢❡✐t♦ ❞❛ ●▼❘ ❝♦♥s✐st❡ ♥❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛

r❡s✐stê♥❝✐❛ ❞♦ s✐st❡♠❛ ❝♦♠ ❛ ♦r✐❡♥t❛çã♦ r❡❧❛t✐✈❛ ❡♥tr❡ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞❛s ❝❛♠❛❞❛s

❢❡rr♦♠❛❣♥ét✐❝❛s ❡ ❞❡✈❡✲s❡ ❛♦ tr❛♥s♣♦rt❡ ♣♦r ❝❛♠❛❞❛s ❢❡rr♦♠❛❣♥ét✐❝❛s s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❝❛✲

♠❛❞❛ ❞❡ ♠❡t❛❧ ♥ã♦ ♠❛❣♥ét✐❝♦✳ ❆ ❞❡s❝♦❜❡rt❛ ❞❛ ●▼❘ ♣❡❧♦ ❣r✉♣♦ ❞❡ P❡t❡r ●rü♥❜❡r❣ ❬✹❪ ✉t✐❧✐③♦✉

✉♠ s✐st❡♠❛ ❞❡ três ❝❛♠❛❞❛s ❝♦♠♣♦st❛s ♣♦r ❋❡✴❈r✴❋❡ ❡ ❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ♦❜s❡r✈♦✉✲s❡ ✉♠

❡❢❡✐t♦ ❞❡ ✶✵✪ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ♦r❞❡♠ ❞❡ ✷❚✳ ❏á ♦ ❣r✉♣♦ ❞❡ ❆❧❜❡rt ❋❡rt ❬✺❪✱

✶



✷ ■♥tr♦❞✉çã♦

✉t✐❧✐③♦✉ ♠✉❧t✐✲❝❛♠❛❞❛s ❞❡ ❋❡✴❈r ♥♦ q✉❛❧ ♦❜s❡r✈♦✉✲s❡ ✉♠ ❡❢❡✐t♦ ❞❡ ✺✵✪ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❞❛ ♦r❞❡♠ ❞❡ ✷✵❚✳ ❘❡❝❡♥t❡♠❡♥t❡✱ ❡♠ ♥❛♥♦❝♦♥t❛t♦s ❢♦✐ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ✉♠ ❡❢❡✐t♦ ❞❡

❛té ✸✵✵✪ ❬✻✱ ✼✱ ✽❪✳ ❖ ❢r❛♥❝ês ❆❧❜❡rt ❋❡rt ❡ ♦ ❛❧❡♠ã♦ P❡t❡r ❆♥❞r❡❛s ●rü♥❜❡r❣ ❢♦r❛♠ ❧❛✉r❡❛❞♦s

❝♦♠ ♦ Prê♠✐♦ ◆♦❜❡❧ ❞❡ ❋ís✐❝❛ ❞❡ ✷✵✵✼ ♣❡❧❛ ❞❡s❝♦❜❡rt❛ ❞❛ ●▼❘ ❞❡✈✐❞♦ à s✉❛ ✐♠♣♦rtâ♥❝✐❛

❝✐❡♥tí✜❝♦✲t❡❝♥♦❧ó❣✐❝❛✳

❆s ❞❡s❝♦❜❡rt❛s ❞❛ ●▼❘ ❡ ❞❛ ❚▼❘ ✈✐❛❜✐❧✐③❛r❛♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠❛ ❡❧❡trô♥✐❝❛

❜❛s❡❛❞❛ ❡♠ ❡❢❡✐t♦s ❞❡♣❡♥❞❡♥t❡s ❞❡ s♣✐♥ ❝♦♥tr♦❧❛❞❛ ♣♦r ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s✳ ❊ss❛ ♥♦✈❛ ❡❧❡trô♥✐❝❛

é ❞❡♥♦♠✐♥❛❞❛ s♣✐♥trô♥✐❝❛ ❬✾❪ ❡ ♥❛ ú❧t✐♠❛ ❞é❝❛❞❛ ♦❝♦rr❡✉ ✉♠ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♠✉✐t♦ rá♣✐❞♦✱

t❛♥t♦ ♥♦ ❡st✉❞♦ ❞❡ ♣r♦❜❧❡♠❛s ❜ás✐❝♦s ❝♦♠♦ ♥❛s ❛♣❧✐❝❛çõ❡s✳ ❊♠ r❡❧❛çã♦ às ❥✉♥çõ❡s ❞❡ t✉♥❡❧❛✲

♠❡♥t♦ ♠❛❣♥ét✐❝❛s✱ ❤♦❥❡ sã♦ ♣r♦❞✉③✐❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡ ❛♣r❡s❡♥t❛♠ ✉♠ ❣r❛♥❞❡ ❡❢❡✐t♦ ❞❡ ♠❛❣♥❡✲

t♦r❡s✐stê♥❝✐❛ ❡ tê♠ s✐❞♦ r❡❝❡♥t❡♠❡♥t❡ ✐♥❝♦r♣♦r❛❞♦s ❝♦♠♦ ❡❧❡♠❡♥t♦s ❡♠ ♥♦✈♦s t✐♣♦s ❞❡ ♠❡♠ór✐❛s

♠❛❣♥ét✐❝❛s ♥ã♦✲✈♦❧át❡✐s ✭▼❘❆▼✱ s✐❣❧❛ ❞♦ ✐♥❣❧ês ▼❛❣♥❡t♦r❡s✐st✐✈❡ ❘❛♥❞♦♠ ❆❝❝❡ss ▼❡♠♦r②✮

❬✶✵❪✳

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

♣❛r❛ ✉♠❛ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛✱ ✐✳❡✳✱ r✉♠♦ à ♥❛♥♦❡❧❡trô♥✐❝❛✳ ❚❛❧ t❡♥❞ê♥❝✐❛ ❧❡✈❛ ❛ ✉♠❛ ❜✉s❝❛ ❝r❡s✲

❝❡♥t❡ ♣♦r ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s ❡ ❛ ♣r♦❞✉çã♦ ❞❡ ♠❛t❡r✐❛✐s ❝♦♠ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛r♠❛③❡♥❛r

✐♥❢♦r♠❛çã♦ ❡♠ ❛❧t❛s ❞❡♥s✐❞❛❞❡s ✭❜✐ts ♣♦r ♥❛♥♦♠❡tr♦s ❛♦ q✉❛❞r❛❞♦✮ ❬✶✶❪✳ ◆❛ ❡s❝❛❧❛ ❞❡ ♣♦✉❝♦s

♥❛♥♦♠❡tr♦s✱ ♦s ❡❧étr♦♥s ♣♦❞❡♠ ♣r♦♣❛❣❛r✲s❡ s❡♠ s♦❢r❡r ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❡❧ást✐❝♦ ✭r❡❣✐♠❡ ❜❛❧ís✲

t✐❝♦✮ ❡ ❛ ❢❛s❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ♣♦❞❡ ♠❛♥t❡r s✉❛ ❝♦❡rê♥❝✐❛ ❡♠ ❡s❝❛❧❛s ❞❛ ♦r❞❡♠ ❞♦ t❛♠❛♥❤♦

❞♦ s✐st❡♠❛✱ ❞❛♥❞♦ ❧✉❣❛r ❛♦s tí♣✐❝♦s ❢❡♥ô♠❡♥♦s ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ q✉â♥t✐❝❛ ❬✶✷❪✳ ◆❡ss❛ s✐t✉❛çã♦✱ ❛

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

♠❛❝r♦s❝ó♣✐❝♦s ❬✶✸✱ ✶✹✱ ✶✺✱ ✶✻❪✳

❖ ♥♦ss♦ ✐♥t❡r❡ss❡ é ❡st✉❞❛r ♦ tr❛♥s♣♦rt❡ ❡♠ s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✱ ♥♦s q✉❛✐s ❜❛rr❡✐r❛s

❞❡ t✉♥❡❧❛♠❡♥t♦ ❢❛③❡♠ ♣❛rt❡ ❞❡ ❞✐✈❡rs♦s ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s ❬✶✼✱ ✶✽❪✱ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ❡♠

❥✉♥çõ❡s ❞❡ t✉♥❡❧❛♠❡♥t♦ ♠❛❣♥ét✐❝❛s✳ ◆✉♠❛ tí♣✐❝❛ ❥✉♥çã♦ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♠❛❣♥ét✐❝❛✱ ❞♦✐s ❡❧❡tr♦✲

❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ❡stã♦ s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ✜♥❛ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ ✭♣♦r ❡①❡♠♣❧♦ Al2O3✮✱ q✉❡

r❡♣r❡s❡♥t❛ ❛ ❜❛rr❡✐r❛ ❞❡ t✉♥❡❧❛♠❡♥t♦✳ P❛r❛ ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦ ✭❋❡✱ ❈♦✱ ◆✐✮✱ ❜❛♥❞❛s ❞❡ t✐♣♦

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

♣♦❧❛r✐③❛çã♦ ❞❛s ❜❛♥❞❛s ❞✳ ❆ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐ ♦❜t✐❞❛ ♣❛r❛ ♦ ❜✉❧❦✱ ❛♣r❡s❡♥t❛ r❛♠♦s ✐♠♣♦r✲

t❛♥t❡s ♣r♦✈❡♥✐❡♥t❡s ❞❛s ❜❛♥❞❛s t✐♣♦ ❞✳ ❊♠ r❡❧❛çã♦ ❛♦s ♦r❜✐t❛✐s t✐♣♦ s ❡ ♣✱ ♦s ♦r❜✐t❛✐s ❞ sã♦

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

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

◗✉❡r❡♠♦s✱ ♣♦rt❛♥t♦✱ r❡❛❧✐③❛r ✉♠ ❝á❧❝✉❧♦ ♠❛✐s r❡❛❧íst✐❝♦ ❞♦ t✉♥❡❧❛♠❡♥t♦ ❞♦s ❡❧étr♦♥s ❞ ♣♦r

❜❛rr❡✐r❛s ❞❡ ♣♦t❡♥❝✐❛❧✳ P♦r ✜♠✱ ❛tr❛✈és ❞❛ ❡st✐♠❛t✐✈❛ ❞❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ ❝❛❞❛ ❜❛♥❞❛ ♣❛r❛ ❛

❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✱ ❡st✐♠❛r❡♠♦s ♦ ❡❢❡✐t♦ ❞❡ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛✳ ❖s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦



✸

❞♦ t✐♣♦ s✱ ♣♦❞❡♠ s❡r ❜❡♠ r❡♣r❡s❡♥t❛❞♦s ♣♦r ♣♦✉❝❛s ♦♥❞❛s ♣❧❛♥❛s✳ ❊ss❡ ❥á ♥ã♦ é ♦ ❝❛s♦ ❞♦s

❡❧étr♦♥s ❞✱ q✉❡ ♣♦ss✉❡♠ ✉♠ ❝❛rát❡r ♠❛✐s ❧♦❝❛❧✐③❛❞♦ ❡ tê♠ ♠❛ss❛ ❡❢❡t✐✈❛ ♠❛✐♦r✳

❆❧é♠ ❞❡st❡ ❈❛♣ít✉❧♦ ✶ ❞❡ ✐♥tr♦❞✉çã♦✱ ❡st❡ tr❛❜❛❧❤♦ ❡stá ♦r❣❛♥✐③❛❞♦ ❞♦ s❡❣✉✐♥t❡ ♠♦❞♦✿

❼ ◆♦ ❈❛♣ít✉❧♦ ✷✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❢✉♥❞❛♠❡♥t♦s ❢ís✐❝♦s t❡ór✐❝♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ❝♦♠✲

♣r❡❡♥sã♦ ❞♦ tr❛♥s♣♦rt❡ ❡♠ ✉♠❛ ❥✉♥çã♦ tú♥❡❧✲♠❛❣♥ét✐❝❛ ✭▼❚❏✱ s✐❣❧❛ ❞♦ ✐♥❣❧ês ▼❛❣♥❡t✐❝

❚✉♥♥❡❧ ❏✉♥❝t✐♦♥✮✳ ❆♣r❡s❡♥t❛✲s❡ ♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡ ♣❛r❛ ♦ ❡❢❡✐t♦ ❚▼❘✱ ♦ ❢♦r♠❛❧✐s♠♦

❞❡ ▲❛♥❞❛✉❡r q✉❡ s❡rá ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♥♦s ❝❛♣ít✉❧♦s s✉❜s❡q✉❡♥t❡s

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

❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r é ✉♥✐❞✐♠❡♥s✐♦♥❛❧ é ❡st✉❞❛❞♦ ❛♣❡♥❛s ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡♠ ✉♠❛ ❞✐✲

♠❡♥sã♦✳ P♦r ✜♠ ✐♥tr♦❞✉③✐♠♦s ♦ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❚▼❘ ❡♠ ▼❚❏✳ ❊♠

❣❡r❛❧✱ ✉♠❛ ▼❚❏ ❛♣r❡s❡♥t❛ ❣❡♦♠❡tr✐❛ ♣❧❛♥❛r✱ ✭q✉❛s❡ ❜✐✲❞❡♠❡♥s✐♦♥❛❧✮✱ ❡♥tr❡t❛♥t♦ ♦ ♠♦❞❡❧♦

♣r♦♣♦st♦ ♥❡ss❛ ❞✐ss❡rt❛çã♦ é ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ❡ ❝♦♠ ✐ss♦ s❡ ❛♣r♦①✐♠❛ ❞❡ ✉♠ ✜♦ q✉â♥t✐❝♦

❝♦♠ ✉♠❛ ❜❛rr❡✐r❛ ♥♦ ♠❡✐♦✳

❼ ❖ ❈❛♣ít✉❧♦ ✸ ❛♣r❡s❡♥t❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛ ♣♦r

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

❛ss✐♠étr✐❝❛ ❡ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛✳ P❛r❛ ❡st❡s ❝á❧❝✉❧♦s✱ é ❝♦♥s✐❞✲

❡r❛❞❛ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦ ❡❧étr♦♥ ❞❡♣❡♥❞❡♥t❡ ❞❛ ♣♦s✐çã♦✳

❼ ❖ ❈❛♣ít✉❧♦ ✹ ❛♣r❡s❡♥t❛ ❛ ❛♥á❧✐s❡ ❞♦ t✉♥❡❧❛♠❡♥t♦ ❞❡ ♣❛❝♦t❡s ❞❡ ♦♥❞❛s ♣♦r ❜❛rr❡✐r❛s ❞❡

♣♦t❡♥❝✐❛❧ ♣❡❧♦ ❡st✉❞♦ ❞❛ tr❛♥s♠✐ssã♦ ❞❡ ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦s ♣♦r ❜❛rr❡✐r❛s

❞❡ ♣♦t❡♥❝✐❛❧ r❡t❛♥❣✉❧❛r ❡ ❧✐♥❡❛r✳

❼ ❖ ❈❛♣ít✉❧♦ ✺ ❛♣r❡s❡♥t❛ ❛ ❛♥á❧✐s❡ ❞♦ tr❛♥s♣♦rt❡ ❡♠ ▼❚❏✳ ❆ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡ ♦ ❢❡♥ô♠❡♥♦

❞❡ ❚▼❘ sã♦ ❡st✉❞❛❞♦s ♣❛r❛ ✉♠❛ ▼❚❏ ❝♦♥✈❡♥❝✐♦♥❛❧ ❝♦♥st✐t✉í❞❛ ❞❡ ✉♠❛ ❜❛rr❡✐r❛ ✐s♦❧❛♥t❡

❡♥tr❡ ❞♦✐s ❡❧❡tr♦❞♦s ♠❡tá❧✐❝♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ✐❞ê♥t✐❝♦s✳

❼ ❋✐♥❛❧♠❡♥t❡✱ ♥♦ ❈❛♣ít✉❧♦ ✻ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝♦♥❝❧✉sõ❡s ❣❡r❛✐s ♦❜t✐❞❛s ♥❡st❡ tr❛❜❛❧❤♦

♦♥❞❡ ❢❛③❡♠♦s ✉♠❛ ❞✐s❝✉ssã♦ ❝rít✐❝❛ ❞❛ t❡♦r✐❛ ❞❡ ❏✉❧❧✐èr❡✱ ♦❜s❡r✈❛♥❞♦ q✉❡ ♦ ❡❢❡✐t♦ ❚▼❘ ♥ã♦

❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ s❡♥❞♦ ✐♠♣♦rt❛♥t❡ ❝♦♥s✐❞❡r❛r

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



✹ ■♥tr♦❞✉çã♦



❈❛♣ít✉❧♦ ✷

❆s♣❡❝t♦s t❡ór✐❝♦s

◆❡st❡ ❝❛♣ít✉❧♦ ✈❛♠♦s ❞❡s❡♥✈♦❧✈❡r ❛s ❜❛s❡s t❡ór✐❝❛s ♥❡❝❡ssár✐❛s ♣❛r❛ ♦ ❡st✉❞♦ ❞❛ ♣♦❧❛r✐③❛çã♦

♠❛❣♥ét✐❝❛ ❞❛s ❝♦rr❡♥t❡s ❞❡ t✉♥❡❧❛♠❡♥t♦✳ ◆❛ ♣r✐♠❡✐r❛ s❡çã♦ ✐r❡♠♦s ❞✐s❝✉t✐r ♦s ♣r✐♠❡✐r♦s ❡①✲

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

♦ ❡❢❡✐t♦ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❡ ♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡✳ ◆❛s ❞✉❛s s❡çõ❡s s❡❣✉✐♥t❡s s❡rá ❢❡✐t♦ ✉♠

❜r❡✈❡ ❡st✉❞♦ s♦❜r❡ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ✐t✐♥❡r❛♥t❡ ❡ t❛♠❜é♠ s♦❜r❡ ♦ ❡❢❡✐t♦ ❞❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛

❡♠ ❥✉♥çõ❡s tú♥❡❧✲♠❛❣♥ét✐❝❛s✳ P♦r ✜♠ ✐r❡♠♦s ✐♥tr♦❞✉③✐r ♦ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛

❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳

✷✳✶ ❊①♣❡r✐♠❡♥t♦s ❞❡ ❚✉♥❡❧❛♠❡♥t♦ ❞❡♣❡♥❞❡♥t❡ ❞❡ ❙♣✐♥

❖ ❡❢❡✐t♦ ❞♦ t✉♥❡❧❛♠❡♥t♦ ❞❡♣❡♥❞❡♥t❡ ❞❡ s♣✐♥ ✭❙❉❚✱ s✐❣❧❛ ❞♦ ✐♥❣❧ês ❙♣✐♥✲❞❡♣❡♥❞❡♥t t✉♥✲

♥❡❧✐♥❣✮ ❢♦✐ ❞❡s❝♦❜❡rt♦ ❡♠ ✶✾✼✵ ♣♦r ▼❡s❡r✈❡② ❛♥❞ ❚❡❞r♦✇ ❬✶✼❪ ❡♠ ✉♠ ❡①♣❡r✐♠❡♥t♦ ♣✐♦♥❡✐r♦

✉t✐❧✐③❛♥❞♦ ❥✉♥çã♦ tú♥❡❧ ❢❡rr♦♠❛❣♥❡t♦✴✐s♦❧❛♥t❡✴s✉♣❡r❝♦♥❞✉t♦r ✭❋▼✲■✲❙✮ ♣❛r❛ ♠❡❞✐r ❛ ♣♦❧❛r✐③❛✲

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

❝❛♠❛❞❛ ✐s♦❧❛♥t❡✳ ◆❡ss❡ ❡①♣❡r✐♠❡♥t♦✱ ♦s ❡❧étr♦♥s t✉♥❡❧❛✈❛♠ ❞❛ ❝❛♠❛❞❛ ❢❡rr♦♠❛❣♥ét✐❝❛ ♣❛r❛ ✉♠

✜❧♠❡ s✉♣❡r❝♦♥❞✉t♦r ❞❡ ❆❧✱ q✉❡ ❛t✉❛✈❛ ❝♦♠♦ ❞❡t❡❝t♦r ❞❡ s♣✐♥✳ ❆ ❉❖❙ ❞♦ s✉♣❡r❝♦♥❞✉t♦r t❡♠ ✉♠

❣❛♣ ❞❡ ✷∆ ♥♦ ❡s♣❡❝tr♦ ❞❛ q✉❛s❡✲♣❛rtí❝✉❧❛ ❡ s✐♥❣✉❧❛r✐❞❛❞❡s ❡♠ E = ±∆✳ ❆♦ ❛♣❧✐❝❛r ✉♠ ❝❛♠♣♦

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

❞♦ ❡❧étr♦♥ ♣❡❧♦ ❡❢❡✐t♦ ❩❡❡♠❛♥ s❡♣❛r❛♥❞♦ ♦s ❡st❛❞♦s ❞❡ q✉❛s❡✲♣❛rtí❝✉❧❛ ♥♦ s✉♣❡r❝♦♥❞✉t♦r✳ ❊ss❡

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

❞♦ s♣✐♥ ♥♦ ✜❧♠❡ ❢❡rr♦♠❛❣♥ét✐❝♦✳ ❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡s❞♦❜r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ✭❉❖❙✱

s✐❣❧❛ ❞♦ ✐♥❣❧ês ❉❡♥s✐t② ♦❢ ❙t❛t❡s✮ ♥♦ ✜❧♠❡ s✉♣❡r❝♦♥❞✉t♦r✱ ❣❡r❛♥❞♦ ❜❛♥❞❛s ❞❡ ❡st❛❞♦s ❞❡ s♣✐♥

♣❛r❛ ❝✐♠❛ ❡ ❡st❛❞♦s ❞❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦✱ s❡♣❛r❛❞♦s ♣♦r 2µBH✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✶✳

❖s ♣✐❝♦s ♥❛ ❉❖❙ ❞♦ s✉♣❡r❝♦♥❞✉t♦r t♦r♥❛♠ ♣♦ssí✈❡❧ s❡♣❛r❛r ❛s ❝♦♥tr✐❜✉✐çõ❡s ❝♦♠ s♣✐♥ ♣❛r❛

✺



✻ ❆s♣❡❝t♦s t❡ór✐❝♦s

❋✐❣✳ ✷✳✶✿ ❚✉♥❡❧❛♠❡♥t♦ ❡♠ ✉♠❛ ❡str✉t✉r❛ ❋▼✲■✲❙✳ ✭❛✮ ❆ ❉❖❙ ❞♦ s✉♣❡r❝♦♥❞✉t♦r ❞❛s ❝♦♥✲
tr✐❜✉✐çõ❡s ❞❡ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦ é s❡♣❛r❛❞❛ 2µBH✳ ✭❜✮ ❈♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦
❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛ ❝❛❞❛ ♦r✐❡♥t❛çã♦ ❞❡ s♣✐♥ ✭❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s✮ ❡ ❝♦♥❞✉tâ♥❝✐❛ t♦t❛❧ ✭❧✐♥❤❛ ❝❤❡✐❛✮
❬✶✼❪✳

❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♦ q✉❡ r❡s✉❧t❛ ♥✉♠❛ ❢♦r♠❛ ❛ss✐♠étr✐❝❛ ♣❛r❛

❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✶✳ ❊st❛ ❛ss✐♠❡tr✐❛ é ❞❡✈✐❞❛ à ❞✐❢❡r❡♥ç❛ ♥❛

❉❖❙ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ♣❛r❛ ❡st❛❞♦s ❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦ ♥❛ ❝❛♠❛❞❛ ❢❡rr♦✲

♠❛❣♥ét✐❝❛✱ q✉❡ ❞❡t❡r♠✐♥❛ ♦ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s q✉❡ ❛tr❛✈❡ss❛ ❡♠ ❝❛❞❛ ❝❛♥❛❧ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✳

❆ss✉♠✐♥❞♦ q✉❡ ♦ s♣✐♥ ♥ã♦ ♠✉❞❛ ♥♦ ♣r♦❝❡ss♦ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❛ ❝♦♥❞✉tâ♥❝✐❛ t♦t❛❧ é ❛ s♦♠❛ ❞❛

❝♦♥❞✉tâ♥❝✐❛ ❞♦s ❝❛♥❛✐s ❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦✱ ❛ ♣♦❧❛r✐③❛çã♦ ❞❡ s♣✐♥ (PS) ♣♦❞❡

s❡r ❡st✐♠❛❞❛ ♣❡❧❛ ♠❡❞✐❞❛ ❞✐❢❡r❡♥ç❛ ❞♦s q✉❛tr♦ ♣✐❝♦s ♥❛ ❝♦♥❞✉tâ♥❝✐❛ (σ1−4)✿

PS ≈ (σ4 − σ2)− (σ1 − σ3)

(σ4 − σ2) + (σ1 − σ3)
✭✷✳✶✮

❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s ♣✐❝♦s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ é ✉♠❛ ❡st✐♠❛t✐✈❛ ❞♦ ✈❛❧♦r ❞❡ PS ❡ ❣❡r❛❧♠❡♥t❡

é s✉♣❡r❡st✐♠❛❞❛✳ P♦❞❡✲s❡ ♦❜t❡r ✉♠❛ ♠❛✐♦r ♣r❡❝✐sã♦ ✐♥tr♦❞✉③✐♥❞♦ ❡s♣❛❧❤❛♠❡♥t♦ s♣✐♥✲ór❜✐t❛ ♥♦

s✉♣❡r❝♦♥❞✉t♦r ❬✶✼✱ ✶✾❪✳ ◆❛ t❛❜❡❧❛ ✷✳✶ s❡ ❡♥❝♦♥tr❛♠ ✈❛❧♦r❡s ❞❡ PS ♠❡❞✐❞♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s

♠❡t❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s ❝♦rr✐❣✐❞♦s ♣❡❧♦ ❡s♣❛❧❤❛♠❡♥t♦ s♣✐♥✲ór❜✐t❛ ❬✷✵❪✳ ◆♦t❛✲s❡ q✉❡ ♦ s✐♥❛❧ ❞❡

PS ♣❛r❛ ♦s ♠❡t❛✐s 3d ❡ s✉❛s ❧✐❣❛s é ♣♦s✐t✐✈♦ ❡♠ t♦❞♦s ♦s ❝❛s♦s✳

❚❛❜✳ ✷✳✶✿ ❚✉♥❡❧❛♠❡♥t♦ ❝♦♠ s♣✐♥ ♣♦❧❛r✐③❛❞♦ ♣❛r❛ ❥✉♥çõ❡s FM/Al2O3/Al

❋▼ ◆✐ ❈♦ ❋❡ Ni40Fe60 Ni80Fe20 SrRuO3 Co40Fe60 Co84Fe16
PS ✭✪✮ ✸✸ ✹✷ ✹✺ ✹✽ ✺✺ −9.5 ✺✺ ✺✺



✷✳✷ ▼❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❡♠ ❥✉♥çõ❡s tú♥❡❧ ♠❛❣♥ét✐❝❛s ✼

✷✳✷ ▼❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❡♠ ❥✉♥çõ❡s tú♥❡❧ ♠❛❣♥ét✐❝❛s

❯♠❛ tí♣✐❝❛ ❥✉♥çã♦ tú♥❡❧✲♠❛❣♥ét✐❝❛ ✭▼❚❏✮ ❝♦♥s✐st❡ ❞❡ ❞♦✐s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s s❡♣❛✲

r❛❞♦s ♣♦r ✉♠❛ ✜♥❛ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ ✭✉s✉❛❧♠❡♥t❡ Al2O3✮✱ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❜❛rr❡✐r❛ ❞❡ t✉♥❡❧❛✲

♠❡♥t♦✳ ◆❛ ✜❣✉r❛ ✷✳✷ s❡ ❡♥❝♦♥tr❛ ❛ ♠✐❝r♦❣r❛✜❛ ❞❡ ✉♠❛ ▼❚❏ ❝♦♠♣♦st❛ ♣♦r ❝❛♠❛❞❛s ❞❡

▼♥❋❡✲P②✴❆❧2❖3/❈♦✱ ♦♥❞❡ P② é ✉♠❛ ❧✐❣❛ ♣❡r♠❛❧❧♦② ✭◆✐81❋❡19✮✳ ❖ ▼♥❋❡ é ✉♠ ♠❛t❡r✐❛❧ ❛♥t✐✲

❢❡rr♦♠❛❣♥ét✐❝♦ ✭❆❋▼✮ ❡ P② é ❢❡rr♦♠❛❣♥ét✐❝♦ ✭❋▼✮ ❛ss✐♠ ❞❡✈✐❞♦ à ✐♥t❡r❛çã♦ ❡①❝❤❛♥❣❡ ❜✐❛s ♥❛

✐♥t❡r❢❛❝❡ ❆❋▼✴❋▼ ❛ ❝❛♠❛❞❛ ▼♥❋❡✲P② t❡♠ ❛ s✉❛ ♠❛❣♥❡t✐③❛çã♦ ✜①❛✳ ❏á ♦ ❡❧❡tr♦❞♦ ❞❡ ❈♦ t❡♠

♠❛❣♥❡t✐③❛çã♦ ❧✐✈r❡✳

❋✐❣✳ ✷✳✷✿ ❙❡çã♦ ❞❡ ❝♦rt❡ tr❛♥s✈❡rs❛❧ ❞❛ ♠✐❝r♦❣r❛✜❛ ❞❡ ▼❚❏ ❝♦♠♣♦st❛ ❞❡ ❝❛♠❛❞❛s ▼♥❋❡✲
P②✴❆❧2❖3/❈♦✳ ❖ ❡❧❡tr♦❞♦ ❞❡ ❈♦ é ❧✐✈r❡✳ ❈❛❞❛ ✉♠❛ ❞❛s ❝❛♠❛❞❛s ❞❛ ❥✉♥çã♦ ❡stá ✐♥❞✐❝❛❞❛
❬✷✶❪✳

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

♣❡❧❛ ❛♣❧✐❝❛çã♦ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡①t❡r♥♦s ❧♦❝❛✐s✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✸✳ ❆♦ ❝♦♠♣❛r❛r✲

♠♦s ❝♦♥✜❣✉r❛çõ❡s ♥❛s q✉❛✐s ❛s ♣♦❧❛r✐③❛çõ❡s ❞♦s ❡❧❡tr♦❞♦s sã♦ ♣❛r❛❧❡❧❛s ✭P✮ ♦✉ ❛♥t✐✲ ♣❛r❛❧❡❧❛s

✭❆P✮ ♦❜s❡r✈❛✲s❡ ♦ ❡❢❡✐t♦ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛✱ q✉❡ ❝♦♥s✐st❡ ♥❛ ✈❛r✐❛çã♦ ❞❛ r❡s✐stê♥❝✐❛ ❡♠

▼❚❏ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❞✐r❡çã♦ r❡❧❛t✐✈❛ ❡♥tr❡ ❛s ♠❛❣♥❡t✐③❛çõ❡s ❞♦s ❡❧❡tr♦❞♦s✳ ◆❛ ❝♦♥✜❣✉r❛çã♦

P ❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ é ❛❧t❛ ✭r❡s✐stê♥❝✐❛ ❜❛✐①❛✮✱ ❥á ♥❛ ❝♦♥✜❣✉r❛çã♦ ❆P ❛ ❝♦rr❡♥t❡ ❞❡

t✉♥❡❧❛♠❡♥t♦ é ❜❛✐①❛ ✭r❡s✐stê♥❝✐❛ ❛❧t❛✮✳



✽ ❆s♣❡❝t♦s t❡ór✐❝♦s

✭❛✮ ❈♦♥✜❣✉r❛çã♦ P ✭❜✮ ❈♦♥✜❣✉r❛çã♦ ❆P

❋✐❣✳ ✷✳✸✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❡ ✉♠❛ ▼❚❏✳ ❆s s❡t❛s ♣r❡t❛s ✐♥❞✐❝❛♠ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞♦
❡❧❡tr♦❞♦ ❢❡rr♦♠❛❣♥ét✐❝♦ ❡ ❛ s❡t❛ ❛③✉❧ ✐♥❞✐❝❛ ♦ s❡♥t✐❞♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳

✷✳✷✳✶ ▼♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡

❆ ♣r✐♠❡✐r❛ ✈❡③ ❡♠ q✉❡ s❡ ♦❜s❡r✈♦✉ ♦ ❡❢❡✐t♦ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ✭▼❘✮ ❡♠ ❥✉♥çõ❡s ❞❡

t✉♥❡❧❛♠❡♥t♦ ❢♦✐ ♥♦ ❡①♣❡r✐♠❡♥t♦ r❡❛❧✐③❛❞♦ ♣♦r ❏✉❧❧✐èr❡ ❡♠ ✶✾✼✺ ❬✷❪ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❥✉♥çã♦ ❝♦♠

❡❧❡tr♦❞♦s ❞❡ ❋❡ ❡ ❈♦ ❡ s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❜❛rr❡✐r❛ s❡♠✐❝♦♥❞✉t♦r❛ ✭●❡✮✳ ◆❡st❡ ❡①♣❡r✐♠❡♥t♦

❡st✉❞♦✉✲s❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ♦r✐❡♥t❛çã♦ r❡❧❛t✐✈❛ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s

❢❡rr♦♠❛❣♥ét✐❝♦s✳ ❏✉❧❧✐èr❡ ♦❜t❡✈❡ ✉♠ ♠á①✐♠♦ ♣❛r❛ ❛ ❚▼❘ ❞❡ ✶✹✪ ❞✐♠✐♥✉✐♥❞♦ r❛♣✐❞❛♠❡♥t❡ ❝♦♠

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

        
















 

❋✐❣✳ ✷✳✹✿ Pr✐♠❡✐r❛ ✈❡③ ❡♠ q✉❡ ❢♦✐ ♦❜s❡r✈❛❞♦ ♦ ❡❢❡✐t♦ ❚▼❘✳ ❱❛r✐❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ r❡❧❛t✐✈❛
❞❡✈✐❞♦ à ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ❡♠ ✉♠❛
❥✉♥çã♦ ❋❡✴●❡✴❈♦ ❛ ✹✳✷ ❑ ✭♠♦❞✐✜❝❛❞❛ ❞❡ ❬✷❪✮✳

❏✉❧❧✐èr❡ ✐♥t❡r♣r❡t♦✉ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❢♦r♠✉❧❛♥❞♦ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧❡s ❞❡♥♦♠✐♥❛❞♦ ♠♦✲



✷✳✷ ▼❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❡♠ ❥✉♥çõ❡s tú♥❡❧ ♠❛❣♥ét✐❝❛s ✾

❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡✱ q✉❡ s❡ ❜❛s❡✐❛ ❡♠ ❞✉❛s ❝♦♥❞✐çõ❡s✳ ❆ ♣r✐♠❡✐r❛ ❝♦♥❞✐çã♦ é q✉❡ ♦ s♣✐♥ ❞♦ ❡❧étr♦♥

é ❝♦♥s❡r✈❛❞♦ ♥♦ ♣r♦❝❡ss♦ ❞❡ t✉♥❡❧❛♠❡♥t♦✳ ❆ss✐♠ ♦s ❡❧étr♦♥s ❞❡ ✉♠❛ s✉❜✲❜❛♥❞❛ t✉♥❡❧❛♠ ♣❛r❛

♦s ❡st❛❞♦s ♥ã♦ ♣r❡❡♥❝❤✐❞♦s ❞❛ ♦✉tr❛ ❜❛♥❞❛ ❝♦♠ ❛ ♠❡s♠❛ ♦r✐❡♥t❛çã♦✱ ♣♦rt❛♥t♦ ❤á ❞♦✐s ❝❛♥❛✐s

✐♥❞❡♣❡♥❞❡♥t❡s ♣❛r❛ ♦ t✉♥❡❧❛♠❡♥t♦✳ ❙❡ ♦s ❞♦✐s ❡❧❡tr♦❞♦s ❡stã♦ ♠❛❣♥❡t✐③❛❞♦s ♣❛r❛❧❡❧❛♠❡♥t❡ ♦s

❡❧étr♦♥s ❝♦♠ s♣✐♥ ♠❛❥♦r✐tár✐♦s ❞❡ ✉♠ ❡❧❡tr♦❞♦ t✉♥❡❧❛♠ ♣❛r❛ ❡st❛❞♦s ✈❛③✐♦s ❞❡ s♣✐♥ ♠❛❥♦r✐tár✐♦s

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

✈❛③✐♦s ❞❡ s♣✐♥ ♠✐♥♦r✐tár✐♦s ❞♦ ♦✉tr♦ ❡❧❡tr♦❞♦✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✺✭❛✮✳ ❏á s❡ ♦s ❞♦✐s

❡❧❡tr♦❞♦s ❡stã♦ ♠❛❣♥❡t✐③❛❞♦s ❛♥t✐✲♣❛r❛❧❡❧❛♠❡♥t❡ ♦s ❡❧étr♦♥s ❝♦♠ s♣✐♥ ♠❛❥♦r✐tár✐♦s t✉♥❡❧❛♠

♣❛r❛ ❡st❛❞♦s ✈❛③✐♦s ❝♦♠ s♣✐♥ ♠✐♥♦r✐tár✐♦s ❡ ♦s ❡❧étr♦♥s ❝♦♠ s♣✐♥ ♠✐♥♦r✐tár✐♦s t✉♥❡❧❛♠ ♣❛r❛

❡st❛❞♦s ✈❛③✐♦s ❞❡ s♣✐♥ ♠❛❥♦r✐tár✐♦s✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✺✭❜✮✳

✭❛✮ ❈♦♥✜❣✉r❛çã♦ P ✭❜✮ ❈♦♥✜❣✉r❛çã♦ ❆P

❋✐❣✳ ✷✳✺✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ ❉❖❙ ♥❛ ❝♦♥s❡r✈❛çã♦ ❞♦ s♣✐♥ ♥♦ t✉♥❡❧❛♠❡♥t♦✳

❆ s❡❣✉♥❞❛ ❝♦♥❞✐çã♦ é q✉❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ ✉♠❛ ♦r✐❡♥t❛çã♦ ❞❡ s♣✐♥ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦

♣r♦❞✉t♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ✭❉❖❙✮ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ❞♦s ❞♦✐s ❡❧❡tr♦❞♦s✳ ❉❡ ❛❝♦r❞♦ ❝♦♠

❡ss❡s ♣r❡ss✉♣♦st♦s ❛ ❝♦♥❞✉tâ♥❝✐❛ ♣❛r❛ ♦s ❛❧✐♥❤❛♠❡♥t♦s ♣❛r❛❧❡❧♦s ✭GP ✮ ❡ ❛♥t✐✲♣❛r❛❧❡❧♦s ✭GAP ✮

sã♦ ❞❛❞❛s ♣♦r✿

GP ∝ DM
D (EF )D

M
E (EF ) +Dm

D (EF )D
m
E (EF ) ✭✷✳✷✮

GAP ∝ DM
D (EF )D

m
E (EF ) +DM

E (EF )D
m
D (EF ) ✭✷✳✸✮

♦♥❞❡ DM,m
D,E (EF ) é ❛ ❉❖❙ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ❞♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ❞❛ ❞✐r❡✐t❛ ✭❉✮

❡ ❞❛ ❡sq✉❡r❞❛ ✭❊✮ ❝♦♠ s♣✐♥ ♠❛✐♦r✐❛ ✭▼ ✮ ❡ s♣✐♥ ♠✐♥♦r✐❛ ✭♠✮✳ ❯s❛♥❞♦ ❛ ❞❡✜♥✐çã♦ ❞❛ ❚▼❘

r❡❧❛t✐✈❛ ❛♦ ❛❧✐♥❤❛♠❡♥t♦ ♣❛r❛❧❡❧♦✿

TMR ≡ ∆G

GP

=
GP −GAP

GP

=
RAP −RP

RAP

✭✷✳✹✮



✶✵ ❆s♣❡❝t♦s t❡ór✐❝♦s

❡ s✉❜st✐t✉✐♥❞♦ ❛s ❡q✉❛çõ❡s ✷✳✷ ❡ ✷✳✸ ♥❛ ❡q✉❛çã♦ ❛❝✐♠❛✱ ❡♥❝♦♥tr❛♠♦s✿

TMR =
2PSDPSE

1 + PSDPSE

✭✷✳✺✮

♦♥❞❡ PSD ❡ PSE r❡♣r❡s❡♥t❛♠ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡ s♣✐♥ ♥♦ ❡❧❡tr♦❞♦ ❞❛ ❞✐r❡✐t❛ ❡ ❞❛

❡sq✉❡r❞❛ ❡ sã♦ ❞❛❞♦s ♣♦r✿

PSD =
N↑

D(EF )−N↓
D(EF )

N↑
D(EF ) +N↓

D(EF )
✭✷✳✻✮

PSE =
N↑

E(EF )−N↓
E(EF )

N↑
E(EF ) +N↓

E(EF )
✭✷✳✼✮

P♦rt❛♥t♦✱ ♥♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡ ❛ ❚▼❘ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♥♦ ♥í✈❡❧

❞❡ ❋❡r♠✐ ❞❡ ❛♠❜♦s ♦s ❡❧❡tr♦❞♦s✱ ♥ã♦ ❝♦♥s✐❞❡r❛♥❞♦ ♦s ❞❡t❛❧❤❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✳ ❖

♠♦❞❡❧♦ é ❜❛s❡❛❞♦ ♥❛ t❡♦r✐❛ ❝❧áss✐❝❛ ❞♦ t✉♥❡❧❛♠❡♥t♦ ♥ã♦ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❞❡♣❡♥❞ê♥❝✐❛

❞♦ s♣✐♥ ♥♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳ ❆❧é♠ ❞✐ss♦✱ ❡♠ ♣r✐♠❡✐r❛ ❛♣r♦①✐♠❛çã♦ ♣❛r❛ ❜❛✐①❛s

✈♦❧t❛❣❡♥s ♦ ✈❛❧♦r ❞❛ ❚▼❘ é ❝♦♥st❛♥t❡✳

✷✳✸ ❋❡rr♦♠❛❣♥❡t✐s♠♦

❖ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❞♦s s✐st❡♠❛s ♠❛❝r♦s❝ó♣✐❝♦s ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♥❛ ❢♦r♠❛ ❧♦❝❛❧✐③❛❞❛ ♦✉ ✐t✐✲

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

♠❛❣♥ét✐❝❛s ❞♦s s✐st❡♠❛s✱ ❡stã♦ ♣r❡s♦s ❛♦s át♦♠♦s ❞❛ r❡❞❡✳ P♦rt❛♥t♦✱ é ✉♠ ♠♦❞❡❧♦ ❛♣r♦♣r✐❛❞♦

❛♦s ♠❛t❡r✐❛s ✐s♦❧❛♥t❡s ♦✉ ❡♠ ♠❡t❛✐s ❝✉❥❛s ❝❛♠❛❞❛s ❛tô♠✐❝❛s ♥ã♦ ❢♦r♠❛♠ ❜❛♥❞❛s ❝♦♠♦ ♣♦r

❡①❡♠♣❧♦ ❛ ❝❛♠❛❞❛ ✹❢ ♥♦s ❧❛♥t❛♥í❞❡♦s✳

❊♥tr❡t❛♥t♦✱ ❡①✐st❡♠ ✈ár✐♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s ♠❡tá❧✐❝♦s✱ ❝♦♠♦ ♦s ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦

❋❡✱ ◆✐✱ ❈♦✱ ♦♥❞❡ ♦s s♣✐♥s r❡s♣♦♥sá✈❡✐s ♣❡❧♦ ♠❛❣♥❡t✐s♠♦ ♥ã♦ ❡stã♦ ❧♦❝❛❧✐③❛❞♦s ❡ sã♦ ❞❡s❝r✐t♦s

♣❡❧♦ ♠♦❞❡❧♦ ❞♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ✐t✐♥❡r❛♥t❡✳ ❈♦♠♦ ♥❡st❛ ❞✐ss❡rt❛çã♦ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠

♠❛t❡r✐❛s ❢❡rr♦♠❛❣♥ét✐❝♦s ❞♦ t✐♣♦ 3d ✐r❡♠♦s ❡st✉❞❛r ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ✐t✐♥❡r❛♥t❡✳

✷✳✸✳✶ ❋❡rr♦♠❛❣♥❡t✐s♠♦ ✐t✐♥❡r❛♥t❡

❖ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ♣♦r át♦♠♦ ❞❡ ❢❡rr♦ é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 2.2µB✳ ❊st❡ ✈❛❧♦r ❢r❛✲

❝✐♦♥ár✐♦ ♥ã♦ é ♣♦ssí✈❡❧ ❞❡ ❡♥t❡♥❞❡r ❛tr❛✈és ❞❛ t❡♦r✐❛ ❞♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❧♦❝❛❧✐③❛❞♦✳ ❊st❛

s✐t✉❛çã♦ ♣♦❞❡ s❡r ❡♥t❡♥❞✐❞❛ ❛tr❛✈és ❞❛ t❡♦r✐❛ ❞♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ✐t✐♥❡r❛♥t❡✱ ♥♦ q✉❛❧ ❛ ♠❛❣♥❡✲

t✐③❛çã♦ é ❞❡✈✐❞❛ à s❡♣❛r❛çã♦ ❡s♣♦♥tâ♥❡❛ ❞❛s s✉❜✲❜❛♥❞❛s ❞❡ ❝♦♥❞✉çã♦ ❝♦♥❢♦r♠❡ ♦ s❡✉ s♣✐♥✳ ◆❛



✷✳✸ ❋❡rr♦♠❛❣♥❡t✐s♠♦ ✶✶

❛♣r♦①✐♠❛çã♦ ❞♦ ❝❛♠♣♦ ♠♦❧❡❝✉❧❛r ❝❛❞❛ s♣✐♥ ✧s❡♥t❡✧♦ ♠❡s♠♦ ❝❛♠♣♦ ❞❡ tr♦❝❛ λM ♣r♦❞✉③✐❞♦

♣❡❧♦s s❡✉s ✈✐③✐♥❤♦s✱ ♦♥❞❡ M é ❛ ♠❛❣♥❡t✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❡ λ é ♦ ♣❛râ♠❡tr♦ ❞❡ ❝♦♥t❛t♦ ❞❡

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

♥❡t✐s♠♦ ❞❡ P❛✉❧✐ χP ❬✷✷❪✳ ❆ ♠❛❣♥❡t✐③❛çã♦ r❡s✉❧t❛♥t❡ ❞♦ ❣ás ❞❡ ❡❧étr♦♥s✱ ▼✱ s❡rá r❡s♣♦♥sá✈❡❧

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

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

s❡♠ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❙✉♣♦♥❞♦ q✉❡ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❛♣❧✐❝❛❞♦ ✉♠ ♣❡q✉❡♥♦ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ❞❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ♣❛r❛ ❜❛✐①♦ é tr❛♥s❢❡r✐❞❛ ♣❛r❛

❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛✳ ❉❡st❛ ❢♦r♠❛ ♦s ❡❧étr♦♥s ❝♦♠ s♣✐♥ ♣❛r❛ ❜❛✐①♦ ❝♦♠ ❡♥❡r❣✐❛

❡♥tr❡ EF − δE ❡ EF t❡♠ s❡✉ s♣✐♥ tr♦❝❛❞♦ ❡ sã♦ tr❛♥s❢❡r✐❞♦s ♣❛r❛ ❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ♣❛r❛

❝✐♠❛ ❝♦♠ ❡♥❡r❣✐❛ ❡♥tr❡ EF ❡ EF + δE✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✻✳ ❖ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s q✉❡

s❡ ♠♦✈❡r❛♠ é 1/2g(EF )δE ❡ ♦ ❣❛♥❤♦ ❞❡ ❡♥❡r❣✐❛ ♣♦r ❡❧étr♦♥ é δE✳ P♦rt❛♥t♦✱ ♦ ❛✉♠❡♥t♦ ♥❛

❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ é ❞❛❞♦ ♣♦r✿

∆Ecin =
1

2
g(EF )(δE)

2 ✭✷✳✽✮

     



 

❋✐❣✳ ✷✳✻✿ ❉❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♣❛r❛ ❡❧étr♦♥s ❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦✱ ♠♦str❛✲s❡
❛ s❡♣❛r❛çã♦ ❡s♣♦♥tâ♥❡❛ ❞❛s ❜❛♥❞❛s s❡♠ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❬✷✷❪

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

❧❡❝✉❧❛r✳ ❆ ❞❡♥s✐❞❛❞❡ ❞❡ ❡❧étr♦♥s ❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ s♣✐♥ ♣❛r❛ ❜❛✐①♦ ❛♣ós ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡

❡❧étr♦♥s é ❞❛❞❛ ♣♦r✿

n↑ =
1

2
n+

1

2
g(EF )δE ✭✷✳✾✮

n↓ =
1

2
n− 1

2
g(EF )δE ✭✷✳✶✵✮



✶✷ ❆s♣❡❝t♦s t❡ór✐❝♦s

❆ss✉♠✐♥❞♦ q✉❡ ❝❛❞❛ ❡❧étr♦♥ t❡♠ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ 1µB ❛ ♠❛❣♥❡t✐③❛çã♦ é ❞❛❞❛ ♣♦r✿

M = µB (n↑ − n↓) ✭✷✳✶✶✮

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

∆Epot = −1

2
µ0M · λM ✭✷✳✶✷✮

= −1

2
µ0λM

2 ✭✷✳✶✸✮

= −1

2
µ0µ

2
Bλ (n↑ − n↓)

2 ✭✷✳✶✹✮

❊s❝r❡✈❡♥❞♦ U = µ0µ
2
Bλ✱ ♦♥❞❡ U é ✉♠❛ ♠❡❞✐❞❛ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❈♦✉❧♦♠❜✱ ❡ s✉❜st✐t✉✐♥❞♦ ❛s

❡q✉❛çõ❡s ✷✳✾ ❡ ✷✳✶✵ t❡♠♦s✿

∆Epot = −1

2
U (g(EF )δE)

2 ✭✷✳✶✺✮

P♦rt❛♥t♦✱ ❛ ✈❛r✐çã♦ t♦t❛❧ ❞❡ ❡♥❡r❣✐❛ ∆E é ❞❛❞❛ ♣♦r✿

∆E = ∆Ecin +∆Epot

=
1

2
g(EF )(δE)

2 − 1

2
g(EF )(δE)

2Ug(EF )

=
1

2
g(EF )(δE)

2(1− Ug(EF )). ✭✷✳✶✻✮

❖ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❡s♣♦♥tâ♥❡♦ é ♣♦ssí✈❡❧ q✉❛♥❞♦ ∆E < 0✱ ♦ q✉❡ ✐♠♣❧✐❝❛ ❡♠✿

Ug(EF ) ≥ 1 ✭✷✳✶✼✮

q✉❡ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝r✐tér✐♦ ❞❡ ❙t♦♥❡r ❬✷✷❪ ♣❛r❛ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦✳ ❙❡ ♦ ❝r✐tér✐♦ ❞❡ ❙t♦♥❡r

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

∆ s❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❊st❛ ❝♦♥❞✐çã♦ ♣❛r❛ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❡♥✈♦❧✈❡

t❛♥t♦ ❛ ❉❖❙ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ q✉❛♥t♦ ♦ ❡❢❡✐t♦ ❞❡ ❈♦✉❧♦♠❜✱ U ✱ ❡ ❡①✐❣❡ q✉❡ ❛♠❜♦s s❡❥❛♠ ❣r❛♥❞❡s✳

◆❛ ✜❣✉r❛ ✷✳✼ sã♦ ♠♦str❛❞♦s ♦s ✈❛❧♦r❡s ❞❡ U ✱ g(EF ) ❡ U · g(EF ) ♣❛r❛ ♦s ❝✐♥q✉❡♥t❛ ♣r✐♠❡✐r♦s

❡❧❡♠❡♥t♦s q✉í♠✐❝♦s ❞❛ t❛❜❡❧❛ ♣❡r✐♦❞✐❝❛✳ ◆♦t❛✲s❡ q✉❡ ❛♣❡♥❛s ❋❡✱ ❈♦✱ ❡ ◆✐ ♣♦ss✉❡♠ Ug(EF ) ≥ 1

♦ q✉❡ ♦❝♦rr❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛♦ ❛❧t♦ ✈❛❧♦r ❞❛ ❉❖❙ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✳



✷✳✹ ❈♦♥❞✉tâ♥❝✐❛ ✲ ❋ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r✲❇ütt✐❦❡r ✶✸

❋✐❣✳ ✷✳✼✿ ❱♦❧♦r❡s ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❙t♦♥❡r U ✱ ❞❛ ❉❖❙ ❞❡ ❡st❛❞♦s ♣♦r át♦♠♦ g(EF ) ❡ g(EF ) · U
❡♠ ❢✉♥çã♦ ❞♦ ♥ú♠❡r♦ ❛tô♠✐❝♦ ❩✳ ❆♣❡♥❛s ♦s ❡❧❡♠❡♥t♦s ❋❡✱ ❈♦✱ ❡ ◆✐ s❛t✐s❢❛③❡♠ ♦ ❝r✐tér✐♦ ❞❡
❙t♦♥❡r ❡ sã♦ ❢❡rr♦♠❛❣♥ét✐❝♦s✳ ❬✷✷❪

✷✳✹ ❈♦♥❞✉tâ♥❝✐❛ ✲ ❋ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r✲❇ütt✐❦❡r

❆ ❢♦r♠✉❧❛çã♦ ❞❡ ▲❛♥❞❛✉❡r ❡①♣r❡ss❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡s♣❛❧❤❛✲

♠❡♥t♦ ❞❡ ✉♠ s✐st❡♠❛✳ ❆♦ ❝♦♥trár✐♦ ❞❛s t❡♦r✐❛s ❝❧áss✐❝❛s ❞❡ tr❛♥s♣♦rt❡ ❡♠ s✐st❡♠❛s ♠❛❝r♦s❝ó♣✐✲

❝♦s✱ ♦ ❢♦r♠❛❧✐s♠♦ ❞❡ ▲❛♥❞❛✉❡r ❝♦♥s✐❞❡r❛ ♦s ❛s♣❡❝t♦s ❞♦ ♣r♦❝❡ss♦ ❞❡ ♠❡❞✐çã♦ ❡ é ❛♠♣❧❛♠❡♥t❡

✉t✐❧✐③❛❞❛ ❡♠ s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✳ ❆ t❡♦r✐❛ é ❛♣❧✐❝❛❞❛ ♥♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ ❡ ♣♦❞❡✲s❡ ♦❜t❡r ❛

❝♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣♦r ❞✐✈❡rs♦s ♠ét♦❞♦s ❬✶✸✱ ✶✹✱ ✶✷✱ ✷✸✱ ✷✹❪✳

P❛r❛ ♦❜t❡r ❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ♣❛r❛ ❝♦♥❞✉tâ♥❝✐❛ ❝♦♥s✐❞❡r❛✲s❡ ❞♦✐s r❡s❡r✈❛tór✐♦s ❞❡

❡❧étr♦♥s ❝♦♥❡❝t❛❞♦s ♣♦r ✉♠ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦ ❡ s❡❥❛ ❛♣❧✐❝❛❞❛ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥tr❡

❡❧❡s (V12)✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✽✳ ❖ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦ é q✉❛s❡ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ❡ ❛♣r❡s❡♥t❛

q✉❛♥t✐③❛çã♦ ❞♦s ❡st❛❞♦s tr❛♥s✈❡rs♦s✳ ❊st❡s ❡st❛❞♦s r❡♣r❡s❡♥t❛♠ ♦s ❝❛♥❛✐s ❞❡ tr❛♥s♠✐ssã♦✳

❖s ♣♦t❡♥❝✐❛✐s q✉í♠✐❝♦s ❞♦s ❝♦♥t❛t♦s ❞❛ ❡sq✉❡r❞❛ (1) ❡ ❞❛ ❞✐r❡✐t❛ (2) sã♦ µ1 ❡ µ2✱ r❡s♣❡❝t✐✲



✶✹ ❆s♣❡❝t♦s t❡ór✐❝♦s

❋✐❣✳ ✷✳✽✿ ❯♠ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦ ❝♦♥❡❝t❛❞♦ ❛ ❞♦✐s ❝♦♥t❛t♦s✳ ❈♦♠♦ ♦s ❝♦♥t❛t♦s tê♠ ✉♠❛ ❞✐♠❡♥sã♦
✐♥✜♥✐t❛ ❡♠ r❡❧❛çã♦ ❛♦ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦✱ ♦s ❡st❛❞♦s ♥♦s ❝♦♥t❛t♦s sã♦ ❝♦♥tí♥✉♦s ❡ ♥♦ ❝♦♥s❞✉t♦r
sã♦ q✉❛♥t✐③❛❞♦s✳ ◆♦ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦✱ ♦s ❡st❛❞♦s tê♠ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ µ1 ♣❛r❛ +kx ❡ µ2

♣❛r❛ −kx✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✹❪

✈❛♠❡♥t❡✳ ❆❧é♠ ❞✐ss♦✱ t❡♠♦s q✉❡ µ1 − µ2 = eV12✳ ❆ ❝♦rr❡♥t❡ é ❞❛❞❛ ♣♦r✿

I = I12 + I21 ✭✷✳✶✽✮

♦♥❞❡ I12 é ❛ ❝♦rr❡♥t❡ q✉❡ ✢✉✐ ❞♦ ❝♦♥t❛t♦ 1 ♣❛r❛ ♦ ❝♦♥t❛t♦ 2 ❡ I21 é ❛ ❝♦rr❡♥t❡ q✉❡ ✢✉✐ ❞♦ ❝♦♥t❛t♦

2 ♣❛r❛ ♦ ❝♦♥t❛t♦ 1✳ P♦❞❡♠♦s ❝❛❝✉❧❛r ❛s ❝♦rr❡♥t❡ I12 ❡ I21 ❛tr❛✈és ❞❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s ❬✷✹❪✿

I12 =
e

L

∑

j

∞
∑

kx=0

vj,kxTkxf
µ1

j,kx
✭✷✳✶✾✮

I21 =
e

L

∑

j

0
∑

kx=−∞

vj,kxTkxf
µ2

j,kx
✭✷✳✷✵✮

♦♥❞❡ ▲ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦✱ j r❡♣r❡s❡♥t❛ ❛ s♦♠❛ s♦❜r❡ ♦s s♣✐♥s✱ kx é ♦ ✈❡t♦r

❞❡ ♦♥❞❛ ♥❛ ❞✐r❡çã♦ x✱ vj,kx é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❡❧étr♦♥ ♥♦ ❡st❛❞♦ (j, kx)✱ Tkx é ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡

❞♦s ❡❧étr♦♥s ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ kx s❡r tr❛♥s♠✐t✐❞♦✱ ❡ fµ1

j,kx
❡ fµ2

j,kx
é ❞✐tr✐❜✉✐çã♦ ❞❡ ❋❡r♠✐✲❉✐r❛❝

♥♦s ❝♦♥t❛t♦s ✶ ❡ ✷✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❙✉❜st✐t✉✐♥❞♦ ✷✳✶✾ ❡ ✷✳✷✵ ♥❛ ❡q✉❛çã♦ ✷✳✶✽ ♦❜t❡♠♦s✿



✷✳✹ ❈♦♥❞✉tâ♥❝✐❛ ✲ ❋ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r✲❇ütt✐❦❡r ✶✺

I =
e

L

∑

j

( ∞
∑

kx=0

vj,kxTkxf
µ1

j,kx
+

0
∑

kx=−∞

vj,kxTkxf
µ2

j,kx

)

✭✷✳✷✶✮

❙✉❜st✐t✉✐♥❞♦ vj,kx = ~kx
m∗

✿

I =
e~

L2m∗

∑

j

( ∞
∑

kx=0

kxTkxf
µ1

j,kx
+

0
∑

kx=−∞

kxTkxf
µ2

j,kx

)

✭✷✳✷✷✮

❋❛③❡♥❞♦ kx → −kx ♥❛ s❡❣✉♥❞❛ ✐♥t❡❣r❛❧ t❡♠♦s✿

I =
e~

L2m∗

∑

j

∞
∑

kx=0

kxTkx
(

fµ1

j,kx
− fµ2

j,kx

)

✭✷✳✷✸✮

❆ss✉♠✐♥❞♦ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♣❡r✐ó❞✐❝❛s✱ ♣♦❞❡♠♦s tr❛♥s❢♦r♠❛r ❛ s♦♠❛ ❡♠ kx ♥✉♠❛

✐♥t❡❣r❛❧✿

∑

kx

−→ L

2π

∫

dkx ✭✷✳✷✹✮

❆ss✐♠ t❡♠♦s q✉❡ ❛ ❡q✉❛çã♦ ✷✳✷✸ s❡ tr❛♥s❢♦r♠❛ ❡♠✿

I =
e~

2πm∗

∑

j

∫ ∞

kx=0

kxTkx
(

fµ1

j,kx
− fµ2

j,kx

)

dkx ✭✷✳✷✺✮

▼❛s ǫ = ~
2k2x
2m∗

✿

I =
e

h

∑

j

∫

Tj(ǫ) (f
µ1(ǫ)− fµ2(ǫ)) dǫ ✭✷✳✷✻✮

❆ ❡q✉❛çã♦ ❛❝✐♠❛ ♣♦❞❡ s❡r r❡❡s❝r✐t❛✿

I =
e2V12
h

∑

j

∫

Tj(ǫ)
[fµ1(ǫ)− fµ2(ǫ)]

eV12
dǫ ✭✷✳✷✼✮

❙❡ ♦s ❞♦✐s ❝♦♥t❛t♦s sã♦ ♠❛♥t✐❞♦s ♥♦ ♠❡s♠♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ µ1 = µ2 ❡ ❛ ❝♦rr❡♥t❡ é ♥✉❧❛✱

t❡♠♦s f1 = f2 → I = 0✳ P❛r❛ ✉♠ ♣❡q✉❡♥♦ ❞❡s✈✐♦ ❞♦ ❡q✉✐❧í❜r✐♦✱ ❛ ❝♦rr❡♥t❡ é ♣r♦♣♦r❝✐♦♥❛❧ ❛

✈♦❧t❛❣❡♠✳ ❉❡ss❛ ❢♦r♠❛✿

δI =
e2V12
h

∑

j

∫

(

[Tj(ǫ)]Eq. δ

[

[fµ1(ǫ)− fµ2(ǫ)]

eV12

]

+ δ [Tj(ǫ)]

[

[fµ1(ǫ)− fµ2(ǫ)]

eV12

]

Eq.

)

dǫ

✭✷✳✷✽✮



✶✻ ❆s♣❡❝t♦s t❡ór✐❝♦s

❖ s❡❣✉♥❞♦ t❡r♠♦ é ♥✉❧♦✱ ♣♦✐s ♥♦ r❡❣✐♠❡ ❞❡ r❡s♣♦st❛ ❧✐♥❡❛r f1(ǫ) = f2(ǫ)✳ P♦❞❡♠♦s s✐♠♣❧✐✜❝❛r

♦ ♣r✐♠❡✐r♦ t❡r♠♦ ✉s❛♥❞♦ ❡①♣❛♥sã♦ ❡♠ sér✐❡ ❞❡ ❚❛②❧♦r✿

δ [fµ1(ǫ)− fµ2(ǫ)] ≈ [µ1 − µ2]

(

∂f

∂µ

)

=

(

∂f0
∂E

)

[µ1 − µ2] ✭✷✳✷✾✮

♦♥❞❡ f0(E) é ❛ ❢✉♥çã♦ ❞❡ ❢❡r♠✐ ♥♦ ❡q✉✐❧í❜r✐♦✿

f0(E) =

[

1

1 + e
E−µ

kbT

]

µ=EF

✭✷✳✸✵✮

◆♦ r❡❣✐♠❡ ❞❡ r❡s♣♦st❛ ❧✐♥❡❛r ♣❛r❛ q✉❡ ❛ ❡①♣❛♥sã♦ ✷✳✷✾ s❡❥❛ ✉♠❛ ❜♦❛ ❛♣r♦①✐♠❛çã♦ (µ1 − µ2) ≪
kbT ✱ ❧♦❣♦ ❞❡✈❡♠♦s t❡r eV12 ≪ kbT ✳ ❆ss✐♠ ♣♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❝♦♥❞✉tâ♥❝✐❛✿

G =
δI

(µ1 − µ2) /e
=
e2

h

∑

j

∫

Tj(ǫ)

(

−∂f0
∂ǫ

)

dǫ ✭✷✳✸✶✮

◆♦ ❧✐♠✐t❡ ❞❡ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✿

f0(ǫ) ≈ θ(EF − ǫ) → −∂f0
∂ǫ

≈ δ(EF − ǫ) ✭✷✳✸✷✮

❡♥tã♦ ❛ ❡q✉❛çã♦ ✷✳✸✶ s❡ r❡❞✉③ ♥♦ ❧✐♠✐t❡ ❞❡ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ♥♦ r❡❣✐♠❡ ❞❡ r❡s♣♦st❛ ❧✐♥❡❛r✱

♦♥❞❡ ❛ s♦♠❛ é ❢❡✐t❛ s♦❜r❡ t♦❞♦s ♦s ❝❛♥❛✐s ❞❡ tr❛♥s♠✐ssã♦✿

G =
e2

h

∑

j

Tj(EF ) ✭✷✳✸✸✮

✷✳✺ ❚r❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

❙❡❥❛ Ψinc ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ ❡♠ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ❧❛r❣✉r❛ ❛✱ t❛❧ q✉❡

❡♠ t = 0 ❡stá s✉✜❝✐❡♥t❡♠❡♥t❡ ❧♦♥❣❡ ❞❛ ❜❛rr❡✐r❛✳ ❖ ♣♦t❡♥❝✐❛❧ ❢♦r❛ ❞❛ ❜❛rr❡✐r❛ é ♥✉❧♦ ❡ ❞❡♥tr♦

❞❛ ❜❛rr❡✐r❛ é V (x)✳ ❆ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞♦ ♣❛❝♦t❡ é ❞❡s❝r✐t♦ ♣❡❧❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r

❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦✿

~

i

∂Ψinc(x, t)

∂t
− ~

2

2m

∂2Ψinc(x, t)

∂x2
+ V (x)Ψinc(x, t) = 0. ✭✷✳✸✹✮

❈❛❞❛ ❝♦♠♣♦♥❡♥t❡ ❝♦♠ ❡♥❡r❣✐❛ ❊ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦

ΨE(x, t) = ψ(x) exp
(−iEt

~

)

✱ ♦♥❞❡ ψ(x) s❛t✐s❢❛③ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦

t❡♠♣♦✿



✷✳✻ ▼♦❞❡❧♦ ❚❡ór✐❝♦ ✶✼

− ~
2

2m

∂2ψ

∂x2
+ (V − E)ψ = 0. ✭✷✳✸✺✮

◆♦ ❡s♣❛ç♦ ❦ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡✱ φinc(k)✱ ❝♦♠♦ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡

❋♦✉r✐❡r ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡✱Ψinc(x, 0)✱ ♥♦ ❡s♣❛ç♦ ❞❛s ❝♦♦r❞❡♥❛❞❛s✿

φtrans(k) =
1√
2π

∫ ∞

−∞
e−ikxΨinc(x, 0)dx ✭✷✳✸✻✮

❆ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❛t✉❛ ✜❧tr❛♥❞♦ ❛s ❝♦♠♣♦♥❡♥t❡s ❝♦♠ ❞✐❢❡r❡♥t❡s ❦✱ ❛ss✐♠ ❛ tr❛♥s♠✐ssã♦

♣❛r❛ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ❝♦♠ ✉♠ ❞❛❞♦ ✈❛❧♦r ❞❡ ❦ ❡s♣❡❝í✜❝♦ é ❞❛❞♦ ♣♦r φ(k)t(k)✳ P♦rt❛♥t♦✱ ♦

♣❛❝♦t❡ ❞❡ ♦♥❞❛ tr❛♥s♠✐t✐❞♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦✿

Ψtrans(x, t) =
1

2π

∫

φ(k)t(k) exp

(

−i~k
2

2m
t

)

eik(x−x0)dk ✭✷✳✸✼✮

❆ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ♣❛r❛ ✉♠ ❞❛❞♦ ✈❛❧♦r ❞❡ ❦ é ❞❡✜♥✐❞❛

❝♦♠♦ |φtrans(k)|2 = |φinc(k)t(k)|2 ♦♥❞❡ φtrans(k) é ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛

tr❛♥s♠✐t✐❞❛✳ P♦rt❛♥t♦✱ ❞❡✜♥❡✲s❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♥♦ ❡s♣❛ç♦ ❦ ✿

Tk =

∫

|φtrans(k)|2dk
∫

|φinc(k)|2dk
✭✷✳✸✽✮

❉❡ ♠♦❞♦ ❛♥á❧♦❣♦ é ♣♦ssí✈❡❧ ❞❡✜♥✐r ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s✿

Tx(t) =

∫

|Ψtrans(x, t)|2dx
∫

|Ψinc(x, t)|2dx
✭✷✳✸✾✮

❆s ❞✉❛s ❡①♣r❡ssõ❡s ♣❛r❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✱ ♥♦ ❡s♣❛ç♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❡ ♥♦

❡s♣❛ç♦ k✱ ❡q✉❛çõ❡s ✷✳✸✾ ❡ ✷✳✸✽✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ sã♦ ✐❣✉❛✐s✳ ❊ss❛ ✐❣✉❛❧❞❛❞❡ ♣r♦✈❡♠ ❞❛ ♣r♦✲

♣r✐❡❞❛❞❡ q✉❡ r❡❧❛❝✐♦♥❛ ❛ ✐♥t❡❣r❛❧ ❞♦ ♠ó❞✉❧♦ ❛♦ q✉❛❞r❛❞♦ ❡♥tr❡ ✉♠❛ ❢✉♥çã♦ ❛r❜✐trár✐❛✱ Ψ(x)✱ ❡

❛ s✉❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✱ φ(k)✿

∫

|φ(k)|2dk = 2π

∫

|Ψ(x)|2dx ✭✷✳✹✵✮

✷✳✻ ▼♦❞❡❧♦ ❚❡ór✐❝♦

❖ t✉♥❡❧❛♠❡♥t♦ ❞❡ ❡❧étr♦♥s é ♦ ❢❡♥ô♠❡♥♦ q✉â♥t✐❝♦ ♥♦ q✉❛❧ ✉♠❛ ❝♦rr❡♥t❡ ♣♦❞❡ ✢✉✐r ❡♥tr❡ ❞♦✐s

❡❧❡tr♦❞♦s ❛tr❛✈és ❞❡ ✉♠❛ ❜❛rr❡✐r❛ ✐s♦❧❛♥t❡✳ ❙✉♣♦♥❞♦ ❞♦✐s ❡❧❡tr♦❞♦s ♠❡tá❧✐❝♦s s❡♣❛r❛❞♦s ♣♦r ✉♠

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

❡♥❝♦♥tr❛❞♦ ❞♦ ♦✉tr♦ ❧❛❞♦ ❞❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧✳ ❆ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ é ♠♦❞❡❧❛❞❛ ♣♦r ✉♠❛



✶✽ ❆s♣❡❝t♦s t❡ór✐❝♦s

❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛✳ ❙❡ ♦s ♠❡t❛✐s ♣♦ss✉❡♠ ❛ ♠❡s♠❛ ❢✉♥çã♦ tr❛❜❛❧❤♦✱ q✉❛♥❞♦ ♥ã♦

❤á ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧ ♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ t❡rá ❛ ♠❡s♠❛ ❡♥❡r❣✐❛ ♥♦s ❞♦✐s ❡❧❡tr♦❞♦s ✭✷✳✾✭❛✮✮✳ ❆♦

❛♣❧✐❝❛r ✉♠❛ ✈♦❧t❛❣❡♠ V ✱ ♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ❞❡ ✉♠ ❞♦s ❡❧❡tr♦❞♦s é ❞❡s❧♦❝❛❞♦ ♣♦r ✉♠❛ q✉❛♥t✐❞❛❞❡

eV ❡♠ r❡❧❛çã♦ ❛♦ ♦✉tr♦ ♦♥❞❡ e é ❛ ❝❛r❣❛ ❞♦ ❡❧étr♦♥✳ ❖ ♣♦t❡♥❝✐❛❧ s❡ ❞❡❢♦r♠❛ ♥✉♠❛ ❜❛rr❡✐r❛

❧✐♥❡❛r ✭✷✳✾✭❜✮✮✳

✭❛✮ ❱♦❧t❛❣❡♠ ♥✉❧❛ ✭❜✮ ❱♦❧t❛❣❡♠ V

❋✐❣✳ ✷✳✾✿ ❉✐❛❣r❛♠❛ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♠ ✉♠❛ ▼❚❏✳

❈♦♥s✐❞❡r❛♥❞♦ ❞♦✐s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ✐❞ê♥t✐❝♦s s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❜❛rr❡✐r❛ ✐s♦❧❛♥t❡

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

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

❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛✳ ❆ ❝♦♥❞✉tâ♥❝✐❛ é ❞❛❞❛ ♣♦r✿

G = G↑ +G↓ ✭✷✳✹✶✮

♦♥❞❡ G↑(↓) é ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞♦ ❝❛♥❛❧ ❞❡ s♣✐♥ ♣❛r❛ ❝✐♠❛ ✭♣❛r❛ ❜❛✐①♦✮✳

❈♦♥s✐❞❡r❛♥❞♦ ♦ ❝❛s♦ ❡♠ q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s é ♣❛r❛❧❡❧❛ ✭❝♦♥✜❣✉r❛çã♦ P✮✳

❉❡✜♥✐♠♦s ♦s ♣♦rt❛❞♦r❡s ❝♦♠ s♣✐♥ ♠❛✐♦r✐❛ ✭▼ ✮ ❝♦♠♦ ♦s ❡❧étr♦♥s ❝✉❥♦ ♠♦♠❡♥t♦ é ♣❛r❛❧❡❧♦ ❛

♠❛❣♥❡t✐③❛çã♦ ❞♦ ❢❡rr♦♠❛❣♥❡t♦✳ ❏á ♦s ♣♦rt❛❞♦r❡s ❝♦♠ s♣✐♥ ♠✐♥♦r✐❛ ✭♠✮ sã♦ ❛q✉❡❧❡s ❝✉❥♦ s♣✐♥ é

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

P ♦❝♦rr❡ ♦ t✉♥❡❧❛♠❡♥t♦ ❞❡ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ▼ ♣❛r❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ▼ ❡ ❞❛ s✉❜✲❜❛♥❞❛

❝♦♠ s♣✐♥ ♠ ♣❛r❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ♠ q✉❡ ❞❡♥♦♠✐♥❛r❡♠♦s ❞❡ ▼✲▼ ❡ ♠✲♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✸✸ ❡♠ ✷✳✹✶✱ ♥❡ss❛ ❝♦♥✜❣✉r❛çã♦ é ❞❛❞❛ ♣♦r✿

GP =
e2

h
(TMM + Tmm) ✭✷✳✹✷✮

❏á ♥♦ ❝❛s♦ ❡♠ q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s é ❛♥t✐✲♣❛r❛❧❡❧❛ ✭❝♦♥✜❣✉r❛çã♦ ❆P✮✱ ❞❡✈✐❞♦



✷✳✻ ▼♦❞❡❧♦ ❚❡ór✐❝♦ ✶✾

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

♣❛r❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ♠ ❡ ❞❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ♠ ♣❛r❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ▼ q✉❡

❞❡♥♦♠✐♥❛r❡♠♦s ❞❡ ▼✲♠ ❡ ♠✲▼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✸✸ ❡♠ ✷✳✹✶✱ ♥❡ss❛

❝♦♥✜❣✉r❛çã♦ t❡♠✲s❡✿

GAP =
e2

h
(TMm + TmM) ✭✷✳✹✸✮

◆♦s ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦✱ é ❜❡♠ ❝♦♥❤❡❝✐❞♦ q✉❡ ♦s ❡❧étr♦♥s ❞ ♣❛rt✐❝✐♣❛♠ ❞❛ ❝♦♥❞✉çã♦✳ ❆

s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐ ♦❜t✐❞❛ ♣❛r❛ ♦ ✈♦❧✉♠❡ ✭❜✉❧❦✮✱ ❛♣r❡s❡♥t❛ r❛♠♦s ✐♠♣♦rt❛♥t❡s ♣r♦✈❡♥✐❡♥t❡s ❞❛s

❜❛♥❞❛s t✐♣♦ ❞✳ ❖s ♦r❜✐t❛✐s ❞ sã♦ ♠❛✐s ❧♦❝❛❧✐③❛❞♦s ❡ tê♠ ♠❛✐♦r ❡♥❡r❣✐❛ ❞❡ r♦t❛çã♦ ❛♦ ❝♦♠♣❛r❛r

❝♦♠ ♦s ♦r❜✐t❛✐s t✐♣♦ s ❡ ♣✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✶✵✳

❋✐❣✳ ✷✳✶✵✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ ❉❖❙ ♥♦s ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦✳

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

r❡♣r❡s❡♥t❛♥❞♦ ❛ss✐♠ ♦ ❝❛rát❡r ❡st❡♥❞✐❞♦ ❞♦s ❡st❛❞♦s✳ ❏á ♦s ❡❧étr♦♥s t✐♣♦ ❞ s❡rã♦ r❡♣r❡s❡♥t❛❞♦s

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

❡♠ ❝♦♥t❛ ♦ ❝❛rát❡r ♠❛✐s ❧♦❝❛❧✐③❛❞♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛✳ P❛r❛ s✐♠✉❧❛r ♦s ❡❧étr♦♥s ❞ s❡rã♦

❝♦♥s✐❞❡r❛❞♦s ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦s✱ q✉❡ s❡rã♦ ❢✉♥çõ❡s ❞♦ t✐♣♦ ❝♦ss❡♥♦ ❝♦rt❛❞❛s

❞❡ ❧❛r❣✉r❛ ❧✳

P❛r❛ ✐♥tr♦❞✉③✐r ❛ ❡str✉t✉r❛ ❞❡ ❜❛♥❞❛ ❞♦ ♠❡t❛❧ s❡rá ❝♦♥s✐❞❡r❛❞❛ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦ ❡❧étr♦♥

❞❡♣❡♥❞❡♥t❡ ❞❛ ❜❛♥❞❛❀ ♦s ❡❧étr♦♥s ❞ t❡♠ ✉♠❛ ♠❛ss❛ ❡❢❡t✐✈❛ ♠❛✐♦r ❛♦ ❝♦♠♣❛rá✲❧♦s ❝♦♠ ❡❧étr♦♥s

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

❞❡♣❡♥❞❡♥t❡ ❞❛ s✉❜✲❜❛♥❞❛✳

P❛r❛ ❡st✐♠❛r ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ❡❧étr♦♥s ❞ ✉t✐❧✐③❛♠♦s ❛ r❛③ã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s

❞♦s ❡❧étr♦♥s ❝♦♠ s♣✐♥s ▼ ❡ s♣✐♥s ♠ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✳ ❆ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❞❡ ❡❧étr♦♥s

❧✐✈r❡s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ é ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ❬✷✺❪



✷✵ ❆s♣❡❝t♦s t❡ór✐❝♦s

Dσ(EF ) =
1

4π2

(

2m∗
σ

~2

)
3
2 √

EF ✭✷✳✹✹✮

♦♥❞❡ ~ é ❛ ❝♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦ s♦❜r❡ 2π✱ m∗
σ é ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦ ❡❧étr♦♥s ❞❡♣❡♥❞❡♥t❡ ❞❛

s✉❜✲❜❛♥❞❛ ❡ EF é ❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✳ ▲♦❣♦✱ ❛ r❛③ã♦ ❡♥tr❡ ❛s ❞❡♥s✐❞❛❞❡s ❞❡ ❡st❛❞♦s ♣❛r❛ ♦s

s♣✐♥s ▼ ❡ s♣✐♥s ♠ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ é ❞❛❞❛ ♣♦r✿

DM(EF )

Dm(EF )
=

(

mM

mm

)
3
2

✭✷✳✹✺✮

P♦rt❛♥t♦✱ ❛ r❛③ã♦ ❡♥tr❡ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ❡❧étr♦♥s ❝♦♠ s♣✐♥ ▼ ❡ s♣✐♥ ♠ é ❞❛❞❛ ♣♦r✿

mM

mm

=

(

DM(EF )

Dm(EF )

)
2
3

✭✷✳✹✻✮

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

✐ss♦ ❛ r❛③ã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❞♦s ❡❧étr♦♥s ❝♦♠ s♣✐♥s▼ ❡ s♣✐♥s♠ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡

✉♠✳



❈❛♣ít✉❧♦ ✸

❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s

♣❧❛♥❛s

◆❡st❛ ❝❛♣ít✉❧♦ é ❝❛❧❝✉❧❛❞♦ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ❜❛rr❡✐r❛s ❞❡ ♣♦t❡♥❝✐❛✐s q✉❛❞r❛❞❛s

❡ ❧✐♥❡❛r❡s ✉t✐❧✐③❛♥❞♦ ♦ ▼ét♦❞♦ ❞❛ ▼❛tr✐③ ❞❡ ❚r❛♥s❢❡rê♥❝✐❛ ✭▼▼❚✮ ♣❛r❛ r❡s♦❧✈❡r ❛ ❡q✉❛çã♦ ❞❡

❙❝❤rö❞✐♥❣❡r ❬✷✻❪✳ ❊st❡ ♠ét♦❞♦ ❝♦♥s✐st❡ ❡♠ s❡♣❛r❛r ♦ ❡s♣❛ç♦ ❡♠ r❡❣✐õ❡s ♥❛s q✉❛✐s ♦ ♣♦t❡♥❝✐❛❧

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

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

✉♠ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s q✉❡ r❡❧❛❝✐♦♥❛♠ ♦s ❝♦❡✜❝✐❡♥t❡s An ❡ Bn✱ q✉❡ ❞❡t❡r♠✐♥❛♠ ❛s ❢✉♥çõ❡s

❞❡ ♦♥❞❛ ❡♠ ❝❛❞❛ r❡❣✐ã♦✳ ❯t✐❧✐③❛♥❞♦ ❛s r❡❧❛çõ❡s ❡♥tr❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❡ ✐♠♣♦♥❞♦ ❛ ♥♦r♠❛❧✐③❛✲

çã♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ♦❜t❡♠✲s❡ ❛ s♦❧✉çã♦ ❝♦♠♣❧❡t❛ ❞♦ ♣r♦❜❧❡♠❛✳ P❛r❛ ♦❜t❡r ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡

tr❛♥s♠✐ssã♦ ♣♦❞❡♠♦s r❡❧❛❝✐♦♥❛r ♦s ❝♦❡✜❝✐❡♥t❡s ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ♥❛ r❡❣✐ã♦ ✐♥❝✐❞❡♥t❡ ❝♦♠ ♦s

❝♦❡✜❝✐❡♥t❡s ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ tr❛♥s♠✐t✐❞❛✳

✸✳✶ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ✉♥✐❞✐♠❡♥s✐♦♥❛❧

Pr✐♠❡✐r❛♠❡♥t❡✱ s❡rá ❡st✉❞❛❞♦ ♦ ❝❛s♦ ❞❡ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ❛ss✐♠étr✐❝❛✱

❝✉❥♦ ♣❡r✜❧ ❡stá ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✸✳✶✳

❆ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❛ss✐♠étr✐❝❛ é ❞❡s❝r✐t❛ ♠❛t❡♠❛t✐❝❛♠❡♥t❡ ♣♦r✿

V (x) =











0 se x < x1 ❘❡❣✐ã♦ ✶

V0 se x1 ≤ x < x2 ❘❡❣✐ã♦ ✷

−V1 se x ≥ x2 ❘❡❣✐ã♦ ✸

✭✸✳✶✮

✷✶



✷✷ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s

❋✐❣✳ ✸✳✶✿ P❡r✜❧ ❞❡ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ❛ss✐♠étr✐❝❛✳

❘❡❣✐ã♦ ✶

◆❛ r❡❣✐ã♦ ✶ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r é ❞❛❞❛ ♣♦r✿

− ~
2

2m1

d2Ψ1(x)

dx2
= EΨ1(x) −→

d2Ψ1(x)

dx2
= −2m1E

~2
Ψ1(x). ✭✸✳✷✮

♦♥❞❡ m1 é ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❡ E é ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♥❛ r❡❣✐ã♦ ✶✳ ❆ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ✸✳✷ é

❞❛❞❛ ♣♦r ♦♥❞❛s ♣❧❛♥❛s s❡ ♠♦✈❡♥❞♦ t❛♥t♦ ❞❛ ❞✐r❡✐t❛ ♣❛r❛ ❡sq✉❡r❞❛ q✉❛♥t♦ ♥♦ s❡♥t✐❞♦ ❝♦♥trár✐♦✿

Ψ1(x) = A1 exp (ikx) + B1 exp (−ikx) ✭✸✳✸✮

♦♥❞❡ k =
√
2m1E
~

❡ ❛s ❝♦♥st❛♥t❡s A1 ❡ B1 sã♦ ❛s ❛♠♣❧✐t✉❞❡s ❞❛ ♦♥❞❛ s❡ ♠♦✈❡♥❞♦ ♣❛r❛ ❞✐r❡✐t❛ ❡

♣❛r❛ ❡sq✉❡r❞❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❘❡❣✐ã♦ ✷

◆❛ r❡❣✐ã♦ ✷ ♦ ♣♦t❡♥❝✐❛❧ é ❝♦♥st❛♥t❡ V0 ❡ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r é ❞❛❞❛ ♣♦r✿

− ~
2

2m∗
2

d2Ψ2(x)

dx2
+ V0Ψ2(x) = EΨ3(x) −→

d2Ψ2(x)

dx2
=

2m∗
2(V0 − E)

~2
Ψ2(x) ✭✸✳✹✮

♦♥❞❡ m2 é ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞❛ ♣❛rtí❝✉❧❛ ♥❛ r❡❣✐ã♦ ✷✳ ❆ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ✸✳✹ sã♦ ♦♥❞❛s ♣❧❛♥❛s

s❡ E > V0 ❡ sã♦ ♦♥❞❛s ❡✈❛♥❡s❝❡♥t❡s s❡ E < V0✿

Ψ2(x) =

{

A2 exp (ik2x) + B2 exp (−ik2x) se k > κ0

A2 exp (ρx) + B2 exp (−ρx) se k < κ0
✭✸✳✺✮

♦♥❞❡✿



✸✳✶ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ✷✸

κ0 =

√
2m2V0
~

, ρ =

√

2m2 (V0 − E)

~
, k2 =

√

2m2 (E − V0)

~

❘❡❣✐ã♦ ✸

◆❛ r❡❣✐ã♦ ✸✱ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r é ❞❛❞❛ ♣♦r✿

− ~
2

2m3

d2Ψ3(x)

dx2
− V1Ψ3(x) = EΨ3(x) −→

d2Ψ3(x)

dx2
= −2m3(E + V1)

~2
Ψ3(x) ✭✸✳✻✮

❢❛③❡♥❞♦ k3 =
√

2m3(V1+E)

~
✱ ♦♥❞❡ m3 é ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞❛ ♣❛rtí❝✉❧❛ ♥❛ r❡❣✐ã♦ ✸✳ ❆ s♦❧✉çã♦ ❞❛

❡q✉❛çã♦ ✸✳✻ sã♦ ♦♥❞❛s ♣❧❛♥❛s s❡ ♠♦✈❡♥❞♦ ❞❛ ❞✐r❡✐t❛ ♣❛r❛ ❛ ❡sq✉❡r❞❛ ❡ ♥♦ s❡♥t✐❞♦ ♦♣♦st♦✿

Ψ3(x) = A3 exp (ik3x) + B3 exp (−ik3x) ✭✸✳✼✮

❈á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ é ♥❡❝❡ssár✐♦ ♦❜t❡r ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❛♠♣❧✐t✉❞❡

❞❛s ♦♥❞❛s ✐♥❝✐❞❡♥t❡ ❡ tr❛♥s♠✐t✐❞❛✳ ❆s ❣r❛♥❞❡③❛s ❢ís✐❝❛s q✉❡ sã♦ ❝♦♥tí♥✉❛s sã♦ ❛ ❞❡♥s✐❞❛❞❡ ❞❡

♣r♦❜❛❜✐❧✐❞❛❞❡ (ρ) ❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ (J) q✉❡ ✐♠♣❧✐❝❛♠ ♥❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ ❢✉♥çã♦ ❞❡

♦♥❞❛ ✭❡q✉❛çã♦ ✸✳✶✵✮ ❡ ❞❛ ♣r✐♠❡✐r❛ ❞❡r✐✈❛❞❛ ✭❡q✉❛çã♦ ✸✳✶✶✮✳

ρ = |Ψ(x)|2 = Ψ(x)∗Ψ(x) ✭✸✳✽✮

J =
A

m

(

Ψ
dΨ∗

dx
−Ψ∗dΨ

dx

)

✭✸✳✾✮

P♦rt❛♥t♦✱ ✐♠♣♦♥❞♦ ❛ ❝♦♥t✐♥✉❞❛❞❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❡ ❞❛ ♣r✐♠❡✐r❛ ❞❡r✐✈❛❞❛ ❡♠ x = x1 ❡

x = x2✿

Ψn(xn) = Ψn+1(xn) ✭✸✳✶✵✮
1

mn

dΨn(xn)

dx
=

1

mn+1

dΨn+1(xn)

dx
✭✸✳✶✶✮

❆ r❡❧❛çã♦ ❡♥tr❡ Ψn(x) ❡ Ψ′
n(x) ❝♦♠ ♦s ❝♦❡✜❝✐❡♥t❡s An ❡ Bn ♣♦❞❡ s❡r ❡s❝r✐t♦ ❡♠ ❢✉♥çã♦ ❞❡

✉♠❛ ♠❛tr✐③ ✷ ① ✷✱ Mn(x)✿



✷✹ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s

[

Ψn(x)

Ψ′
n(x)

]

=Mn(x)

[

An

Bn

]

✭✸✳✶✷✮

❯t✐❧✐③❛♥❞♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❞❛❞❛s ♣❡❧❛ ❡q✉❛çã♦ ✸✳✶✵ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r✿

[

A1

B1

]

=M−1
1 (x1)M2(x1)M

−1
2 (x2)M3(x2)

[

A3

B3

]

−→
[

A1

B1

]

=M(x1, x2)

[

A3

B3

]

✭✸✳✶✸✮

❉❛ ❡q✉❛çã♦ ✸✳✸ t❡♠✲s❡ q✉❡ ❛ ♠❛tr✐③ M1(x) é ❞❛❞❛ ♣♦r✿

M1(x) =

[

exp (ikx) exp (−ikx)
ik
m1

exp (ikx) −ik
m1

exp (−ikx)

]

✭✸✳✶✹✮

❆ ♠❛tr✐③ ❞❛❞❛ ♥❛ ❡q✉❛çã♦ ✸✳✶✹ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ✐♥✈❡rt✐❞❛ ♦❜t❡♥❞♦✿

M−1
1 (x) =

1

2k

[

k exp (−ikx) −im1 exp (−ikx)
k exp (ikx) im1 exp (ikx)

]

✭✸✳✶✺✮

❆s ♠❛tr✐③❡s M2(x) ❡ M−1
2 (x) ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❡ ✸✳✶✹ ❡ ✸✳✶✺ ❢❛③❡♥❞♦ m1 → m2

❡ s❡ k > κ0 ❢❛③❡♥❞♦ k → k2 ❡ s❡ k < κ0 ❢❛③❡♥❞♦ k → −iρ✳ ❉❡ss❛ ❢♦r♠❛ t❡♠✲s❡✿

M2(x) =































[

exp (ρx) exp (−ρx)
ρ
m2

exp (ρx) −ρ
m2

exp (−ρx)

]

se k < κ0

[

exp (ik2x) exp (−ik2x)
ik2
m2

exp (ik2x)
−ik2
m2

exp (−ik2x)

]

se k > κ0

✭✸✳✶✻✮

M−1
2 (x) =































1
2ρ

[

iρ exp (−ρx) m2 exp (−ρx)
iρ exp (ρx) −m2 exp (ρx)

]

se k < κ0

1
2k2

[

k2 exp (−ik2x) −im2 exp (−ik2x)
k exp (ik2x) im2 exp (ik2x)

]

se k > κ0

✭✸✳✶✼✮

❆s ♠❛tr✐③❡s M3(x) ❡ M−1
3 (x) ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ❢❛③❡♥❞♦ k → k3 ❡ m1 → m3 ❡♠ ✸✳✶✹ ❡ ✸✳✶✺✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳



✸✳✶ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ✷✺

M3(x) =

[

exp (ik3x) exp (−ik3x)
ik3
m3

exp (ik3x)
−ik3
m3

exp (−ik3x)

]

✭✸✳✶✽✮

M−1
3 (x) =

1

2k3

[

k3 exp (−ik3x) −im3 exp (−ik3x)
k3 exp (ik3x) im3 exp (ik3x)

]

✭✸✳✶✾✮

❈♦♥s✐❞❡r❛♥❞♦ ♦ ❝❛s♦ ❡♠ q✉❡ ♦ ❡❧étr♦♥ s❡ ♠♦✈❡ ❞❛ ❞✐r❡✐t❛ ♣❛r❛ ❛ ❡sq✉❡r❞❛✳ ❆s ♦♥❞❛s

✐♥❝✐❞❡♥t❡ ❡ r❡✢❡t✐❞❛ s❡ ♠♦✈❡♠ ♥❛ r❡❣✐ã♦ ✶✱ ❝♦♠ ❛♠♣❧✐t✉❞❡s A1 ❡ B1✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ ♥❛

r❡❣✐ã♦ ✸ ❤á ❛♣❡♥❛s ❛ ♦♥❞❛ tr❛♥s♠✐t✐❞❛ ❝♦♠ ❛♠♣✐❧t✉❞❡ A3✳ ❈♦♠♦ ♥ã♦ ❤á r❡✢❡①ã♦ ♥❛ s❡❣✉♥❞❛

✐♥t❡r❢❛❝❡ (x = x2)✱ tê♠✲s❡ B3 = 0✳ ❆ss✐♠✱ ❛ss✉♠✐♥❞♦ A1 = 1✱ ♦❜t❡♠✲s❡ q✉❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡

tr❛♥s♠✐ssã♦ ❡ r❡✢❡①ã♦ sã♦ ❞❛❞♦s ♣♦r✿

T =
k3m

∗
1

km∗
3

1

|M11|2
✭✸✳✷✵✮

R =

∣

∣

∣

∣

M11

M21

∣

∣

∣

∣

2

✭✸✳✷✶✮

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣r❡❝✐s❛♠♦s ❞♦ ❡❧❡♠❡♥t♦ M11(x1, x2)✳ ❈♦♥✲

s✐❞❡r❛♥❞♦ k > κ0✱ ❛♣ós r❡❛❧✐③❛r ♦ ♣r♦❞✉t♦ ❞❡ ♠❛tr✐③❡s ✐♥❞✐❝❛❞♦ ♥❛ ❡q✉❛çã♦ ✸✳✶✸ ❡ ❛❧❣✉♠❛s

s✐♠♣❧✐✜❝❛çõ❡s ❛❧❣é❜r✐❝❛s ♦❜t❡♠✲s❡ q✉❡ ♣❛r❛✿

M11(x1, x2) =
e−i(kx1−k3x2+k2(x2−x1))

4kk2m2m3

[(k2m1 + km2)(k3m2 + k2m3)−

e2ik2(x2−x1)(k2m1 − km2)(−k3m2 + k2m3)
]

. ✭✸✳✷✷✮

❖ ❝♦♠♣❧❡①♦ ❝♦♥❥✉❣❛❞♦ ❞♦ ❡❧❡♠❡♥t♦ M11 é ❞❛❞♦ ♣♦r✿

M∗
11(x1, x2) =

ei(kx1−k3x2+k2(x2−x1))

4kk2m2m3

[(k2m1 + km2)(k3m2 + k2m3)−

e−2ik2(x2−x1)(k2m1 − km2)(−k3m2 + k2m3)
]

. ✭✸✳✷✸✮

❋❛③❡♥❞♦ ♦ ♣r♦❞✉t♦ M11M
∗
11 ❡ s✉❜t✐t✉✐♥❞♦ ❡♠ ✸✳✷✵ ♦❜t❡♠✲s❡ q✉❡ ♣❛r❛ k > κ0 ♦ ❝♦❡✜❝✐❡♥t❡



✷✻ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s

❞❡ tr❛♥s♠✐ssã♦ é ❞❛❞♦ ♣♦r✿

T (k) =
16k3k2m1m

2
2

k
|(k2m1 + km2)(k3m2 + k2m3)−

e2ik2(x2−x1)(k2m1 − km2)(k2m3 − k3m2)
∣

∣

−2
✭✸✳✷✹✮

❋❛③❡♥❞♦ ❛❧❣✉♠❛s s✐♠♣❧✐✜❝❛çõ❡s ❛❧❣é❜r✐❝❛s✿

T (k) =
16k3k2m1m

2
2

k

[

(k2m1 − km2)
2(k2m3 − k3m2)

2 + (k2m1 + km2)
2(k3m2 + k2m3)

2−

2(k2m1 − km2)(k2m3 − k3m2)(k2m1 + km2)(k3m2 + k2m3) cos [2k2(x2 − x1)]]
−1

✭✸✳✷✺✮

❘❡❛rr❛♥❥❛♥❞♦ ❛ ❡q✉❛çã♦ ❛❝✐♠❛✿

T (k) =
16k3k2m1m

2
2m3

k

[

[(k2m1 − km2)(k2m3 − k3m2)− (k2m1 + km2)(k3m2 + k2m3)]
2+

(k22m
2
3 − k23m

2
2)(k

2
2m

2
1 − k2m2

2) sin [k2(x2 − x1)]
2]−1

✭✸✳✷✻✮

❋❛③❡♥❞♦ k2 → −iρ ♥❛ ❡q✉❛çã♦ ❛❝✐♠❛ ♦❜t❡♠♦s ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ k < κ0✳

✸✳✶✳✶ ❉❡♣❡♥❞ê♥❝✐❛ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❝♦♠ ❛ ♠❛ss❛ ❡❢❡✲

t✐✈❛

❋❛③❡♥❞♦ m1 = m2 = m3 = rmel✱ ♦♥❞❡ mel é ❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥ ❧✐✈r❡✱ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡

tr❛♥s♠✐ssã♦ ❞❡ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ k é ❞❛❞♦ ♣♦r✿

T (k) =



















4k3k
(k3+k)2

[

1 +
(k2+ρ2)(k23+ρ2))

ρ2(k23+k2)
sinh2(aρ)

]−1

se k < κ0

4k3k
(k3+k)2

[

1− (k2−k22)(k
2
3−k22)

k22(k
2
3+k2)

sin2(ak2)
]−1

se k > κ0

✭✸✳✷✼✮

◆❛ ✜❣✉r❛ ✸✳✷ s❡ ❡♥❝♦♥tr❛ ♦ ❡s♣❡❝tr♦ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ r❡t❛♥✲



✸✳✶ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ✷✼

❣✉❧❛r ❞❡ ❛❧t✉r❛ V0 = 9.4eV ❡ ❧❛r❣✉r❛ |x1 − x2| = a = 10 ➴✱ ♣❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡ ❛ ♠❛ss❛ ❡❢❡t✐✈❛

❞♦ ❡❧étr♦♥ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥ ❧✐✈r❡ ♥❛s três r❡❣✐õ❡s✱ ♦♥❞❡ r é ❛ ❝♦♥st❛♥t❡ ❞❡

♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡✳
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❋✐❣✳ ✸✳✷✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k✳ ❈♦♥s✐❞❡r❛♥❞♦ ♦ ❝❛s♦ ❡♠ q✉❡ ❛ ♠❛ss❛
❡❢❡t✐✈❛ ❞♦ ❡❧étr♦♥ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥ ❧✐✈r❡ ♥❛s três r❡❣✐õ❡s✱ ♦♥❞❡ r é ❛ ❝♦♥st❛♥t❡
❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡✳

❉❛ ✜❣✉r❛ ✸✳✷✱ ♥❛ r❡❣✐ã♦ k > κ0✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♦ ❝♦❡✜❝❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣♦❞❡ s❡r ♠❡♥♦r

❞♦ q✉❡ ✉♠✱ ♦✉ s❡❥❛✱ ♠❡s♠♦ ❡st❛♥❞♦ ♥❛ r❡❣✐ã♦ ❝♦♠ E > V0 ❤á ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ s❡r

r❡✢❡t✐❞❛✳ ❖s ✈❛❧♦r❡s ❞❡ k ♣❛r❛ ♦s q✉❛✐s T (k) = 1 ♦❝♦rr❡♠ q✉❛♥❞♦ ka = nπ✱ ♦♥❞❡ n é ✉♠ ♥ú♠❡r♦

✐♥t❡✐r♦ ♣♦s✐t✐✈♦✳ ❆ ♣❛rtí❝✉❧❛ é ✶✵✵✪ tr❛♥s♠✐t✐❞❛ q✉❛♥❞♦ ❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛ é ❡①❛t❛♠❡♥t❡

✐❣✉❛❧ ❛ ✉♠ ♠ú❧t✐♣❧♦ ✐♥t❡✐r♦ ♦✉ s❡♠✐✲✐♥t❡✐r♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❞❡ ❇r♦❣❧✐❡ ❞❛ ♣❛rtí❝✉❧❛

❞❡♥tr♦ ❞❛ ❜❛rr❡✐r❛✳ ❊ss❡ é ✉♠ ❢❡♥ô♠❡♥♦ ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ q✉â♥t✐❝❛✱ ♥♦ q✉❛❧ ♦❝♦rr❡ ✐♥t❡r❢❡rê♥❝✐❛

❝♦♥str✉t✐✈❛ ❡♥tr❡ ❛s ♦♥❞❛s r❡✢❡t✐❞❛s ❡♠ x1 ❡ x2✳ ❆❧é♠ ❞✐ss♦✱ ♥♦t❛✲s❡ q✉❡ q✉❛♥t♦ ♠❡♥♦r ❛ ♠❛ss❛

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

✉♠ ✈❛❧♦r ❡①♣r❡ss✐✈♦✳ ■ss♦ ❞❡❝♦rr❡ ❞♦ ❢❛t♦ ❞❡ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❛✉♠❡♥t❛ ♥❛

r❡❣✐ã♦ E > V0✱ ♦♥❞❡ E é ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ✐♥❝✐❞❡♥t❡✱ ❡ ♣♦rt❛♥t♦ ❛♦ ❞✐♠✐♥✉✐r ❛ ♠❛ss❛

❡❢❡t✐✈❛ ❞❛ ♣❛rtí❝✉❧❛ t❡♠✲s❡ q✉❡ ♦ ✈❛❧♦r ❞❡ k ♣❛r❛ ♦ q✉❛❧ ✐ss♦ ♦❝♦rr❡ ❞✐♠✐♥✉✐✳

❈♦♥s✐❞❡r❛♥❞♦ ❛❣♦r❛ ♦ ❝❛s♦✱ m1 = m3 = rmel ❡ m2 = mel✳ ◆❛ ✜❣✉r❛ ✸✳✸ s❡ ❡♥❝♦♥tr❛

♦ ❡s♣❡❝tr♦ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ❛❧t✉r❛ V0 = 9.4eV ✱ ❞❡ ❧❛r❣✉r❛

a = 10 ➴✳

❉❛ ✜❣✉r❛ ✸✳✸ ♦❜s❡r✈❛✲s❡ q✉❡ ❛♦ ✈❛r✐❛r ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞❛ ♣❛rtí❝✉❧❛ ♥❛s r❡❣✐õ❡s ✶ ❡ ✸ ✈❛r✐❛✲s❡



✷✽ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s

❛ ❛♠♣❧✐t✉❞❡ ❞❛s ♦s❝✐❧❛çõ❡s✳ ◆❛ ✜❣✉r❛ ✸✳✸✭❛✮ ❛♦ ❞✐♠✐♥✉✐r ♦ ♣❛râ♠❡tr♦ r ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ♦s❝✐❧❛çã♦

❛✉♠❡♥t❛✱ ❥á ♥❛ ✜❣✉r❛ ✸✳✸✭❜✮ ❛♦ ❛✉♠❡♥t❛r ♦ ♣❛râ♠❡tr♦ r ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ♦s❝✐❧❛çã♦ ❛✉♠❡♥t❛✳ ■ss♦

❞❡❝♦rr❡ ❞♦ ❞❡s❝❛s❛♠❡♥t♦ ✭♠✐s♠❛t❝❤✐♥❣✮ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ♥❛s ❞✐❢❡r❡♥t❡s r❡❣✐õ❡s ❞♦ ♣♦t❡♥❝✐❛❧

❞❡✈✐❞♦ à ❞✐❢❡r❡♥ç❛ ❞❛ ♠❛ss❛ ❡♥tr❡ ❡ss❛s r❡❣✐õ❡s✳ ❆❧é♠ ❞✐ss♦✱ ♦ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ❞♦ ❝♦❡✜❝✐❡♥t❡

❞❡ tr❛♥s♠✐ssã♦ ♥ã♦ s❡ ❛❧t❡r❛✳ ■ss♦ ♦❝♦rr❡ ♣♦✐s ♦ ♣❡rí♦❞♦ ❧❡✈❛ ❡♠ ❝♦♥t❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
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✭❛✮ r ≤ 1
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✭❜✮ r > 1

❋✐❣✳ ✸✳✸✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k ❝♦♥s✐❞❡r❛♥❞♦ m1 = m3 = rmel ❡
m2 = mel



✸✳✷ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛ ✷✾

❞❛ ♣❛rtí❝✉❧❛ ♥❛ r❡❣✐ã♦ ❞❛ ❜❛rr❡✐r❛ q✉❡ ♥ã♦ s❡ ❛❧t❡r❛✳

❈♦♥s✐❞❡r❛♥❞♦ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞❛ ♣❛rtí❝✉❧❛ ❞✐❢❡r❡♥t❡ ♥❛s três r❡❣✐õ❡s✱m1 = r1mel✱m2 = mel ❡

m3 = 2mel✳ ◆❛ ✜❣✉r❛ ✸✳✹ s❡ ❡♥❝♦♥tr❛ ♦ ❡s♣❡❝tr♦ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧

❞❡ ❛❧t✉r❛ V0 = 9.4eV ✱ ❞❡ ❧❛r❣✉r❛ a = 10 ➴ ❡ ♦❜s❡r✈❛✲s❡ q✉❡ ♥❛ r❡❣✐ã♦ ❞❡ ♦s❝✐❧❛çã♦ ♦ ✈❛❧♦r

♠á①✐♠♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❛t✐♥❣❡ ♦ ✈❛❧♦r ✉♥✐tár✐♦✳
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❋✐❣✳ ✸✳✹✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k✱ ❝♦♥s✐❞❡r❛♥❞♦ m1 = r1mel✱ m2 = mel ❡
m3 = 2mel

✸✳✷ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛

❆ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛ é ❡s♣❡❝✐✜❝❛❞❛ ♣❡❧❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r

♥✉♠❛ r❡❣✐ã♦ ✜♥✐t❛ ❞♦ ❡s♣❛ç♦✱ ❝♦♠♦ ✐♥❞✐❝❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✺✳

❆ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛ é ❞❡s❝r✐t❛ ♠❛t❡♠❛t✐❝❛♠❡♥t❡ ♣♦r✿

V (x) =











0 se x < x1 ❘❡❣✐ã♦ ✶

V0 +
(

V1−V0

x2−x1

)

x se x1 ≤ x < x2 ❘❡❣✐ã♦ ✷

−V2 se x ≥ x2 ❘❡❣✐ã♦ ✸

✭✸✳✷✽✮

◆❛s r❡❣✐õ❡s ✶ ❡ ✸✱ ❛ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r sã♦ ♦♥❞❛s ♣❧❛♥❛s s❡ ♠♦✈❡♥❞♦ ❞❛

❞✐r❡✐t❛ ♣❛r❛ ❛ ❡sq✉❡r❞❛ ❡ ❛♦ ❝♦♥trár✐♦✱ ❞❡s❝r✐t❛s ♣❡❧❛s ❡q✉❛çõ❡s ✸✳✸ ❡ ✸✳✼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳





✸✳✷ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛ ✸✶

❈á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦

❆♣❧✐❝❛♥❞♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ✸✳✶✵ ❡ ✸✳✶✶ ♦❜t❡♠♦s q✉❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛s ❛♠♣❧✐t✉❞❡s

❞❛s ♦♥❞❛s tr❛♥s♠✐t✐❞❛ ❡ ✐♥❝✐❞❡♥t❡ é ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✸✳✶✸ ♦♥❞❡ ❛s ♠❛tr✐③❡s M1(x) ❡ M3(x) ❡

s✉❛s ✐♥✈❡rs❛s sã♦ ❞❛❞❛s ♣❡❧❛s ❡q✉❛çõ❡s ✸✳✶✹✱ ✸✳✶✽✱ ✸✳✶✺ ❡ ✸✳✶✾✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦rt❛♥t♦✱ ♣❛r❛

♦❜t❡r ♦s ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ❡st❡ ♣♦t❡♥❝✐❛❧ ♣r❡❝✐s❛♠♦s ❡♥❝♦♥tr❛r ❛ ♠❛tr✐③ M2(x) ❡

❛ s✉❛ ✐♥✈❡rs❛✳

❉❛ ❡q✉❛çã♦ ✸✳✸✷ ♦❜t❡♠✲s❡ ❛ ♠❛tr✐③ M2(x)✿

M2(x) =

[

Ai[ξ(x)] Bi[ξ(x)]

γAi′[ξ(x)] γBi′[ξ(x)]

]

✭✸✳✸✸✮

♦♥❞❡

γ =
dξ

dx
=

−αη
a

. ✭✸✳✸✹✮

❆ ♠❛tr✐③ ❛❝✐♠❛ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ✐♥✈❡rt✐❞❛ ♦❜t❡♥❞♦ ❛ ♠❛tr✐③ M−1
2 (x)✿

M−1
2 (x) =

π

γ

[

γBi′[ξ(x)] −Bi[ξ(x)]
−γAi′[ξ(x)] Ai[ξ(x)]

]

✭✸✳✸✺✮

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ✸✳✸✺ ✉t✐❧✐③♦✉✲s❡ ♦ ❲r♦♥s❦✐❛♥♦ ❞❛s ❢✉♥çõ❡s ❞❡ ❆✐r② ❬✷✼❪✿

W [Ai[z], Bi[x]] =
1

π
✭✸✳✸✻✮

❉❛ ❡q✉❛çã♦ ✸✳✷✵ ♥♦t❛✲s❡ q✉❡ é ♥❡❝❡ssár✐♦ ❛♣❡♥❛s ♦ ❡❧❡♠❡♥t♦M11 ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡

❞❡ tr❛♥s♠✐ssã♦✳ ❉❡ss❛ ❢♦r♠❛ ✉t✐❧✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s ✸✳✶✸✱ ✸✳✶✹✱ ✸✳✶✺✱ ✸✳✸✸ ❡ ✸✳✸✺✱ ♦ ❡❧❡♠❡♥t♦

M11 ❛♣ós ❛❧❣✉♠❛s ♠❛♥✐♣✉❧❛çõ❡s ❛❧❣é❜r✐❝❛s é ❞❛❞♦ ♣♦r✿

M11(x1, x2) =
e−i(kx1−k3x2)π

2km2m3γ
[k3m1m2γ(Ai[ξ(x2)]Bi

′[ξ(x1)]− Bi[ξ(x2)]Ai
′[ξ(x1)])+

km2m3γ(Ai[ξ(x1)]Bi
′[ξ(x2)]− Bi[ξ(x1)]Ai

′[ξ(x2)])+

ikk3m
2
2(Ai[ξ(x2)]Bi[ξ(x1)]− Ai[ξ(x1)]Bi[ξ(x2)])+

im1m3γ
2(Ai′[ξ(x1)]Bi

′[ξ(x2)]− Ai′[ξ(x2)]Bi
′[ξ(x1)])

]

✭✸✳✸✼✮

❉❡✜♥✐♥❞♦ ❛s ✈❛r✐á✈❡✐s ❛❜❛✐①♦✿



✸✷ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s

ζ1 = Ai[ξ(x1)]Bi
′[ξ(x2)]− Bi[ξ(x1)]Ai

′[ξ(x2)] ✭✸✳✸✽✮

ζ2 = Ai[ξ(x2)]Bi
′[ξ(x1)]− Bi[ξ(x2)]Ai

′[ξ(x1)] ✭✸✳✸✾✮

ζ3 = Ai[ξ(x2)]Bi[ξ(x1)]− Ai[ξ(x1)]Bi[ξ(x2)] ✭✸✳✹✵✮

ζ4 = Ai′[ξ(x1)]Bi
′[ξ(x2)]− Ai′[ξ(x2)]Bi

′[ξ(x1)] ✭✸✳✹✶✮

♣♦❞❡♠♦s r❡❛❣r✉♣❛r ❛ ❡q✉❛çã♦ ✸✳✹✷✱ ❝♦♥❢♦r♠❡ s❡❣✉❡✿

M11(x1, x2) =
e−i(kx1−k3x2)π

2

[

ζ1 +
k3m1

km3

ζ2 + i
k3m2

γm3

ζ3 + i
m1m3γ

km3

ζ4

]

✭✸✳✹✷✮

❖ ❝♦♠♣❧❡①♦ ❝♦♥❥✉❣❛❞♦ ❞♦ ❡❧❡♠❡♥t♦ M11 é ❞❛❞♦ ♣♦r✿

M∗
11(x1, x2) =

ei(kx1−k3x2)π

2

[

ζ1 +
k3m1

km3

ζ2 − i

(

k3m2

γm3

ζ∗3 +
m1m3γ

km3

ζ∗4

)]

✭✸✳✹✸✮

P♦rt❛♥t♦ ♦ ♣r♦❞✉t♦ M11M
∗
11é ❞❛❞♦ ♣♦r✿

M11M
∗
11 =

π2

4

[

∣

∣

∣

∣

ζ1 +
k3m1

km3

ζ2

∣

∣

∣

∣

2

+

∣

∣

∣

∣

k3m2

γm3

ζ3 +
m1m3γ

km3

ζ4

∣

∣

∣

∣

2
]

✭✸✳✹✹✮

❆ss✐♠ ✉t✐❧✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s ✸✳✷✵ ❡ ✸✳✹✹ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠

❛♣❧✐❝❛❞❛ é ❞❛❞♦ ♣♦r✿

T (k, V1) =
π2m1k3
4m3k

[

∣

∣

∣

∣

ζ1 +
k3m1

km3

ζ2

∣

∣

∣

∣

2

+

∣

∣

∣

∣

k3m2

γm3

ζ3 +
m1m3γ

km3

ζ4

∣

∣

∣

∣

2
]

✭✸✳✹✺✮

❉❡♣❡♥❞ê♥❝✐❛ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❝♦♠ V1

❈♦♥s✐❞❡r❛♥❞♦ m1 = m2 = m3 = mel✳ ◆❛ ✜❣✉r❛ ✸✳✻ s❡ ❡♥❝♦♥tr❛ ♦ ❡s♣❡❝tr♦ ❞❡ tr❛♥s♠✐ssã♦

♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ♠❛♥t❡♥❞♦ ♦s ♣❛râ♠❡tr♦s V0 = 9.4 eV ✱ a = 10 ➴ ❡ V2 = 0

✜①♦s✳ ◆♦t❛✲s❡ q✉❡ ❛♦ ❞✐♠✐♥✉✐r V1 ❛ ❛♠♣❧✐t✉❞❡ ❞❛s ♦s❝✐❧❛çõ❡s ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦

❞✐♠✐♥✉✐✳ ◆♦ ❝❛s♦ ❡♠ q✉❡ V1 = 0✱ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♥ã♦ ❛♣r❡s❡♥t❛ ♦s❝✐❧❛çã♦✳

◆❛ ✜❣✉r❛ ✸✳✼ s❡ ❡♥❝♦♥tr❛ ♦ ❡s♣❡❝tr♦ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r



✸✳✷ ❇❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❧✐♥❡❛r ❛ss✐♠étr✐❝❛ ✸✸
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❋✐❣✳ ✸✳✻✿ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k ✈❛r✐❛♥❞♦ ♦ ♣❛râ♠❡tr♦ V1✳

♠❛♥t❡♥❞♦ ♦s ♣❛râ♠❡tr♦s V0 = 9.4eV ❡ a = 10 ➴ ✜①♦s ❡ ❢❛③❡♥❞♦ V2 = V0 − V1✳ ❆♦ ✐♥tr♦❞✉③✐r ❛

q✉❡❞❛ ❞♦ ♣♦t❡♥❝✐❛❧ ♥❛ r❡❣✐ã♦ ✸✱ ♥♦t❛✲s❡ q✉❡ ♠❡s♠♦ q✉❛♥❞♦ V1 = 0 ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦

❛♣r❡s❡♥t❛ ♦s❝✐❧❛çõ❡s ♥❛ r❡❣✐ã♦ ❡♠ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ✐♥❝✐❞❡♥t❡ é ♠❛✐♦r q✉❡ ❛ ❛❧t✉r❛ ❞❛

❜❛rr❡✐r❛✳

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

k HÅ-1L

T
Hk
L

0

5
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V1 HeV L

❋✐❣✳ ✸✳✼✿ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ k ✈❛r✐❛♥❞♦ ♦ ♣❛râ♠❡tr♦ V1 ❡ ❝♦♥s✐❞❡r❛♥❞♦
V2 = V0 − V1✳



✸✹ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s



❈❛♣ít✉❧♦ ✹

❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

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

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

❢✉♥çõ❡s ❝♦ss❡♥♦ ❝♦rt❛❞❛s ❞❡ ❧❛r❣✉r❛ l✮✳ ❆❧é♠ ❞✐ss♦ s❡rã♦ ❝♦♥s✐❞❡r❛❞♦s ❞♦✐s t✐♣♦s ❞❡ ❜❛rr❡✐r❛s

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

✹✳✶ P❛❝♦t❡ ❞❡ ♦♥❞❛ ●❛✉ss✐❛♥♦

✹✳✶✳✶ ❋✉♥çã♦ ❞❡ ♦♥❞❛ ♥♦ ❡s♣❛ç♦ ❦

❆ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ❛ss✉♠✐❞❛ ❢♦✐ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ●❛✉ss✐❛♥♦ r❡str✐t♦ ❛♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛

❜❛rr❡✐r❛ ❝✉❥❛ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ é σ ❡ ❡stá ❝❡♥tr❛❞♦ ❡♠ x = x0✱ ♦♥❞❡ x0 < 0 ❡stá ❧♦♥❣❡ ❞❛ ❜❛rr❡✐r❛✱

❡ p0 = ~k0 é ♦ ♠♦♠❡♥t♦ ♠é❞✐♦ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛✳ ❊st❡ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♣♦r✿

Ψ(x, t = 0) =
1

π
1
4σ

1
2

e
−(x−x0)

2

2σ2 eik0x ✭✹✳✶✮

❯t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✸✻ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ ♥♦ ❡s♣❛ç♦ ❦ ❞❛❞❛

♣♦r✿

φ(k, t = 0) =
1

π
1
4σ

1
2
k

e
−(k−k0)

2

2σ2
k eix0(k−k0) ✭✹✳✷✮

♦♥❞❡ σk = 1/σ✱ é ❛ ❧❛r❣✉r❛ ❞♦ ♣❛❝♦t❡ ♥♦ ❡s♣❛ç♦ ❦✳ ❖ ✈❛❧♦r ♠é❞✐♦ ❞❛ ❡♥❡r❣✐❛ ❞♦ ♣❛❝♦t❡ é ❞❛❞❛

♣♦r✿

✸✺



✸✻ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

Em =
~
2k20
2m

✭✹✳✸✮

❙✉❜st✐t✉✐♥❞♦ ✹✳✷ ♥❛ ❡q✉❛çã♦ ✷✳✸✾ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

❣❛✉ss✐❛♥♦ é ❞❛❞♦ ♣♦r✿

PT =
1√
πσk

∫ ∞

0

e
−(k−k0)

2

σ2
k T (k) dk ✭✹✳✹✮

♦♥❞❡ T (k) é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ k✳

✹✳✶✳✷ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡♠ ✉♠❛ ❜❛rr❡✐r❛ r❡t❛♥✲

❣✉❧❛r

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

❡sq✉❡r❞❛ s♦❜r❡ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ r❡t❛♥❣✉❧❛r✳ ❈♦♥s✐❞❡r❛♠♦s ♦ ❡❧étr♦♥ ❧✐✈r❡ ♥❛s três

r❡❣✐õ❡s (m1 = m2 = m3 = mel) ❡ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ❛❧t✉r❛ V0 = 9.4 eV ❡ ❧❛r❣✉r❛

a = 10 ➴✳ ❊st✉❞❛♠♦s ♦s ❝❛s♦s ❡♠ q✉❡ ❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ❞♦ ♣♦❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ é ❞❛❞❛ ♣♦r✿

0.85V0✱ 0.95V0✱ 1.05V0 ❡ 1.25V0✳

❙✉❜st✐t✉✐♥❞♦ ❛s ❡q✉❛çõ❡s ✸✳✷✼ ♥❛ ❡q✉❛çã♦ ✹✳✹✿

PT = 1√
πσk

(

∫ κ0

0
e

−(k−k0)
2

σ2
k

[

1 + (k2+ρ2)2

2ρ2k
sinh2(aρ)

]−1

+

∫∞
κ0
e

−(k−k0)
2

σ2
k

[

1− (k23−k22)
2

2k22k
sin2(ak2)

]−1
)

✭✹✳✺✮

❆ ✐♥t❡❣r❛❧ ✹✳✺ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♥✉♠❡r✐❝❛♠❡♥t❡ ✉t✐❧✐③❛♥❞♦ ♦ ♣❛❝♦t❡ ❞❡ ✐♥t❡❣r❛çã♦ ♥✉♠ér✐❝❛ ❞♦

▼❛t❤❡♠❛t✐❝❛ ✈❡rsã♦ ✼✳ ◆❛ ✜❣✉r❛ ✹✳✶ ❡stá ❣r❛✜❝❛❞❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♣❛r❛ ✉♠

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

♦ ✈❛❧♦r ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ k0✳

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

t❡♥❞❡ ❛♦ ✈❛❧♦r ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✱ q✉❛♥t♦ ♠❛✐♦r ❛ r❛③ã♦ Em/V0

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

✈❛❧♦r ❡s♣❡r❛❞♦ ♣❛r❛ ❛ ♦♥❞❛ ♣❧❛♥❛✳ P❛r❛ Em/V0 = 0.85 ❡ Em/V0 = 0.95✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡



✹✳✶ P❛❝♦t❡ ❞❡ ♦♥❞❛ ●❛✉ss✐❛♥♦ ✸✼
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Razão Em�V0

❋✐❣✳ ✹✳✶✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛
❣❛✉ss✐❛♥♦ (σ)✱ ❛s ❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s ✐♥❞✐❝❛♠ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♣❛r❛ ❛ ♦♥❞❛
♣❧❛♥❛✳

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

é ❞❛ ♦r❞❡♠ ❞❡ ✶✵ ➴ ❡ ✸✵ ➴✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❏á ♥♦s ❝❛s♦s Em/V0 = 1.05 ❡ Em/V0 = 1.25 ♣❛r❛

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

♦r❞❡♠ ❞❡ ✽✵ ➴✳

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

❞❡ k ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❞❡ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✭σk = 0.25➴−1✮ ❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡

tr❛♥s♠✐ssã♦ ❞❡ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛✱ T (k)✳ ❆♦ ❛✉♠❡♥t❛r ❛ r❛③ã♦ E/V0✱ ❛✉♠❡♥t❛♠♦s ♦ ✈❡t♦r ❞❡

♦♥❞❛ ♠é❞✐♦ ❞♦ ♣❛❝♦t❡ (k0)✱ ❡ ❝♦♠ ✐ss♦ ♦ ♣❛❝♦t❡ ♥♦ ❡s♣❛ç♦ k ✜❝❛ ❝❡♥tr❛❞♦ ♥✉♠❛ r❡❣✐ã♦ ♥ã♦ ♥✉❧❛

❞❡ T (k)✳ ❆ss✐♠ t❡♠♦s q✉❡ ❛♦ ❛✉♠❡♥t❛r ♦ ♠♦♠❡♥t♦ ♠é❞✐♦ ❞♦ ♣❛❝♦t❡ ❛✉♠❡♥t❛♠♦s ❛ ár❡❛ ❞❡

s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❛s ❞✉❛s ❢✉♥çõ❡s ❛✉♠❡♥t❛♥❞♦ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣❛❝♦t❡ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✶✵ ➴ ✭✜❣✉r❛ ✹✳✷✭❜✮✮✱ q✉❛♥❞♦ ❛ ❡♥❡r❣✐❛ ♠é❞✐❛

❞♦ ♣❛❝♦t❡ é ♠❡♥♦r q✉❛ ❛ ❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ (E/V0 < 1) ❛ r❡❣✐ã♦ ❞❡ s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❛s ❢✉♥çõ❡s

é ♣❡q✉❡♥❛ ❡ ❝♦♠ ✐ss♦ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ é ♣❡q✉❡♥❛✱ ❥á q✉❡ ❛ r❡❣✐ã♦ ❞❛ ❞✐str✐❜✉✐çã♦

❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ s♦❜r❡♣♦st❛ ❝♦♠ ❛ r❡❣✐ã♦ ♥ã♦ ♥✉❧❛ ❞❡ T (k) é ♣❡q✉❡♥❛✳ ❏á ❛♦ ❝♦♥s✐❞❡r❛r ♦ ❝❛s♦

❡♠ q✉❡ ❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ❞♦ ♣❛❝♦t❡ é ♠❛✐♦r q✉❡ ❛ ❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ (E/V0 > 1) ❛ ❞✐str✐❜✉✐çã♦

❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❡stá s♦❜r❡♣♦st❛ ❛ ✉♠❛ r❡❣✐ã♦ ❞❡ T (k) ♥ã♦ ♥✉❧❛ ❝♦♠ ✐ss♦ ❤á ♦ ❛✉♠❡♥t♦ ❞❛

♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳

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



✸✽ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

(E/V0 < 1) ❛♦ ❛✉♠❡♥t❛r ❛ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ❞♦ ♣❛❝♦t❡ ❞✐♠✐♥✉✐✲s❡ ❛ r❡❣✐ã♦ ❞❡ s♦♣r❡♣♦s✐çã♦

❝♦♠ T (k) ♥ã♦ ♥✉❧♦✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛s ✜❣✉r❛s ✹✳✷✭❝✮ ❡ ✹✳✷✭❞✮✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛

♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞♦ ♣❛❝♦t❡ r❛♣✐❞❛♠❡♥t❡ ❝❛✐❛ ❛ ③❡r♦✳
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✭❛✮ σ = 4 ➴
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✭❜✮ σ = 10 ➴
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✭❝✮ σ = 25 ➴
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✭❞✮ σ = 50 ➴

❋✐❣✳ ✹✳✷✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞❛ s✐♠étr✐❝❛ ❡ ❞✐s✲
tr✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦

✹✳✶✳✸ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡♠ ✉♠❛ ❜❛rr❡✐r❛ ❧✐♥❡❛r

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

❡sq✉❡r❞❛ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ❛❧t✉r❛ ♠á①✐♠❛ V0 = 9.4 eV ✱ ❞❡ ❧❛r❣✉r❛ a = 10 ➴✱

♠❛♥t❡♥❞♦ V2 = 0 ❡ ✈❛r✐❛♥❞♦ ♦ ♣❛rê♠❡tr♦ V1✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥ ❧✐✈r❡ ♥❛s três

r❡❣✐õ❡s✳ ❊st✉❞❛r❡♠♦s ♦ ❝❛s♦ ❡♠ ❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ❞♦ ♣❛❝♦t❡ ✐♥❝✐❞❡♥t❡ é t❛♥t♦ ♠❛✐♦r q✉❡ ❛

❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ✭E = 1.15V0 ❡ E = 1.05V0✮ q✉❛♥t♦ ♠❡♥♦r ✭E = 0.95V0 ❡ E = 0.85V0✮✳

❙✉❜st✐t✉✐♥❞♦ ✸✳✹✺ ❡♠ ✹✳✹ ❡ ❢❛③❡♥❞♦ m1 = m2 = m3 = mel ❡ k = k3 ♦❜t❡♠♦s q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡

❞❡ t✉♥❡❧❛♠❡♥t♦ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ é ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✹✳✻✱ q✉❡

❢♦✐ ❝❛❧❝✉❧❛❞❛ ♥✉♠❡r✐❝❛♠❡♥t❡✳



✹✳✶ P❛❝♦t❡ ❞❡ ♦♥❞❛ ●❛✉ss✐❛♥♦ ✸✾

PT =
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[
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∣
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γ
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∣
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∣

∣

2
]

✭✹✳✻✮

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❧♦❝❛❧✐③❛❞♦ ❝✉❥❛ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✸✳✻ ➴✳ ❆ ♣r♦❜❛✲

❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❡ V1 ❡stá ❣r❛✜❝❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✸✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡

❛♦ ❛✉♠❡♥t❛r ♦ ♣❛râ♠❡tr♦ V1 ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞✐♠✐♥✉✐✳ ❆❧é♠ ❞✐ss♦ ❛♦ ❛✉♠❡♥t❛r

❛ r❛③ã♦ E/V0 ❤á ✉♠ ❛✉♠❡♥t♦ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳
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❋✐❣✳ ✹✳✸✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❡ V1✱ ♣❛r❛ ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❝♦♠
❧❛r❣✉r❛ σ = 3.6 ➴✳

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

❞♦ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ♥♦ ❡s♣❛ç♦ k ✭σ = 3.6 ➴✮ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✱

T (k, V1)✱ ♣❛r❛ V1 = 0✱ 3eV ✱ 6eV ❡ 9eV ✳ ◆♦t❛✲s❡ q✉❡ ❛♦ ❛✉♠❡♥t❛r V1 ❤á ✉♠ ❛✉♠❡♥t♦ ♥❛

♦s❝✐❧❛çã♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✱ ♦ q✉❡ ❞✐♠✐♥✉✐ ❛ ár❡❛ ❞❡ s♦♣r❡♣♦s✐çã♦

❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ♥♦ ❡s♣❛ç♦ k ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦

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

❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ V1✳

❆ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❞❡ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹✾✳✻ ➴ ❡♠ ❢✉♥çã♦

❞❡ V1 ❡stá ❣r❛✜❝❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✺✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♣♦ss✉✐ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❡♠ ❢✉♥çã♦ ❞❡ V1✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦❝♦rr❡♠ ❝r✉③❛♠❡♥t♦s ♥❛

♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♥♦s ❝❛s♦s ❡♠ q✉❡ ❛ r❛③ã♦ Em/V0 é ♠❛✐♦r ❞♦ q✉❡ ✉♠✳
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❋✐❣✳ ✹✳✹✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ✉♠❛ ❜❛rr❡✐r❛ ❝♦♠ V1 ❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡
♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❞❡ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ σ = 3.6 ➴
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❋✐❣✳ ✹✳✺✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❡ V1✱ ♣❛r❛ ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❝♦♠
❧❛r❣✉r❛ σ = 49.6 ➴ ❡ ❞✐❢❡r❡♥t❡s ❡♥❡r❣✐❛ ♠é❞✐❛s✳



✹✳✷ P❛❝♦t❡ ❞❡ ♦♥❞❛✿ P✉❧s♦ ✹✶

❉❛ s❡çã♦ ✹✳✶✳✷ t❡♠✲s❡ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❝♦♠

❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ❞❛ ♦r❞❡♠ ❞❡ ✺✵ ➴ t❡♥❞❡ ❛♦ ✈❛❧♦r ❞❛ ♦♥❞❛ ♣❧❛♥❛✳ ❈♦♠ ✐ss♦ ♣❛r❛ ✈❡r✐✜❝❛r s❡ ❛

♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ V1 s❡ ❝♦♠♣♦rt❛ ❝♦♠♦ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛

♥❛ ✜❣✉r❛ ✹✳✻ ❡stã♦ s♦❜r❡♣♦st♦s ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛ ❡♠ ❢✉♥çã♦ ❞❡ V1
❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹✾✳✻ ➴✳
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❋✐❣✳ ✹✳✻✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛ ❡♠ ❢✉♥çã♦ ❞❡ V1 ✭❧✐♥❤❛ ❝❤❡✐❛✮
❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❞❡ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹✾✳✻
➴✭♣♦♥t✐❧❤❛❞♦✮

✹✳✷ P❛❝♦t❡ ❞❡ ♦♥❞❛✿ P✉❧s♦

✹✳✷✳✶ ❋✉♥çã♦ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ ♥♦ ❡s♣❛ç♦ ❦

❆ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ❛ss✉♠✐❞❛ ❢♦✐ ✉♠ ♣✉❧s♦ r❡str✐t♦ ❛♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛ ❜❛rr❡✐r❛ ❞❡ ❧❛r❣✉r❛

l = |a− b|✱ ♦♥❞❡ a < b < 0✱ ❡ p0 = ~k0 é ♦ ♠♦♠❡♥t♦ ♠é❞✐♦ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛✳ ❈♦♠♦ ✐♥❞✐❝❛❞♦

♥❛ ✜❣✉r❛ ✹✳✼✱ ♦ ♣♦♥t♦ ✐♥✐❝✐❛❧ ❞♦ ♣✉❧s♦ é ♠❛♥t✐❞♦ ✜①♦ ❡♠ b = − π
2k0

❞❡ ♠♦❞♦ q✉❡ cos(k0b) = 0✱

❥á ♦ ♣♦♥t♦ ✜♥❛❧ ❞♦ ♣✉❧s♦ a é ✈❛r✐❛❞♦✳



✹✷ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

❋✐❣✳ ✹✳✼✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞♦ ♣✉❧s♦✳

❊st❡ ♣✉❧s♦ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♠❛t❡♠❛t✐❝❛♠❡♥t❡ ♣♦r✿

Ψinc(x, 0) =

{

A cos(k0x) a < x < b

0 ❝❛s♦ ❝♦♥trár✐♦
✭✹✳✼✮

❯t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✸✻ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ ♥♦ ❡s♣❛ç♦ ❦ é ❞❛❞♦

♣♦r✿

φinc(k) =
1√
2π

∫ ∞

−∞
e−ikxΨinc(x, 0)dk

=
A√
2π

∫ b

a

e−ikx cos k0x

=
A

2
√
2π

∫ b

a

e−i(k−k0)x + e−i(k+k0)x

=
A

2i
√
2π

[

e−i(k−k0)b − e−i(k−k0)a

k0 − k
− e−i(k+k0)b − e−i(k+k0)a

k0 + k

]

✭✹✳✽✮

♦♥❞❡ ❆ é ❛ ❝♦♥st❛♥t❡ ❞❡ ♥♦r♠❛❧✐③❛çã♦ ❡ é ❞❛❞❛ ♣♦r✿

|A| =
[

b− a
sin(k0b)− sin(k0a)

2k0

]−1/2

✭✹✳✾✮

❆♣ós ❛❧❣✉♠❛s s✐♠♣❧✐✜❝❛çõ❡s ❡ ♠❛♥✐♣✉❧❛çõ❡s ❛❧❣é❜r✐❝❛s ❛ ❡q✉❛çã♦ ✹✳✽ ♣♦❞❡ s❡r r❡❡s❝r✐t❛✿

φinc(k) =
A√
2π

e−ika [−ik cos(k0a) + k0 sin(k0a)] + e−ikb [ik cos(k0b)− k0 sin(k0b)]

k2 − k20
. ✭✹✳✶✵✮



✹✳✷ P❛❝♦t❡ ❞❡ ♦♥❞❛✿ P✉❧s♦ ✹✸

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♣✉❧s♦ ❞❛ ✜❣✉r❛ ✹✳✼✱ ♥♦ q✉❛❧ b = − π
2k0

❡ ✐♥tr♦❞✉③✐♥❞♦ a = − π
2k0

− l✱ ♦♥❞❡ l é

❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦ t❡♠♦s q✉❡✿

φinc(k, l) =
A√
2π

e
ikπ
2k0 eikl [ik sin(k0l) + k0 cos(k0l)] + e

ikπ
2k0 k0

k2 − k20

=e
ikπ
2k0

A√
2π

eikl [ik sin(k0l) + k0 cos(k0l)] + k0
k2 − k20

✭✹✳✶✶✮

▲♦❣♦ t❡♠♦s✿

|φinc(k, l)|2 =
|A|2
2π

∣

∣eikl [ik sin(k0l) + k0 cos(k0l)] + k0
∣

∣

2

k2 − k20
✭✹✳✶✷✮

❆♣ós ❛❧❣✉♠❛s s✐♠♣❧✐✜❝❛çõ❡s ❛❧❣é❜r✐❝❛s t❡♠♦s✿

|φinc(k, l)|2 =
|A|2
2π

k2 sin2(k0l) + cos2(k0l)− 2kk0 sin(k0l) sin(kl) + 2k0 cos(k0l) cos(kl)

(k2 − k20)
2 ✭✹✳✶✸✮

❆ss✐♠ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✸✽ ♦❜t❡♠♦s q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❞♦ ♣✉❧s♦ é

❞❛❞❛ ♣♦r✿

Tk(l) =

∫ ∞

0

T (k) |φinc(k, l)|2

=
|A|2
2π

∫ ∞

0

T (k)
k2 sin2(k0l)

(k2 − k20)
2 +

∫ ∞

0

T (k)
cos2(k0l)

(k2 − k20)
2 −

∫ ∞

0

T (k)
2kk0 sin(k0l) sin(kl)

(k2 − k20)
2 +

∫ ∞

0

T (k)
2k0 cos(k0l) cos(kl)

(k2 − k20)
2

=
|A|2
2π

[

sin2(k0l)

∫ ∞

0

T (k)
k2

(k2 − k20)
2 + cos2(k0l)

∫ ∞

0

T (k)
1

(k2 − k20)
2−

2k0 sin(k0l)

∫ ∞

0

T (k)
k sin(kl)

(k2 − k20)
2 + 2k0 cos(k0l)

∫ ∞

0

T (k)
cos(kl)

(k2 − k20)
2

]

✭✹✳✶✹✮



✹✹ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

✹✳✷✳✷ ❚r❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣✉❧s♦ ♣♦r ✉♠❛ ❜❛rr❡✐r❛ q✉❛❞r❛❞❛

◆❡st❛ s✉❜✲s❡çã♦ ✈❛♠♦s ❛♥❛❧✐s❛r ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ ❞♦

♣✉❧s♦ ♣❛r❛ ❜❛rr❡✐r❛s r❡t❛♥❣✉❧❛r❡s ❞❡ ❛❧t✉r❛ V0 = 4 eV ✳ P❛r❛ ❡ss❡ ❡st✉❞♦ s❡rá ❝♦♥s✐❞❡r❛❞❛ ❛

♠❛ss❛ ❞♦ ❡❧étr♦♥ ❧✐✈r❡ ♥❛s três r❡❣✐õ❡s✳

◆❛ ✜❣✉r❛ ✹✳✽ ❡stá ❣r❛✜❝❛❞❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞♦ ♣✉❧s♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛

❞♦ ♣✉❧s♦✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❡♥❡r❣✐❛ ♠❡♥♦r ❞♦ q✉❡ ❛ ❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ ✭✹✳✽✭❛✮✮ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛

❡♥❡r❣✐❛ ♠❛✐♦r ❞♦ q✉❡ ❛ ❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ ✭✹✳✽✭❜✮✮ ❡♠ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ❧❛r❣✉r❛

l = 10 ➴✳
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✭❛✮ Em = 0.85V0
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✭❜✮ Em = 1.25V0

❋✐❣✳ ✹✳✽✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦✳ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛
✈❡r♠❡❧❤❛ ✐♥❞✐❝❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳

❉❛ ✜❣✉r❛ ✹✳✽ t❡♠✲s❡ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞♦ ♣✉❧s♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ (l)

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

t✉♥❡❧❛♠❡♥t♦ t❡♥❞❡ ❛♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ k0✳ ❆❧é♠

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

❡st✉❞❛r ♦ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ♥❛ ✜❣✉r❛ ✹✳✾ ❡stá ❣rá✜❝❛❞❛ ♦ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ❡♠ ❢✉♥çã♦ ❞❡

k0✱ ✈❛r✐❛♥❞♦ ❛ r❛③ã♦ Em/V0 ❡♥tr❡ ✵✳✻✺ ❡ ✷✳✵✳

❖ ♣❡rí♦❞♦ ❡♠ ❢✉♥çã♦ ❞❡ k0 ♣♦❞❡ s❡r ❛❥✉st❛❞♦ ♣❡❧❛ ❝✉r✈❛ ❡s♣❡❝✐✜❝❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✹✳✶✺ ❡

❢❛③❡♥❞♦ ♦ ❛❥✉st❡ ❢♦✐ ♦❜t✐❞♦ α ≈ π✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ t❛❜❡❧❛ ✹✳✶✳ P♦rt❛♥t♦✱ ♦ ♣❡rí♦❞♦ é ♠❡t❛❞❡

❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❉❡ ❇r♦❣❧✐❡✳

P =
α

k
✭✹✳✶✺✮

◆❛ ✜❣✉r❛ ✹✳✶✵ ❡stá ❣r❛✜❝❛❞❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ✜①❛

❡♠ ❢✉♥çã♦ ❞❛ r❛③ã♦ Em/V0✱ ❡ t❛♠❜é♠ ❡stá ❣r❛✜❝❛❞♦ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠❛ ♦♥❞❛



✹✳✷ P❛❝♦t❡ ❞❡ ♦♥❞❛✿ P✉❧s♦ ✹✺
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❋✐❣✳ ✹✳✶✵✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ r❛③ã♦ E/V0✱ ✈❛r✐❛♥❞♦ ❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦✳
❆ ❧✐♥❤❛ ✈❡r❞❡ ✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳



✹✻ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

❉❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛

P❛r❛ ✈❡r✐✜❝❛r ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❝♦♠ ❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛✱

❢♦r❛♠ r❡❛❧✐③❛❞♦s ♦s ♠❡s♠♦s ❝á❧❝✉❧♦s ✈❛r✐❛♥❞♦ ❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛ ❡♥tr❡ ✹ ➴ ❡ ✶✵ ➴✳ ◆❛

✜❣✉r❛ ✹✳✶✶ ♠♦str❛✲s❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦ ✈❛r✐❛♥❞♦ ❛

❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❡♥❡r❣✐❛ ♠❡♥♦r ❞♦ q✉❡ ❛ ❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ ✭✜❣✉r❛ ✹✳✶✶✭❛✮✮

❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❡♥❡r❣✐❛ ♠❛✐♦r ❞♦ q✉❡ ❛ ❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ ✭✜❣✉r❛ ✹✳✶✶✭❜✮✮✳
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✐♥❞❡♣❡♥❞❡ ❞❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛✳ ◆❛ t❛❜❡❧❛ ✹✳✶ s❡ ❡♥❝♦♥tr❛ ♦s ✈❛❧♦r❡s ❞♦ ❛❥✉st❡ ❞❛ ❝✉r✈❛

✹✳✶✺ ❛♦ ✈❛r✐❛r ❛ ❧❛r❣✉r❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ✹ ➴ ❡ ✶✵ ➴ ❡ ♦❜t❡♠✲s❡ q✉❡ ♦ ♣❛râ♠❡tr♦ α

✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛✳ ❖ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦

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

❚❛❜✳ ✹✳✶✿ ❱❛❧♦r ❞♦ ♣❛râ♠❡tr♦ α ❛♦ ❛❥✉st❛r ❛ ❝✉r✈❛ ❞♦ ♣❡rí♦❞♦ ❡♠ ❢✉♥çã♦ ❞❡ k0✱ ✈❛r✐❛♥❞♦ ❛
❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧✳

▲❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛ ✭➴✮ ✹ ✺ ✻ ✼ ✽ ✾ ✶✵
α ✸✳✶✹✹ ✸✳✶✹✹ ✸✳✶✹✸ ✸✳✶✹✸ ✸✳✶✹✸ ✸✳✶✹✹ ✸✳✶✹✸
∆α ✵✳✵✵✺ ✵✳✵✵✺ ✵✳✵✵✺ ✵✳✵✵✺ ✵✳✵✵✺ ✵✳✵✵✹ ✵✳✵✵✹

◆❛ ✜❣✉r❛ ✹✳✶✷ ❡stá ❣r❛✜❝❛❞❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ✜①❛

❡♠ ❢✉♥çã♦ ❞❛ r❛③ã♦ Em/V0 ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠❛ ♦♥❞❛ ♣❧❛♥❛✳ ◆❛s ✜❣✉r❛s

✹✳✶✷✭❛✮ ❡ ✹✳✶✷✭❜✮ ❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ é ✹ ➴ ❡ ✼ ➴✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆♦ ❛✉♠❡♥t❛r

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

♦♥❞❛ ♣❧❛♥❛ ♣♦r ❡st❛ ❜❛rr❡✐r❛✳ ❆❧é♠ ❞✐ss♦ ❛♦ ❞✐♠✐♥✉✐r ❛ ❧❛r❣✉r❛ ❞❛ ❜❛rr❡✐r❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡

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

P❛r❛ ❜❛rr❡✐r❛ ❞❡ ❧❛r❣✉r❛ ✹➴✱ ✜❣✉r❛ ✹✳✶✷✭❛✮✱ ♦❝♦rr❡ ❛ ♠❡❧❤♦r s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡

tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♣❛r❛ ✉♠ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ✾✵ ➴✳



✹✽ ❚✉♥❡❧❛♠❡♥t♦ ❞❡ ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛
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✭❛✮ ▲❛r❣✉r❛ ❞❛ ❇❛rr❡✐r❛✿ ✹ ➴
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✭❜✮ ▲❛r❣✉r❛ ❞❛ ❇❛rr❡✐r❛✿ ✼ ➴

❋✐❣✳ ✹✳✶✷✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ r❛③ã♦ Em/V0✳ ❆ ❧✐♥❤❛ ✈❡r❞❡ ✐♥❞✐❝❛ ♦
❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳



❈❛♣ít✉❧♦ ✺

❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

◆❡st❡ ❝❛♣ít✉❧♦ ❢❛r❡♠♦s ❡st✐♠❛t✐✈❛s ❞♦ ❡❢❡✐t♦ ❞❡ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛ ❡♠ ✉♠❛ ❥✉♥çã♦ tú♥❡❧

♠❛❣♥ét✐❝❛ ❝✉❥❛s ❝❛♠❛❞❛s ❢❡rr♦♠❛❣♥ét✐❝❛s sã♦ ❋❡ ❡ ❛ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ ❞❡ Al2O3✳ P❛r❛ ♦ ❝á❧❝✉❧♦

❝♦♥s✐❞❡r❛♠♦s ❞❡♥s✐❞❛❞❡s ❞❡ ❡st❛❞♦s r❡❛❧íst✐❝❛s ❡♠ ♠❡t❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s ✭t❛❜❡❧❛ ✺✳✶ ❬✷✽❪✮✱

♦♥❞❡ ❛ r❛③ã♦ mM/mm ❢♦✐ ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✹✻✳ ❆ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ t❡♠ ✉♠❛

❡s♣❡ss✉r❛ ❞❡ ✶✵ ➴ ❡ ❛ ❛❧t✉r❛ ❡❢❡t✐✈❛ ❞❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ é 9.4 eV ❬✷✾❪✳

❚❛❜✳ ✺✳✶✿ ❉❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ♣❛r❛ s♣✐♥s ▼ ❡ ♠✱ ❡♥❡r❣✐❛ ❞♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐
❡♠ eV ✱ r❛③ã♦ ❡♥tr❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ✭❡q✉❛çã♦ ✷✳✹✺✮ ❡ ♠❛ss❛ ❡❢❡t✐✈❛ ✭❡q✉❛çã♦ ✷✳✹✻✮

DM(EF ) Dm(EF ) EF (eV ) DM (EF )
Dm(EF )

mM

mm

✶✶✳✷✾ ✸✳✸✺ ✼✳✻✹ ✸✳✸✼ ✷✳✸✵

◆♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡✱ s❡ssã♦ ✷✳✷✳✶✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❛ ❚▼❘ ❞❡♣❡♥❞❡ ❡ss❡♥✲

❝✐❛❧♠❡♥t❡ ❞❛ ❉❖❙ ❞♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s✱ ♥ã♦ ❝♦♥s✐❞❡r❛♥❞♦ ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ❝❛♠❛❞❛

✐s♦❧❛♥t❡ ❡ ❞❡s♣r❡③❛♥❞♦ ♣r♦❝❡ss♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✳ P❛r❛ ✉♠❛ ▼❚❏ ❝♦♠♣♦st❛ ♣❡❧♦s ❡❧❡tr♦❞♦s

❢❡rr♦♠❛❣♥ét✐❝♦s ❞❡ ❋❡ ❡ ♣❡❧❛ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ ❞❡ Al2O3✱ ✉t✐❧✐③❛♥❞♦ ♦s ✈❛❧♦r❡s ❞❛ t❛❜❡❧❛ ✺✳✶ ♣❛r❛

❛ ❉❖❙ ❞❛s s✉❜✲❜❛♥❞❛s ♠❛✐♦r✐❛ ✭▼ ✮ ❡ ♠✐♥♦r✐❛ ✭♠✮ ♦❜té♠✲s❡ q✉❡ ♥❡ss❛ t❡♦r✐❛ ♦ ✈❛❧♦r ♠á①✐♠♦

❞❛ ❚▼❘ é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✺✳✺✪✳

◆❛s ♣ró①✐♠❛s s❡çõ❡s s❡rá ❝❛❧❝✉❧❛❞❛ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s s ❡ ❞ ♣❛r❛ ❛ ❚▼❘ ❝♦♥❢♦r♠❡

♦ ♠♦❞❡❧♦ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✷✳✻✳

✹✾



✺✵ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

✺✳✶ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛✲

♠❡♥t♦

P❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ é ♥❡❝❡ssár✐♦

❝♦♥s✐❞❡r❛r ❛ s❡♣❛r❛çã♦ ❞❛ ❜❛♥❞❛ ❞ ❡♠ ❞✉❛s s✉❜✲❜❛♥❞❛s ❞❡ s♣✐♥ ♠❛✐♦r✐❛ ▼ ❡ s♣✐♥ ♠✐♥♦r✐❛ ♠✳ ❆

♠❛ss❛ ❡❢❡t✐✈❛ ❞❡ ❝❛❞❛ s✉❜✲❜❛♥❞❛ é ❞❛❞❛ ♣♦r mM ❡ mm ❡ ♦ ♥ú♠❡r♦ ❞❡ ♦♥❞❛ ❞❡ ❋❡r♠✐ ❛ss♦❝✐❛❞♦

❛ ❝❛❞❛ s✉❜✲❜❛♥❞❛ kM ❡ km é ❞❛❞♦ ♣♦r✿

kM =

√
2mMEF

~
✭✺✳✶✮

km =

√
2mmEF

~
✭✺✳✷✮

■r❡♠♦s ❡st✐♠❛r ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s▼ ❡ ♠ ♠❛♥t❡♥❞♦ ❛ r❛③ã♦mM/mm ❝♦♥st❛♥t❡✳

❖s ✈❛❧♦r❡s q✉❡ s❡rã♦ ✉t✐❧✐③❛❞♦s ♥❡ss❛ ❞✐ss❡rt❛çã♦ s❡ ❡♥❝♦♥tr❛♠ ♥❛ t❛❜❡❧❛ ✺✳✷✱ ♦♥❞❡ mj = rjmel

✭j =M,m✮✱ ❡ ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ❞❡ ♠♦❞♦ ❛ ✐❧✉str❛r ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡

❡ ❞❛ ♠❛❣♥❡t♦rr❡s✐stâ♥❝✐❛ ❝♦♠ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦ ❡❧étr♦♥✳

❚❛❜✳ ✺✳✷✿ ❱❛❧♦r❡s ❞❡ rM ❡ rm ❡st✐♠❛❞♦s ❡ s❡✉s r❡s♣❡❝t✐✈♦s ♥ú♠❡r♦s ❞❡ ❋❡r♠✐✳

rm rM km kM
✶✳✺ ✸✳✹✹ ✶✳✼✸ ✷✳✻✷
✷✳✺ ✺✳✼✹ ✷✳✷✹ ✸✳✸✾

❖s ❡❧étr♦♥s ❞ sã♦ s✐♠✉❧❛❞♦s ♣♦r ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❧♦❝❛❧✐③❛❞♦s ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ❞❡ ✹ ➴✳

Pr✐♠❡✐r♦✱ ✐r❡♠♦s ❡st✉❞❛r ♦ t✉♥❡❧❛♠❡♥t♦ ❞❡ ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ♣❡❧❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❛♦ ❛♣❧✐❝❛r

✉♠❛ ✈♦❧t❛❣❡♠ V ✳ ❖ ♣♦t❡♥❝✐❛❧ s❡ ❞❡❢♦r♠❛ ♥✉♠❛ ❜❛rr❡✐r❛ ❧✐♥❡❛r ❡ ♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ❞❡ ✉♠ ❞♦s

❡❧❡tr♦❞♦s é ❞❡s❧♦❝❛❞♦ ♣♦r ✉♠❛ q✉❛♥t✐❞❛❞❡ eV ❡♠ r❡❧❛çã♦ ❛♦ ♦✉tr♦ ♦♥❞❡ e é ❛ ❝❛r❣❛ ❞♦ ❡❧étr♦♥✱

❝♦♠♦ ♦ ✐♥❞✐❝❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✶✳ ❆ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ é ✈❛r✐❛❞❛ ❡♥tr❡ ✵ ❡ ✷✳✹ ❡❱✳ ❆♣ós ❡ss❡ ❡st✉❞♦✱

✐r❡♠♦s ❡st✐♠❛r ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞♦ s✐st❡♠❛ t❛♥t♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ P q✉❛♥t♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❆P✱

✉t✐❧✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s ✷✳✹✷ ❡ ✷✳✹✸✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦r ✜♠ ✐r❡♠♦s ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛ ❚▼❘

✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✹✳

✺✳✶✳✶ ▼❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛✿ mm = 2.5mel

◆❡st❛ s✉❜✲s❡çã♦ é ❝❛❧❝✉❧❛❞❛ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ❞❡ ✉♠❛ ▼❚❏✱ ❝✉❥♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣✲

♥ét✐❝♦s sã♦ ❋❡✱ ❡st✐♠❛♥❞♦ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛ mm = 2.5mel✳ ◆❛ t❛❜❡❧❛ ✺✳✶



✺✳✶ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✺✶

❋✐❣✳ ✺✳✶✿ ❉✐❛❣r❛♠❛ ❞❛ ❞❡❢♦r♠❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♠ ✉♠❛ ▼❚❏ ❛♦ ❛♣❧✐❝❛r ✉♠❛ ❜✐❛s✳

s❡ ❡♥❝♦♥tr❛♠ ♦s ✈❛❧♦r❡s ❞❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠❛✐♦r✐❛ ❡ ❞♦s ✈❡t♦r❡s ❞❡ ❋❡r♠✐✳

◆❛ ✜❣✉r❛ ✺✳✷ s❡ ❡♥❝♦♥tr❛♠ ♦s ❣rá✜❝♦s ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧✲

t❛❣❡♠ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ✐♥❝✐❞❡♥t❡ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ σ = 4 ➴ ✭✜❣✉r❛ ✺✳✷✭❛✮✮ ❡ ❛

♣r♦❜❛❜✐❧✐❞❛❞❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛ ♣✉❧s♦ ❞❡ ❧❛r❣✉r❛ l = 4 ➴ ✭✜❣✉r❛

✺✳✷✭❜✮✮✳
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❋✐❣✳ ✺✳✷✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉s✲
s✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 2.5mel✳ ❆s ❝♦r❡s ✈❡r♠❡❧❤♦✱ ❛③✉❧✱ r♦①♦ ❡ ✈❡r❞❡
✐♥❞✐❝❛♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ▼✲▼✱ ♠✲♠✱ ▼✲♠ ❡ ♠✲▼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❉❛ ✜❣✉r❛ ✺✳✷ ♥♦t❛✲s❡ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣r❡s❡♥t❛

♦ ♠❡s♠♦ ❝♦♠♣♦rt❛♠❡♥t♦ t❛♥t♦ ♣❛r❛ ♦ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ q✉❛♥t♦ ♣❛r❛ ♦ ♣✉❧s♦✳ ❖s ❝❛s♦s ❡♠ q✉❡

♦ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜✲❜❛♥❞❛ ❝♦♠ s♣✐♥ ♠ tê♠ ♠❛✐♦r ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✱

s❡♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ ♠ ✲ ♠ ❛ ❞❡ ♠❛✐♦r ♣r♦❜❛❜✐❧✐❞❛❞❡✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ♠❡♥♦r ♣r♦❜❛❜✐❧✐❞❛❞❡

❞❡ t✉♥❡❧❛♠❡♥t♦ é ▼ ✲ ▼ ♦ q✉❡ ❝♦♥tr❛r✐❛ ♦ ❡s♣❡r❛❞♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡✱ q✉❡ ♣r❡❞✐③ q✉❡ ❛

♠❛✐♦r ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♦❝♦rr❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ▼ ✲ ▼✳



✺✷ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

❈♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❡♥t❡♥❞❡r♠♦s ♦ ♣♦rq✉❡ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦

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

♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ✵✳✹ ❡❱✳

Pr✐♠❡✐r❛♠❡♥t❡✱ ✈❛♠♦s ❡st✉❞❛r ♦ ❝❛s♦ ♥♦ q✉❛❧ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜✲❜❛♥❞❛ ▼✳
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❋✐❣✳ ✺✳✸✿ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡
♥♦ ❡s♣❛ç♦ k ❞❡ ❧❛r❣✉r❛ ✹ ➴✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ▼✳ ❆ ❧✐♥❤❛ ❝❤❡✐❛ ✐♥❞✐❝❛ ♦
❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 2.5mel

❉❛ ✜❣✉r❛ ✺✳✸✭❛✮ t❡♠✲s❡ q✉❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ♥❛ ❝♦♥✜❣✉r❛çã♦

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

❛ ár❡❛ ❞❡ s♦❜r❡♣♦s✐çã♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ▼ ✲ ♠ é ♠❛✐♦r ❞♦ q✉❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ▼ ✲ ▼✳ ❆

♦s❝✐❧❛çã♦ ♠❛✐♦r é ❞❡✈✐❞❛ ❛♦ ❞✐❢í❝✐❧ ❛❥✉st❡ ✭♠❛t❝❤✐♥❣✮ ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ♥❛s ❞✐❢❡r❡♥t❡s

r❡❣✐õ❡s ❞♦ ♣♦t❡♥❝✐❛❧ ♣❛r❛ ❡st❛❞♦s ❝♦♠ ♠❛ss❛ ❡❢❡t✐✈❛ ❣r❛♥❞❡✳ ❈♦♠♣❛r❛♥❞♦ ❛s ✜❣✉r❛s ✺✳✸✭❛✮ ❡



✺✳✶ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✺✸

✺✳✸✭❜✮ ♥♦t❛✲s❡ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♥♦ ❡s♣❛ç♦ k ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ é

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

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

❡s♣❛ç♦ k ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ é ♠❛✐♦r ❞♦

q✉❡ ❛ ár❡❛ ❞❡ s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♥♦ ❡s♣❛ç♦ k ❞♦ ♣✉❧s♦ ❡ ♦ ❝♦❡✜❝✐❡♥t❡

❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳ P♦rt❛♥t♦✱ q✉❛❧✐t❛t✐✈❛♠❡♥t❡ ♣♦❞❡✲s❡ ❡①♣❧✐❝❛r ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡

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

▼ ❛♣r❡s❡♥t❛r ❛ ♠❡♥♦r ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✳

◆❛ ✜❣✉r❛ ✺✳✹ ❡stá ❣r❛✜❝❛❞❛ ❛ s✉♣❡r♣♦s✐çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ✵✳✹ ❡❱ ❝♦♥s✐❞❡r❛♥❞♦ ♦

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

P❛r❛ ❡❧étr♦♥s ✐♥❝✐❞❡♥t❡s ♣❡rt❡♥❝❡♥t❡s ❛ s✉❜✲❜❛♥❞❛ ♠ t❡♠✲s❡ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐✲

❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ♥♦ ❡s♣❛ç♦ k ❡stá ❝❡♥tr❛❞❛ ❡♠ ✉♠❛ r❡❣✐ã♦ ♥❛ q✉❛❧ ❛ ❛♠♣❧✐t✉❞❡ ❞❡

♦s❝✐❧❛çã♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ é ♠❡♥♦r ❛♦ ❝♦♠♣❛r❛r♠♦s ❝♦♠ ❛ r❡❣✐çã♦

♥❛ q✉❛❧ ♦s ❡❧étr♦♥s ✐♥❝✐❞❡♥t❡s ♣❡rt❡♥❝❡♥t❡s ❛ s✉❜✲❜❛♥❞❛▼✱ ✜❣✉r❛s ✺✳✹ ❡ ✺✳✸✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ss✐♠ q✉❛❧✐t❛t✐✈❛♠❡♥t❡ ♣♦❞❡✲s❡ ❡①♣❧✐❝❛r ♦ ❢❛t♦ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞♦s ❡❧étr♦♥s ♠

s❡r ♠❛✐♦r ❞♦ q✉❡ ▼✳ ❆❧é♠ ❞✐ss♦ t❡♠✲s❡ q✉❡ ♦ ♠á①✐♠♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦✱ ♥❛ r❡❣✐ã♦

❞❡ ♦s❝✐❧❛çã♦✱ ♥❛ ❝♦♥✜❣✉r❛çã♦ ♠✲♠ é ♠❛✐♦r ❞♦ q✉❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ♠✲▼✱ ♣♦rt❛♥t♦ ❛ ár❡❛ ❞❡

s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♥♦ ❡s♣❛ç♦ k ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ é

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

❝♦♥✜❣✉r❛çã♦ ♠✲▼✳

❆ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♥❛s ❝♦♥✜❣✉r❛çõ❡s ▼ ✲ ♠ ❡ ♠ ✲ ▼ ♥ã♦ é s✐♠étr✐❝❛✱ ✐st♦

❞❡❝♦rr❡ ❞♦ ❢❛t♦ ❞♦s ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡♥t❡s ❛s s✉❜✲❜❛♥❞❛s ▼ ❡ ♠ ❡st❛r❡♠

❝❡♥tr❛❞♦s ❡♠ kM ❡ km✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ kM é ♠❛✐♦r q✉❡ km ❝♦♠♦ ✐♥❞✐❝❛❞♦

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

❝♦♥✜❣✉r❛çõ❡s ❞❡✈✐❞♦ à ❞✐❢❡r❡♥ç❛ ♥♦ ❛❥✉st❡ ✭♠❛t❝❤✐♥❣✮ ❡♥tr❡ ❛s ❢✉♥çõ❡s ♥❛s ❞✐❢❡r❡♥t❡s r❡❣✐õ❡s

❞♦ ♣♦t❡♥❝✐❛❧✳

❈♦♥❞✉tâ♥❝✐❛ ❡ ❚▼❘

❯t✐❧✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s ✷✳✹✷ ❡ ✷✳✹✸ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞♦ s✐st❡♠❛ ♥❛ ❝♦♥✜❣✉r❛çã♦

P ❡ ❆P✳ ◆❛ ✜❣✉r❛ ✺✳✺ s❡ ❡♥❝♦♥tr❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛ ♣❛❝♦t❡s ❞❡ ♦♥❞❛s

✐♥❝✐❞❡♥t❡s ✭♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦✮ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ❞❡ ✹ ➴✳

❉❛ ✜❣✉r❛ ✺✳✺ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦s ❣rá✜❝♦s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠✱

t❛♥t♦ ❞♦ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ q✉❛♥t♦ ❞♦ ♣✉❧s♦✱ ❛♣r❡s❡♥t❛♠ ♦ ♠❡s♠♦ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❊♥tr❡t❛♥t♦✱



✺✹ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛
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❋✐❣✳ ✺✳✹✿ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡
♥♦ ❡s♣❛ç♦ k ❞❡ ❧❛r❣✉r❛ ✹ ➴✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ♠✳ ❆ ❧✐♥❤❛ ❝❤❡✐❛ ✐♥❞✐❝❛ ♦
❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 2.5mel

❛ ❝♦♥❞✉tâ♥❝✐❛ ❛♦ r❡♣r❡s❡♥t❛r ♦s ❡❧étr♦♥s ❞ ♣♦r ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ é ♠❛✐♦r ❞♦ q✉❡

❛♦ s✐♠✉❧❛r ♦s ❡❧étr♦♥s ❞ ♣♦r ✉♠ ♣✉❧s♦✳ ❆❧é♠ ❞✐ss♦ ♥♦t❛✲s❡✱ t❛♠❜é♠✱ q✉❡ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ q✉❡

❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♥tr❡ ❛ ❝♦♥✜❣✉r❛çã♦ P ❡ ❆P é ♠❛✐♦r ♣❛r❛ ♦ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦✳

P♦r ✜♠ é ♣♦ssí✈❡❧ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛ ❚▼❘ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✹✳ ◆❛ ✜❣✉r❛ ✺✳✻ s❡ ❡♥❝♦♥✲

tr❛ ❛ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ s✐♠✉❧❛♥❞♦ ♦s ❡❧étr♦♥s ❞ ♣♦r ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❡

s✐♠✉❧❛♥❞♦ ♦s ❡❧étr♦♥s ❞ ♣♦r ✉♠ ♣✉❧s♦✳ ❱❡r✐✜❝❛✲s❡ q✉❡ ♦ ❚▼❘ é ♠❛✐♦r ❛♦ ❝♦♥s✐❞❡r❛r ✉♠ ♣❛❝♦t❡

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

♣✉❧s♦✳



✺✳✶ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✺✺
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❋✐❣✳ ✺✳✺✿ ❈♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠
❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 2.5mel
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❋✐❣✳ ✺✳✻✿ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛
❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 2.5mel

✺✳✶✳✷ ▼❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛✿ mm = 1.5mel

◆❡st❛ s✉❜✲s❡çã♦ é ❝❛❧❝✉❧❛❞❛ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ❞❛ ▼❚❏✱ ❝✉❥♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐✲

❝♦s sã♦ ❋❡ ❡ ❛ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ é Al2O3✱ ❡st✐♠❛♥❞♦ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛

mm = 1.5mel✳ ◆❛ t❛❜❡❧❛ ✺✳✶ s❡ ❡♥❝♦♥tr❛♠ ♦s ✈❛❧♦r❡s ❞❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠❛✐♦r✐❛

❡ ❞♦s ✈❡t♦r❡s ❞❡ ❋❡r♠✐✳

◆❛ ✜❣✉r❛ ✺✳✼ ♠♦str❛✲s❡ ♦s ❣rá✜❝♦s ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠



✺✻ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ✐♥❝✐❞❡♥t❡ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ σ = 4 ➴✱ ✭✜❣✉r❛ ✺✳✼✭❛✮✮✱ ❡ ❛ ♣r♦❜❛❜✐❧✐✲

❞❛❞❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛ ✉♠ ♣✉❧s♦ ❞❡ ❧❛r❣✉r❛ l = 4 ➴✱ ✭✜❣✉r❛ ✺✳✼✭❜✮✮✳
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✭❜✮ P✉❧s♦

❋✐❣✳ ✺✳✼✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉s✲
s✐❛♥♦ ❡ ✉♠ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴✲ mm = 1.5mel✳ ❆s ❝♦r❡s ✈❡r♠❡❧❤♦✱ ❛③✉❧✱ r♦①♦ ❡ ✈❡r❞❡
✐♥❞✐❝❛♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ▼✲▼✱ ♠✲♠✱ ▼✲♠ ❡ ♠✲▼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❉❛ ✜❣✉r❛ ✺✳✼ ♥♦t❛✲s❡ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♥♦ ❝❛s♦ mm = 1.5mel ❛♣r❡s❡♥t❛

❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡ ❛♦ ❝❛s♦ mm = 2.5mel✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧♠❡♥t♦ ♥❛ ❝♦♥✜❣✉✲

r❛çã♦▼✲▼ é ❛ ♠❡♥♦r ❞❡♥tr❡ ❛s ❝♦♥✜❣✉r❛çõ❡s✳ ◆❛ ✜❣✉r❛ ✺✳✼✭❛✮✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦

❞❡ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ❛♣r❡s❡♥t❛ ✉♠ ❝r✉③❛♠❡♥t♦ ❡♥tr❡ ❛s ❝♦♥✜❣✉✲

r❛çõ❡s ▼✲♠ ❡ ♠✲♠ ❡♠ V ≈ ✶✳✺ ❡❱✳ P❛r❛ ❱ ♠❛✐♦r q✉❡ ✶✳✺ ❡❱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦

♥❛ ❝♦♥✜❣✉r❛çã♦ ♠✲♠ é ❛ ♠❛✐♦r ❞❡♥tr❡ ❛s q✉❛tr♦ ❝♦♥✜❣✉r❛çõ❡s✳



✺✳✶ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✺✼

❏á ❛♦ ❛♥❛❧✐s❛r ❛ ✜❣✉r❛ ✺✳✼✭❜✮ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♥❛ ❝♦♥✜❣✉✲

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

✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹➴ ❛♣r❡s❡♥t❛ ✉♠ ❝r✉③❛♠❡♥t♦ ❡♠ V ≈ ✵✳✼ ❡❱✱ ❡♥tr❡

❛s ❝♦♥✜❣✉r❛çõ❡s ▼✲♠ ❡ ♠✲▼ s❡♥❞♦ q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ♠✲▼

♣❛ss❛ ❛ s❡r ❛ ♠❛✐♦r ❞❡❧❛s✳

❈♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❡♥t❡♥❞❡r♠♦s ♦ ♣♦rq✉❡ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛s ❝♦♥✜❣✉r❛çõ❡s

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

❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ✵✳✹ ❡❱✳ Pr✐♠❡✐r❛♠❡♥t❡ ✈❛♠♦s

❡st✉❞❛r ♦ ❝❛s♦ ❞♦ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡♥t❡ ❛ s✉❜✲❜❛♥❞❛ ▼✳
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✭❛✮ P❛❝♦t❡ ●❛✉ss✐❛♥♦✿ σ = 4 ➴
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l = 4 Å

✭❜✮ P✉❧s♦✿ l = 4 ➴

❋✐❣✳ ✺✳✽✿ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡
♥♦ ❡s♣❛ç♦ k✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ▼✳ ❆ ❧✐♥❤❛ ❝❤❡✐❛ ✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡
tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 1.5mel✳



✺✽ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

❉❛ ✜❣✉r❛ ✺✳✽ t❡♠✲s❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ ▼✲▼ ❛✲

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

♥❛ ❝♦♥✜❣✉r❛çã♦ ▼✲♠✳ ❆ss✐♠ ❛ ár❡❛ ❞❡ s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♥♦

❡s♣❛ç♦ k ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❡ ❞♦ ♣✉❧s♦ é ♠❛✐♦r ♥❛ ❝♦♥✜❣✉r❛çã♦ ▼✲♠✱ ♦ q✉❡ ✐♠♣❧✐❝❛

♥❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♠❛✐♦r ♥❛ ❝♦♥✜❣✉r❛çã♦ ▼✲♠ ❞♦ q✉❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ▼✲▼✳

◆❛ ✜❣✉r❛ ✺✳✾ ❡stá ❣r❛✜❝❛❞❛ ❛ s♦❜r❡♣♦s✐çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡

♦♥❞❛ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ✵✳✹ ❡❱ ❝♦♥s✐❞❡r❛♥❞♦

♦ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜✲❜❛♥❞❛ ♠✳
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l = 4 Å

✭❜✮ P✉❧s♦✿ l = 4 ➴

❋✐❣✳ ✺✳✾✿ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✐♥❞✐❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ✐♥❝✐❞❡♥t❡
♥♦ ❡s♣❛ç♦ k✱ ❡❧étr♦♥ ✐♥❝✐❞❡♥t❡ ♣❡rt❡♥❝❡ ❛ s✉❜ ❜❛♥❞❛ ♠✳ ❆ ❧✐♥❤❛ ❝❤❡✐❛ ✐♥❞✐❝❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡
tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ✲ mm = 1.5mel✳



✺✳✶ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s ❞ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✺✾

❉❛s ✜❣✉r❛s ✺✳✽ ❡ ✺✳✾ tê♠✲s❡ q✉❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛ ♥❛ ❝♦♥✜❣✉✲

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

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

♦ ♠❡❧❤♦r ❛❥✉st❡ ✭♠❛t❝❤✐♥❣✮ ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞❛s ❞✐❢❡r❡♥t❡s r❡❣✐õ❡s ❞♦ ♣♦t❡♥❝✐❛❧✳ ❆❧é♠

❞✐ss♦✱ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❛s ♦s❝✐❧❛çõ❡s ♥❛ ♠✲♠ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✱ ❥á ♥❛ ❝♦♥✜❣✉r❛çã♦ ♠✲▼ é

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✳✽✺✳ P♦rt❛♥t♦✱ ❛ ár❡❛ ❞❡ s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡

♥♦ ❡s♣❛ç♦ k ❞♦ ♣❛❝♦t❡ ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦ ❡ ❞♦ ♣✉❧s♦ é ♠❛✐♦r ♥❛ ❝♦♥✜❣✉r❛çã♦ ♠✲♠ ❞♦ q✉❡ ♥❛

❝♦♥✜❣✉r❛çã♦ ♠✲▼✱ ♦ q✉❡ ✐♠♣❧✐❝❛ ♥❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ♠❛✐♦r ♥❛ ❝♦♥✜❣✉r❛çã♦ ♠✲♠✳

❈♦♥❞✉tâ♥❝✐❛ ❡ ❚▼❘

◆❛ ✜❣✉r❛ ✺✳✶✵ s❡ ❡♥❝♦♥tr❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛ ♣❛❝♦t❡s ❞❡ ♦♥❞❛s ✐♥✲

❝✐❞❡♥t❡s ✭♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦✮ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦s ❣rá✜❝♦s

❛♣r❡s❡♥t❛♠ ♦ ♠❡s♠♦ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♥❞♦ ❛ ❝♦♥❞✉tâ♥❝✐❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❆P é ♠❛✐♦r q✉❡ ♥❛

❝♦♥✜❣✉rçã♦ P✳ ❆❧é♠ ❞✐ss♦ t❡♠✲s❡ q✉❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞♦ ♣✉❧s♦ é ♠❛✐♦r q✉❡ ❞♦ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦✳
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✭❜✮ P✉❧s♦

❋✐❣✳ ✺✳✶✵✿ ❈♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠
❧❛r❣✉r❛ ❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 1.5mel

P♦r ✜♠ é ♣♦ssí✈❡❧ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛ ❚▼❘ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✷✳✹✳ ◆❛ ✜❣✉r❛ ✺✳✶✶ s❡

❡♥❝♦♥tr❛ ❛ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ s✐♠✉❧❛♥❞♦ ♦s ❡❧étr♦♥s ❞ ♣♦r ✉♠ ♣❛❝♦t❡ ❞❡ ♦♥❞❛

❣❛✉ss✐❛♥♦ ❡ s✐♠✉❧❛♥❞♦ ♦s ❡❧étr♦♥s ❞ ♣♦r ✉♠ ♣✉❧s♦✳ ❆ ❚▼❘ é ♥❡❣❛t✐✈❛ t❛♥t♦ ♣❛r❛ ♦ ♣❛❝♦t❡

❣❛✉ss✐❛♥♦ q✉❛♥t♦ ♣❛r❛ ♦ ♣✉❧s♦✱ ✐st♦ ♦❝♦rr❡ ❞❡✈✐❞♦ à ❝♦♥❞✉tâ♥❝✐❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❛♥t✐✲♣❛r❛❧❡❧❛

s❡r ♠❛✐♦r ❞♦ q✉❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ♣❛r❛❧❡❧❛✳ ◆❡st❡ ❝❛s♦ ❛ ▼❘ ❡stá ✐♥✈❡rt✐❞❛ ❡♠ r❡❧❛çã♦ ❛♦

❡s♣❡r❛❞♦ ♥♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡✱ ✐st♦ ❞❡st❛❝❛ ❛ r❡❧❡✈â♥❝✐❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♥♦



✻✵ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

❝á❧❝✉❧♦ ❞❛ ▼❘✳ ❆ ✐♥✈❡rsã♦ ❞❛ ❚▼❘ ❞❡❝♦rr❡ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❆P s❡r ♠❛✐♦r ❞♦

q✉❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ P ❡ ❢♦✐ ✈❡r✐✜❝❛❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡♠ ▼❚❏ ❬✸✵✱ ✸✶❪✳
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Pulso

Pacote Gaussiano

❋✐❣✳ ✺✳✶✶✿ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❡ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛
❡s♣❛❝✐❛❧ ✹ ➴ ✲ mm = 1.5mel

✺✳✷ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s s ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦

P❛r❛ ❡st✐♠❛r ❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s s ✭❝♦♠ ♠❛ss❛ ❡❢❡t✐✈❛ mσ,s✮ ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛✲

♠❡♥t♦✱ ❡st❡s s❡rã♦ r❡♣r❡s❡♥t❛❞♦s ♣♦r ✉♠❛ ♦♥❞❛ ♣❧❛♥❛ ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❡ ❋❡r♠✐ ✭kσ,s✮✱ ♦♥❞❡

kσ,s é ❞❛❞♦ ♣♦r✿

kσ,s =

√

2mσ,sEF

~
✭✺✳✸✮

❈♦♠♦ ❛ ❜❛♥❞❛ s q✉❛s❡ ♥ã♦ ❝♦♥tr✐❜✉✐ ♣❛r❛ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❞♦ ❋❡✱ ❛ r❛③ã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡

❞❡ ❡st❛❞♦s ❞♦s ❡❧étr♦♥s ❝♦♠ s♣✐♥s ▼ ❡ s♣✐♥s ♠ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✳ P♦rt❛♥t♦✱ ❡st✐♠❛♠♦s

❡ss❛ r❛③ã♦ ❡♠ ✶✳✵✻✿

DM,s(EF )

Dm,s(EF )
= 1.06 → mM,s

mm,s

= 1.04 ✭✺✳✹✮

❖s ❡❧étr♦♥s s s❡rã♦ s✐♠✉❧❛❞♦s ♣♦r ♦♥❞❛s ♣❧❛♥❛s ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ ki,s ❡ ♠❛ss❛ ❡❢❡t✐✈❛ mi,s

♦♥❞❡ mi,s = ri,smel✳ ❖s ❡❧étr♦♥s s sã♦ s✐♠✉❧❛❞♦s ♣♦r ♦♥❞❛s ♣❧❛♥❛s ❛♦ ✐♥✈és ❞❡ ♣❛❝♦t❡s ❞❡ ♦♥❞❛s



✺✳✷ ❈♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s s ♥❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✻✶

❧❛r❣♦s ♣♦✐s ❝♦♥❢♦r♠❡ ❢♦✐ ✈❡r✐✜❝❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✸ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❡ss❡ t✐♣♦ ❞❡

♣❛❝♦t❡ t❡♥❞❡ ❛♦ ✈❛❧♦r ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✳ ◆❛ t❛❜❡❧❛ ✺✳✸ s❡ ❡♥❝♦♥tr❛♠

♦s ✈❛❧♦r❡s ❡st✐♠❛❞♦s ♣❛r❛ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛ ❡ ♠❛✐♦r✐❛ ♥❛ ❜❛♥❞❛ s ❡ s❡✉s

r❡s♣❡❝t✐❝♦s ✈❡t♦r❡s ❞❡ ❋❡r♠✐✳

❚❛❜✳ ✺✳✸✿ ❱❛❧♦r❡s ❞❡ rM,s ❡ rm,s ❡st✐♠❛❞♦s ❡ s❡✉s r❡s♣❡❝t✐✈♦s ✈❡t♦r❡s ❞❡ ❋❡r♠✐✳

rm rM km kM
✶✳✸✵ ✶✳✸✺ ✶✳✻✶ ✶✳✻✺

◆❛ ✜❣✉r❛ ✺✳✶✷ ❡stá ❣r❛✜❝❛❞❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛

❛s q✉❛tr♦ ❝♦♥✜❣✉r❛çõ❡s ♣♦ssí✈❡✐s ✭▼ ✲ ▼✱ ♠ ✲ ♠✱ ▼ ✲ ♠ ❡ ♠ ✲ ▼ ✮✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦s ❣rá✜❝♦s

❡stã♦ q✉❛s❡ s♦❜r❡♣♦st♦s✱ ♦ q✉❡ ♦❝♦rr❡ ❞❡✈✐❞♦ à ♠❛ss❛ ❡♥tr❡ ♦s ♣♦rt❛❞♦r❡s ♠❛✐♦r✐❛ ❡ ♠✐♥♦r✐❛

s❡r❡♠ ♠✉✐t♦ ♣ró①✐♠❛s✳
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❋✐❣✳ ✺✳✶✷✿ Pr♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛✳

❈♦♥❞✉tâ♥❝✐❛ ❡ ❚▼❘

◆❛ ✜❣✉r❛ ✺✳✶✸✭❛✮ s❡ ❡♥❝♦♥tr❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ♣❛r❛ ♦s ❡❧étr♦♥s s✳ ❆

❝♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ ♠❡s♠❛ ❡♠ ❛♠❜❛s ❛s ❝♦♥✜❣✉r❛çõ❡s✳

❆❧é♠ ❞✐ss♦✱ ♥♦t❛✲s❡ q✉❡ ♦s ❡❧étr♦♥s s ❝♦♥tr✐❜✉❡♠ s✐❣♥✐✜❝❛t✐❝❛t✐✈❛♠❡♥t❡ ♣❛r❛ ♦ tr❛♥s♣♦rt❡ ✉♠❛



✻✷ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

✈❡③ q✉❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ é ✷✳ ❊♥tr❡t❛♥t♦✱ ♦s ❡❧étr♦♥s s ♥ã♦ ❛♣r❡s❡♥t❛♠ ❝♦♥✲

tr✐❜✉✐çã♦ s✐❣✐♥✐✜❝❛t✐✈❛ ♥❛ ❚▼❘✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✶✸✭❜✮✱ ❥á q✉❡ ♦ ✈❛❧♦r

♠á①✐♠♦ q✉❡ ♦s ❡❧étr♦♥s s ❝♦♥tr✐❜✉❡♠ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ± ✶✪✳
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❋✐❣✳ ✺✳✶✸✿ ❈♦♥❞✉tâ♥❝✐❛ ❡ ❚▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ❡❧étr♦♥s s✱ mm,s = 1.3mel✳

✺✳✸ ❉✐s❝✉ssã♦

P❡❧♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♥❛ s❡çã♦ ✷✳✻ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❚▼❘ ❡♠ ✉♠❛ ▼❚❏ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r

❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦s ❡❧étr♦♥s s ❡ ❞♦s ❡❧étr♦♥s ❞ t❛♥t♦ ♣❛r❛ ♦ tr❛♥s♣♦rt❡ q✉❛♥t♦ ♣❛r❛ ❛ ❚▼❘✳

❖❜t✐✈❡♠♦s q✉❡ ♦ s✐♥❛❧ ❞❛ ❚▼❘ ❞❡♣❡♥❞❡ ❞❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s✱ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ❛

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



✺✳✸ ❉✐s❝✉ssã♦ ✻✸

♥í✈❡❧ ❞❡ ❋❡r♠✐✳ ❆❧é♠ ❞✐ss♦✱ ♦❜t✐✈❡♠♦s q✉❡ t❛♥t♦ ♦s ❡❧étr♦♥s s q✉❛♥t♦ ♦s ❡❧étr♦♥s ❞ ❝♦♥tr✐❜✉❡♠

♣❛r❛ ♦ tr❛♥s♣♦rt❡✳

❆♦ ❝♦♥s✐❞❡r❛r ❛ r❡♣r❡s❡♥t❛çã♦ ❞♦s ❡❧étr♦♥s ❞ ♣♦r ♣❛❝♦t❡s ❣❛✉ss✐❛♥♦s ❧♦❝❛❧✐③❛❞♦s ❝♦♠ ❧❛r❣✉r❛

❡s♣❛❝✐❛❧ ❞❡ ✹ ➴ ♦❜t✐✈❡♠♦s q✉❡ ❛ ❚▼❘ é ♠❛✐♦r ❞♦ q✉❡ ❛♦ ❝♦♥s✐❞❡r❛r ❡❧étr♦♥s ❞ ♣♦r ♣✉❧s♦s

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

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

2.5mel✳

❖ ✈❛❧♦r ♠á①✐♠♦ ♦❜t✐❞♦ ♣❛r❛ ♦ ❚▼❘ ❢♦✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✶✪ ❛♦ ❝♦♥s✐❞❡r❛r ❡❧étr♦♥s ❞

♣♦r ✉♠ ♣❛❝♦t❡ ❣❛✉ss✐❛♥♦ ❝♦♠ ♠❛ss❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛ 2.5mel s❡♥❞♦ ❡st❡ ✈❛❧♦r ♠❡♥♦r ❞♦

♦ ❡s♣❡r❛❞♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡ ✭✹✺✳✺✪✮✱ q✉❡ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ♥♦ ✐♥í❝✐♦ ❞❡ss❡ ❝❛♣ít✉❧♦✳ ❊ss❛

❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡ss❡s ✈❛❧♦r❡s ❞❡✈❡✲s❡ ❛ ❛❧❣✉♥s ❢❛t♦r❡s✳ Pr✐♠❡✐r♦✱ ❝♦♥s✐❞❡r❛♠♦s ❛ ❉❖❙ ♥♦ ♥í✈❡❧

❞❡ ❋❡r♠✐ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❚▼❘ ♥♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡ ♦ q✉❡ s✉♣❡r❡st✐♠❛ ♦ ✈❛❧♦r ❚▼❘✳

P❛r❛ ♦❜t❡r♠♦s ✉♠❛ ❡st✐♠❛t✐✈❛ ♠❡❧❤♦r ❞❡✈❡r✐❛♠♦s ✉t✐❧✐③❛r ❛ ♣♦❧❛r✐③❛çã♦ ❞♦ ♠❛t❡r✐❛❧ ♦❜t✐❞❛

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❚▼❘ ✭❡q✉❛çã♦ ✷✳✺✮✳ ❆❧é♠ ❞✐ss♦ ✉♠❛ q✉❡❞❛ ♥❛ ❚▼❘ ❡♠

r❡❧❛çã♦ ❛♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡ é ❡s♣❡r❛❞❛ ♣♦✐s ❛❧é♠ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐

❝♦♥s✐❞❡r❛♠♦s ❛ ❧♦❝❛❧✐③❛çã♦ ❞♦s ❡❧étr♦♥s ❡♠ ♣❛❝♦t❡s ❞❡ ♦♥❞❛✱ ❞✐❢❡r❡♥t❡s ♠❛ss❛s ❡❢❡t✐✈❛s ♣❛r❛ ❛s

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

♠✉❞❛♥ç❛ ❞❛ ❛❧t✉r❛ ❞❛ ❜❛rr❡✐r❛ ❛♦ ❛♣❧✐❝❛r ✉♠❛ ✈♦❧t❛❣❡♠✳



✻✹ ❊st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥❡t♦rr❡s✐stê♥❝✐❛

❵



❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sã♦

◆❡st❛ ❞✐ss❡rt❛çã♦ ❞❡ ♠❡str❛❞♦ ❛♣r❡s❡♥t❛♠♦s ✉♠ ♠♦❞❡❧♦ s✐♠♣❧❡s ❝❛♣❛③ ❞❡ ❡①♣❧✐❝❛r ❛ ❢ís✐❝❛

❡♥✈♦❧✈✐❞❛ ♥♦ tr❛♥s♣♦rt❡ ❡ ♥❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ❡♠ ✉♠❛ ▼❚❏✳ ❋♦♠♦s ❝❛♣❛③❡s ❞❡ ❡st✐♠❛r ❛

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

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

✐s♦❧❛♥t❡ ♥♦ ❝á❧❝✉❧♦✳

■♥✐❝✐❛♠♦s ♥♦ss♦ ❡st✉❞♦ ♥♦ s❡❣✉♥❞♦ ❝❛♣ít✉❧♦✱ ♥♦ q✉❛❧ ♣r♦❝✉r❛♠♦s ❡♥t❡♥❞❡r ♦s ❛s♣❡❝t♦s t❡ór✐✲

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

❏✉❧❧✐èr❡ ♣❛r❛ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ❡♠ ▼❚❏✳ ❱✐♠♦s q✉❡ ♥❡ss❡ ♠♦❞❡❧♦ ❛ ❚▼❘ ❞❡♣❡♥❞❡ ❡ss❡♥✲

❝✐❛❧♠❡♥t❡ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ❞♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s✱ ♥ã♦ ❝♦♥✲

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

♣❛r❛ ♦ tr❛♥s♣♦rt❡ ❡♠ ▼❚❏ ✐♥❝❧✉✐♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ❜❛rr❡✐r❛✳ ❖ ♠♦❞❡❧♦ ♣r♦♣♦st♦ s❡

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

❧✐♥❡❛r♠❡♥t❡ ❛♦ ❛♣❧✐❝❛r ✉♠❛ ✈♦❧t❛❣❡♠✳ P❛r❛ ✐ss♦✱ s✐♠✉❧❛♠♦s ♦s ❡❧étr♦♥s ❞ ♣♦r ♣❛❝♦t❡s ❞❡ ♦♥❞❛

❧♦❝❛❧✐③❛❞♦s ❡ ♦s ❡❧étr♦♥s s ♣♦r ♦♥❞❛s ♣❧❛♥❛s✳ ❖♣t❛♠♦s ♣♦r ❞❡s❝r❡✈❡r ♦s ❡❧étr♦♥s s ♣♦r ♦♥❞❛s

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

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

❞❡ ♦♥❞❛ ♥❛s ❞✐❢❡r❡♥t❡s r❡❣✐õ❡s ❞❛ ❥✉♥çã♦✱ q✉❡ é ❞❡s❝r✐t❛ ♥♦ ♠♦❞❡❧♦ ❛tr❛✈és ❞❛ ♠❛ss❛ ❡❢❡t✐✈❛

❞❡♣❡♥❞❡♥t❡ ❞❛ ♣♦s✐çã♦✳

◆♦ t❡r❝❡✐r♦ ❝❛♣ít✉❧♦ ❝❛❧❝✉❧❛♠♦s ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ♦♥❞❛s ♣❧❛♥❛s ♣♦r ❜❛rr❡✐r❛s

❞❡ ♣♦t❡♥❝✐❛❧ r❡t❛♥❣✉❧❛r❡s ❡ ❧✐♥❡❛r❡s✳ ■♥tr♦❞✉③✐♠♦s ♥♦ ❝á❧❝✉❧♦ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ♠❛ss❛ ❡❢❡t✐✈❛

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

❡ ♣✉❞❡♠♦s ✈❡r✐✜❝❛r q✉❡ ♠✉❞❛♥ç❛ ❞❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥ ♥❛s três r❡❣✐õ❡s ❞♦ ♣♦t❡♥❝✐❛❧ ❛❝❛rr❡t❛♠

❡♠ ✉♠ ❛✉♠❡♥t♦ ❞❛ ❛♠♣❧✐t✉❞❡ ❞❡ ♦s❝✐❧❛çã♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡ t❛♠❜é♠ ♥♦ ✈❛❧♦r

♠á①✐♠♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ♥❛ r❡❣✐ã♦ ❞❡ ♦s❝✐❧❛çã♦✳ ❆ ♦r✐❣❡♠ ❞♦ ❛✉♠❡♥t♦ ❞❛ ❛♠♣❧✐✲

✻✺



✻✻ ❈♦♥❝❧✉sã♦

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

◗✉❛♥t♦ ♠❛✐♦r ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ♥❛s ❞✐❢❡r❡♥t❡s r❡❣✐õ❡s ❞♦ ♣♦t❡♥❝✐❛❧ ♠❛✐s ❞✐❢í❝✐❧

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

■♥✐❝✐❛♠♦s ♦ q✉❛rt♦ ❝❛♣ít✉❧♦ ❡st✉❞❛♥❞♦ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ♣❛❝♦t❡s ❞❡ ♦♥❞❛

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

❝✐❛❧ ❧✐♥❡❛r✳ ❱❡r✐✜❝❛♠♦s q✉❡ ❛♦ ❛✉♠❡♥t❛r ❛ ❧❛r❣✉r❛ ❞♦ ♣❛❝♦t❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦

t❡♥❞❡ ❛♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ♦♥❞❛ ♣❧❛♥❛✱ ♦ q✉❡ ❞❡❝♦rr❡ ❞♦ ❢❛t♦ ❞❡ q✉❡ ❛♦ ❛✉♠❡♥t❛r ❛

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

t❡♠✲s❡ ✉♠❛ ❢✉♥çã♦ ❞❡❧t❛✱ q✉❡ é tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛ ♦♥❞❛ ♣❧❛♥❛✳ P♦r ✜♠✱ ❡st✉❞❛♠♦s

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

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

❱❡r✐✜❝❛♠♦s q✉❡ ♦ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ é ♠❡t❛❞❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❞❡ ❇r♦❣❧✐❡ ❡ ✐♥❞❡♣❡♥❞❡

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

♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ t❡♥❞❡ ❛♦ ✈❛❧♦r ❞❛ ♦♥❞❛ ♣❧❛♥❛✳

❋✐♥❛❧♠❡♥t❡✱ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❡ss❡s ❛s♣❡❝t♦s t❡ór✐❝♦s r❡❧❡✈❛♥t❡s ♥♦s ♣❡r♠✐t✐✉ ❛♣❧✐❝❛r ♦ ♠♦✲

❞❡❧♦ ♣r♦♣♦st♦ ♣❛r❛ ❡st✐♠❛r ❛ ❚▼❘ ❡♠ ✉♠❛ ▼❚❏ ❝♦♠♣♦st❛ ♣♦r ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ❞❡

❋❡ s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❝❛♠❛❞❛ ✐s♦❧❛♥t❡ ❞❡ Al2O3 ❞❡ ✶✵ ➴✳ ❉❡♥tr♦ ❞❡ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧❡s✱ ❝♦♠

❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s t✐♣♦ ❡❧étr♦♥ ❧✐✈r❡✱ ✉t✐❧✐③❛♠♦s ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐

♣❛r❛ ❡st✐♠❛r♠♦s ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠❛✐♦r✐❛ ❡ ♠✐♥♦r✐❛ ❞♦ ❋❡ ♥❛ ❜❛♥❞❛ ❞✳ P❛r❛

❡st✐♠❛r♠♦s ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠❛✐♦r✐❛ ❡ ♠✐♥♦r✐❛ ❞♦ ❋❡ ♥❛ ❜❛♥❞❛ s✱ ✉t✐❧✐③❛♠♦s q✉❡

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

❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❞♦s ♣♦rt❛❞♦r❡s ♠❛✐♦r✐❛ ❡ ♠✐♥♦r✐❛ ❝♦♠♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✉♠✳ ❊st✐♠❛♠♦s

❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ♣♦rt❛❞♦r❡s ♠✐♥♦r✐❛ ❞❛ ❜❛♥❞❛ ❞ ♣♦r ✷✳✺ mel ❡ ✶✳✺ mel ❡ ❞❛ ❜❛♥❞❛ s ♣♦r

✶✳✸ mel✳ ❖❜s❡r✈❛♠♦s q✉❡ ♦s ❡❧étr♦♥s s ♥ã♦ ❝♦♥tr✐❜✉❡♠ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♣❛r❛ ❛ ♠❛❣♥❡t♦r❡✲

s✐stê♥❝✐❛✳ ❆❧é♠ ❞✐ss♦ ♣✉❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♦ s✐♥❛❧ ❞❛ ❚▼❘ ❞❡♣❡♥❞❡ ❞❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s

♣♦rt❛❞♦r❡s✱ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ♣♦❞❡ s❡r ♠✉✐t♦ ❞✐❢❡r✲

❡♥t❡ ❞❛ ♣♦❧❛r✐③❛çã♦ ❞♦ ✈♦❧✉♠❡ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✳ ❆❧é♠ ❞✐ss♦✱ t❛♠❜é♠ ✈❡r✐✜❝❛♠♦s q✉❡ ❛♣❡s❛r

❞♦s ❡❧étr♦♥s s ♥ã♦ ❝♦♥tr✐❜✉✐r❡♠ ♣❛r❛ ❛ ❚▼❘ ❡❧❡s ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ♦ tr❛♥s♣♦rt❡ ❞❡✈✐❞♦ à ❛❧t❛

❝♦♥❞✉tâ♥❝✐❛ ❛♣r❡s❡♥t❛❞❛✳ P♦rt❛♥t♦✱ ♦❜t✐✈❡♠♦s q✉❡ ❛ ❧♦❝❛❧✐③❛çã♦ ❞♦s ❡❧étr♦♥s ❡♠ ♣❛❝♦t❡s ❞❡

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

♣❛r❛ ❛s ❜❛♥❞❛s ❞❡ ❞✐❢❡r❡♥t❡ s♣✐♥ ♣♦❞❡♠ ♠✉❞❛r s✉❜st❛♥❝✐❛❧♠❡♥t❡ ♦ ✈❛❧♦r ❞❛ ❚▼❘✱ t❛✐s ❡❧❡✲

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

❞❛s s✉❜✲❜❛♥❞❛ ▼ ❡ ♠ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❚▼❘✳ ❊♥tr❡t❛♥t♦✱ ♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡ é ✈á❧✐❞♦ ♣❛r❛

❜❛✐①❛s ✈♦❧t❛❣❡♥s✱ ❞❛ ♦r❞❡♠ ❞❡ ♠✐❧✐✈♦❧ts✱ ❡ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ✈♦❧t❛❣❡♥s ❞❡ ✷

❱✳ ❆❧é♠ ❞✐ss♦ ❞❡✈❡♠♦s r❡ss❛❧t❛r q✉❡ ♦ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♣♦r s❡r ✉♥✐❞✐♠❡♥s✐♦♥❛❧ s❡ ❛♣r♦①✐♠❛ ❛



✻✼

✉♠ ✜♦ q✉â♥t✐❝♦ ❝♦♠ ✉♠❛ ❜❛rr❡✐r❛ ♥♦ ♠❡✐♦✱ ✉♠❛ ✈❡③ q✉❡ ▼❚❏ ❛♣r❡s❡♥t❛♠ ❣❡♦♠❡tr✐❛ ♣❧❛♥❛r

✭q✉❛s❡ ❜✐✲❞✐♠❡♥s✐♦♥❛❧✮✳ ❆ss✐♠ ❝❛❧❝✉❧❛♠♦s ❛ ❝♦♥❞✉tâ♥❝✐❛ ✉t✐❧✐③❛♥❞♦ ❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r✱

❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❞♦✐s ❝❛♥❛✐s ❞❡ tr❛♥s♠✐ssã♦ ✉♠ ❝♦♠ s♣✐♥ ♣❛r❛ ❝✐♠❛ ❡ ♦✉tr♦ ❝♦♠ s♣✐♥ ♣❛r❛

❜❛✐①♦✳ ➱ ♣♦ssí✈❡❧ ❛♣r♦①✐♠❛r ♦ ♠♦❞❡❧♦ ❛♣r❡s❡♥t❛❞♦ ♥❡ss❛ ❞✐ss❡rt❛çã♦ ❝♦♠ ♦ ♠♦❞❡❧♦ ❞❡ ❏✉❧❧✐èr❡

❛✉♠❡♥t❛♥❞♦ ❛ s❡çã♦ tr❛♥s✈❡rs❛ ❞❛ ❥✉♥çã♦ ❡ ❝♦♠ ✐ss♦ ♦ ♥ú♠❡r♦ ❞❡ ❝❛♥❛✐s ❞❡ tr❛♥s♠✐ssã♦ ♥♦

❝á❧❝✉❧♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♣❡❧❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ❛✉♠❡♥t❛✱ ❡ ❡ss❡s ❝❛♥❛✐s ❞❡ tr❛♥s♠✐ssã♦ s❡r✐❛♠

♣♦♥❞❡r❛❞♦s ♣❡❧❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❞♦s ❡❧❡tr♦❞♦s✳



✻✽ ❈♦♥❝❧✉sã♦



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❈❤❛r❧❡s ❑✐tt❡❧✳ ◗❤✉❛♥t✉♠ ❚❤❡♦r② ♦❢ ❙♦❧✐❞s✳ ❏♦❤♥ ❲✐❧❧❡② ✫ ❙♦♥❣s✱ ■♥❝✱ ✶t❤ ❡❞✐t✐♦♥✱ ✶✾✻✸✳

❬✷❪ ▼✳ ❏✉❧❧✐❡r❡✳ ❚✉♥♥❡❧✐♥❣ ❜❡t✇❡❡♥ ❢❡rr♦♠❛❣♥❡t✐❝ ✜❧♠s✳ P❤②s✐❝s ▲❡tt❡rs ❆✱ ✺✹✭✸✮✿✷✷✺ ✕ ✷✷✻✱

✶✾✼✺✳

❬✸❪ ●✳ ●✳ ❈❛❜r❡r❛ ❛♥❞ ◆✳ ●❛r❝✐❛✳ ▲♦✇ ✈♦❧t❛❣❡ ✐✕✈ ❝❤❛r❛❝t❡r✐st✐❝s ✐♥ ♠❛❣♥❡t✐❝ t✉♥♥❡❧✐♥❣

❥✉♥❝t✐♦♥s✳ ❆♣♣❧✐❡❞ P❤②s✐❝s ▲❡tt❡rs✱ ✽✵✭✶✵✮✿✶✼✽✷✕✶✼✽✹✱ ✷✵✵✷✳

❬✹❪ ●✳ ❇✐♥❛s❝❤✱ P✳ ●rü♥❜❡r❣✱ ❋✳ ❙❛✉r❡♥❜❛❝❤✱ ❛♥❞ ❲✳ ❩✐♥♥✳ ❊♥❤❛♥❝❡❞ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✐♥

❧❛②❡r❡❞ ♠❛❣♥❡t✐❝ str✉❝t✉r❡s ✇✐t❤ ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝ ✐♥t❡r❧❛②❡r ❡①❝❤❛♥❣❡✳ P❤②s✳ ❘❡✈✳ ❇✱

✸✾✭✼✮✿✹✽✷✽✕✹✽✸✵✱ ✶✾✽✾✳

❬✺❪ ▼✳ ◆✳ ❇❛✐❜✐❝❤✱ ❏✳ ▼✳ ❇r♦t♦✱ ❆✳ ❋❡rt✱ ❋✳ ◆❣✉②❡♥ ❱❛♥ ❉❛✉✱ ❋✳ P❡tr♦✛✱ P✳ ❊t✐❡♥♥❡✱ ●✳ ❈r❡✉③❡t✱

❆✳ ❋r✐❡❞❡r✐❝❤✱ ❛♥❞ ❏✳ ❈❤❛③❡❧❛s✳ ●✐❛♥t ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ♦❢ ✭✵✵✶✮❢❡✴✭✵✵✶✮❝r ♠❛❣♥❡t✐❝ s✉✲

♣❡r❧❛tt✐❝❡s✳ P❤②s✳ ❘❡✈✳ ▲❡tt✳✱ ✻✶✭✷✶✮✿✷✹✼✷✕✷✹✼✺✱ ◆♦✈ ✶✾✽✽✳

❬✻❪ ◆✳ ●❛r❝✐❛✱ ▼✳ ▼✉♥♦③✱ ❛♥❞ ❨✳✲❲✳ ❩❤❛♦✳ ❇❛❧❧✐st✐❝ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✐♥ tr❛♥s✐t✐♦♥✲♠❡t❛❧
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