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✶✳✹ ❚é❝♥✐❝❛s ❛t✉❛✐s ❞❡ ❣❡r❡❛çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ✉t✐❧✐③❛♥❞♦

❢♦♥t❡s ❞❡ ❡st❛❞♦ só❧✐❞♦ ▲❊❉✳ ❆ ❧✉③ ❜r❛♥❝❛ ♣♦❞❡ s❡r

❣❡r❛❞❛ ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❞❡ ▲❊❉s ♦✉ ❛ ❝♦♠❜✐♥❛çã♦ ❞❡

▲❊❉s ❝♦♠ ❢ós❢♦r♦s ❝♦❧♦r✐❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✶✳✺ ❈✉r✈❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ♦❧❤♦ ❤♦♠❛♥♦ ❡♠ ❢✉♥çã♦ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❡ ❚❤❡ ❙❝✐❡♥❝❡

♦❢ ❈♦❧♦r✱ 2nd ❡❞✳ ❖❙❆ ✷✵✵✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✻ ❘❡t✐♥❛✳ ❈é❧✉❧❛s ❢♦t♦r❡❝❡♣t♦r❛s ❞❛ ✈✐sã♦ ❤✉♠❛♥❛✳ ❖s

❝♦♥❡s sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❝❛♣t❛r ❛s ❝♦r❡s✳ ❖s ❜❛s✲

t♦♥❡t❡s ❢❛③❡♠ ♣❛rt❡ ❞❛ ✈✐sã♦ ♣❡r✐❢ér✐❝❛ ❞♦ ♦❧❤♦ ❡ sã♦

r❡s♣♦sá✈❡✐s ♣♦r ❝❛♣t❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳

❋✐❣✉r❛ r❡t✐r❛❞❛ ❞♦ s✐t❡ ✐♥❢♦❡s❝♦❧❛✳❝♦♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✼ ❋✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ x✱y ❡ z ❛❞q✉✐r✐❞❛s ❡①♣❡r✐♠❡♥✲

t❛❧♠❡♥t❡ ❝♦♠ ❞✐✈❡rs♦s ✐♥❞✐✈í❞✉♦s ♣❡❧❛ ❈■❊ ❡♠ ✶✾✸✶✳

❋✐❣✉r❛ r❡t✐r❛❞❛ ❞♦ ❛rt✐❣♦ ❞❡ ❋✉❣✐❦❛✇❛✲P❡r❡✐r❛❬✶✶❪ ✳ ✳ ✳ ✷✹

✹



✶✳✽ ❉✐❛❣r❛♠❛ ❞❡ ❝r♦♠❛t✐❝✐❞❞❡ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛s ❝♦♦r❞❡✲

♥❛❞❛s ❈■❊ ①②✳ ◗✉❛❧q✉❡r ❝♦r ❞❡♥tr♦ ❞❡ss❡ ❞✐❛❣r❛♠❛

♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛s ❝♦♦r❞❡♥❛❞❛ ①②✳ ❋✐❣✉r❛

❛❞❛♣t❛❞❛ ❞❛ ♣á❣✐♥❛ ❞❛ ✇❡❜ ❝♦❧♦r②❛♣❛r✐❡♥❝✐❛✳❝♦♠✳❛r ✳ ✳ ✳ ✳ ✷✻

✶✳✾ ❖ ▲♦❝✉s P❧❛♥❝❦✐❛♥♦ ❝♦♥st✐t✉✐ ❛ r❡❣✐ã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡

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

♥❡❣r♦✳ ❋✐❣✉r❛ ❡①tr❛✐❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✶✾❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✷✳✶ ❉✐❛❣r❛♠❛ q✉❡ ♠♦str❛ ❛ r❡❧❛çã♦ ❡♥tr❡ ♦ ✈♦❧✉♠❡ ❡s♣❡❝í✲

✜❝♦ ❡ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♠❛t❡r✐❛❧✳ Tg

❡ Tf ❝♦♥st✐t✉❡♠ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦ ✈ítr❡❛ ❡ ♦

♣♦♥t♦ ❞❡ ❢✉sã♦ ❞♦ ♠❛t❡r✐❛❧✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✷✳✷ ❉✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ❝❛r❣❛ ❡❧étr✐❝❛ ♣❛r❛ ♦ í♦♥ ❣❛❞♦✲

❧í♥❡♦✱ q✉❡ ♣♦ss✉✐ ❛ ♠❡s♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ♣r❛t✐❝❛✲

♠❡♥t❡ t♦❞♦s ♦s ❞❡♠❛✐s t❡rr❛s✲r❛r❛s❬✷✸❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✷✳✸ ■✲◆í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦ Er3+✿ ❛✮❍❛rtr❡❡ ❜✮❈♦✉❧♦♠❜✐❛♥❛

❘❡s✐❞✉❛❧ ❝✮❙♣✐♥✲Ór❜✐t❛✳ ■■✲❊❢❡✐t♦ ❙t❛r❦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✷✳✹ ❉✐❛❣r❛♠❛ ❞❡ ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ♦ í♦♥ Er3+ ❡①❝✐t❛❞♦

❝♦♠ ▲❛s❡r ❞❡ ❉✐♦❞♦❬✷✺❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✷✳✺ ■✲◆í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ♦s í♦♥s t❡rr❛✲r❛r❛s tr✐✈❛❧❡♥t❡s✳ ✹✺

✷✳✻ ❆♠♦str❛s ❞❡ ✈✐❞r♦s ✢✉♦r♦❣❡r♠❛♥❛t♦s ❞♦♣❛❞♦s ❝♦♠

í♦♥s t❡rr❛s✲r❛r❛s ♣r♦❞✉③✐❞❛s ♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ◗✉í✲

♠✐❝❛ ❡ ❋ís✐❝❛ ❞♦ ❞❡♣❛rt❛♠❡♥t♦ ❞❡ ❋ís✐❝❛✲❯❋❘P❊✳ ✳ ✳ ✳ ✺✵

✷✳✼ ❊sq✉❡♠❛ ❞♦ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧ ✉t✐❧✐③❛❞♦ ♥♦ tr❛❜❛✲

❧❤♦✳ ❊①❝❡t♦ ♦ ❝♦♠♣✉t❛❞♦r✱ t♦❞♦s ♦s ❡q✉✐♣❛♠❡♥t♦s ❢♦✲

r❛♠ ✜①❛❞♦s ♥❛ ♠❡s❛ ót✐❝❛✳ ❖ ❢❡✐①❡ ❞❡ ❧✉③ q✉❡ ♣❛rt❡ ❞♦

▲❛s❡r ❡①❝✐t❛ ❛ ❛♠♦str❛ ✈ítr❡❛✳ ❆ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❡♠❛✲

♥❛❞❛ ❞❛ ❛♠♦str❛ s❡❣✉❡ ♣❛r❛ ♦ ❡s♣❡❝trô♠❡tr♦ ❛tr❛✈és

❞❛ ✜❜r❛ ót✐❝❛✳ ❖ ❡s♣❡❝tr♦ é ❛♥❛❧✐s❛❞♦ ♥♦ ❝♦♠♣✉t❛❞♦r

❛tr❛✈és ❞♦ s♦❢t✇❛r❡ ❙♣❡❝tr❛ ❙✉✐t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✷✳✽ ●rá✜❝♦ ❞♦s ❡s♣❡❝tr♦s ❜r✉t♦s ✭❛❝✐♠❛✮ ❡ ❣rá✜❝♦ ❞♦s ❡s✲

♣❡❝tr♦s tr❛t❛❞♦s ❡ ♥♦r♠❛❧✐③❛❞♦s ✭❛❜❛✐①♦✮✳ ❖s ❞❛❞♦s

r❡❢❡r❡♠✲s❡ ❛ ✉♠ ✈✐❞r♦ ❞♦♣❛❞♦ ❝♦♠ ❙❛♠ár✐♦ ❡ ❚ér❜✐♦✳ ✺✷

✺



✸✳✶ ❊s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ♠♦♥♦❞♦♣❛❞❛

❝♦♠ Sm+3✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✸✳✷ ❊s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ♠♦♥♦❞♦♣❛❞❛

❝♦♠ Er+3✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✸✳✸ ❊s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ♠♦♥♦❞♦♣❛❞❛

❝♦♠ Tb+3✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✸✳✹ P♦s✐çõ❡s ❞❛s ❝♦r❡s ❞❛s ❧✉♠✐♥❡s❝ê♥❝✐❛s ❞❛s ❛♠♦str❛s

♠♦♥♦❞♦♣❛❞❛s ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✸✳✺ ❊s♣❡❝tr♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛✲

❞♦s ❝♦♠ Sm+3/Er+3✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✸✳✻ ❆❝✐♠❛ ❡♥❝♦♥tr❛✲s❡ ♦ ❣rá✜❝♦ r❡❢❡r❡♥t❡ às ❝♦♦r❞❡♥❛❞❛s

❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s ♥❛ ❛♠♦str❛ ❝♦♠ Sm+3/Er+3✳

❆❜❛✐①♦ t❡♠♦s ❡ss❛s ❝♦r❡s r❡♣r❡s❡♥t❛❞❛s ♥♦ ❞✐❛❣r❛♠❛

❈■❊ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✸✳✼ ❆♠♦str❛ ❧✉♠✐♥♦s❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s ❝♦♠

Sm+3/Er+3✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✸✳✽ ❘❡❧❛çã♦ ❡♥tr❡ ♦s ♣✐❝♦s ♦❜s❡r✈❛❞♦s ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡

í♦♥ Er+3✳ ◆❡ss❡ ❝❛s♦ ♣❂✵✳✷✺❀✵✳✺✵❀✵✳✼✺❀✶✳✵✵❀✶✳✷✺❀✶✳✺✵

✭✪ ❡♠ ♠♦❧✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✸✳✾ ❊s♣❡❝tr♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛✲

❞♦s ❝♦♠ Sm+3/tb+3 à ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✸✳✶✵ ❆❝✐♠❛ ❡♥❝♦♥tr❛✲s❡ ♦ ❣rá✜❝♦ r❡❢❡r❡♥t❡ às ❝♦♦r❞❡♥❛❞❛s

❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s ♥❛ ❛♠♦str❛ ❝♦♠ Sm+3/Tb+3

❛ ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s✳ ❆❜❛✐①♦ t❡♠♦s ❡ss❛s ❝♦r❡s r❡✲

♣r❡s❡♥t❛❞❛s ♥♦ ❞✐❛❣r❛♠❛ ❈■❊ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✻✾

✸✳✶✶ ❆♠♦str❛ ❧✉♠✐♥♦s❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s ❝♦♠

Sm+3/Tb+3 ❛ ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✸✳✶✷ ❘❡❧❛çã♦ ❡♥tr❡ ♦s ♣✐❝♦s ♦❜s❡r✈❛❞♦s ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡

í♦♥ Tr+3✳ ◆❡ss❡ ❝❛s♦ ♣❂✵✳✷✺❀✵✳✺✵❀✵✳✼✺❀✶✳✵✵❀✶✳✷✺❀✶✳✺✵

✭✪ ❡♠ ♠♦❧✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✸✳✶✸ ❊s♣❡❝tr♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛✲

❞♦s ❝♦♠ Sm+3/Tb+3 ❛ ❛❧t❛s ❝♦♥❝❡♥tr❛çõ❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✻



✸✳✶✹ ❆♠♦str❛ ❧✉♠✐♥♦s❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s ❝♦♠

Sm+3/Tb+3 ❛ ❛❧t❛s ❝♦♥❝❡♥tr❛çõ❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✸✳✶✺ ❆❝✐♠❛ ❡♥❝♦♥tr❛✲s❡ ♦ ❣rá✜❝♦ r❡❢❡r❡♥t❡ às ❝♦♦r❞❡♥❛❞❛s

❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s ♥❛s ❛♠♦str❛s ❝♦♠ ❛❧t❛s

❝♦♥❝❡♥tr❛çõ❡s ❞❡ Sm+3/Tb+3 ✳ ❆❜❛✐①♦ t❡♠♦s ❡ss❛s ❝♦✲

r❡s r❡♣r❡s❡♥t❛❞❛s ♥♦ ❞✐❛❣r❛♠❛ ❈■❊ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡✳ ✼✹

✸✳✶✻ ❘❡❧❛çã♦ ❡♥tr❡ ♦s ♣✐❝♦s ♦❜s❡r✈❛❞♦s ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡

í♦♥ Tb+3✳ ◆❡ss❡ ❝❛s♦ q❂✶✳✺✵❀✶✳✽✵❀✷✳✸✵❀✷✳✽✵ ✭✪ ❡♠ ♠♦❧✮ ✼✺

✸✳✶✼ ❉✐❛❣r❛♠❛ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡ ♣❛r❛ ❛ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❡

t♦❞♦s ♦s ❢ós❢♦r♦s ❛♥❛❧✐s❛❞♦s ♥♦ tr❛❜❛❧❤♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✼



❘❡s✉♠♦

◆❡ss❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ♣r♦❞✉③✐❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ♥❛ ♠❛tr✐③ 80PbGeO3 −

10PbF2 − 10CdF2 ❞♦♣❛❞♦s ❝♦♠ í♦♥ t❡rr❛✲r❛r❛ ❙❛♠ár✐♦ ✭Sm+3✮ ❡ ❝♦❞♦♣❛❞♦s

❝♦♠ í♦♥s ➱r❜✐♦ ✭Er+3✮ ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❝♦♠ í♦♥s ❚ér❜✐♦✭Tb+3✮ ❝♦♠ ♦ ♦❜❥❡t✐✈♦

❞❡ ♣r♦❞✉③✐r ❧✉③ ♣♦r ❡♠✐ssã♦ ❝♦♠ t♦♥❛❧✐❞❛❞❡ ♣♦❧✐❝r♦♠át✐❝❛ ❞❡♥tr♦ ❞♦ ✐♥t❡r✈❛❧♦

❞❡ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r✳ ❖s ❢ós❢♦r♦s ✈ítr❡♦s ❢♦r❛♠ s✐♥t❡t✐③❛❞♦s ❡ ❡①❝✐t❛❞♦s

♣♦r ✉♠ ▲❆❙❊❘ ▲❊❉ ❛③✉❧✲✉❧tr❛✈✐♦❧❡t❛ ❡ s✉❛s ❝❛r❛❝t❡ríst✐❝❛s ❧✉♠✐♥❡s❝❡♥t❡s ❢♦r❛♠

❡①❛♠✐♥❛❞❛s✳ ❆s ❧✉♠✐♥❡s❝ê♥❝✐❛s ❞❛s ❛♠♦str❛s ❢♦r❛♠ ♦❜t✐❞❛s ❡ ❛♥❛❧✐s❛❞❛s ❝♦♠♦

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

çã♦✳ ❋♦✐ ♣♦ssí✈❡❧ ❛❧❝❛♥ç❛r t♦♥❛❧✐❞❛❞❡s ❞❡ ❝♦r ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦✲❛❧❛r❛♥❥❛❞♦✲

❛♠❛r❡❧♦✲✈❡r❞❡ ❝♦♠❜✐♥❛♥❞♦ ♦s í♦♥s Sm+3✱ Er+3 ❡ Tb+3 ✐♥tr♦❞✉③✐❞♦s ♥❛ ♠❛tr✐③✳

❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s s✉❣❡r❡♠ q✉❡ ♦s ❢ós❢♦r♦s q✉❡ ❡♠✐t✐r❛♠ ❛ t♦♥❛❧✐❞❛❞❡ ❞❡ ❧✉③

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

❞❡ ✐❧✉♠✐♥❛çã♦ ❜❛s❡❛❞❛ ❡♠ ▲❊❉ ❞❡ ❧✉③ ❜r❛♥❝❛ ❢r✐❛✳

✽



❆❜str❛❝t

❚✉♥❛❜❧❡ ♣♦❧②❝❤r♦♠❛t✐❝ ❧✐❣❤t ❡♠✐ss✐♦♥ ✇✐t❤✐♥ t❤❡ ❧♦✇ ❝♦❧♦r ❝♦rr❡❧❛t❡❞ t❡♠✲

♣❡r❛t✉r❡ r❛♥❣❡ ✇❛s ♣r♦❞✉❝❡❞ ✉s✐♥❣ ❊r❜✐✉♠ ✭Er+3✮ ❛♥❞✴♦r ❚❡r❜✐✉♠✭Tb+3✮ ✕

❙❛♠❛r✐✉♠ ✭Sm+3✮ ❝♦✲❞♦♣❡❞ 80PbGeO3 − 10PbF2 − 10CdF2 ❣❧❛ss ♣❤♦s♣❤♦r

♦♥ t❤✐s ✇♦r❦✳ ❚❤❡ ❣❧❛ss ♣❤♦s♣❤♦rs ✇❡r❡ s②♥t❤❡s✐③❡❞✱ ❛♥❞ t❤❡✐r ❧✉♠✐♥❡s❝❡♥❝❡

❝❤❛r❛❝t❡r✐st✐❝s ✇❡r❡ ❡①❛♠✐♥❡❞ ✉♥❞❡r ❜❧✉❡✲✉❧tr❛✈✐♦❧❡t ▲❊❉✲▲❆❙❊❘ ❡①❝✐t❛t✐♦♥✳ ▲✉✲

♠✐♥❡s❝❡♥❝❡ ❡♠✐ss✐♦♥ ♣❤♦s♣❤♦rs ✇❛s ♦❜t❛✐♥❡❞ ❛♥❞ ❛♥❛❧②③❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡

❛❝t✐✈❡ ✐♦♥s ❝♦♥❝❡♥tr❛t✐♦♥✱ ❛♥❞ ❡①❝✐t❛t✐♦♥ ✇❛✈❡❧❡♥❣t❤✳ ❈♦❧♦r t✉♥❛❜✐❧✐t② ✐♥ t❤❡ r❡❞✲

♦r❛♥❣❡✲②❡❧❧♦✇✲❣r❡❡♥ r❡❣✐♦♥ ✇❛s ❛❝❤✐❡✈❡❞ ❝♦♠❜✐♥✐♥❣ ♦❢ Sm+3✱ Er+3 ❛♥❞ Tb+3

✐♦♥s ❝♦♥t❡♥ts✳ ❘❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡ ❝♦❧♦r✲t❛♥❛❜❧❡ ♣♦❧②❝❤r♦♠❛t✐❝ ❧✐❣❤t ❡♠✐tt❡r

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

✇❤✐t❡✲❧✐❣❤t ▲❊❉✲❜❛s❡❞ ✐❧❧✉♠✐♥❛t✐♦♥ t❡❝❤♥♦❧♦❣②✳

✾



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦ ●❡r❛❧

❆ t❡❝♥♦❧♦❣✐❛ ❧✉♠✐♥♦s❛ ❜❛s❡❛❞❛ ❡♠ ▲❊❉ ✈❡♠ ❛tr❛✐♥❞♦ r❡❝❡♥t❡♠❡♥t❡ ♠✉✐t❛

❛t❡♥çã♦ ❞❡✈✐❞♦ à s✉❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡ ❞❡ ✈❛♥t❛❣❡♥s s♦❜r❡ t❡❝♥♦❧♦❣✐❛s ❝♦♥✈❡♥✲

❝✐♦♥❛✐s ❝♦♠♦ ❧â♠♣❛❞❛s ✐♥❝❛♥❞❡s❝❡♥t❡s ❡ ✢✉♦r❡s❝❡♥t❡s✳ ▲❊❉s ❞❡ ❧✉③ ❜r❛♥❝❛ sã♦

✈✐st♦s ❝♦♠♦ ❛ ♣ró①✐♠❛ ❣❡r❛çã♦ ❞❡ t❡❝♥♦❧♦❣✐❛ ❞❡ ✐❧✉♠✐♥❛çã♦ ♣♦r ❢♦♥t❡s ❡♠ ❡st❛❞♦

só❧✐❞♦ ❞❡s❞❡ s❡✉s ♣r✐♠❡✐r♦s ❞❡s❡♥✈♦❧✈✐♠❡♥t♦s✳ ❙✉❛ ✉t✐❧✐③❛çã♦ ♣♦ss✉✐ ✈❛r✐❡❞❛❞❡s

❞❡ ✈❛♥t❛❣❡♥s✱ ❞❡s❞❡ ♦ ❜❛✐①♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❛té ❡♠ q✉❡stõ❡s ❛♠❜✐❡♥t❛✐s✳

❊ss❡♥❝✐❛❧♠❡♥t❡ ❡①✐st❡♠ ❞♦✐s ♠ét♦❞♦s ♣❛r❛ ❣❡r❛r ❧✉③ ❜r❛♥❝❛ ✉t✐❧✐③❛♥❞♦✲s❡ ▲❊❉s✳

❖ ♣r✐♠❡✐r♦ é ♣♦r ❛❞✐çã♦ ❞❡ ❝♦r❡s ❝♦♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♣r✐♠ár✐♦s ♣r♦❞✉③✐❞♦s

♣♦r ▲❊❉s ❡ ♦ s❡❣✉♥❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❡♠✐ssã♦ ♥♦ ✈✐sí✈❡❧ ❞❡ ❧✉③ ❡♠✐t✐❞❛ ♣♦r ❢ós❢♦✲

r♦s ❞♦♣❛❞♦s ❝♦♠ t❡rr❛s✲r❛r❛s ❡①❝✐t❛❞♦s ❝♦♠ ❧✉③ ❯❱✴❆③✉❧✳ ▲✉③ ❞❡ ▲❊❉ ❜r❛♥❝♦

❝♦♥str✉í❞❛ ✈✐❛ ▲❊❉ ❛③✉❧ r❡✈❡st✐❞♦ ❝♦♠ ❢ós❢♦r♦ ❛♠❛r❡❧♦ t❡♠ ❛tr❛í❞♦ t❛♠❜é♠ ❜❛s✲

t❛♥t❡ ✐♥t❡r❡ss❡ ♥♦s ú❧t✐♠♦s ❛♥♦s✳ ◆♦ ❡♥t❛♥t♦ ❡ss❛ té❝♥✐❝❛ ❛♣r❡s❡♥t❛ ❞❡✜❝✐ê♥❝✐❛s

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

t❡r❛çã♦ ❝♦♠ ❛ ♣♦tê♥❝✐❛ ❞❡ ❡①❝✐t❛çã♦ ❡ t❡♠♣❡r❛t✉r❛✳ ❯♠❛ ♦✉tr❛ ❞❡✜❝✐ê♥❝✐❛ é ❛

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

r❡❣✐ã♦ ❡s♣❡❝tr❛❧ ❞♦ ✈❡r♠❡❧❤♦ ❡ ❛ss✐♠ s❡♥❞♦ ❛ ❝♦♠❜✐♥❛çã♦ ❞♦ ❢ós❢♦r♦ ❛♠❛r❡❧♦ ❝♦♠

▲❊❉ ❛③✉❧ ♣r♦❞✉③ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r r❡❧❛t✐✈❛♠❡♥t❡ ❡❧❡✈❛❞❛✳ P❛r❛ s✉♣❡r❛r

❡ss❛s ❞❡✜❝✐ê♥❝✐❛s é ♥❡❝❡ssár✐♦ ✉♠ ▲❊❉ ❜r❛♥❝♦ ♣r♦❞✉③✐❞♦ ✈✐❛ ❢ós❢♦r♦s ❡①❝✐t❛❞♦s

❝♦♠ ▲❛s❡r ❯❱✴❆③✉❧ ❢ós❢♦r♦s ❡st❡s q✉❡ ❡♠✐t❡♠ ✈❡r♠❡❧❤♦✱ ✈❡r❞❡ ❡ ❛③✉❧✳ ❘❡❝❡♥✲

t❡♠❡♥t❡ ✈ár✐❛s t❡♥t❛t✐✈❛s tê♠ s✐❞♦ r❡❛❧✐③❛❞❛s ❡♠ r❡❧❛çã♦ ❛ ♠✐st✉r❛ ❞❡ ❢ós❢♦r♦s

♠✉❧t✐✲❞♦♣❛❞♦s ❝♦♠ t❡rr❛s✲r❛r❛s ♣❛r❛ ♣r♦❞✉③✐r ❛ ❡♠✐ssã♦ ❞❡ ❧✉③ ♠✉❧t✐❝♦❧♦r✐❞❛ ♦✉

❜r❛♥❝❛✳ ❆ s✐♥t♦♥✐❛ ❞❡ t♦♥❛❧✐❞❛❞❡ ❞❛ ❝♦r ✐♥❝♦r♣♦r❛ ✈❡rs❛t✐❧✐❞❛❞❡ ❛♦ ❢ós❢♦r♦ ♠✉❧t✐✲

✶✵



❝♦❧♦r✐❞♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ t❡❝♥♦❧♦❣✐❛ ❞❡ ✏✐❧✉♠✐♥❛çã♦ ✐♥t❡❧✐❣❡♥t❡✑✳ ❘❡❝❡♥t❡♠❡♥t❡

❛ s✐♥t♦♥✐❛ ❞❡ t♦♥❛❧✐❞❛❞❡ ❞❛ ❧✉③ ❡♠✐t✐❞❛ ♣♦r ❢ós❢♦r♦s t❡♠ s✐❞♦ ♦❜t✐❞❛ ❡♠ ❢✉♥çã♦

❞❛ ♣♦tê♥❝✐❛ ❞❡ ❡①❝✐t❛çã♦✱ t❡♠♣❡r❛t✉r❛ ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ í♦♥s✳ ❙❡rá ❛♣r❡s❡♥✲

t❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦ ❛ s✐♥t♦♥✐❛ ❞❡ t♦♥❛❧✐❞❛❞❡ ♣♦❧✐❝r♦♠át✐❝❛ ♥❛ r❡❣✐ã♦ ❞❡ ❜❛✐①❛

t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r ❞❛ ❧✉③ ❡♠✐t✐❞❛ ♣♦r ❢ós❢♦r♦s ✈ítr❡♦s ❝♦♠ ❛ ♠❛tr✐③ ❞♦ s✐st❡♠❛

PbGeO3 − PbF2 − CdF2 ❞♦♣❛❞♦s ❝♦♠ Sm3+/Er3+ ❡ Sm3+/Tb3+✳

◆❡ss❡ ❝❛♣ít✉❧♦ s❡rá ❢❡✐t❛ ✉♠❛ ✐♥tr♦❞✉çã♦ ❤✐stór✐❝❛ ❡ t❡ór✐❝❛ ❛ r❡s♣❡✐t♦ ❞♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ✐❧✉♠✐♥❛çã♦ ❞❡s❞❡ ❛s ❛♥t✐❣❛s ❧â♠♣❛❞❛s ✐♥❝❛♥❞❡s❝❡♥t❡s ❛té ❛s

❛t✉❛✐s ✐❧✉♠✐♥❛çõ❡s q✉❡ ✉t✐❧✐③❛♠✲s❡ ❞❡ ❢♦♥t❡s ♥♦ ❡st❛❞♦ só❧✐❞♦✳ ❙❡rã♦ ❛❜♦r❞❛❞❛s

❛s ❢♦♥t❡s ❞❡ ❡st❛❞♦ só❧✐❞♦ ❛ ❜❛s❡ ❞❡ ▲❊❉ ❜❡♠ ❝♦♠♦ ♦s ♠❛t❡r✐❛✐s ❧✉♠✐♥❡s❝❡♥t❡s✿

♦s ❢ós❢♦r♦s✳ ❙❡rá ✈✐st❛ ✉♠❛ ❜r❡✈❡ ✐♥tr♦❞✉çã♦ ❛ r❡s♣❡✐t♦ ❞♦ ❡st✉❞♦ ❞❛ ❝♦r ❡ ❛

✉❧t✐♠❛s té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ♣♦r ▲❊❉s✳

✶✳✶ ❉✐s♣♦s✐t✐✈♦s ❙❡♠✐❝♦♥❞✉t♦r❡s

❆ ✜♠ ❞❡ ❞✐s❝♦rr❡r ❛ r❡s♣❡✐t♦ ❞❡ ❋♦♥t❡s ♥♦ ❊st❛❞♦ ❙ó❧✐❞♦✲▲❊❉✱ é ❢✉♥❞❛♠❡♥t❛❧

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

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

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

❛♠❜✐❡♥t❡ ❡♥❝♦♥tr❛✲s❡ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 10−11Ωm ❛ 10−4Ωm✳ ❱ár✐♦s ❞✐s♣♦s✐t✐✈♦s

❡❧❡trô♥✐❝♦s sã♦ ❢❛❜r✐❝❛❞♦s ❛ ♣❛rt✐ ❞❡ ♠❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s✱ ❞❡♥tr❡ ❡❧❡s t❡✲

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

s❡♠✐❝♦♥❞✉t♦r❡s ❝♦♠♣♦st♦s ♣♦r ❢ór♠✉❧❛ q✉í♠✐❝❛ ❞♦ t✐♣♦ ❆❇✱ ♦♥❞❡ ♦ ❡❧❡♠❡♥t♦ ❆

é tr✐✈❛❧❡♥t❡ ❡ ♦ ❡❧❡♠❡♥t♦ ❇ é ♣❡♥t❛✈❛❧❡♥t❡ sã♦ ❝❤❛♠❛❞♦s ❞❡ ❝♦♠♣♦st♦s ■■■✲❱✳

❖ ❆♥t✐♠♦♥❡t♦ ❞❡ í♥❞✐♦ ✭■♥❙❜✮ ❡ ♦ ❆rs❡♥✐❡t♦ ❞❡ ●á❧✐♦ ✭●❛❆s✮ sã♦ ❡①❡♠♣❧♦s ❞❡

❝♦♠♣♦st♦s ■■■✲❱✳ ❏á ♦s ❝♦♠♣♦st♦s ❞♦ t✐♣♦ ■■✲❱■ sã♦ ❛q✉❡❧❡s ♦♥❞❡ ♦ ❡❧❡♠❡♥t♦ ❆ é

❞✐✈❛❧❡♥t❡ ❡ ♦ ❡❧❡♠❡♥t♦ ❇ é ❤❡①❛✈❛❧❡♥t❡✳ ❙ã♦ ❡①❡♠♣❧♦s ❞♦ t✐♣♦ ■■✲❱■ ♦ s✉❧❢❡t♦ ❞❡

③✐♥❝♦ ✭❩♥❙✮ ❡ ♦ s✉❧❢❡t♦ ❞❡ ❈á❞♠✐♦ ✭❈❞❙✮✳ ❊①✐st❡♠ ♦✉tr♦s t✐♣♦s q✉❡ sã♦ ❝❤❛♠❛❞♦s

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

❞♦ ❞✐❛♠❛♥t❡✳ ❊ss❡s ú❧t✐♠♦s ❣❡r❛❧♠❡♥t❡ sã♦ ❢♦r♠❛❞♦s ♣♦r ❙✐❧í❝✐♦ ❡ ●❡r♠â♥✐♦✳

■♠♣✉r❡③❛s ❡ ✐♠♣❡r❢❡✐çõ❡s ❛❢❡t❛♠ t♦t❛❧♠❡♥t❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦s s❡♠✐❝♦♥❞✉✲
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❋✐❣✉r❛ ✶✳✶✿ ❊str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❙✐❧í❝✐♦ ❞♦♣❛❞♦ ❝♦♠ ❆rsê♥✐♦✳ ❯♠

át♦♠♦ ❞❡ ❆rsê♥✐♦ ♦❝✉♣❛ ♦ ❧✉❣❛r ❞❡ ✉♠ át♦♠♦ ❞❡ ❙✐❧í❝✐♦✳

t♦r❡s✳ P♦r ❡①❡♠♣❧♦✿ s❡ ♦ ❡❧❡♠❡♥t♦ ❇♦r♦ ❢♦r ❛❞✐❝✐♦♥❛❞♦ ❛ ✉♠ s❡♠✐❝♦♥❞✉t♦r ♣✉r♦

❞❡ s✐❧í❝✐♦ ❝♦♠ ✉♠❛ ♣r♦♣♦rçã♦ ❞❡ ✶ át♦♠♦ ❞❡ ❜♦r♦ ❛ 105 át♦♠♦s ❞❡ s✐❧í❝✐♦✱ ❡♥tã♦ ❛

❝♦♥❞✉t✐✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❛✉♠❡♥t❛ ❛ ✉♠ ❢❛t♦r ❞❡ 103 ✭à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✮✳

◗✉❛♥❞♦ ❛❧❣✉♠❛ ✏✐♠♣✉r❡③❛✑ é ❛❞✐❝✐♦♥❛❞❛ ❛ ✉♠ ♠❛t❡r✐❛❧ ♣r♦♣♦s✐t❛❧♠❡♥t❡ ❞✐③✲s❡

q✉❡ ❡st❡ ♠❛t❡r✐❛❧ ❡stá ❞♦♣❛❞♦✳ ❖ ❙✐❧í❝✐♦ ❡ ♦ ●❡r♠â♥✐♦ sã♦ ♦s s❡♠✐❝♦♥❞✉t♦r❡s q✉❡

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

♣♦ss✉❡♠ ✹ ❡❧étr♦♥s ♥❛ ❝❛♠❛❞❛ ❞❡ ✈❛❧ê♥❝✐❛ ❝♦♠ ✉♠ át♦♠♦ ❝❡♥tr❛❧ ❧✐❣❛❞♦ ❛ ♠❛✐s

q✉❛tr♦ át♦♠♦s ✈✐③✐♥❤♦s ❡♠ ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s✳ ❊ss❛ ❡str✉t✉r❛ à t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ♥ã♦ ♣❡r♠✐t❡ ❝♦♥❞✉çã♦ ❞❡ ❝♦rr❡♥t❡✳ P❛r❛ ✐ss♦ ♦ ♠❛t❡r✐❛❧ ♥❡❝❡ss✐t❛ s❡r

❞♦♣❛❞♦✳ ❉♦♣❛♥❞♦✲s❡✱ ♣♦r ❡①❡♠♣❧♦✱ ❙✐❧í❝✐♦ ❝♦♠ ❡❧❡♠❡♥t♦s ♣❡♥t❛✈❛❧❡♥t❡s ❝♦♠♦

❋ós❢♦r♦ ♦✉ ❆rsê♥✐♦✱ sã♦ ✐♥tr♦❞✉③✐❞♦s ♥❛ ❡str✉t✉r❛ ♦ q✉❡ ❝❤❛♠❛♠✲s❡ ❞❡ ❞♦❛❞♦r❡s✳

❊ss❡s ❞♦❛❞♦r❡s ♣♦ss✉❡♠ ✉♠ ❡❧étr♦♥ ❛ ♠❛✐s ♥❛ ❝❛♠❛❞❛ ❞❡ ✈❛❧ê♥❝✐❛ ❡ ❢♦r♠❛♠ ♦s

s❡♠✐❝♦♥❞✉t♦r❡s ❞♦ t✐♣♦✲♥✳ ❉♦♣❛♥❞♦✲s❡ ❙✐❧í❝✐♦ ❝♦♠ ❇♦r♦ ♦✉ ●á❧✐♦ q✉❡ ♣♦ss✉❡♠

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

♣♦✐s✱ ❛♦ s❡ ❧✐❣❛r❡♠ ❝♦♠ ♦ s✐❧í❝✐♦ sã♦ ❢♦r♠❛❞❛s ✈❛❝â♥❝✐❛s ✭♦✉ ❜✉r❛❝♦s✮ ❡ ♦ ❡❧étr♦♥

❞♦ s✐❧í❝✐♦ ♥ã♦ t❡♠ ♦♥❞❡ s❡ ❧✐❣❛r✳ ❆ ✈❛❝â♥❝✐❛ ❝r✐❛❞❛ ❞❡✈✐❞♦ à ❢❛❧t❛ ❞❡ ✉♠ ❡❧étr♦♥

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

◗✉❛♥❞♦ ❤á ✉♠❛ ❥✉♥çã♦ ❡♥tr❡ ❞♦✐s s❡♠✐❝♦♥❞✉t♦r❡s ❞♦♣❛❞♦s✱ ✉♠ ❞♦ t✐♣♦✲♣ ❡

♦✉tr♦ ❞♦ t✐♣♦✲♥✱ ❡ss❛ ❢♦r♠❛ ✉♠ ❞✐s♣♦s✐t✐✈♦ ❝❤❛♠❛❞♦ ❞❡ ❞✐♦❞♦ ❡ ❛ ❥✉♥çã♦ ❞❡ss❡s

❞✐♦❞♦s é ❝❤❛♠❛❞❛ ❞❡ ❏✉♥çã♦✲♣♥✳ ◗✉❛♥❞♦ ✉♠❛ t❡♥sã♦ é ❛♣❧✐❝❛❞❛ ❛♦s t❡r♠✐♥❛✐s

✶✷



❋✐❣✉r❛ ✶✳✷✿ ❆ ❝♦♠❜✐♥❛çã♦ ❞♦s ❡❧étr♦♥s ❝♦♠ ❛s ✈❛❝â♥❝✐❛s ❢♦r♠❛♥❞♦

✉♠ ❢♦♥t❡ ♥♦ ❡st❛❞♦ só❧✐❞♦✳

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

❡♠♣✉rr❛❞♦s ♣❛r❛ ❛ ❥✉♥çã♦✳ ❖s ❡❧étr♦♥s ❧✐✈r❡s ❞♦ s❡♠✐❝♦♥❞✉t♦r ❞♦ t✐♣♦✲♥ q✉❛♥❞♦

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

❧✐❜❡r❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❡①❝❡❞❡♥t❡ ❡♠ ❢♦r♠❛ ❞❡ ❢ót♦♥s✳ ❆ ❡♥❡r❣✐❛ ❞♦s ❢ót♦♥s ❡♠✐t✐❞♦s

❞❡♣❡♥❞❡ ❞♦ t✐♣♦ ❞❡ ♠❛t❡r✐❛❧ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦ ❞♦ ❞✐♦❞♦✱ ♦✉ s❡❥❛✱ ✐ss♦

❞❡✜♥✐rá ❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦s ❡❧étr♦♥s ❡ ❞❛s ✈❛❝â♥❝✐❛s❬✶❪✳

✶✳✷ ■❧✉♠✐♥❛çã♦ ♣♦r ❢♦♥t❡s ❞❡ ❊st❛❞♦ ❙ó❧✐❞♦ ✲

▲❊❉

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

♥ét✐❝❛s✳ ❆ s✐❣❧❛ ✏▲❊❉✑ ✈❡♠ ❞❡ ▲✐❣❤t ❊♠✐tt✐♥❣ ❉✐♦❞❡✳ ▼✉✐t❛s ♣❡ss♦❛s ❛❝r❡❞✐t❛♠

q✉❡ ♦ ▲❊❉ ❢♦✐ ❞❡s❝♦❜❡rt♦ ♣♦r ♣❡sq✉✐s❛❞♦r❡s ❛♠❡r✐❝❛♥♦s ❡♠ ♠❡❛❞♦s ❞♦s ❛♥♦s ❞❡

✶✾✻✵✳ ◆❛ ✈❡r❞❛❞❡ ❍❡♥r② ❘♦✉♥❞ ♥♦ ▼❛r❝♦♥✐ ▲❛❜s ♥♦t♦✉ ❛ ❡♠✐ssã♦ ❞❡ ❧✉③ ❞❡

✉♠ ❞✐♦❞♦ s❡♠✐❝♦♥❞✉t♦r ♥♦ ✐♥✐❝✐♦ ❞♦ sé❝✉❧♦ ❳❳✳ ◆❛ é♣♦❝❛✱ ❡♠ ✶✾✵✼✱ ♦ ❝✐❡♥t✐st❛

♦❜s❡r✈♦✉ q✉❡ ❛♦ ❛♣❧✐❝❛r ✉♠❛ ♣❡q✉❡♥❛ t❡♥sã♦ ❡❧étr✐❝❛ ♥✉♠ ❝r✐st❛❧ ❞❡ ❈❛r❜❡t♦ ❞❡

❙✐❧í❝✐♦ ✭❙✐❈✮ ❡ss❡ ❡♠✐t✐❛ ✉♠❛ ❧✉③ ❛♠❛r❡❧❛❞❛✳ ❊ss❡ ❡❢❡✐t♦ ✜❝♦✉ ❡sq✉❡❝✐❞♦ ♣❡❧♦ ❢❛t♦

✶✸



❞❡ ♥ã♦ s❡r ♦ ♦❜❥❡t♦ ❞❡ ♣❡sq✉✐s❛ ❞❡ ❘♦✉♥❞✳ ■♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ♥❛ ♠❡s♠❛ é♣♦❝❛✱

❖❧❡❣ ❱❧❛❞✐♠✐r♦✈✐❝❤ ▲♦s❡✈ ✉♠ ❥♦✈❡♠ ❝✐❡♥t✐st❛ ❘✉ss♦ ♦❜s❡r✈♦✉ t❛♠❜é♠ ❧✉③ s❡♥❞♦

❡♠✐t✐❞❛ ❞❡ ✉♠ ❝r✐st❛❧ ❞❡ ❈❛r❜❡t♦ ❞❡ ❙✐❧✐❝✐♦ ✉t✐❧✐③❛❞♦ ❡♠ rá❞✐♦s r❡❝❡♣t♦r❡s q✉❛♥❞♦

✉♠❛ ❝♦rr❡♥t❡ ♣❛ss❛✈❛ ♣♦r ❡st❡ ❬✷❪✳ ❆s ♣r✐♠❡✐r❛s ❛♣❧✐❝❛çõ❡s ❞♦s ▲❊❉s ❝♦♠❡ç❛r❛♠

❛❝♦♥t❡❝❡r ♥❛s ❞é❝❛❞❛s ❞❡ ✻✵ ❡ ✼✵ q✉❛♥❞♦ t♦r♥❛♠✲s❡ ❞✐s♣♦♥í✈❡✐s ▲❊❉s ♥❛s ❝♦r❡s

✈❡r❞❡✱ ❧❛r❛♥❥❛ ❡ ❛♠❛r❡❧♦✳ ■♥✐❝✐❛❧♠❡♥t❡ ♦s ▲❊❉s ❡r❛♠ ✉t✐❧✐③❛❞♦s ❝♦♠♦ ❞✐s♣♦s✐t✐✲

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

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

❡ ❝❛❧❝✉❧❛❞♦r❛s✳ ❖s ▲❊❉s ❞❡ ✐❧✉♠✐♥❛çã♦ ❝♦♠❡ç❛r❛♠ ❛ s❡r ❢❛❜r✐❝❛❞♦s ❡♠ ✶✾✼✺

♣❡❧❛ ❙✐❡♠❡♥s✳ ◆♦ ✜♥❛❧ ❞❛ ❞é❝❛❞❛ ❞❡ ✽✵ ❡ ✐♥✐❝✐♦ ❞❛ ❞é❝❛❞❛ ❞❡ ✾✵ ❢♦r♠❛ ♣r♦❞✉✲

③✐❞♦s ♣♦r ♣❡sq✉✐s❛❞♦r❡s ❥❛♣♦♥❡s❡s ♦s ✏❖r❣❛♥✐❝s ▲❊❉s✑ ♦s ❛t✉❛❧♠❡♥t❡ ❝❤❛♠❛❞♦s

❞❡ ❖▲❊❉s✳ ❖s ❖▲❊❉s ♣❛ss❛r❛♠ ❛ ❝♦♠♣❡t✐r s❛✉❞❛✈❡❧♠❡♥t❡ ❝♦♠ ♦s ▲❊❉s✳ ❊♠

✶✾✾✸ ♦s ▲❊❉s ❛③✉✐s ❛ ❜❛s❡ ❞❡ ●❛◆ ♣❛ss❛r❛♠ ❛ s❡r ❢❛❜r✐❝❛❞♦s ❡♠ ❧❛r❣❛ ❡s❝❛❧❛ ♣❡❧❛

❖❙❘❆▼ ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ♥❛ ✐♥❞ústr✐❛ ❛✉t♦♠♦❜✐❧íst✐❝❛❬✸❪ q✉❡ ❛♣❧✐❝♦✉ ❡♠ ❛❧❣✉♥s

♣♦♥t♦s ❞♦s ✈❡í❝✉❧♦s✱ ❝♦♠♦ ❧❛♥t❡r♥❛✱ s✐♥❛❧❡✐r❛ ❡ ♣❛✐♥❡❧❬✹❪✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❖❙❘❆▼

❧❛♥ç♦✉ ❡♠ ✶✾✾✺ ♦ ♣r✐♠❡✐r♦ ▲❊❉ ❜r❛♥❝♦ q✉❡ ❝❤❛♠♦✉ ❞❡ ✏P♦✇❡r ❚♦♣▲❊❉✑✳ ◆♦

✜♥❛❧ ❞❛ ❞é❝❛❞❛ ❞❡ ✾✵ ❢♦r❛♠ ✐♥tr♦❞✉③✐❞♦s ❡♠ ❧✉♠✐♥ár✐❛s ❡ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❢❡✐r❛s

❡s♣❡❝✐❛❧✐③❛❞❛s ❡♠ ❛rq✉✐t❡t✉r❛ ♥♦s ❊st❛❞♦s ❯♥✐❞♦s ❡ ♥❛ ❊✉r♦♣❛✳ ❆ ♣❛rt✐r ❞❡ ❡♥tã♦

♦s ▲❊❉s ♣❛ss❛r❛♠ ❛ s❡r ❛♣❧✐❝❛❞♦s ❡♠ ✐❧✉♠✐♥❛çõ❡s ❞✐✈❡rs❛s ❡ s❡r❡♠ ❢❛❜r✐❝❛❞♦s

❝♦♠ ✉♠❛ ❛❧t❛ ❧✉♠✐♥❡s❝ê♥❝✐❛❬✹❪✳

✶✳✸ Pr♦❞✉çã♦ ❞❡ ▲✉③ ❇r❛♥❝❛ ♣♦r ▲❊❉s

❆ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ♣♦r ▲❊❉s é ❝♦♥s✐❞❡r❛❞❛ ❛ ♣ró①✐♠❛ ❣❡r❛çã♦ ❞❡

❢♦♥t❡s ❞❡ ❧✉③ ♥♦ ❡st❛❞♦ só❧✐❞♦✱ s✉❜st✐t✉✐♥❞♦ ❛s ❧â♠♣❛❞❛s ✐♥❝❛♥❞❡s❝❡♥t❡s ❡ ✢✉✲

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

✈✐❞❛ út✐❧✱ ❜❛✐①♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✱ ♣❡q✉❡♥❛s ❞✐♠❡♥sõ❡s ❡ ♥ã♦ s❡r❡♠ ❛❣r❡ss✐✈❛s

❛♦ ♠❡✐♦ ❛♠❜✐❡♥t❡❬✺❪✳ ▲â♠♣❛❞❛s ✢✉♦r❡s❝❡♥t❡s ✉t✐❧✐③❛♠ ♠❡r❝úr✐♦ q✉❡ é ❞❡s❝❛r✲

t❛❞♦ ♥♦ ♠❡✐♦ ❛♠❜✐❡♥t❡✳ ❆❧é♠ ❞✐st♦✱ ❧â♠♣❛❞❛s ✐♥❝❛♥❞❡s❝❡♥t❡s ✉t✐❧✐③❛♠ ♠✉✐t❛

❡♥❡r❣✐❛ ♣❛r❛ ❡♠✐t✐r r❛❞✐❛çã♦ ♥❛ ❢❛✐①❛ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ♦ q✉❡ ♥ã♦ é út✐❧ ♣❛r❛

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

❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❢♦♥t❡s ♥♦ ❡st❛❞♦ só❧✐❞♦✳ ❈♦♠ ❞✐s♣♦s✐t✐✈♦s ✐❞❡❛✐s✱ ❛ ❡✜❝✐ê♥❝✐❛
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❧✉♠✐♥♦s❛ ❞❡ ✉♠❛ ❢♦♥t❡ ♥♦ ❡st❛❞♦ só❧✐❞♦ ♣♦❞❡ s❡r ✷✵ ✈❡③❡s ♠❡❧❤♦r q✉❡ ❛ ❛♥t✐❣❛

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

✉♠❛ ❧â♠♣❛❞❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ✻✵❲ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❢♦♥t❡ ♥♦ ❡st❛❞♦ só❧✐❞♦ ❝♦♠

✉♠❛ ♣♦tê♥❝✐❛ ❞❡ ✸❲❬✺❪✳

❆s ❧â♠♣❛❞❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ♥ã♦ ♣♦ss✉❡♠ ♣❡rs♣❡❝t✐✈❛s ❞❡ ♠❡❧❤♦r❛✱ ❥á q✉❡✱ ♦s

s❡✉s ♣r✐♥❝í♣✐♦s ❢ís✐❝♦s ❞❡ ❣❡r❛çã♦ ❞❡ ❧✉③ ❡stã♦ ❡s❣♦t❛❞♦s✳ ❆ ✐♥tr♦❞✉çã♦ ❞❡ ♥♦✲

✈❛s ❢♦r♠❛s ❞❡ ✐❧✉♠✐♥❛çã♦ ❡✜❝✐❡♥t❡s ❜❛s❡❛❞❛s ❡♠ ♦✉tr♦s ♣r✐♥❝í♣✐♦s ❢ís✐❝♦s é ❡♥tã♦

♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛ ❡❝♦♥♦♠✐❛ ❡♥❡r❣ét✐❝❛❬✻❪✳ ❆ ❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛ ❞❡ ❧â♠✲

♣❛❞❛s ✢✉♦r❡s❝❡♥t❡s ❜❛s❡❛❞❛s ❡♠ ✈❛♣♦r ❞❡ ♠❡r❝úr✐♦ é ❧✐♠✐t❛❞❛ ❛ ✾✵❧♠✴❲✳ ❊ss❛

❧✐♠✐t❛çã♦ ♦❝♦rr❡ ❞❡✈✐❞♦ à ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛ q✉❛♥❞♦ ✉♠ ❢ót♦♥ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ ✷✺✵♥♠ é ❝♦♥✈❡rt✐❞♦ ❡♠ ✉♠ ❢ót♦♥ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ♥♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧✳ ◆❛s

❧â♠♣❛❞❛s ✐♥❝❛♥❞❡s❝❡♥t❡s ♦ ✜❧❛♠❡♥t♦ ❝❤❡❣❛ à t❡♠♣❡r❛t✉r❛ ❛♣r♦①✐♠❛❞❛ ❞❡ ✸✵✵✵❑

❡ ✐ss♦ ♣r♦❞✉③ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ r❛❞✐❛çã♦ ✐♥❢r❛✈❡r♠❡❧❤❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛

❞❡ r❛❞✐❛çã♦ ❞❡ ❝♦r♣♦ ❡s❝✉r♦ ❧✐♠✐t❛♥❞♦ ❡ss❡ t✐♣♦ ❞❡ ❢♦♥t❡ ❧✉♠✐♥♦s❛ ❛ ✶✼❧♠✴❲✳

❆s ❢♦♥t❡s ❞❡ ✐❧✉♠✐♥❛çã♦ ♥♦ ❡st❛❞♦ só❧✐❞♦✱ ❛♦ ❝♦♥trár✐♦ ❞❛s ❢♦♥t❡s ❝♦♥✈❡♥❝✐♦♥❛✐s✱

♥ã♦ ♣♦ss✉❡♠ ❡✜❝✐ê♥❝✐❛ ❧✐♠✐t❛❞❛ ♣♦r ❢❛t♦r❡s ❢✉♥❞❛♠❡♥t❛✐s✳ ❆ ❡✜❝✐ê♥❝✐❛ ❞❡ss❡

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

❡s❢♦rç❛♥❞♦ ♣❛r❛ ❝r✐❛r ❢♦♥t❡s ♠❛✐s ❡✜❝✐❡♥t❡s✳

✶✳✹ ▼❛t❡r✐❛✐s ✐♥♦r❣â♥✐❝♦s ❧✉♠✐♥❡s❝❡♥t❡s✿ ❖s ❋ós✲

❢♦r♦s

❖s ❢ós❢♦r♦s ❝♦♥st✐t✉❡♠ ♠❛t❡r✐❛✐s ❧✉♠✐♥❡s❝❡♥t❡s q✉❡ ❡♠ ❣❡r❛❧ ❝❛r❛❝t❡r✐③❛♠✲

s❡ ♣❡❧❛ ❡♠✐ssã♦ ❞❡ ❧✉③ ❝♦♠ ✉♠❛ ❡♥❡r❣✐❛ q✉❡ ✈❛✐ ❛❧é♠ ❞❛q✉❡❧❛ r❡❧❛❝✐♦♥❛❞❛ à

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

❊ss❛ ❧✉♠✐♥❡s❝ê♥❝✐❛ ♣♦❞❡ ♦❝♦rr❡r ❞❡✈✐❞♦ ❛ ❞✐✈❡rs♦s t✐♣♦s ❞❡ ❡①❝✐t❛çõ❡s✳ ❊ss❛s

❡①❝✐t❛çõ❡s sã♦ ❞❡✈✐❞❛s à ❡♥❡r❣✐❛ q✉❡ ❡♠❛♥❛ ❞❡ r❛✐♦✲❳ ♦✉ ❞❡ r❛❞✐❛çã♦ ✉❧tr❛✈✐♦❧❡t❛✳

❆ ❢✉♥çã♦ ❞♦s ❢ós❢♦r♦s é ❝♦♥✈❡rt❡r ❡ss❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ❡♠ ❧✉③ ♥♦ ❡s♣❡❝tr♦

✈✐sí✈❡❧✳ ❙ã♦ ✉t✐❧✐③❛❞♦s ❞♦✐s t❡r♠♦s ♣❛r❛ ♦ t✐♣♦ ❞❡ ❡①❝✐t❛çã♦ ❞❡ss❡s ♠❛t❡r✐❛✐s

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

✶✺



❡①❝✐t❛çã♦ ✭τ✮✳ P❛r❛ ✉♠ t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ ♠❡♥♦r q✉❡ ✶✵♠s ✭τ < 10ms✮

❞✐③✲s❡ q✉❡ ❤á ✉♠❛ ✢♦r❡s❝ê♥❝✐❛✱ ♥♦ ❝❛s♦ ❞♦ t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ s❡r ♠❛✐♦r

q✉❡ ✶✵✵♠s ✭τ > 100ms✮ ❞✐③✲s❡ q✉❡ ❤á ✉♠❛ ❢♦s❢♦r❡s❝ê♥❝✐❛❬✼❪✳

❖s ♠❛t❡r✐❛✐s ✐♥♦r❣â♥✐❝♦s ❧✉♠✐♥❡s❝❡♥t❡s ❢♦r❛♠ ❞❡s❝♦❜❡rt♦s ❛♣r♦①✐♠❛❞❛♠❡♥t❡

♥♦ sé❝✉❧♦ ❳ ♥❛ ❈❤✐♥❛ ❡ ♥♦ ❏❛♣ã♦ ❡ t❛♠❜é♠ ♥❛ ✐❞❛❞❡ ♠é❞✐❛ ♥❛ ❊✉r♦♣❛❬✼✱✽❪✳ ❖s

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

❇♦❧♦❣♥❛ q✉❡ ♥♦ sé❝✉❧♦ ❳❱■■ ❛tr❛✐✉ ❛ ❛t❡♥çã♦ ❞❡ ●❛❧✐❧❡✉✱ ♣♦ré♠✱ ❡❧❡ ♥ã♦ ❞❡s❝r❡✈❡✉

♦ ❢❡♥ô♠❡♥♦ ✜s✐❝❛♠❡♥t❡✳ ❊ss❡ ♠❛t❡r✐❛❧ ♠✐♥❡r❛❧ t✐♥❤❛ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♠✐t✐r

❧✉③ ❝♦♠ ❝♦r❡s q✉❡ ✈❛r✐❛✈❛♠ ❞♦ ❛♠❛r❡❧❛❞♦ ❛♦ ❛❧❛r❛♥❥❛❞♦ ♣♦r ✉♠ ❧♦♥❣♦ ♣❡rí♦❞♦

q✉❛♥❞♦ ❡①♣♦st♦ à r❛❞✐❛çã♦ s♦❧❛r✳ ❉♦ sé❝✉❧♦ ❳❱■■ ❛♦ ■❳❳ ♦s ♠❛t❡r✐❛✐s ❧✉♠✐♥❡s✲

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

❞❡ ❧✉③ ❛tr❛✈és ❞❡ ❞❡s❝❛r❣❛s ❞❡ ❣ás ♣r♦❞✉③✐❞♦s ❡♠ t✉❜♦s ❞❡ ✈✐❞r♦s ❡✈❛❝✉❛❞♦s ♣♦r

●❡✐ss❧❡r ❡ ❇r❛✉♥ ❜❡♠ ❝♦♠♦ ❛ ❞❡s❝♦❜❡rt❛ ❞♦s r❛✐♦s✲❳ ♣♦r ❘ö♥t❣❡♥ ♥♦ ✜♥❛❧ ❞♦

sé❝✉❧♦ ■❳❳ ❢♦✐ ♦ ♣r✐♠❡✐r♦ ❣r❛♥❞❡ ♠❛r❝♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ♠❛t❡r✐✲

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

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

t❡❧❛s ✐♥t❡♥s✐✜❝❛❞♦r❛s ❞❡ r❛✐♦s✲❳✳ ❉❡♣♦✐s ❞✐st♦✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❡sq✉✐s❛s ❝♦♥✲

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

❡♠ t❡❧❛s ❞❡ r❛❞❛r✳ P❛r❛❧❡❧♦ ❛ t✉❞♦ ✐ss♦ ♦❝♦rr❡✉ ♦ s✉❝❡ss♦ ❞❛ ❧â♠♣❛❞❛ ✢✉♦r❡s✲

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

t✉❜♦s ❞❡ ♥❡♦♥ ✭♦✉ ③❡♦♥✮✳ ❋♦r❛♠ ♣r♦❞✉③✐❞❛s ❧â♠♣❛❞❛s ❞❡ ✈ár✐❛s ❝♦r❡s ❛ ♣❛rt✐r ❞❡

❞❡s❝❛r❣❛s ❞❡ ♥❡ô♥✐♦✱ ❛r❣ô♥✐♦ ♦✉ ♠❡r❝úr✐♦ ❝♦♠❜✐♥❛❞❛ ❝♦♠ ❞✐❢❡r❡♥t❡s ❢ós❢♦r♦s ❡

✈✐❞r♦s ❝♦❧♦r✐❞♦s✳ ❊ss❛s ❧â♠♣❛❞❛s ❞❡ ♥❡♦♥ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❡♠ ✶✾✸✼ ♥❛ ❝✐❞❛❞❡

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

❞❡ ✐❧✉♠✐♥❛çã♦ é ♥❡❝❡ssár✐♦ ❛ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛✳ ❆ ❧â♠♣❛❞❛ ✢✉♦r❡s❝❡♥t❡ ❢♦✐

✐♥✈❡♥t❛❞❛ ❡ ♣❛t❡♥t❡❛❞❛ ❡♠ ✶✾✷✻ ♣♦r ▼❡②❡r✱ ♣♦ré♠ ❛♣❡♥❛s ❡♠ ✶✾✸✽ ❝♦♠❡ç♦✉ ❛

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

❢♦✐ s✉❣❡r✐❞❛ ❡♠ ✶✾✼✶ ♣♦r ❑♦❡❞❛♠ ❡ ❖♣st❡❧t❡♥✳ P♦st❡r✐♦r♠❡♥t❡ ❝♦♠❜✐♥♦✉✲s❡ três

❢ós❢♦r♦s t❡rr❛✲r❛r❛s ♥❛s ❝♦r❡s ❛③✉❧✱ ✈❡r❞❡ ❡ ✈❡r♠❡❧❤♦ ✭✈❡r t❛❜❡❧❛ ✶✮✳ ❉❡s❞❡ ❡♥tã♦

❛ ❝♦♠❜✐♥❛çã♦ ❞❡ss❡s três ❢ós❢♦r♦s t❡♠ s✐❞♦ ✉t✐❧✐③❛❞❛ ❡♠ ❧â♠♣❛❞❛s ✢✉♦r❡s❝❡♥t❡s✳

◆❛ ❞é❝❛❞❛ ❞❡ ✶✾✾✵ ✐♥✐❝✐♦✉✲s❡ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❢ós❢♦r♦s ❡♠ ▲❊❉s ❝♦♠ ❛ ♣r♦❞✉çã♦

❞♦ ■♥●❛◆✴❆❧●❛◆ ❡①❛t❛♠❡♥t❡ ❡♠ ✶✾✾✹ ♣♦r ◆❛❦❛♠✉r❛❬✾❪✳ ❖s ♠❛t❡r✐❛✐s ❧✉♠✐♥❡s✲

❝❡♥t❡s sã♦ ❞❡♣♦s✐t❛❞♦s ♥♦ t♦♣♦ ❞❡ ✉♠ ❝❤✐♣ ❞❡ ▲❊❉ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♥✈❡rt❡r

✶✻



♣❛rt❡ ❞❛ ❧✉③ ❛③✉❧ ❡♠ ✉♠ ♠✐st✉r❛ ❞❡ ❝♦r❡s ❣❡r❛♥❞♦ ❛ss✐♠ ❧✉③ ❜r❛♥❝❛ ✭✈❡r ✜❣✉r❛

✶✳✸✮✳

❋✐❣✉r❛ ✶✳✸✿ Pr✐♠❡✐r♦s ❢ós❢♦r♦s ❛♣❧✐❝❛❞♦s ❡♠ ▲❊❉s✳ ❊ss❡s ❢ós❢♦r♦s

sã♦ ❝♦❧♦❝❛❞♦s ♥❛ ♣❛rt❡ s✉♣❡r✐♦r ❞♦ ▲❊❉ ♣❛r❛ ❛ ❝♦♥✈❡rsã♦ ❞❡ ❧✉③

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

✶✼



❆♥♦ ❚✐♣♦ ❞❡ ❞❡s❝♦❜❡rt❛ ❋♦♥t❡ ❞❡ ❡①❝✐t❛çã♦ ▼❛t❡r✐❛❧ ❧✉♠✐✲

♥❡s❝❡♥t❡

❈♦r ❞❛ ❡♠✐ssã♦

✲✶✻✵✵ P❡❞r❛ ❞❡ ❇♦❧♦❣♥❛ ▲✉③ s♦❧❛r BaSO4(BaS) ❆♠❛r❡❧❛

✶✽✺✽ ❚✉❜♦ ❞❡ ●❡✐❜❧❡r ❞✐s❝❛r❣❛ ❞❡ ❣ás✭❍❣✮ ❯❱

✶✽✺✾ ❇❡❝q✉❡r❡❧ ❞✐s❝❛r❣❛ ❞❡ ❣ás✭❍❣✮ ZnS ❛♠❛r❡❧❛

✶✽✾✺ ❘❛✐♦s✲❳ ◆❡♥❤✉♠✭♣❧❛❝❛

❢♦t✳✮

✶✽✾✻ ✐♥t❡♥s✐✜❝❛❞♦r ❞❡ ❘❛✐♦✲❳ ❘❛✐♦✲❳ CaWO4 ❛③✉❧

✶✽✾✻ ▲â♠♣❛❞❛ ❋❧✉♦r❡s❝❡♥t❡ ❞✐s❝❛r❣❛ ❞❡ ❣ás✭❍❣✮ CaWO4 ❛③✉❧

✶✽✾✼ ❚✉❜♦ ❞❡ ❇r❛✉♥ ❘❛✐♦s ❈❛tó❞✐❝♦s CaWO4 ❛③✉❧

✶✾✶✻ ▲â♠♣❛❞❛ ❞❡s❝❛r❣❛ ◆❡♦♥ ❉❡s❝❛r❣❛ ❞❡ ❣ás✭◆❡✮ ♥❡♥❤✉♠ ✈❡r♠❡❧❤♦

✶✾✷✺ ❚❱ ♣r❡t♦ ❡ ❜r❛♥❝♦ ❘❛✐♦s ❝❛tó❞✐❝♦s ZnS :

Ag+; (Zn,Cd)S :

Ag+

❛③✉❧❀ ❛♠❛r❡❧❛

✶✾✸✼ ▲â♠♣❛❞❛ ❞❡s❝❛r❣❛ ◆❡♦♥ ❉❡s❝❛r❣❛ ❞❡ ❣ás✭◆❡✮ CaWO4;Zn2SiO4 :

Mn2+

❆③✉❧❀ ❱❡r❞❡

✶✾✸✽ ▲â♠♣❛❞❛ ❋❧✉♦r❡s❝❡♥t❡ ❉❡s❝❛r❣❛ ❞❡ ❣ás✭❍❣✮ (Zn,Be)2SiO4 :

Mn2+

❆③✉❧

❱❡r❞❡❀✈❡r♠❡❧❤♦

✶✾✹✶ ❚❡❧❛ ❞❡ r❛❞❛r ❘❛✐♦s ❝❛tó❞✐❝♦s (Zn,Cd)S :

Cu+, Al3+

✈❡r❞❡

✶✾✻✵ ❚❱ ❛ ❝♦r❡s ❘❛✐♦s ❝❛❞ó❞✐❝♦s ZnS :

Ag+; (Zn,Cd)S :

Cu+, Al3+; (Zn,Cd)S :

Ag+

❆③✉❧❀ ✈❡r❞❡❀ ✈❡r♠❡✲

❧❤♦

✶✾✻✵ ▲❛s❡r ♣♦r ▼❛✐♠❛♥ ❉❡s❝❛r❣❛ ❞❡ ❣ás✭❍❣✮ Al2O3 : Cr3+ ❱❡r♠❡❧❤♦

✶✾✼✷ ❚♦♠♦❣r❛✜❛ ❝♦♠♣✉t❛❞♦r✐③❛❞❛ ❘❛✐♦✲❳ NaI : Tl+ ✈❡r❞❡

✶✾✼✷ ❋ós❢♦r♦s ❝♦♠ t❡rr❛✲r❛r❛s ❉❡s❝❛r❣❛ ❞❡ ❣ás✭❍❣✮ Sr3(PO4)5Cl :

Eu3+;LaPO4 :

Ce3+;Tb3+;Y2O3 :

Eu3+

❛③✉❧❀ ✈❡r❞❡❀ ✈❡r♠❡✲

❧❤♦

❚❛❜❡❧❛ ✶✳✶✿ ❇r❡✈❡ r❡s✉♠♦ ❞❡ ❞❡s❝♦❜❡rt❛ ❞❡ ♠❛t❡r✐❛✐s ❧✉♠✐♥❡s❝❡♥t❡s ❡ s❡✉s ❞✐s♣♦s✐t✐✈♦s❬✼❪✳

✶✽



✶✳✹✳✶ ▼✉❧t✐✲❢ót♦♥ ♦✉ ❢ós❢♦r♦s ❝❛s❝❛t❛

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

♠❛✐s ❞❡ ✉♠ ❢ót♦♥ é ❛❜s♦r✈✐❞♦ ♦✉ ❡♠✐t✐❞♦ ♣❛r❛ s❡ tr❛♥s❢♦r♠❛r ❡♠ ♦✉tr♦ ❢ót♦♥

♠❛✐s ✐♠♣♦rt❛♥t❡✳ ◆❡ss❡ t✐♣♦ ❞❡ ❢ós❢♦r♦ é ♥❡❝❡ssár✐❛ ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❜❡♠ s❡✲

❧❡❝✐♦♥❛❞❛ ❞❡ ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♥♦r♠❛❧♠❡♥t❡ ❞❛s ❝❛♠❛❞❛s ❢ ❞♦s í♦♥s ❧❛♥t❛♥í❞❡♦s

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

t❡❝❡ ♥♦ CaWO4 : Y b
3+, Er3+ ❝♦♠ ❛ ❛❜s♦rçã♦ ❞❡ ❞♦✐s ❢ót♦♥s ❝♦♠ ❜❛✐①❛ ❡♥❡r❣✐❛

✭♥❛ r❡❣✐ã♦ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦✮ s❡❣✉✐❞❛ ❞❡ ✉♠❛ ❡♠✐ssã♦ ❞❡ ✉♠ ❢ót♦♥ ❝♦♠ ✉♠❛

❡♥❡r❣✐❛ ♠❛✐♦r q✉❡ s❡ ❡♥❝♦♥tr❛ ❛s ❢❛✐①❛ ❞♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧❬✼❪✳ ❊ss❡ é ♦ ♣r♦❝❡ss♦

❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝♦♥✈❡rsã♦ ❛s❝❡♥❞❡♥t❡ ❞❡ ❡♥❡r❣✐❛ ❡ ❢♦✐ r❡♣♦rt❛❞♦ ❡♠ ✶✾✻✻ ♣♦r

❆✉③❡❧✳ ❖ ❡❢❡✐t♦ ♦♣♦st♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝♦♥✈❡rsã♦ ❞❡s❝❡♥❞❡♥t❡ ❞❡ ❡♥❡r❣✐❛ ❢♦✐

❛❞q✉✐r✐❞♦ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ♣♦r ❙♦♠♠❡r❞✐❥❦ ❡ P✐♣❡r ♣❛r❛ ♦ Y F3 : Pr3+ ❡♠

✶✾✼✹✳ ◆❡ss❡ ❝❛s♦ ✉♠ ❢ót♦♥ ❝♦♠ ❡♥❡r❣✐❛ ♥❛ ❢❛✐①❛ ❞♦ ✉❧tr❛✈✐♦❧❡t❛ é ❛❜s♦r✈✐❞♦

❡♠✐t✐♥❞♦ ❞♦✐s ❢ót♦♥s ♥❛ ❢❛✐①❛ ❞♦ ✈✐sí✈❡❧✳

✶✳✺ ❚é❝♥✐❝❛s ❛t✉❛✐s ❞❡ ❣❡r❛çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛

♣♦r ▲❊❉

▲❊❉s ❇r❛♥❝♦s ♣♦ss✉❡♠ ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s✱ ❞❡♥tr❡ ❡❧❛s ❛ ✐❧✉♠✐♥❛çã♦ ♣ú❜❧✐❝❛

✐♥t❡❧✐❣❡♥t❡✱ ✐❧✉♠✐♥❛çã♦ ✉t✐❧✐③❛❞❛ ❡♠ ❚❱s✱ ❢❛r♦✐s ❛✉t♦♠♦t✐✈♦s ❡ ✐❧✉♠✐♥❛çã♦ ♣❛r❛

✜♥s ♠❡❞✐❝✐♥❛✐s❬✺✱✶✷❪✳ P♦r ✐ss♦ ✈ár✐❛s té❝♥✐❝❛s ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞❛s ♣❛r❛ ♣r♦❞✉③✐r

❧✉③ ❜r❛♥❝❛ ❛ ♣❛rt✐r ❞❡ ❢♦♥t❡s ♥♦ ❡st❛❞♦ só❧✐❞♦✳ ❆t✉❛❧♠❡♥t❡ ✉t✐❧✐③❛♠✲s❡ ❜❛s✐❝❛✲

♠❡♥t❡ três té❝♥✐❝❛s ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ♣♦r ▲❊❉s✳ ❆ ♣r✐♠❡✐r❛ té❝♥✐❝❛

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

♠✐st✉r❛ ♣♦❞❡ s❡r ❞✐❝r♦♠át✐❝❛ ✉t✐❧✐③❛♥❞♦✲s❡ ❞♦✐s ▲❊❉s✱ s❡♥❞♦ ❡❧❡s✱ ❛③✉❧ ❡ ♦✉tr♦

❛♠❛r❡❧♦✳ ❆s ❢♦♥t❡s tr✐❝r♦♠át✐❝❛s ✉t✐❧✐③❛♠ ▲❊❉s ❛③✉❧✱ ✈❡r❞❡ ❡ ✈❡r♠❡❧❤♦ ❡ ❛s t❡✲

tr❛❝r♦♠át✐❝❛s ✉t✐❧✐③❛♠ ❛③✉❧✱ ❝✐❛♥♦✱ ✈❡r❞❡ ❡ ✈❡r♠❡❧❤♦✳ ◆❡ss❛ ♣r✐♠❡✐r❛ té❝♥✐❝❛ ❞❡

♠✐st✉r❛ ❤á ✉♠❛ ❞✐❢❡r❡♥❝✐❛çã♦ ❡♥tr❡ ♦s t✐♣♦s ❞❡ ❢♦♥t❡s q✉❡ ❡stá r❡❧❛❝✐♦♥❛❞❛ à

❡✜❝✐ê♥❝✐❛ ❧✉♠✐♥♦s❛ ✶ ❡ ❛♦ í♥❞✐❝❡ ❞❡ r❡♥❞✐♠❡♥t♦ ❞❡ ❝♦r ✷✳ ❆s ❢♦♥t❡s
✶❊✜❝✐ê♥❝✐❛ ❧✉♠✐♥♦s❛ ❝♦rr❡s♣♦♥❞❡ ❛ r❛③ã♦ ❡♥tr❡ ❛ ♣♦t❡♥❝✐❛ ❞❛ ❧✉③ ✈✐sí✈❡❧ q✉❡ ❡♠❛♥❛ ❞❛

❢♦♥t❡ ❡ ❛ ♣♦tê♥❝✐❛ t♦t❛❧ ❢♦r♥❡❝✐❞❛ à ❢♦♥t❡✳
✷❖ í♥❞✐❝❡ ❞❡ r❡♥❞✐♠❡♥t♦ ❞❡ ❝♦r ✐♥❞✐❝❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③ r❡✈❡❧❛r ❛

✶✾



❞✐❝r♦♠át✐❝❛s ♣♦ss✉❡♠ ✉♠❛ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ❧✉♠✐♥♦s❛ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛s tr✐ ❡ t❡✲

tr❛❝r♦♠át✐❝❛s✳ ❊❧❛s sã♦ ❝❛♣❛③❡s ❞❡ ❛❧❝❛♥ç❛r ✉♠❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ✹✷✺❧♠✴❲✱ ♣♦ré♠

♣♦ss✉❡♠ ✉♠ ❜❛✐①♦ í♥❞✐❝❡ ❞❡ r❡♥❞✐♠❡♥t♦ ❞❡ ❝♦r✳ ❊ss❡ ❜❛✐①♦ í♥❞✐❝❡ é ❞❡✈✐❞♦ à

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

❝♦♥trár✐♦ ❞❛s ❞✐❝r♦♠át✐❝❛s ♣♦ss✉❡♠ ✉♠❛ ❜❛✐①❛ ❡✜❝✐ê♥❝✐❛ ❧✉♠✐♥♦s❛ ♣❡❧❛ ✉t✐❧✐③❛✲

çã♦ ❞❡ q✉❛tr♦ ▲❊❉s✱ ♣♦ré♠ ♣♦ss✉❡♠ ✉♠ ❜♦♠ í♥❞✐❝❡ ❞❡ r❡♥❞✐♠❡♥t♦ ❞❡ ❝♦r✳ ❆s

❢♦♥t❡s tr✐❝r♦♠át✐❝❛s ♣♦ss✉❡♠ ♣r♦♣r✐❡❞❛❞❡s ✐♥t❡r♠❡❞✐ár✐❛s ❞❛ ❢♦♥t❡s ❞✐❝r♦♠át✐❝❛s

❡ t❡tr❛❝r♦♠át✐❝❛s❬✺❪✳

❋✐❣✉r❛ ✶✳✹✿ ❚é❝♥✐❝❛s ❛t✉❛✐s ❞❡ ❣❡r❡❛çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ✉t✐❧✐③❛♥❞♦

❢♦♥t❡s ❞❡ ❡st❛❞♦ só❧✐❞♦ ▲❊❉✳ ❆ ❧✉③ ❜r❛♥❝❛ ♣♦❞❡ s❡r ❣❡r❛❞❛ ♣❡❧❛

❝♦♠❜✐♥❛çã♦ ❞❡ ▲❊❉s ♦✉ ❛ ❝♦♠❜✐♥❛çã♦ ❞❡ ▲❊❉s ❝♦♠ ❢ós❢♦r♦s ❝♦❧♦✲

r✐❞♦s✳

❆ s❡❣✉♥❞❛ té❝♥✐❝❛ é ❝♦♥st✐t✉í❞❛ ❞❡ ✉♠❛ ❢♦♥t❡ ▲❊❉ ❆③✉❧ r❡✈❡st✐❞❛ ♣♦r ✉♠ ❢ós✲

❢♦r♦ ❛♠❛r❡❧♦✳ ❊ss❛ é ✉♠❛ ❞❛s ♠❛✐s ✉t✐❧✐③❛❞❛s ❛t✉❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛♦ s❡✉ ♣r♦❝❡ss♦

❞❡ ❢❛❜r✐❝❛çã♦ ❢á❝✐❧ ❡ ❞❡ ❜❛✐①♦ ❝✉st♦ ❡ ❞❛ s✉❛ ❛❧t❛ ✐♥t❡♥s✐❞❛❞❡ ❧✉♠✐♥♦s❛❬✶✸❪✳

✈❡r❞❛❞❡✐r❛ ❝♦r ❞❡ ✉♠ ❝♦r♣♦ ♣✐❣♠❡♥t❛❞♦✳

✷✵



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

✈✐tá✈❡❧✳ ❊ss❛ ♣❡r❞❛ ♦❝♦rr❡ q✉❛♥❞♦ ❢ót♦♥s ❞❡ ❛❧t❛ ❡♥❡r❣✐❛ ✭♦r✐❣✐♥❛❞♦s ❞♦ ▲❊❉

❯❱✮ sã♦ ❝♦♥✈❡rt✐❞♦s ❡♠ ❢ót♦♥s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛ q✉❡ ❡stã♦ ♥❛ r❡❣✐ã♦ ❞♦ ❛♠❛r❡❧♦✳

❊ss❛ ♣❡r❞❛ ✐♥❡✈✐tá✈❡❧ ❞❡ ❡♥❡r❣✐❛ ♣♦❞❡ r❡❞✉③✐r t♦❞❛ ❡✜❝✐ê♥❝✐❛ ❞❛ ❢♦♥t❡ ❡♠ ❝❡r❝❛

❞❡ ✶✵✪ ❛ ✸✵✪ ❬✶✹❪✳

❖ t❡r❝❡✐r♦ ♠ét♦❞♦ ✉t✐❧✐③❛✲s❡ ❞❡ ✉♠ ▲❊❉✲❯❱ r❡✈❡st✐❞♦ ❝♦♠ três ❢ós❢♦r♦s q✉❡

❡♠✐t❡♠ ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦✱ ✈❡r❞❡ ❡ ❛③✉❧✳ ❊ss❡ ♠ét♦❞♦ ❞❡ ❣❡r❛çã♦ ❞❡ ❧✉③

❜r❛♥❝❛ t❛♠❜é♠ s♦❢r❡ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛ ❞❡✈✐❞♦ ❛ ❝♦♥✈❡rsã♦ ❞❡ ✉♠ ❢ót♦♥ ❯❱ ♣❛r❛

✉♠ ❢ót♦♥ ♥❛ r❡❣✐ã♦ ❞♦ ✈✐sí✈❡❧ ❞✐♠✐♥✉✐♥❞♦ ♦ s✉❛ ❡✜❝✐ê♥❝✐❛ ❧✉♠✐♥♦s❛✱ ♣♦ré♠✱ ❛

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

í♥❞✐❝❡ ❞❡ r❡♥❞✐♠❡♥t♦ ❞❡ ❝♦r✳ ❊①✐st❡ ✉♠ ❛♣r✐♠♦r❛♠❡♥t♦ ❞❡ss❡ ú❧t✐♠♦ ♠ét♦❞♦

♦♥❞❡ sã♦ ✉t✐❧✐③❛❞♦s ❞♦✐s ▲❊❉s✱ ✉♠ ❞❡❧❡s ❡♠✐t✐♥❞♦ ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦ ❡ ✉♠

♦✉tr♦ ▲❊❉ ❛③✉❧ r❡✈❡st✐❞♦ ❝♦♠ ❢ós❢♦r♦s ❝✐❛♥♦ ❡ ✈❡r❞❡ ❛✉♠❡♥t❛♥❞♦ ✉♠ ♣♦✉❝♦ ❛

❡✜❝✐ê♥❝✐❛ ❧✉♠✐♥♦s❛✳

✶✳✻ ❖ ❡st✉❞♦ ❞❛ ❝♦r

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

♦s ♣ró①✐♠♦s tó♣✐❝♦s s❡rã♦ ❞❡❞✐❝❛❞♦s ❛♦ ❡st✉❞♦ ❞❛ ❝♦r✱ ❝♦♠♦ ❛ s✉❛ ❝♦♠♣♦s✐çã♦✱

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

✏❈♦♠♠✐t❡❡ ♦♥ ❈♦❧♦r✐♠❡tr② ♦❢ t❤❡ ❖♣t✐❝❛❧ ❙♦❝✐❡t② ♦❢ ❆♠❡r✐❝❛✑ r❡❝♦♠❡♥❞❛ q✉❡

❛ ❞❡✜♥✐çã♦ ❞❡ ❝♦r s❡❥❛ ❢❡✐t❛ ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛✿ ✏❆ ❝♦r ❝♦♥s✐st❡ ♥❛s ❝❛r❛❝t❡rís✲

t✐❝❛s ❞❛ ❧✉③ q✉❡ ♥ã♦ sã♦ ❞❡✈✐❞❛s às ♥ã♦ ❤♦♠♦❣❡♥❡✐❞❛❞❡s ❡s♣❛❝✐❛✐s ♦✉ t❡♠♣♦r❛✐s✱

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

♠❡❞✐❛♥t❡ s❡♥s❛çõ❡s ✈✐s✉❛✐s q✉❡ ❞❡❝♦rr❡♠ ❞♦ ❡stí♠✉❧♦ ❞❛ r❡t✐♥❛✑✳

✷✶



✶✳✻✳✶ ❈♦♠♣♦s✐çã♦ ❞❡ ❝♦r

❉❡✜♥❡✲s❡ ✧❧✉③ ✈✐sí✈❡❧✧❝♦♠♦ s❡♥❞♦ ❛ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♣❡r❝❡❜✐❞❛ ♣❡❧♦

♦❧❤♦ ❤✉♠❛♥♦✳ ❊ss❛ r❛❞✐❛çã♦ ❡♥❝♦♥tr❛✲s❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♥♦ ✐♥t❡r✈❛❧♦ ❞♦ ❡s✲

♣❡❝tr♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❡♥tr❡ ✹✵✵♥♠ ❡ ✼✵✵♥♠✱ ❧✐♠✐t❛❞❛ ❡♥tr❡ ❛s r❛❞✐❛çõ❡s ✐♥✲

❢r❛✈❡r♠❡❧❤❛ ✭λ > 700nm✮ ❡ ✉❧tr❛✈✐♦❧❡t❛ ✭λ < 380nm✮✳ ❯♠❛ ❢♦♥t❡ ❞❡ ❧✉③

♠♦♥♦❝r♦♠át✐❝❛ é ❝❛r❛❝t❡r✐③❛❞❛ ❛♣❡♥❛s ♣♦r s✉❛ ✐♥t❡♥s✐❞❛❞❡ ❡ s❡✉ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✸✳ ❈❛s♦ ❛ ❧✉③ s❡❥❛ ♣♦❧✐❝r♦♠át✐❝❛✱ s✉❛ ❞❡s❝r✐çã♦ é ❢❡✐t❛ ❛tr❛✈és ❞❛ r❛❞✐✲

â♥❝✐❛ ❡s♣❡❝tr❛❧✱ q✉❡ ❝♦♥st✐t✉✐ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ❡♠✐t✐❞❛ ♣❡❧❛ ❞✐str✐❜✉✐çã♦ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳

❆ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ♦❧❤♦ ❤✉♠❛♥♦ ♥ã♦ é ❛ ♠❡s♠❛ ♣❛r❛ t♦❞❛ r❡❣✐ã♦ ❞♦ ❡s♣❡❝tr♦

✈✐sí✈❡❧✳ ❆ ❋✐❣✉r❛ ✶✳✺ ♠♦str❛ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ✈✐sã♦ ❤✉♠❛♥❛ ❡♠ ❢✉♥çã♦ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♦ ♦❧❤♦ ❤✉♠❛♥♦ r❡s♣♦♥❞❡ ❝♦♠

♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡ ♥❛ r❡❣✐ã♦ ❞❡ ✺✺✵♥♠✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ à ❝♦r ✈❡r❞❡ ❡ ♣❡r❞❡

❣r❛❞❛t✐✈❛♠❡♥t❡ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ♥♦s ❡①tr❡♠♦s ❞♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧❬✶✺✱✶✻✱✶✼❪✳

❆ s❡♥s❛çã♦ ❞❡ ❝♦r ❝❛♣t❛❞❛ ♣❡❧❛ ✈✐sã♦ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ♥❛ ✈✐sã♦✳ ❆s ❝é❧✉❧❛s ❞♦ ♦❧❤♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❡ss❛

s❡♥s❛çã♦ sã♦ ❛s ❝❤❛♠❛❞❛s ❞❡ ❝♦♥❡s✱ q✉❡ sã♦ ✉♠ ❞♦s t✐♣♦s ❞❡ ❢♦t♦rr❡❝❡♣t♦✲

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

❞❛❞❡ ♣r❡❞♦♠✐♥❛♥t❡ ❛♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♥❛ r❡❣✐ã♦ ❞❡ ✻✼✵♥♠✭❱❡r♠❡❧❤♦✮✱

✺✸✺♥♠✭❱❡r❞❡✮ ❡ ✹✸✵♥♠✭❆③✉❧✮✭❋✐❣✉r❛ ✶✳✻✮✳ ❙❡♥❞♦ ❛ss✐♠✱ ♠✉✐t❛s s❡♥s❛çõ❡s ❞❡

❝♦r❡s ♣♦❞❡♠ s❡r ❞❡s❝r✐t❛s ❝♦♠ ❜❛s❡ ♥❡ss❛s três ❝♦r❡s✳ ❊ss❛s três ❝♦r❡s sã♦ ❞❡✲

♥♦♠✐♥❛❞❛s ❞❡ ♣r✐♠ár✐❛s ❡ ❢♦r❛♠ ❞❡✜♥✐❞❛s ♣❡❧❛ ❈■❊ ✶✾✸✶ ✹ ❝♦♠♦ ♦ s✐st❡♠❛ ❘●❇

✭❘❡❞✲●r❡❡♥✲❇❧✉❡✮ ♦♥❞❡ ❛s três ♣♦❞❡♠ s❡r ❝♦♠❜✐♥❛❞❛s ♣❛r❛ ❝♦♠♣♦r ✉♠❛ ❣r❛♥❞❡

❣❛♠❛ ❞❡ ❝♦r❡s ♣❡r❝❡♣tí✈❡✐s ♣❡❧❛ ✈✐sã♦ ❤✉♠❛♥❛ ♦❜t✐❞❛s ♣♦r ❡①♣❡r✐♠❡♥t♦s ♣s✐❝♦❢í✲

s✐❝♦s ❛♣❧✐❝❛❞♦s ❡♠ ♣❡ss♦❛s s❡♠ ♣r♦❜❧❡♠❛s ❞❡ ✈✐sã♦❬✶✶✱✶✼❪ ✳ ❯♠❛ ❝♦r s❡❝✉♥❞ár✐❛

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

❝♦♠❜✐♥❛çã♦ ❞❡ ✉♠❛ ❝♦r s❡❝✉♥❞ár✐❛ ❝♦♠ ✉♠❛ ♣r✐♠ár✐❛✳

✸❙❛❜❡✲s❡ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ♥ã♦ é ♣♦ssí✈❡❧ ♣r♦❞✉③✐r ✉♠❛ ❢♦♥t❡ ♠♦♥♦❝r♦♠át✐❝❛

❝♦♠ ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡①❛t♦✳ ➱ ♣♦ssí✈❡❧ ❛❞q✉✐r✐r ✉♠❛ ❢♦♥t❡ ❝♦♠ ✉♠❛ ❢❛✐①❛ ♠✉✐t♦

❡str❡✐t❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ q✉❡ é ❡♥tã♦ ❞❡♥♦♠✐♥❛❞❛ ❞❡ ❢♦♥t❡ ♠♦♥♦❝r♦♠át✐❝❛
✹❈❊■✲ ❈♦♠♠✐ss✐♦♥ ✐♥t❡r♥❛t✐♦♥❛❧❡ ❞❡ ❧✬❡❝❧❛✐r❛❣❡
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❋✐❣✉r❛ ✶✳✺✿ ❈✉r✈❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ♦❧❤♦ ❤♦♠❛♥♦ ❡♠ ❢✉♥çã♦ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❡ ❚❤❡ ❙❝✐❡♥❝❡ ♦❢ ❈♦❧♦r✱ 2nd

❡❞✳ ❖❙❆ ✷✵✵✸

❋✐❣✉r❛ ✶✳✻✿ ❘❡t✐♥❛✳ ❈é❧✉❧❛s ❢♦t♦r❡❝❡♣t♦r❛s ❞❛ ✈✐sã♦ ❤✉♠❛♥❛✳ ❖s

❝♦♥❡s sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❝❛♣t❛r ❛s ❝♦r❡s✳ ❖s ❜❛st♦♥❡t❡s ❢❛③❡♠

♣❛rt❡ ❞❛ ✈✐sã♦ ♣❡r✐❢ér✐❝❛ ❞♦ ♦❧❤♦ ❡ sã♦ r❡s♣♦sá✈❡✐s ♣♦r ❝❛♣t❛r ❛

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

✷✸



✶✳✻✳✷ ▼❡❞✐❞❛ ❞❡ ❝♦r

❆s ❝♦r❡s ❞♦ s✐st❡♠❛ ❘●❇ ♥♦r♠❛❧♠❡♥t❡ ♥ã♦ ❛♣r❡s❡♥t❛♠ ❛ ♠❡s♠❛ s✉♣❡r♣♦s✐✲

çã♦ ❞❛ r❡s♣♦st❛ ❞♦s ❡s♣❡❝tr♦s ♦❜s❡r✈❛❞♦s ♣❡❧♦s ❝♦♥❡s ❞❛ r❡t✐♥❛✳ ❆ ❝♦♥s❡q✉ê♥❝✐❛

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

♦❧❤♦ ❤✉♠❛♥♦ ✉t✐❧✐③❛♥❞♦ ♦ ♣❛❞rã♦ ❘●❇✳

❆ ❈■❊ ❞❡✜♥✐✉ ❡♠ ✶✾✸✶✱ ❛ ♣❛rt✐r ❞❡ ✈ár✐♦s ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ✈ár✐♦s ✐♥❞✐✈í❞✉♦s

❤✉♠❛♥♦s ✉♠ ❝♦♥❥✉♥t♦ ❞❡ três ❢✉♥çõ❡s ✭X, Y, Z✮ ❝❤❛♠❛❞❛s ❞❡ ❢✉♥çõ❡s ❞❡ ❝♦r❡s

❝♦rr❡s♣♦♥❞❡♥t❡s✳ ❆s ❢✉♥çõ❡s X✱ Y ❡ Z sã♦ ❞❡✜♥✐❞❛s ❝♦♠♦✿

X =
∫

∞

0

S ′(λ)x(λ)dλ

Y =
∫

∞

0

S ′(λ)y(λ)dλ

Z =
∫

∞

0

S ′(λ)z(λ)dλ

❋✐❣✉r❛ ✶✳✼✿ ❋✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ x✱y ❡ z ❛❞q✉✐r✐❞❛s ❡①♣❡r✐♠❡♥t❛❧✲

♠❡♥t❡ ❝♦♠ ❞✐✈❡rs♦s ✐♥❞✐✈í❞✉♦s ♣❡❧❛ ❈■❊ ❡♠ ✶✾✸✶✳ ❋✐❣✉r❛ r❡t✐r❛❞❛

❞♦ ❛rt✐❣♦ ❞❡ ❋✉❣✐❦❛✇❛✲P❡r❡✐r❛❬✶✶❪
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❖♥❞❡ S ′ ❝♦rr❡s♣♦♥❞❡ à ❞✐str✐❜✉✐çã♦ s♣❡❝tr❛❧ ♥♦r♠❛❧✐③❛❞❛ ❞❛ ❢♦♥t❡ ❞❛ ❧✉③ q✉❡

❝❤❡❣❛ ❛♦s ♦❧❤♦s ❡ x✱y ❡ z ❝♦rr❡s♣♦♥❞❡♠ às ❞✐str✐❜✉✐çõ❡s ❡s♣❡❝tr❛✐s ❛♣r❡s❡♥t❛❞❛s

♥❛ ✜❣✉r❛ ✶✳✼✳

❯♠ ❛s♣❡❝t♦ ✐♥t❡r❡ss❛♥t❡ ♥❡ss❛s ♠❡❞✐❞❛s é q✉❡ ❛ ❢✉♥çã♦ y ♣♦ss✉✐ ❡①❛t❛♠❡♥t❡

❛ ♠❡s♠❛ ❞✐str✐❜✉✐çã♦ ❡s♣❡❝tr❛❧ ❞❛ ❝✉r✈❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ♦❧❤♦ ❤✉♠❛♥♦ ✭❋✐❣✉r❛

✶✳✺✮✳ ❙❡♥❞♦ ❛ss✐♠ ❛ t♦♥❛❧✐❞❛❞❡ ❞❡ ✉♠❛ ❝♦r ♥ã♦ ❞❡♣❡♥❞❡ ❞♦ ✈❛❧♦r ❞❡ Y ❡ s✐♠ ❛

❧✉♠✐♥â♥❝✐❛ ♦✉ ♦ ❜r✐❧❤♦ ❞❛ ❝♦r ♦✉ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③✳ ❆ ❝♦♥s❡q✉ê♥❝✐❛ ❞✐ss♦ é q✉❡

♠✉✐t❛s ❝♦r❡s ❞✐❢❡r❡♠ ❛♣❡♥❛s ❞❛ ❧✉♠✐♥â♥❝✐❛✱ ♦✉ s❡❥❛✱ ❞♦ ✈❛❧♦r ❞❡ Y ✱ ♠❛s ♥ã♦

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

❝✐♥③❛✱ ❡ ❞❛s ❝♦r❡s ❛❧❛r❛♥❥❛❞❛ ❡ ♠❛rr♦♠✳ ❉❡✈✐❞♦ ❛ ❡ss❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ s✐st❡♠❛

❘●❇ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ❝r♦♠❛t✐❝✐❞❛❞❡ ❞❡ ✉♠❛ ❝❡rt❛ ❝♦r ♣❛rt✐♥❞♦ ❛♣❡♥❛s ❞❡

❞✉❛s ❝♦♦r❞❡♥❛❞❛s ✐♥❞❡♣❡♥❞❡♥t❡s ✭x ❡ y✮✱ q✉❡ sã♦ ❞❡s❝r✐t❛s ♣♦r✿

x =
X

X + Y + Z

y =
Y

X + Y + Z

z =
z

X + Y + Z

❈♦♠♦ x+ y + z = 1 t❡♠♦s

z = 1− x− y

❈♦♥s❡q✉❡♥t❡♠❡♥t❡ ✉♠❛ ❝♦r ♣♦❞❡ s❡ r❡♣r❡s❡♥t❛❞❛ ♣♦r três ❝♦♦r❞❡♥❛❞❛s xyz ♦♥❞❡

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

❆ ✜❣✉r❛ ✶✳✽ ♠♦str❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡ q✉❡ é ❝♦♥str✉í❞♦ ❛ ♣❛rt✐r

❞❛s ❝♦♦r❞❡♥❛❞❛s ❈■❊ xy✳ ❆ ❜♦r❞❛ s✉♣❡r✐♦r ❞❡ss❡ ❞✐❛❣r❛♠❛ é ❝♦♠♣♦st❛ ♣❡❧❛s

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

♦♥❞❛✮ ❛♦ ✈❡r♠❡❧❤♦ ✭▼❛✐♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✮ ♣❡r❝♦rr❡♥❞♦ ♦ s❡♥t✐❞♦ ❤♦rár✐♦

❞❛ ❜♦r❞❛✳ ❆ ❜♦r❞❛ ✐♥❢❡r✐♦r ❞♦ ❞✐❛❣r❛♠❛ é ❝♦♥st✐t✉í❞❛ ♣♦r ❝♦r❡s q✉❡ ♥ã♦ sã♦

♠♦♥♦❝r♦♠át✐❝❛s✳ ❆s ❝♦r❡s q✉❡ s❡ ❡♥❝♦♥tr❛♠ ♥♦ ✐♥t❡r✐♦r ❞♦ ❞✐❛❣r❛♠❛ ♣♦❞❡♠

s❡r ♦❜t✐❞❛s ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❧✐♥❡❛r ❞❡ ♦✉tr❛s ❝♦r❡s ♠♦♥♦❝r♦♠át✐❝❛s✳ ❙❡ ❞✉❛s

❝♦r❡s q✉❛✐sq✉❡r ❞♦ ❞✐❛❣r❛♠❛ ❢♦r❡♠ ❡s❝♦❧❤✐❞❛s✱ ❛ ❧✐♥❤❛ q✉❡ ✉♥❡ ❡ss❛s ❞✉❛s ❝♦r❡s

é ❢♦r♠❛❞❛ ♣♦r ♦✉tr❛s ❝♦r❡s q✉❡ sã♦ ❝♦♠❜✐♥❛çõ❡s ❧✐♥❡❛r❡s ❞❡ss❛s ❞✉❛s ♣r✐♠❡✐r❛s✳

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

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

✈ért✐❝❡s❬✶✶❪✳
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❋✐❣✉r❛ ✶✳✽✿ ❉✐❛❣r❛♠❛ ❞❡ ❝r♦♠❛t✐❝✐❞❞❡ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛s ❝♦♦r❞❡♥❛✲

❞❛s ❈■❊ ①②✳ ◗✉❛❧q✉❡r ❝♦r ❞❡♥tr♦ ❞❡ss❡ ❞✐❛❣r❛♠❛ ♣♦❞❡ s❡r r❡♣r❡✲

s❡♥t❛❞❛ ♣❡❧❛s ❝♦♦r❞❡♥❛❞❛ ①②✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❛ ♣á❣✐♥❛ ❞❛ ✇❡❜

❝♦❧♦r②❛♣❛r✐❡♥❝✐❛✳❝♦♠✳❛r

✶✳✻✳✸ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r

❆ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r ❝♦♥st✐t✉✐ ✉♠ ❝♦♥❝❡✐t♦ q✉❡ ♣♦❞❡ ♣❛r❡❝❡r ✉♠ ♣♦✉❝♦ s✉r✲

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

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

r❡❣✐õ❡s q✉❡♥t❡s sã♦ ✐❧✉str❛❞❛s ❞❡ ✈❡r♠❡❧❤♦ ❡ r❡❣✐õ❡s ❢r✐❛s sã♦ ✐❧✉str❛❞❛s ❞❡ ❛③✉❧✳

◆♦ ❡♥t❛♥t♦ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r é ✉♠ ❝♦♥❝❡✐t♦ ❞❡r✐✈❛❞♦ ❞❛ r❛❞✐❛çã♦ ❞❡ ❝♦r♣♦

♥❡❣r♦ ❡①♣❧✐❝❛❞❛ ♣♦r P❧❛♥❝❦❬✺❪✳ ❙❛❜❡✲s❡ q✉❡ ✉♠ ❝♦r♣♦ ♥❡❣r♦ q✉❛♥❞♦ ❛q✉❡❝✐❞♦

❣r❛❞❛t✐✈❛♠❡♥t❡ ❡♠✐t❡ r❛❞✐❛çã♦ q✉❡ ♣❛rt❡ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ✭❝♦r♣♦ ♥❡❣r♦ à t❡♠✲
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♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✮ ♣❛ss❛♥❞♦ ♣♦r ✈❡r♠❡❧❤♦✱ ❛❧❛r❛♥❥❛❞♦✱ ❜r❛♥❝♦ ❛♠❛r❡❧❛❞♦ ❡ ♣♦r

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

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

q✉❡stã♦❬✺✱✶✽❪✳ P♦r ❝♦♥s❡❣✉✐♥t❡✱ ✉♠❛ ❝♦r ❞❡ ❛❧t❛ t❡♠♣❡r❛t✉r❛ ♣♦ss✉✐ ❝r♦♠❛t✐❝✐✲

❞❛❞❡ ♥❛ r❡❣✐ã♦ ❞♦ ❛③✉❧✱ ❡ ✉♠❛ ❝♦r ❝♦♠ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦✳

❋✐❣✉r❛ ✶✳✾✿ ❖ ▲♦❝✉s P❧❛♥❝❦✐❛♥♦ ❝♦♥st✐t✉✐ ❛ r❡❣✐ã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡

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

❡①tr❛✐❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✶✾❪✳

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

❝r♦♠❛t✐❝✐❞❛❞❡✳ ❊ss❛ r❡♣r❡s❡♥t❛çã♦ é ❞❡♥♦♠✐♥❛❞❛ ❞❡ ▲♦❝✉s P❧❛♥❝❦✐❛♥♦ ❛♣r❡s❡♥✲

t❛❞❛ ♥❛ ✜❣✉r❛ ✶✳✾✳ ❘❡❝❡♥t❡♠❡♥t❡ ❢♦r❛♠ ❢❡✐t♦s ❡st✉❞♦s ❜❛st❛♥t❡ r❡❧❡✈❛♥t❡s ♥♦

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

❡♥❝✐❛ ♥❛ ✜s✐♦❧♦❣✐❛ ❞♦ ❝♦r♣♦ ❤✉♠❛♥♦✳❯♠ q✉✐♥t♦ t✐♣♦ ❞❡ ❢♦t♦rr❡❝❡♣t♦r ❞❛ ✈✐sã♦ ❢♦✐

♣♦st✉❧❛❞♦ ❡ ✐❞❡♥t✐✜❝❛❞♦ ♥❛ r❡t✐♥❛ ❞♦ ♦❧❤♦ ❤✉♠❛♥♦ ✶✺✵ ❛♥♦s ❛♣ós ❛ ❞❡s❝♦❜❡rt❛

❞❛s ❝é❧✉❧❛s ❝♦♥❡s ❝✐t❛❞❛s ♥❛ s❡çã♦ ✶✳✻✳✶✳ ❊ss❡ q✉✐♥t♦ t✐♣♦ ❞❡ ❢♦t♦rr❡❝❡♣t♦r ❞❡♥♦✲

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

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

✷✼



❤✉♠❛♥♦✺❬✶✼✱✷✵❪✳ ❈♦♠♦ ❛s ❝é❧✉❧❛s ❣❛♥❣❧✐♦♥❛r❡s sã♦ ♠❛✐s s❡♥sí✈❡✐s à ❧✉③ ♥❛ r❡❣✐ã♦

❞♦ ❛③✉❧ ✭✹✻✵✲✺✵✵♥♠✮ ❡❧❛s ❛❣❡♠ ❝♦♠♦ r❡❝❡♣t♦r❡s ❞♦ ✏❛③✉❧ ❞♦ ❝é✉✑✱ ♦✉ s❡❥❛✱ ❡❧❛s

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

t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r ❞♦ s♦❧ ✈❛r✐❛ ❞❡ ✻✵✵✵❦ ❡♠ ❞✐❛s ♥✉❜❧❛❞♦s ❛ ✷✵✵✵✵❑ ❡♠ ❞✐❛s ❞❡

❝é✉ ❛❜❡rt♦✳ ◆♦ ❡♥t❛♥t♦✱ ♥♦ ✜♠ ❞❛ t❛r❞❡ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r ❞❛ ✐❧✉♠✐♥❛çã♦ ❞♦

s♦❧ ❝❛✐ ♣❛r❛ ✷✵✵✵❑✳ ❊ss❡ ❝✐❝❧♦ ❞❡ ✈❛r✐❛çã♦ ♥❛ t❡♠♣❡r❛t✉r❛ é s✐♥❝r♦♥✐③❛❞♦ ❝♦♠ ♦

❝✐❝❧♦ ❝✐r❝❛❞✐❛♥♦ ❤✉♠❛♥♦❬✺❪✳

✺❘✐t♠♦ ❝✐r❝❛❞✐❛♥♦ ♦✉ ❝✐❝❧♦ ❝✐r❝❛❞✐❛♥♦ ❝♦♥st✐t✉✐ ♦ ♣❡rí♦❞♦ s♦❜r❡ ♦ q✉❛❧ s❡ ❜❛s❡✐❛ ♦ ❝✐❝❧♦

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

❞❡ ❧✉③✱ t❡♠♣❡r❛t✉r❛✱ ♠❛rés ❡ ✈❡♥t♦s ❡♥tr❡ ♦ ❞✐❛ ❡ ❛ ♥♦✐t❡✳

✷✽



✶✳✼ ❘❡❢❡rê♥❝✐❛s

✶✳ ❇❊❘●❍ ❆✳✱ ❈❘❆❋❖❘❉ ●✳✱ ❉❯●●❆▲ ❆✳✱ ❍❆■❚❩ ❘✳✳ ❚❤❡ ♣r♦♠✐s❡ ❛♥❞

❈❤❛❧❧❡♥❣❡ ♦❢ ❙♦❧✐❞✲❙t❛t❡ ▲✐❣❤t✐♥❣✳ P❤②s✐❝s ❚♦❞❛② ❱♦❧✳ ✺✹✱ ✷✵✵✶

✷✳ ❩❍❊▲❯❉❊❱✳ ❚❤❡ ▲✐❢❡ ❛♥❞ t✐♠❡s ♦❢ t❤❡ ▲❊❉✳ ◆❛t✉r❡ P❤♦t♦♥✐❝s ❱♦❧✳ ✶✱

✷✵✵✼✳

✸✳ ❩❊❍◆❉❊❘ ❯✳✱ ❲❊■▼❆❘ ❆✳✱ ❙❚❘❆❯❙❙ ❯✳✱ ❋❊❍❘❊❘ ❆✳✱ ❍❆❍◆ ❇✳✱ ▲❯✲

●❆❯❊❘ ❏✳✱ ❍➘❘▲❊ ❱✳✱ ■♥❞✉str✐❛❧ ♣r♦❞✉❝t✐♦♥ ♦❢ ●❛◆ ❛♥❞ ■♥●❛◆✲❧✐❣❤t ❡♠✐tt✐♥❣

❞✐♦❞❡s ♦♥ ❙✐❈✲s✉❜str❛t❡s✱ ❏♦✉r♥❛❧ ♦❢ ❈r②st❛❧ ❣r♦✇t❤✱ ✈♦❧ ✷✸✵✱ ✷✵✵✶✳

✹✳ ▲❯■❩ ❉❆ ❙■▲❱❆ ▼✳✱ ▲❊❉ ✲ ❆ ❧✉③ ❞♦s ♥♦✈♦s ♣r♦❥❡t♦s✱ ❊❞ ❈✐ê♥❝✐❛ ▼♦❞❡r♥❛

✲ ❘✐♦ ❞❡ ❏❛♥❡✐r♦ ✷✵✶✶✳ ▲✐✈r♦

✺✳ ❙❈❍❯❇❊❘❚ ❊✳✱ ❑❨❯ ❑■▼ ❏✳✱ ❙♦❧✐❞✲❙t❛t❡ ▲✐❣❤t ❙♦✉r❝❡s ●❡tt✐♥❣ ❙♠❛rt✳

❙❝✐❡♥❝❡ ❘❡✈✐❡✇✱ ✷✵✵✺✳

✻✳ ❚❖▼■❖❑❆ ❏✳✱ ◆❖❱❖❆ ▲✳ ▼✳✱ ❊st✉❞♦ ❞❛ ❡str✉t✉r❛ ❞♦ ❲❤✐t❡ ▲❊❉✱ ❯♥✐✲

✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ ❆❇❈✳

✼✳ ❋❊▲❉▼❆◆◆ ❈✳✱ ❏Ü❙❚❊▲ ❚✳✱ ❘❖◆❉❆ ❈✳✱ ❙❈❍■❉❚ P✳✱ ■♥♦r❣❛♥✐❝ ❧✉♠✐✲

♥❡s❝❡♥t ♠❛t❡r✐❛✐s✿ ✶✵✵ ②❡❛rs ♦❢ r❡s❡❛r❝❤ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥✱❆❞✈❛♥❝❡❞ ❢✉♥❝t✐♦♥❛❧

♠❛t❡r✐❛❧s ❱♦❧✳ ✶✸✱ ✷✵✵✸✳

✽✳ ❍❆❘❱❊❨ ❊✳✱ ❆ ❍✐st♦r② ♦❢ ❧✉♠✐♥❡s❝❡♥❝❡✱ ❆♠❡r✐❝❛♥ P❤✐❧♦s♦♣❤✐❝❛❧ ❙♦❝✐✲

❡t②✱ P❤✐❧❛❞❡❧♣❤✐❛ ✶✾✺✼

✾✳ ◆❆❑❆▼❯❘❆ ❙✳✱ ▼❯❑❆■ ❚✳✱ ❙❊◆❖❍ ▼✳✱ ❈❛♥❞❡❧❛✲❝❧❛ss ❤✐❣❤✲❜r✐❣❤t♥❡ss

■♥●❛◆✴❆❧●❛◆ ❞♦✉❜❧❡✲❤❡t❡r♦str✉❝t✉r❡ ❜❧✉❡✲❧✐❣❤t✲❡♠✐tt✐♥❣ ❞✐♦❞❡s✱ ❆♣♣❧✐❡❞ P❤②✲

s✐❝s ▲❡tt❡rs ❱♦❧✳ ✻✹✱ ✶✾✾✹✳

✷✾



✶✵✳ ❇▲❆❙❙❊ ●✳✱ ▲✉♠✐♥❡s❝❡♥t ♠❛t❡r✐❛❧s✿ ✐s t❤❡r❡ st✐❧❧ ♥❡✇s❄✱ ❏♦✉r♥❛❧ ♦❢ ❆❧✲

❧♦②s ❛♥❞ ❈♦♠♣♦✉♥❞s ❱♦❧✳ ✷✷✺✱ ✶✾✾✺✳

✶✶✳ ❋❯●■❑❆❲❆ ▲✳✱ P❊❘❊■❘❆ ❈✳ ❈♦❧♦r ❝♦♠♣♦s✐t✐♦♥ ❜② r❛❞✐♦♠❡tr✐❝ ❛♥❞ ♣❤♦✲

t♦♠❡tr✐❝ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ▲❊❉s✿ ❚❤❡♦r② ❛♥❞ ❡①♣❡r✐♠❡♥t✱ ❇r❛s✐❧✐❛♥ ❏♦✉r♥❛❧ ♦❢

P❤②s✐❝s ❱♦❧✳ ✸✺✱ ✷✵✶✸✳

✶✷✳ ❆✳❙✳ ●❖❯❱❊■❆✲◆❊❚❖✱ ❆✳❋✳ ❉❆ ❙■▲❱❆✱ ▲✳❆✳ ❇❯❊◆❖✱ ❊✳❇✳ ❉❆ ❈❖❙❚❆✱

▲✉♠✐♥❡s❝❡♥t ❢❡❛t✉r❡s ♦❢ s♦❧✕❣❡❧ ❞❡r✐✈❡❞ r❛r❡✲❡❛rt❤ ♠✉❧t✐✲❞♦♣❡❞ ♦①②✢✉♦r✐❞❡ ♥❛♥♦✲

str✉❝t✉r❡❞ ♣❤♦s♣❤♦rs ❢♦r ✇❤✐t❡ ▲❊❉ ❛♣♣❧✐❝❛t✐♦♥✱ ❏♦✉r♥❛❧ ♦❢ ▲✉♠✐♥❡s❝❡♥❝❡ ❱♦❧✳

✶✸✷✱ ✷✵✶✷✳

✶✸✳ ❙❖❯❩❆ ❲✳❙✱ ❉❖▼■◆●❯❊❙ ❘✳❖✳✱ ❇❯❊◆❖ ▲✳❆✳✱ ❉❆ ❈❖❙❚❆ ❊✳❇✳✱

●❖❯❱❊■❆✲◆❊❚❖ ❆✳❙✳ ❈♦❧♦r t✉♥❛❜❧❡ ❣r❡❡♥✲②❡❧❧♦✇✲♦r❛♥❣❡✲r❡❞ Er3+/Eu3+✲❝♦❞♦♣❡❞

PbGeO3 : PbF2 : CdF2 ❣❧❛ss ♣❤♦s♣❤♦r ❢♦r ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ✇❤✐t❡✲▲❊❉ t❡❝❤♥♦❧♦❣②

✳ ❏♦✉r♥❛❧ ♦❢ ▲✉♠✐♥❡s❝❡♥❝❡ ❱♦❧✳ ✶✹✹✱ ✷✵✶✸✳

✶✹✳ ❍❯❆◆● ❏✳✱ ❩❍❖❯ ▲✳✱ ▲■❆◆● ❩✳✱ ●❖◆● ❋✳✱ ❍❆◆ ❏✳✱ ❲❆◆● ❘✳✱Pr♦♠✐s✐♥❣

r❡❞ ♣❤♦s♣❤♦rs LaNbO4✿Eu3+✱Bi3+ ❢♦r ❢♦r ▲❊❉ s♦❧✐❞✲st❛t❡ ❧✐❣❤t✐♥❣ ❛♣♣❧✐❝❛t✐♦♥✱

❏♦✉r♥❛❧ ♦❢ ❘❛r❡ ❊❛rt❤s ❱♦❧✳ ✷✽✱ ✷✵✶✵✳

✶✺✳ P❆❈❑❊❘ ❖✳✱ ❲■▲▲■❆▼❙ ❉✳ ❘✳✱ ❙▼■❚❍ ❱✳ ❈✳✱ P❖❑❖❘◆❨ ❏✳ ❚❤❡ ❙❝✐✲

❡♥❝❡ ♦❢ ❈♦❧♦r✱ 2nd ❡❞✳ ❊❞✳ ❖❙❆ ✷✵✵✸✱ ▲✐✈r♦

✶✻✳ ▲■▼❆ ▼✳ ●✳✱ ❆✈❛❧✐❛çã♦ ❞❛ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❛♦ ❈♦♥tr❛st❡ ❊s♣❛❝✐❛❧ ❞❡ ❈♦✲

r❡s ❡♠ ❍✉♠❛♥♦s✳ ❉✐ss❡rt❛çã♦ ❞❡ ♠❡str❛❞♦✳ Pr♦❣r❛♠❛ ❞❡ ♣ós✲❣r❛❞✉❛çã♦ ❡♠

◆❡✉r♦❝✐ê♥❝✐❛s ❡ ❇✐♦❧♦❣✐❛ ❝❡❧✉❧❛r✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ P❛rá✱ ❇❡❧é♠ ✷✵✶✵✳

✶✼✳ ❇❖▼▼❊▲ ❱✳✱ ◆♦♥✲✈✐s✉❛❧ ❜✐♦❧♦❣✐❝❛❧ ❡✛❡❝t ♦❢ ❧✐❣❤t✐♥❣ ❛♥❞ t❤❡ ♣r❛❝t✐❝❛❧

♠❡❛♥✐♥❣ ❢♦r ❧✐❣❤t✐♥❣ ❢♦r ✇♦r❦✳ ❆♣♣❧✐❡❞ ❊r❣♦♥♦♠✐❝s ❱♦❧✳ ✸✼✱ ✷✵✵✻

✶✽✳ ❆❚❑■◆❙ P✳ ❏❖◆❊❙ ▲✳✱ Pr✐♥❝í♣✐♦s ❞❡ ◗✉í♠✐❝❛✲ ◗✉❡st✐♦♥❛♥❞♦ ❛ ✈✐❞❛ ♠♦✲

❞❡r♥❛ ❡ ♦ ♠❡✐♦ ❛♠❜✐❡♥t❡✱ ❊❞ ❇♦♦❦♠❛♥✱ P♦rt♦ ❛❧❡❣r❡ ✷✵✵✶✱ ❧✐✈r♦✳
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✶✾✳ ❚❡①t♦ ❞✐s♣♦♥♣✐✈❡❧ ♥❛ ♣á❣✐♥❛ ❞❛ ✇❡❜ ✇✐❦✐♣❡❞✐❛✳♦r❣ ❛❝❡ss❛❞♦ ❡♠ ✷✸✴✶✵✴✷✵✶✸✳

✷✵✳ ❏❖❯✱ ❏❲❖✲❍❯❊■✱ ❲❆◆●✱ ❍❙■✲❈❍■◆●✱ ❙❍■❍✲▼■◆●✱ P❊◆●✱ ❙❍■❆◆●✲

❍❆❯✱ ▼■◆●✲❍❯❙❆◆✱ ❙❩❯✲❍❆❖✱ P❖✲❍❙■❊◆✱ ❍✐❣❤❧② ❡✣❝✐❡♥t ❝♦❧♦r✲t❡♠♣❡r❛t✉r❡

t✉♥❛❜❧❡ ♦r❣❛♥✐❝ ❧✐❣❤t✲❡♠✐tt✐♥❣ ❞✐♦❞❡s✱ ❏♦✉r♥❛❧ ❖❢ ▼❛t❡r✐❛❧s ❈❤❡♠✐str② ❱♦❧✳ ✷✷✱

✷✵✵✷✳

✷✶✳ ❚❆◆● ▲✳✱ ❳■❆ ❍✳✱ ❲❆◆● P✳✱ P❊◆● ❏✳✱ ❩❍❆◆● ❨✳✱ ❏■❆◆● ❍✳✱ ❈❍❊◆❍✳✱

❲❤✐t❡ ❧✐❣❤t ❡♠✐ss✐♦♥ ❢r♦♠ Eu3+/Dy3+ ❝♦✲❞♦♣❡❞ LiY F4 ❝r②st❛❧ ❡①❝✐t❡❞ ❜② ❯❱

❧✐❣❤t✱ ▼❛t❡r✐❛❧s ▲❡tt❡rs ❱♦❧✳ ✶✵✹✱ ✷✵✶✸✳

✷✷✳ ❑■❚❚❊▲ ❈✳✱ ■♥tr♦❞✉❝t✐♦♥ t♦ ❙♦❧✐❞ ❙t❛t❡ P❤②s✐❝s✱ ❊❞ ❏✳ ❲✳ ❛♥❞ ❙♦♥s

✼t❤ ❡❞✱ ✶✾✾✻✱ ▲✐✈r♦✳

✷✸✳ ❉❆◆■❊▲ ❆✳✱ ❏❊❘❖▼❊ ❈✱ ❉❆❱❊ ❈❖▲▲■◆❙✱ ❘❖❇❊❘❚ ▼✳ ❋✳✱ ▼❆❘■

❖❈❍■❆■ ❍✳✱ ▼■❈❍❆❊▲ ❏✳ ▲✳✱ P❆❯▲ ❙✳ ▼✳✱❙❊❘●❊ ▲✳ ❘✳✱ ■❧❧✉♠✐♥❛t✐♦♥ ❲✐t❤ ❙♦❧✐❞

❙t❛t❡ ▲✐❣❤t✐♥❣ ❚❡❝❤♥♦❧♦❣②✱ ❏♦✉r♥❛❧ ♦♥ ❙❡❧❡❝t❡❞ ❚♦♣✐❝s ✐♥ ◗✉❛♥t✉♠ ❊❧❡❝tr♦✲

♥✐❝s ❱♦❧✳ ✽✱ ✷✵✵✷✳

✷✹✳ ❱■❚❚❆ P✳✱ ❉❆❇❆❙■◆❙❑❆❙✳✱ ❚❯❩■❑❆❙ ❆✳✱ P❊❚❘❯▲■❙ ❆✳✱ ▼❊❙❑❆❯❙✲

❑❆❙✳✱ ❩❯❑❆❯❙❑❆❙ ❆✳✱ ❈♦♥❝❡♣t ♦❢ ✐♥t❡❧❧✐❣❡♥t ❙♦❧✐❞✲❙t❛t❡ str❡❡t ▲✐❣❤t✐♥❣ t❡❝❤✲

♥♦❧♦❣②✳ ❊❧❡❦tr♦♥✐❦❛ ✐r ❡❧❡❦tr♦t❡❝❤♥✐❦❛ ❱♦❧✳ ✶✽✱ ✷✵✶✷✳

✷✺✳ ❆▼❖❘■▼ ❍✳ ❚✳✱ ●❡r❛çã♦ ❞❡ ❝♦r❡s ♣r✐♠ár✐❛s ❡ ❡❢❡✐t♦s tér♠✐❝♦s ❡♠ ✈✐❞r♦s

❡s♣❡❝✐❛✐s ❞♦♣❛❞♦s ❝♦♠ í♦♥s t❡rr❛s✲r❛r❛s✳ ❚❡s❡ ❞❡ ❉♦✉t♦r❛❞♦✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡✲

❞❡r❛❧ ❞❡ ❆❧❛❣♦❛s✱ ✷✵✵✸✳

✷✻✳ ❉❖❉❆❇❆▲❆P❯❘ ❆✳✱ ❖r❣❛♥✐❝ ❧✐❣❤t ❡♠✐tt✐♥❣ ❞✐♦❞❡s✱ ❙♦❧✐❞ ❙t❛t❡ ❈♦♠✲

♠✉♥✐❝❛t✐♦♥s ❱♦❧✳ ✶✵✷✱ ✶✾✾✼✳

✷✼✳ ❱■▲▲❆❚❊ ❏✳✱ ❊❧❡tr✐❝✐❞❛❞❡ ❡ ♠❛❣♥❡t✐s♠♦✱ ❯♥✐✈❡rs✐❞❛❞❡ ❞♦ ♣♦rt♦✱ ✷✵✵✾✳
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✷✽✳ ❙▼❊❚❙ ❇✳✱ P❤♦s♣❤♦rs ❜❛s❡❞ ♦♥ r❛r❡✲❡❛rt❤s✿ ❛ ♥❡✇ ❡r❛ ✐♥ ✢✉♦r❡s❝❡♥t

❧✐❣❤t✐♥❣✱ ▼❛t❡r✐❛❧s ❈❤❡♠✐str② ❛♥❞ P❤②s✐❝s ❱♦❧✳ ✶✻ ✶✾✽✼✳

✸✷



❈❛♣ít✉❧♦ ✷

❋✉♥❞❛♠❡♥t♦s ❚❡ór✐❝♦s ❡ ▼ét♦❞♦s

◆❡ss❡ ❝❛♣ít✉❧♦ s❡rá ❢❡✐t❛ ✉♠❛ ❛❜♦r❞❛❣❡♠ t❡ór✐❝❛ ❛ r❡s♣❡✐t♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡

❢♦r♠❛çã♦ ❞❡ ♠❛t❡r✐❛✐s ✈ítr❡♦s ❡ ❞❛ ❝♦♠♣♦s✐çã♦ ❡ ✐♠♣♦rtâ♥❝✐❛ ❞♦s ✈✐❞r♦s ✢✉♦r❡❣❡r✲

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

❢♦r❛♠ ❞♦♣❛❞♦s ❝♦♠ í♦♥s t❡rr❛s✲r❛r❛s ❡ ❡ss❡s ❡①❝✐t❛❞♦s ❝♦♠ ▲❛s❡r ♥♦ ❡st❛❞♦ só❧✐❞♦

♥❛ r❡❣✐ã♦ ❞♦ ❛③✉❧✲✈✐♦❧❡t❛✳ P♦r ✐ss♦ s❡rá ✈✐st♦ t❛♠❜é♠ ♥❡ss❡ ❝❛♣ít✉❧♦ ✉♠❛ ❜r❡✈❡

✐♥tr♦❞✉çã♦ t❡ór✐❝❛ ❞❛s ❛♣r♦①✐♠❛çõ❡s ✉t✐❧✐③❛❞❛s ♥♦s ❡st✉❞♦ ❞♦s át♦♠♦s ♠✉❧t✐❡❧❡✲

trô♥✐❝♦s ❛ ✜♠ ❞❡ ✐♥tr♦❞✉③✐r✲s❡ ❛s tr❛♥s✐çõ❡s ❡❧❡trô♥✐❝❛s ♣♦ssí✈❡✐s ♣❡❧♦s ❡❧❡♠❡♥t♦s

t❡rr❛s✲r❛r❛s ❝♦♠ ê♥❢❛s❡ ♥♦ ❙❛♠ár✐♦✱ ➱r❜✐♦ ❡ ❚ér❜✐♦ q✉❡ ❢♦r❛♠ ♦s ❡❧❡♠❡♥t♦s

✉t✐❧✐③❛❞♦s ♥♦ tr❛❜❛❧❤♦✳

✷✳✶ ❱✐❞r♦s

❖s ✈✐❞r♦s ❝♦♠♦ s❛❜❡♠♦s ❝♦♥st✐t✉❡♠✲s❡ ❞❡ ♠❛t❡r✐❛✐s tr❛♥s♣❛r❡♥t❡s✳ P♦ré♠

❡①✐st❡ ✉♠❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡ ❞❡ ✈✐❞r♦s q✉❡ ♣♦❞❡♠ s❡r ♦♣❛❝♦s ❛♦ ❡s♣❡❝tr♦ ✈✐sí✲

✈❡❧✳ ❊①✐st❡♠ ❛❧❣✉♠❛s ❞❡✜♥✐çõ❡s ❞✐st✐♥t❛s ♣❛r❛ ♦s ✈✐❞r♦s q✉❡ sã♦ ❝❤❛♠❛❞♦s ❞❡

❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s✱ só❧✐❞♦s ♥ã♦ ❝r✐st❛❧✐♥♦s ♦✉ ❛♠♦r❢♦s✳ ❆ s❡♠❡❧❤❛♥ç❛ ❞♦s

✈✐❞r♦s ❝♦♠ ♦s ❧íq✉✐❞♦s ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❞✐str✐❜✉✐çã♦ ❞♦s át♦♠♦s q✉❡ ❝❛✲

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

♣❡❧❛ ❛♥á❧✐s❡ ❞❛ ❞✐❢r❛çã♦ ❞❡ ❘❛✐♦s✲❳✱ ♦♥❞❡ ❛s r❡✢❡①õ❡s ♥ã♦ ♦❜❡❞❡❝❡♠ à ❧❡✐ ❞❡

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

só❧✐❞♦s q✉❛♥❞♦ ❢✉♥❞✐❞♦s ❡ r❡s❢r✐❛❞♦s ❜r✉s❝❛♠❡♥t❡ s♦❢r❡♠ ♦ ❡❢❡✐t♦ ❝❤❛♠❛❞♦ ❞❡
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tr❛♥s✐çã♦ ✈ítr❡❛✳ ❖ ✈✐❞r♦ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ✉♠ só❧✐❞♦ ❝r✐st❛❧✐♥♦ q✉❡ ❛♣r❡s❡♥t❛

♦ ❢❡♥ô♠❡♥♦ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛ ❡ ✐ss♦ ❞✐❢❡r❡♥❝✐❛ ♦s ✈✐❞r♦s ❞❡ ♦✉tr♦s ♠❛t❡r✐❛✐s

❛♠♦r❢♦s✳ ❉❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ q✉❛❧q✉❡r s✉❜stâ♥❝✐❛ ♣♦❞❡ s❡ tr❛♥s❢♦r♠❛r ❡♠ ✉♠

♠❛t❡r✐❛❧ ✈ítr❡♦ ❞❡s❞❡ q✉❡ ♦ r❡s❢r✐❛♠❡♥t♦ s❡❥❛ s✉✜❝✐❡♥t❡♠❡♥t❡ rá♣✐❞♦ ♣❛r❛ ❡✈✐t❛r

❛ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ✭❝r✐st❛❧✐③❛çã♦✮✳ ❙❡♥❞♦ ❛ss✐♠ ❛ ❢♦r♠❛çã♦

❞❡ ✉♠ ✈✐❞r♦ ❝♦♥st✐t✉✐ ✉♠ ❢❡♥ô♠❡♥♦ ❧✐❣❛❞♦ à ❝✐♥ét✐❝❛ ❞♦ ♣r♦❝❡ss♦ ❬✶❪✳ ❖ ❝❛rát❡r

❝✐♥ét✐❝♦ ❞❛ ❢♦r♠❛çã♦ ❞♦ ✈✐❞r♦ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ ✈✐tr✐✜✲

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

❞❛ t❡♠♣❡r❛t✉r❛✳ ❖ ❞✐❛❣r❛♠❛ v×θ ❞❛ ✜❣✉r❛ ✷✳✶ r❡t✐r❛❞♦ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷❪ ♠♦str❛

♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛ ❡ ❛ r❡❧❛çã♦ ❞♦ ✈♦❧✉♠❡ ❡s♣❡❝í✜❝♦ ❝♦♠ ❛

t❡♠♣❡r❛t✉r❛✳

❙❡ ❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ❢♦r ❧❡♥t❛ ❤❛✈❡rá ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞❡s✲

❝♦♥tí♥✉❛ ♥♦ ✈♦❧✉♠❡✳ ❊ss❛ ❞✐♠✐♥✉✐çã♦ ♥♦ ✈♦❧✉♠❡ é ❞❡✈✐❞♦ ❛♦ ❛rr❛♥❥♦ ❛tô♠✐❝♦✱

❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❤á ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥❛ ❡♥tr♦♣✐❛✳ ■ss♦ ❝♦♥st✐t✉✐ ✉♠❛ tr❛♥✲

s✐çã♦ ❞❡ ❢❛s❡ ❢♦r♠❛♥❞♦ ✉♠ só❧✐❞♦ ❝r✐st❛❧✐♥♦✳ P♦ré♠✱ s❡ ❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦

❢♦r ❛❧t❛✱ ❤❛✈❡rá ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❝♦♥tí♥✉❛ ♥♦ ✈♦❧✉♠❡ ❞♦ ♠❛t❡r✐❛❧ ❧íq✉✐❞♦ ❬✸❪ q✉❡

♣❛ss❛rá ♣❛r❛ ✉♠ ❡st❛❞♦ ❞❡ ❛❧t❛ ✈✐s❝♦s✐❞❛❞❡ (1013poise) ❬✹❪ ♦ q✉❡ ❝♦♥st✐t✉✐ ♦

❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦✳ ❆ tr❛♥s✐çã♦ ✈ítr❡❛ ♦❝♦rr❡ ♥❡st❡ ✐♥t❡r✈❛❧♦ ❞❡ ❛❧t❛ ✈✐s❝♦✲

s✐❞❛❞❡ ❡♥tã♦ ♦ ♠❛t❡r✐❛❧ ❞❡✐①❛ ❞❡ s❡r ✉♠ ❧íq✉✐❞♦ ❡ ♣❛ss❛ ❛ s❡r ❝♦♥s✐❞❡r❛❞♦ ✉♠

só❧✐❞♦✱ ♣♦ré♠✱ ♠❛♥t❡♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❡str✉t✉r❛✐s ❞♦ ❧íq✉✐❞♦ ❬✸❪✳

✷✳✶✳✶ ❱✐❞r♦s ✢✉♦r♦❣❡r♠❛♥❛t♦s

❖s ✈✐❞r♦s ✈ê♠ ❛tr❛✐♥❞♦ ✐♥t❡r❡ss❡ ♣❡❧❛ s♦❝✐❡❞❛❞❡ ❝✐❡♥tí✜❝❛ ♣♦r ♣♦ss✉ír❡♠ ✉♠❛

❛♠♣❧❛ ❛♣❧✐❝❛çã♦ ♥❛ ár❡❛ ❞❡ ❢♦tô♥✐❝❛✱ t❡❧❡❝♦♠✉♥✐❝❛çõ❡s ❬✺✱✻❪ ❡ ❡♠ ❞✐s♣♦s✐t✐✈♦s

ó♣t✐❝♦s ❡♠ ❣❡r❛❧✳ ◆♦s ú❧t✐♠♦s ❛♥♦s ♦s ✈✐❞r♦s ❛ ❜❛s❡ ❞❡ ❣❡r♠â♥✐♦ ✈ê♠ s❡♥❞♦ ❝♦♥s✐✲

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

❝♦♠♦ ♦s ♥♦✈♦s ❢ós❢♦r♦s ✈ítr❡♦s✳ ◆❡ss❡s ú❧t✐♠♦s✱ ❛❧❣✉♠❛s ❞❡ s✉❛s ❝❛r❛❝t❡ríst✐❝❛s

✐♥trí♥s❡❝❛s sã♦ ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛♣❧✐❝❛çã♦ ♥❡ss❡s ❞✐s♣♦s✐t✐✈♦s ❝♦♠♦ ❛ s✉❛ ❜❛✐①❛

❡♥❡r❣✐❛ ❞❡ ❢ô♥♦♥✱ ❛ ❛❧t❛ s♦❧✉❜✐❧✐❞❛❞❡ ❞❡ í♦♥s t❡rr❛✲r❛r❛s✱ ❛ ❛❧t❛ tr❛♥s♣❛rê♥❝✐❛ ❡

❛ ❛❧t❛ ❡①t❡♥sã♦ ❞♦ t❡♠♣♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞♦s í♦♥s t❡rr❛✲r❛r❛s❬✼✱✽❪✳ ❖s ✈✐❞r♦s

✉t✐❧✐③❛❞♦s ♥❡ss❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ♣r♦❞✉③✐❞♦s ❛ ♣❛rt✐r ❞❡ ó①✐❞♦s ❞❡ ✢✉♦r ❡ ❣❡r♠â✲
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❋✐❣✉r❛ ✷✳✶✿ ❉✐❛❣r❛♠❛ q✉❡ ♠♦str❛ ❛ r❡❧❛çã♦ ❡♥tr❡ ♦ ✈♦❧✉♠❡ ❡s♣❡❝í✜❝♦

❡ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♠❛t❡r✐❛❧✳ Tg ❡ Tf ❝♦♥st✐t✉❡♠

❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦ ✈ítr❡❛ ❡ ♦ ♣♦♥t♦ ❞❡ ❢✉sã♦ ❞♦ ♠❛t❡r✐❛❧✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

♥✐♦ ❢♦r♠❛♥❞♦ ❛ss✐♠ ♦s ✈✐❞r♦s ✢✉♦r♦❣❡r♠❛♥❛t♦s✳ ❯♠❛ ❜♦❛ ✈✐tr✐✜❝❛çã♦ é ❢❡✐t❛

❛ ♣❛rt✐r ❞♦ ♠❡t❛❣❡r♠❛♥❛t♦ ❞❡ ❝❤✉♠❜♦ ✭PbGeO3✮ q✉❡ é ❢♦r♠❛❞♦ ❛ ♣❛rt✐r ❞♦

ó①✐❞♦ ❞❡ ❣❡r♠â♥✐♦ ✭GeO2✮ ❡ ❞♦ ó①✐❞♦ ❞❡ ❝❤✉♠❜♦ ✭PbO✮✳ ❖ ♠❡t❛❣❡r♠❛♥❛t♦ ❞❡

❝❤✉♠❜♦ ❛♣r❡s❡♥t❛ ❡①❝❡❧❡♥t❡s q✉❛❧✐❞❛❞❡s ó♣t✐❝❛s ❡ ❛ ♣r❡s❡♥ç❛ ❞♦ ✢✉♦r❡t♦ ❞❡ ❝á✲

❞✐♠✐♦ ✭CdF2✮ ❡ ♦ ✢✉♦r❡t♦ ❞❡ ❝❤✉♠❜♦ ✭PbF2✮ ♥❛ ♠❛tr✐③ ✈ítr❡❛ ♣r♦♣♦r❝✐♦♥❛ ✉♠❛

♠❛✐♦r ❡st❛❜✐❧✐❞❛❞❡ ♥❛ ❞✐✈✐tr✐✜❝❛çã♦❬✷✱✻❪✳ ❚♦❞❛s ❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s ❧❡✈❛r❛♠ ❛

✉t✐❧✐③❛r ♥❡ss❡ tr❛❜❛❧❤♦ ❛ ♠❛tr✐③ ✈ítr❡❛ ❞♦ s✐st❡♠❛ PbGeO3✲PbF2✲CdF2 ♣❛r❛ ❛

♦❜t❡♥çã♦ ❞♦s ❢ós❢♦r♦s✳

✸✺



✷✳✷ ➪t♦♠♦s ❝♦♠ ♠✉✐t♦s ❡❧étr♦♥s

➱ ♥❡❝❡ssár✐❛ ✉♠ ❜r❡✈❡ r❡✈✐sã♦ t❡ór✐❝❛ ❛ r❡s♣❡✐t♦ ❞❡ át♦♠♦s ❝♦♠ ♠✉✐t♦s ❡❧é✲

tr♦♥s✳ ◆✉♠ át♦♠♦ ❝♦♠ ♠✉✐t♦s ❡❧étr♦♥s ❡①✐st❡♠ ✐♥t❡r❛çõ❡s ❝♦✉❧♦♠❜✐❛♥❛s ❡♥tr❡

♦s Z ❡❧étr♦♥s ❞❡ ❝❛r❣❛ −e ❝♦♠ ♦ ♥ú❝❧❡♦ ❞❡ ❝❛r❣❛ +Ze ❡ ❛ ✐♥t❡r❛çã♦ ♠✉t✉❛ ❞❡

r❡♣✉❧sã♦ ❡♥tr❡ ❡❧❡s ❜❡♠ ❝♦♠♦ ❛❧❣✉♠❛s ♦✉tr❛s ❢♦rç❛s q✉❡ sã♦ ♠❛✐s ❢r❛❝❛s ❡♥✈♦❧✲

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

át♦♠♦ ❝♦♠ ✈ár✐♦s ❡❧étr♦♥s é ❛❢❡t❛❞❛ ♣♦r t♦❞♦s ♦s ♦✉tr♦s Z−1 ❡❧étr♦♥s✳ ➱ ✐♠♣♦s✲

sí✈❡❧ ❞❡t❡r♠✐♥❛r ❛♥❛❧✐t✐❝❛♠❡♥t❡ ✉♠❛ s♦❧✉çã♦ ❡①❛t❛ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r

♣❛r❛ ❡ss❡ t✐♣♦ ❞❡ s✐st❡♠❛✳ P♦r ✐ss♦ é ❛❞❡q✉❛❞♦ ✉t✐❧✐③❛r ❛❧❣✉♠❛s ❛♣r♦①✐♠❛çõ❡s

q✉❡ s❡rã♦ ✈✐st❛s ♥❛ s❡çã♦ s❡❣✉✐♥t❡✳

✷✳✷✳✶ ❆♣r♦①✐♠❛çã♦ ❞❡ ❍❛rtr❡❡✲❋♦❧❦

❊♠ ✶✾✷✽ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ❍❛rtr❡❡ ✉♠❛ t❡♦r✐❛ ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥✲

t❛❧ ❞❡ ✉♠ át♦♠♦ ❝♦♠ ✈ár✐♦s ❡❧étr♦♥s✳ ◆❡ss❛ t❡♦r✐❛ ❞❡s❝♦♥s✐❞❡r❛✲s❡ ❛s r❡♣✉❧sõ❡s

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

çã♦ ❈♦✉❧♦♠❜✐❛♥❛s ❡♥tr❡ ♦s ❡❧étr♦♥s ❡ ♦ ♥ú❝❧❡♦ ❞♦ át♦♠♦✳ ❊ss❛ ❞❡s❝♦♥s✐❞❡r❛çã♦

❞❡s❛❝♦♣❧❛ ♦s ❡❧étr♦♥s ✉♥s ❞♦s ♦✉tr♦s ❡ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❝❛❞❛ ❡❧étr♦♥ é tr❛t❛❞♦

✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡✳ ■ss♦ ♣❡r♠✐t❡ ❛ ❛♣❧✐❝❛çã♦ ❞❛ s❡♣❛r❛çã♦ ❞❡ ✈❛r✐á✈❡✐s ♣❛r❛ ❛

r❡s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦ ❡ ❛ ❛❞♦çã♦ ❞❡ s♦✲

❧✉çõ❡s ❡♠ t❡r♠♦s ❞❡ ❛✉t♦❢✉♥çõ❡s ♣❛r❛ át♦♠♦s ♠♦♥♦❡❧❡trô♥✐❝♦s✳ ◆♦t❛✲s❡ q✉❡

❝❛❞❛ ❡❧étr♦♥ ❞♦ át♦♠♦ ♠✉❧t✐❡❧❡trô♥✐❝♦ é ❜❧✐♥❞❛❞♦ ❞♦ ♥ú❝❧❡♦ ♣❡❧♦s ♦✉tr♦s Z − 1

❡❧étr♦♥s ❞❡ ♠♦❞♦ q✉❡ ❝❛❞❛ ❡❧étr♦♥s ❞❡✈❡ s♦❢r❡r ✉♠❛ ❛tr❛çã♦ ♣❡❧♦ ♥ú❝❧❡♦ ❞❡✈✐❞♦

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

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

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

t❡r♠♦s ❞❡ ✉♠❛ ❝❛r❣❛ ♥✉❝❧❡❛r ❡❢❡t✐✈❛✿

Vc(r) =
−e2

4πǫ0r
Zef (r) ✭✷✳✶✮

❖♥❞❡ Zef → Z ♣ró①✐♠♦ ❛♦ ♥ú❝❧❡♦ ❡ Zef → 1 ❛ ❣r❛♥❞❡ ❞✐stâ♥❝✐❛ ❞♦ ♠❡s♠♦✳

❆ ♣♦s✐çã♦ ❞♦ ✐✲és✐♠♦ ❡❧étr♦♥ ✐♥❞❡♣❡♥❞❡♥t❡ é ❞❡✜♥✐❞♦ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s
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♣❡❧♦ ✈❡t♦r ~ri✳ ❖ ♠♦✈✐♠❡♥t♦ ❞♦ ❡❧étr♦♥ é ✐♥✢✉❡♥❝✐❛❞♦ ♣❡❧♦ ♣♦t❡♥❝✐❛❧ ❝❡♥tr❛❧

Vc(ri)✳ ❙❡♥❞♦ ❛ss✐♠ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦ ♣❛r❛ ❡ss❡

s✐st❡♠❛ ❛♣r♦①✐♠❛❞♦ é ❞❛❞❛ ♣♦r✿

−h̄2

2m
∇

2

iψi + Vcψi = Eiψi ✭✷✳✷✮

❖♥❞❡ é ♣♦ssí✈❡❧ ♦❜t❡r✲s❡ ψi(~ri) ❞❡ ❡♥❡r❣✐❛ Ei ♣❛r❛ ♦ ❡❧étr♦♥ ✐♥❞❡♣❡♥❞❡♥t❡✳

❖ í♥❞✐❝❡ ✐ ❞❡✈❡ ❛t✉❛r ❡♠ t♦❞♦s ♦s ❡❧étr♦♥s ❞♦ át♦♠♦✱ ♥❡ss❡ ❝❛s♦ ❛ ❛✉t♦❢✉♥çã♦

♣♦❞❡ s❡r ❡s❝r✐t❛ ♥❛ ❢♦r♠❛ ❞❡ ✉♠ ♣r♦❞✉t♦✿

ψ(~r1, ..., ~rz) = ψ1(~r1)ψ2(~r2)...ψz(~rz)

❈✉❥♦ ❛✉t♦✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ é ❞❛❞♦ ♣❡❧❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞♦s ❡❧❡tr♦♥s✿

E =
z∑

i=1

Ei

❆ ❛✉t♦❢✉♥çã♦ ❞❡ ✉♠ ❡❧étr♦♥ ψi(~ri) é s❡♣❛rá✈❡❧ ❡♠ ✉♠❛ ✈❛r✐á✈❡❧ r❛❞✐❛❧ ❡

❛♥❣✉❧❛r✳ ❆ ❛✉t♦❢✉♥çã♦ é r❡♣r❡s❡♥t❛❞❛ ♣♦r✿

ψnlmlms
(r, θ, ϕ) = Rnl(r)Θlml

(θ, ϕ)Φml
(ϕ)(ms) ✭✷✳✸✮

❆ ❢✉♥çã♦ r❛❞✐❛❧ Rnl(r) s❛t✐s❢❛③ ✉♠❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ✉♠

át♦♠♦ ♠♦♥♦❡❧❡trô♥✐❝♦✱ ❞✐❢❡r✐♥❞♦ q✉❡✱ ♥♦ ❝❛s♦ ❞❡ ✉♠ át♦♠♦ ♠✉❧t✐❡❧❡tr♦♥✐❝♦ ❛

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

❆ ❛♣r♦①✐♠❛çã♦ ❞❡ ❍❛rtr❡❡✲❢♦❧❦ ♣♦❞❡ s❡ ❛♣❧✐❝❛❞❛ ❛ q✉❛❧q✉❡r át♦♠♦ ❡ r❡❢❡r❡✲

s❡ ❝♦♠♦ ✉♠ ♠♦❞❡❧♦ ❞❡ ♣♦t❡♥❝✐❛❧ ❝❡♥tr❛❧ ❛✉t♦ ❝♦♥s✐st❡♥t❡✳ ❆ ❞✐str✐❜✉✐çã♦ ❞❡

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

❝❛❞❛ ❡❧étr♦♥ ❛ ♣❛rt✐r ❞♦ q✉❛❧ ♦❜té♠✲s❡ ♣♦t❡♥❝✐❛✐s ❝♦✉❧♦♠❜✐❛♥♦s ❝❧áss✐❝♦s✳ ❆

♠é❞✐❛ ❞❡ss❡s ♣♦t❡♥❝✐❛✐s s♦❜r❡ ♦ ❡st❛❞♦ ❞♦ át♦♠♦ ❣❡r❛ ♦ ♣♦t❡♥❝✐❛❧ Vc(r) ♣r❡✈✐st❛

❡ ❡st❛ ❞❡✈❡ s❡r ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❤✐♣ót❡s❡ ✐♥✐❝✐❛❧ ❡ ♦ ❝✐❝❧♦ ❞❡ ❝á❧❝✉❧♦s ❞❡✈❡ s❡

r❡✐♥✐❝✐❛❞♦✳ ❆ ❛✉t♦❝♦♥s✐stê♥❝✐❛ é ❛❧❝❛♥ç❛❞❛ q✉❛♥❞♦ ❤♦✉✈❡r ✉♠ ❛❝♦r❞♦ s❛t✐s❢❛tór✐♦

❡♥tr❡ ❛s ✈❡rsõ❡s ❞❛ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❡ Vc(r)❬✾✱✶✵✱✶✶✱✶✷❪✳
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✷✳✸ ❮♦♥s t❡rr❛s✲r❛r❛s

✷✳✸✳✶ ❉❡s❝♦❜❡rt❛s ❡ ❝❛r❛❝t❡ríst✐❝❛s q✉í♠✐❝❛s

◆♦ ✜♥❛❧ ❞♦ sé❝✉❧♦ ❳❱■■■ ❡r❛ ✉t✐❧✐③❛❞♦ ❝♦♠✉♠❡♥t❡ ♥❛ s♦❝✐❡❞❛❞❡ ❝✐❡♥tí✜❝❛ ♦

t❡r♠♦ ✏❚❡rr❛✑ ♣❛r❛ ❝❧❛ss✐✜❝❛r ♦s ó①✐❞♦s ❞❡ ♠❡t❛✐s ♣♦r ❡ss❡s s❡r❡♠ ❡❧❡♠❡♥t♦s

s✐♠♣❧❡s✳ ❊♠ ✶✾✼✹ ❏✳●✳ ●❛❞♦❧✐♥ ❞❡s❝♦❜r✐✉ ❡♠ ✉♠ ♠✐♥ér✐♦ ✉♠❛ ♥♦✈❛ t❡rr❛ ❝♦♠

✐♠♣✉r❡③❛s ♥❛ q✉❛❧ ❞❡♥♦♠✐♥♦✉ ❞❡ ❨t❡r❜✐❛ ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❞❡ ❨ttr✐❛✳ ◆❡ss❡

♠❡s♠♦ ♠✐♥ér✐♦ ❢♦✐ ❞❡s❝♦❜❡rt❛ ✶✵ ❛♥♦s ❞❡♣♦✐s ✉♠❛ ♥♦✈❛ t❡rr❛ q✉❡ ❢♦✐ ❝❤❛♠❛❞❛

❞❡ ❈ér✐❛✱ ❤♦❥❡ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ●❛❞♦❧✐♥✐t❛✳ ❉❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❛s t❡rr❛s ❨ttr✐❛ ❡

❈ér✐❛ t❡r❡♠ s✐❞♦ ❡♥❝♦♥tr❛❞❛s ❡♠ ✉♠ ♠✐♥ér✐♦ r❛r♦✱ ❡ss❛s ❢♦r❛♠ ❝❤❛♠❛❞❛s ❞❡

t❡rr❛s✲r❛r❛s✳ ◆♦ sé❝✉❧♦ ■❳❳✱ ▼♦s❛♥❞❡r✱ ✉♠ q✉í♠✐❝♦ ❙✉❡❝♦ ❞❡s❝♦❜r✐✉ q✉❡ ❛

❨ttr✐❛ ❡ ❈ér✐❛ ❡r❛♠ ✉♠❛ ♠✐st✉r❛ ❞❡ ó①✐❞♦s✳ ❆ ♣❛rt✐ ❞❛ ❈ér✐❛✱ ❢♦r❛♠ ♦❜t✐❞♦s ♣♦r

s❡♣❛r❛çã♦ ♦s ó①✐❞♦s ▲❛♥t❤❛♥❛ ❡ ❉✐❞②♠✐❛ ❡ ❛ ♣❛rt✐r ❞❛ ❨ttr✐❛✱ ♦s ó①✐❞♦s ➱r❜✐❛ ❡

❚ér❜✐❛✳

❊♠ ✶✽✺✾✱ ❝♦♠ ♦ ❛✉①✐❧✐♦ ❞❡ ✉♠ ❡s♣❡❝tr♦s❝ó♣✐♦✱ ❤♦✉✈❡ ✉♠ ❛✈❛♥ç♦ ♥❛ s❡♣❛r❛çã♦

❞❡st❡s ó①✐❞♦s s❡♥❞♦ ♣♦ssí✈❡❧ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ♣❛❞rõ❡s ❞❡ ❡♠✐ssã♦ ❡ ❛❜s♦rçã♦

❞❡ ❧✉③ ❞♦s ❡❧❡♠❡♥t♦s✳ ◆❡ss❡ ♣❡rí♦❞♦ ♦ ó①✐❞♦ ❞❡ ❉✐❞②♠✐❛ ❢♦✐ s❡♣❛r❛❞♦ ❡♠ ❙❛✲

♠ár✐❛✱ Pr❛s❡♦❞②♠✐❛✱ ◆❡♦❞í♠✐❛✱ ❡ ❊✉ró♣✐❛✳ ◆♦s ó①✐❞♦s ❞❡ ➱r❜✐❛ ❡ ❚ér❜✐❛✱ ❢♦r❛♠

❡♥❝♦♥tr❛❞♦s ♦s ó①✐❞♦s ❞❡ ❍♦❧♠✐❛✱ ❚❤✉❧✐❛✱ ❉②s♣rós✐❛✱ ❨tér❜✐❛ ❡ ▲✉té❝✐❛❬✶✸❪✳

➱ r❡❝♦♠❡♥❞❛❞♦ ♣❡❧❛ ❝♦♠✐ssã♦ ❞❡ ◆♦♠❡♥❝❧❛t✉r❛ ❡♠ ◗✉í♠✐❝❛ ■♥♦r❣â♥✐❝❛ ❞❛

■❯P❆❈ ✭■♥t❡r♥❛t✐♦♥❛❧ ❯♥✐♦♥ ♦❢ P✉r❡ ❛♥❞ ❆♣♣❧✐❡❞ ❈❤❡♠✐str②✮ ✉t✐❧✐③❛r ❛ ❡①♣r❡s✲

sã♦ ✏♠❡t❛✐s ❞❛s t❡rr❛s✲r❛r❛s✑ ♣❛r❛ ♦s ❡❧❡♠❡♥t♦s ❞❛ t❛❜❡❧❛ ♣❡r✐ó❞✐❝❛ ❞❛ sér✐❡ ❞♦s

❧❛♥t❛♥í❞❡♦s ♠❛✐s ♦s ❡❧❡♠❡♥t♦s ❊s❝â♥❞✐♦ ✭❊s✮ ❡ ♦ ❮tr✐♦ ✭❨✮✳ ❖s ❧❛♥t❛♥í❞❡♦s ❝♦♥s✲

t✐t✉❡♠ ♦s ❡❧❡♠❡♥t♦s ❝♦♥s❡❝✉t✐✈♦s ❝♦♠ ♥ú♠❡r♦ ❛tô♠✐❝♦ ❡♥tr❡ ✺✼ ✭▲❛♥tâ♥✐♦✲▲❛✮ ❡

✼✶✭▲✉tér❝✐♦✲▲✉✮ ♥♦s q✉❛✐s ♦s q✉❛t♦r③❡ ❡❧étr♦♥s ✹❢ sã♦ s✉❝❡ss✐✈❛♠❡♥t❡ ❛❞✐❝✐♦♥❛❞♦s

à ❝♦♥✜❣✉r❛çã♦ ❞♦ ▲❛❬✶✸✱✶✹❪✳ ❊ss❛ ❝❧❛ss✐✜❝❛çã♦ ♥❛ t❛❜❡❧❛ ♣❡r✐ó❞✐❝❛ ❛❝♦♥t❡❝❡✉

❡♥tr❡ ✶✾✶✸ ❡ ✶✾✶✹ q✉❛♥❞♦ ▼♦s❡❧❡② ❞❛ ●rã✲❇r❡t❛♥❤❛ ❡♥❝♦♥tr♦✉ ✉♠❛ r❡❧❛çã♦ ❞✐✲

r❡t❛ ❡♥tr❡ ❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ❘❛✐♦✲❳ ❡ ♦ ♥ú♠❡r♦ ❛tô♠✐❝♦ ❞♦s ❡❧❡♠❡♥t♦s❬✶✸❪✳ ❆

♣❛rt✐r ❞❛ ❞é❝❛❞❛ ❞❡ ✺✵ ♦s t❡rr❛s✲r❛r❛s ♣❛ss❛r❛♠ ❛ s❡r ❛❞q✉✐r✐❞♦s ❡♠ s✉❛ ❢♦r♠❛

♣✉r❛✱ s❡♥❞♦ ♣♦ssí✈❡❧ r❡❛❧✐③❛r ♣❡sq✉✐s❛s ❜ás✐❝❛s ❝♦♠ r❡❧❛çã♦ ❛s s✉❛s ♣r♦♣r✐❡❞❛❞❡s

q✉í♠✐❝❛s✱ ♠❛❣♥ét✐❝❛s✱ ó♣t✐❝❛s✱ ❡t❝❬✶✺❪✳
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❆♣❡s❛r ❞♦ t❡r♠♦ ✏❚❡rr❛✲❘❛r❛✑✱ s❛❜❡✲s❡ ❛t✉❛❧♠❡♥t❡ q✉❡ ❡ss❡s ❡❧❡♠❡♥t♦s ♥ã♦

sã♦ r❛r♦s ❡ ❛ s✉❛ ❛❜✉♥❞â♥❝✐❛ ♥❛ t❡rr❛ é r❡❧❛t✐✈❛♠❡♥t❡ ❛❧t❛✳ ◆❛s ✉❧t✐♠❛s ❞é❝❛❞❛s

t❡♠✲s❡ ❡♥❝♦♥tr❛❞♦✱ ❝♦♠ r❡❧❛t✐✈❛ ❢❛❝✐❧✐❞❛❞❡✱ ♥♦✈❛s ❥❛③✐❞❛s ❞❡ ♠✐♥❡r❛✐s ❝♦♥t❡♥❞♦

t❡rr❛s✲r❛r❛s✳ ❖ ❡❧❡♠❡♥t♦ tú❧✐♦✱ ♦ ♠❡♥♦s ❛❜✉♥❞❛♥t❡ ❞♦s t❡rr❛s✲r❛r❛s✱ é tã♦ ❝♦♠✉♠

❝♦♠♦ ♦ ❇✐s♠✉t♦ ❡ ♠❛✐s ❝♦♠✉♠ q✉❡ ❆s✱ ❈❞✱ ❍❣ ❡ ❙❡ q✉❡ ♥ã♦ sã♦ ❝♦♥s✐❞❡r❛✲

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

❘úss✐❛✱ ❮♥❞✐❛✱ ❇r❛s✐❧✱ ❈❤✐♥❛✱ ❆✉strá❧✐❛✱ ❡♥tr❡ ♦✉tr♦s✳ ❆s t❡rr❛s✲r❛r❛s ❝♦♠ ♥ú♠❡r♦

❛tô♠✐❝♦ ♣❛r sã♦ ♠❛✐s ❛❜✉♥❞❛♥t❡s q✉❡ ❛q✉❡❧❛s ❞❡ ❩ í♠♣❛r✱ r❡s✉❧t❛❞♦ ❞❡ ♠❛✐♦r

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

♦❜s❝✉r❡❝❡ ♦ ❡❢❡✐t♦ ❞♦ t❛♠❛♥❤♦ ✐ô♥✐❝♦ ♥♦ ❡♥r✐q✉❡❝✐♠❡♥t♦ q✉í♠✐❝♦ ❞♦s ❡❧❡♠❡♥✲

t♦s❬✶✻❪✳

❆ q✉í♠✐❝❛ ❞❛s t❡rr❛s✲r❛r❛s é ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ✐ô♥✐❝❛ ❡ ♦s s❡✉s ♣♦t❡♥❝✐✲

❛✐s ❞❡ ✐♦♥✐③❛çã♦ sã♦ r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①♦s✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❛s t❡rr❛s✲r❛r❛s sã♦

❛❧t❛♠❡♥t❡ ❡❧❡tr♦♣♦s✐t✐✈❛s✳ ❊❧❡s ❢♦r♠❛♠ ❝át✐♦♥s tr✐✈❛❧❡♥t❡s ✭R3+✮✳ ❆❧❣✉♥s ❧❛♥t❛✲

♥í❞❡♦s ♣♦❞❡♠ ❛♣r❡s❡♥t❛r ♦s ❡st❛❞♦s ✭R2+✮ ❡ ✭R4+✮✱ ♠❛s ❡ss❡s í♦♥s sã♦ s❡♠♣r❡

♠❡♥♦s ❡stá✈❡✐s q✉❡ ♦s ❝át✐♦♥s tr✐✈❛❧❡♥t❡s✳

✷✳✸✳✷ ◆í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦s t❡rr❛s✲r❛r❛s

❆ ❝♦♥✜❣✉r❛çã♦ ❡❧❡trô♥✐❝❛ ❞♦s ❡❧❡♠❡♥t♦s t❡rr❛s✲r❛r❛s ❡stá ✐♥❞✐❝❛❞❛ ♥❛ t❛❜❡❧❛

✷✳✶✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛♣❡♥❛s ♦s ❡❧❡♠❡♥t♦s ❊s❝â♥❞✐♦✭❙❝✮ ❡ ❮tr✐♦✭❨✮ ♥ã♦

❞❡r✐✈❛♠ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❣ás ♥♦❜r❡ ❳❡♥ô♥✐♦✳ ❚♦❞♦s ♦s ❞❡♠❛✐s t❡rr❛s✲r❛r❛s

♣♦ss✉❡♠ ❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❳❡♥õ♥✐♦ s❡❣✉✐❞❛ ♣❡❧♦ ♣r❡❡♥❝❤✐♠❡♥t♦ s❡q✉❡♥❝✐❛❧ ❞❛

❝❛♠❛❞❛ 4fN ✳ P❛r❛ ♦ ❡st✉❞♦ ❞♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❛ ❝❛r❛❝t❡ríst✐❝❛ ♠❛✐s ✐♠♣♦rt❛♥t❡

❞❡ s✉❛ ❝♦♥✜❣✉r❛çã♦ ❡❧❡trô♥✐❝❛ é q✉❡✱ ❝♦♠ ❡①❝❡çã♦ ❞♦ ❡❧❡♠❡♥t♦s ❙❝✱ ❨✱ ▲❛✱ ❨❜

❡ ▲✉✱ t♦❞♦s ♣♦ss✉❡♠ ❛ ❝❛♠❛❞❛ 4f ✐♥❝♦♠♣❧❡t❛✳ ❊st❛ ❝❛♠❛❞❛ ❡♥❝♦♥tr❛✲s❡ ♠❛✐s

✐♥t❡r♥❛✱ ❡ ❛❝✐♠❛ ❞❡❧❛ ❡stã♦ ❛s 6s ❡ 5d✳ ▼❡s♠♦ ♦s ♦r❜✐t❛✐s 5p ❡ 5s sã♦ ♠❛✐s

❡①t❡r♥♦s q✉❡ ❛ 4f ♣♦r t❡r❡♠ ✉♠❛ ❡①t❡♥sã♦ r❛❞✐❛❧ ♠❛✐♦r❬✶✸✱✶✼❪✳ ❆s ❝❛♠❛❞❛s

q✉❡ ♣❛rt✐❝✐♣❛♠ ❞❡ ❧✐❣❛çõ❡s q✉í♠✐❝❛s sã♦ ❛s ♠❛✐s ❡①t❡r♥❛s 5d ❡ 6s✳ P♦r ✐ss♦

✸✾



❛ ❝❛♠❛❞❛ 4f ♠❡s♠♦ ❡st❛♥❞♦ ✐♥❝♦♠♣❧❡t❛ é ❢♦rt❡♠❡♥t❡ ❜❧✐♥❞❛❞❛ ♣❡❧❛s ❝❛♠❛❞❛s

♠❛✐s ❡①t❡r♥❛s✳ ❆ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ❝❛r❣❛s ♣❛r❛ ♦ í♦♥ ❣❛❞♦❧í♥✐♦ é ♠♦str❛❞♦

♥❛ ✜❣✉r❛ ✷✳✷❬✶✽❪✳ ❊ss❛ ❞✐str✐❜✉✐çã♦ é s❡♠❡❧❤❛♥t❡ ❛ ❞❡ ♦✉tr❛s í♦♥s ❧❛♥t❛♥í❞❡♦s✳

◆❡ss❛ ❞✐str✐❜✉✐çã♦ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♦s ❡❧étr♦♥s 4f ❡stã♦ ❧♦❝❛❧✐③❛❞♦s ♠❛✐s

✐♥t❡r♥❛♠❡♥t❡ q✉❡ ♦s ❡❧étr♦♥s ❞❛s ❝❛♠❛❞❛s 5s ❡ 5p ✳ ❊ss❛ ❜❧✐♥❞❛❣❡♠ ❢❛③ ❝♦♠ q✉❡

♦s í♦♥s t❡rr❛s✲r❛r❛s ♥ã♦ s✐♥t❛♠ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛ ✐♥✢✉❡♥❝✐❛ ❞♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦

♣r❡s❡♥t❡ ♥♦ ✐♥t❡r✐♦r ❞❛s ♠❛tr✐③❡s ♦✉ ❧✐❣❛♥t❡s ♥♦s q✉❛✐s ❡stã♦ ✐♥s❡r✐❞♦s✳ ■ss♦ ❡①♣❧✐❝❛

♦ ❢❛t♦ ❞♦s ❡s♣❡❝tr♦s ❞♦s í♦♥s t❡rr❛s✲r❛r❛s ❛♣r❡s❡♥t❛r❡♠ ❧✐♥❤❛s ❡str❡✐t❛s q✉❡ sã♦

♣r❛t✐❝❛♠❡♥t❡ ✐♥❞❡♣❡♥❞❡♥t❡s ❞❛ ♠❛tr✐③ ❤♦s♣❡❞❡✐r❛✳

❖s í♦♥s t❡rr❛s✲r❛r❛s ♣♦ss✉❡♠ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s q✉❡ ♣♦❞❡♠ ♣r♦❞✉③✐r

❡♠✐ssõ❡s ♥❛ r❡❣✐ã♦ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦✱ ♣❛ss❛♥❞♦ ♣❡❧♦ ✈✐sí✈❡❧ ❛té ♦ ✉❧tr❛✈✐♦❧❡t❛✱

♦ q✉❡ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ss❛s ❡♠✐ssõ❡s ❡♠ ❧✉♠✐♥❡s❝ê♥❝✐❛✳ ❊ss❛

tr❛♥s✐çõ❡s ♠✉✐t❛s ✈❡③❡s sã♦ ❛tr✐❜✉í❞❛s ❛♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞✐♣♦❧♦ ❡❧étr✐❝♦✳

❏✉❞❞✐ ❡ ❖❢❡❧t❬✶✺✱✶✾❪ tr❛❜❛❧❤❛♥❞♦ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ♦❜s❡r✈❛r❛♠ ❡①♣❡r✐♠❡♥✲

t❛❧♠❡♥t❡ ❛s tr❛♥s✐çõ❡s ❡❧❡trô♥✐❝❛s ❞♦s t❡rr❛s✲r❛r❛s ❝♦♠♦ ♦r✐✉♥❞❛s ❞❡ ✉♠❛ ♠✐st✉r❛

❞❡ ❡st❛❞♦s ❞❛ ❝♦♥✜❣✉r❛çã♦ 4fN ❡ 5d✳ ❉❡ss❛ ♠✐st✉r❛ s✉r❣❡ ♦ ❝♦♥❝❡✐t♦ ❞❡ tr❛♥s✐çã♦

❞❡ ❞✐♣♦❧♦ ❡❧étr✐❝♦ ❢♦rç❛❞♦ ❡ ❛s tr❛♥s✐çõ❡s sã♦ ❡①♣❧✐❝❛❞❛s t❛♥t♦ q✉❛❧✐t❛t✐✈❛♠❡♥t❡

q✉❛♥t♦ q✉❛♥t✐t❛t✐✈❛♠❡♥t❡✳ ❆s ❡♠✐ssõ❡s ❞♦s í♦♥s t❡rr❛s✲r❛r❛s ♣r♦✈ê♠ ❞❡ tr❛♥s✐✲

çõ❡s r❛❞✐❛t✐✈❛s ❡♥tr❡ ♦s ♥í✈❡✐s ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❡❧❡trô♥✐❝❛s 4fN ♦♥❞❡ N ✈❛r✐❛ ❞❡

✶ ❛ ✶✸ ✉♠❛ ✈❡③ q✉❡ ❛s ❞❡♠❛✐s ❝❛♠❛❞❛s sã♦ ❜❛s✐❝❛♠❡♥t❡ s✐♠étr✐❝❛s✱ ❞❡ ♠♦❞♦

q✉❡ s❡✉s ❡❢❡✐t♦s s♦❜r❡ t♦❞♦s ♦s t❡r♠♦s ❞❛ ❝♦♥✜❣✉r❛çã♦ 4fN sã♦ ♦s ♠❡s♠♦s✳ ◆❛

❛✉sê♥❝✐❛ ❞❡ q✉❛❧q✉❡r ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❡❧étr♦♥s ♦s ♥í✈❡✐s ❡st❛r✐❛♠ ❞❡❣❡♥❡r❛❞♦s✳

❖ ❍❛♠✐❧t♦♥✐❛♥♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ í♦♥ t❡rr❛✲r❛r❛ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦

H = −
h̄2

2m

NT∑
i=1

∇
2

i −

NT∑
i=1

Zne
2

ri
+

NT∑
i<j

e2

rij
+

NT∑
i=1

ζ(ri)~Si ·
~Li ✭✷✳✹✮

❖s ❞♦✐s ♣r✐♠❡✐r♦s t❡r♠♦s ❞❡ss❡ ❍❛♠✐❧t♦♥✐❛♥♦ r❡♣r❡s❡♥t❛♠ ♦ ♦♣❡r❛❞♦r ❡♥❡r❣✐❛

❝✐♥ét✐❝❛ ❡ ♦ ♣♦t❡♥❝✐❛❧ ❝♦✉❧♦♠❜✐❛♥♦ s❡♥t✐❞♦s ♣❡❧♦ ✐✲és✐♠♦ ❡❧étr♦♥ ❡ ♦ s♦♠❛tór✐♦ é

♣❛r❛ ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❡❧étr♦♥s NT ✳ Zn ❝♦rr❡s♣♦♥❞❡ à ❝❛r❣❛ ❡❢❡t✐✈❛ ❞♦ ♥ú❝❧❡♦✳

❈♦♠♦ ❛s tr❛♥s✐çõ❡s ♥♦s í♦♥s t❡rr❛s✲r❛r❛s ❛❝♦♥t❡❝❡♠ ❡♥tr❡ ❡st❛❞♦s ♥ã♦ ❞❡❣❡♥❡✲

r❛❞♦s ❞❛ ❝♦♥✜❣✉r❛çã♦ ✹❢✱ ❡ss❡s t❡r♠♦s ♥ã♦ ✐♥✢✉❡♥❝✐❛♠ ♥❛ ❡str✉t✉r❛ ❞♦s ♥í✈❡✐s

❞❡ss❛ ❝❛♠❛❞❛ ♣♦r q✉❡ sã♦ ❡s❢❡r✐❝❛♠❡♥t❡ s✐♠étr✐❝♦s ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♥ã♦

❝♦♥s❡❣✉❡♠ ❛✉♠❡♥t❛r ❛ s✉❛ ❞❡❣❡♥❡r❡s❝ê♥❝✐❛✳ ◆♦s ❞♦✐s ú❧t✐♠♦s t❡r♠♦s ❛ ❞❡❣❡♥❡✲

r❡s❝ê♥❝✐❛ é r❡♠♦✈✐❞❛ ❡ ♦ s♦♠❛tór✐♦ é ♣❛r❛ ♦ ♥ú♠❡r♦ N ❞❡ ❡❧étr♦♥s ♥❛ ❝❛♠❛❞❛
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4f ❡ ζ(r) ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣❛râ♠❡tr♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❙♣✐♥✲ór❜✐t❛ ❡ à ✐♥t❡r❛çã♦

❝♦✉❧♦♠❜✐❛♥❛ r❡s✐❞✉❛❧ q✉❡ ❝♦rr❡s♣♦♥❞❡♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ à r❡♣✉❧sã♦ ❡❧❡tr♦stát✐❝❛

❡♥tr❡ ♦s ❡❧étr♦♥s ❞❛ ❝❛♠❛❞❛ ✹❢✳ ❆ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛ t❡♠ ♦r✐❣❡♠ ♥♦ ❛❝♦♣❧❛✲

♠❡♥t♦ ❞♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ ❞❡ s♣✐♥ ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s❡♥t✐❞♦

♣❡❧♦ ❡❧étr♦♥ ❞❡✈✐❞♦ ❛♦ ♠♦✈✐♠❡♥t♦ r❡❧❛t✐✈♦ ❞♦ ♥ú❝❧❡♦ ❬✶✶❪✳ ❖ ✉❧t✐♠♦ t❡r♠♦ r❡♣r❡✲

s❡♥t❛ ❛ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛ q✉❡ ❛❝♦♣❧❛ ♦s ✈❡t♦r❡s ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞❡ s♣✐♥ ✭~S✮

❝♦♠ ♦ ✈❡t♦r ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ♦r❜✐t❛❧ ✭~L✮ q✉❡ ♣♦❞❡ ❢♦r♠❛r ♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r

t♦t❛❧ ~J = ~S + ~L✳ ◆❡ss❡ ❛❝♦♣❧❛♠❡♥t♦ ♦ ❡st❛❞♦ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❝♦rr❡s♣♦♥❞❡

àq✉❡❧❡s q✉❡ ♣♦ss✉❡♠ ♠❛✐♦r❡s ✈❛❧♦r❡s ♣❛r❛ ❙ ❡ ▲✶✳

❋✐❣✉r❛ ✷✳✷✿ ❉✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ❝❛r❣❛ ❡❧étr✐❝❛ ♣❛r❛ ♦ í♦♥ ❣❛❞♦❧í♥❡♦✱

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

t❡rr❛s✲r❛r❛s❬✷✸❪✳

❊❢❡✐t♦ ❙t❛r❦

❖ ❡❢❡✐t♦ ❙t❛r❦ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❞❡s❧♦❝❛♠❡♥t♦ ❡ ❞✐✈✐sã♦ ❞❡ ❧✐♥❤❛s ❡s♣❡❝tr❛✐s

❞❡✈✐❞♦ à ❛t✉❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡①t❡r♥♦✳ ❊ss❡ ❡❢❡✐t♦ é ♦ ❝♦rr❡s♣♦♥❞❡♥t❡

✶❙ ❡ ▲ sã♦ ♦s ♠ó❞✉❧♦s ❞♦s ✈❡t♦r❡s ~S ❡ ~L r❡s♣❡❝t✐✈❛♠❡♥t❡

✹✶



❋✐❣✉r❛ ✷✳✸✿ ■✲◆í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦ Er3+✿ ❛✮❍❛rtr❡❡ ❜✮❈♦✉❧♦♠❜✐❛♥❛

❘❡s✐❞✉❛❧ ❝✮❙♣✐♥✲Ór❜✐t❛✳ ■■✲❊❢❡✐t♦ ❙t❛r❦✳

❡❧étr✐❝♦ ❞♦ ❡❢❡✐t♦ ③❡❡♠❛♥✳ ❆ ♠❛tr✐③ ❝r✐st❛❧✐♥❛ ♦♥❞❡ ♦ í♦♥ t❡rr❛✲r❛r❛ ❡stá ❤♦s♣❡✲

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

❞♦s ♥í✈❡✐s ❏ ♥✉♠ ♠✉❧t✐♣❧❡t♦ q✉❡ ❝❤❡❣❛ ❛ g = 2J + 1 s✉❜♥í✈❡✐s st❛r❦✳ ❆ ❡♥❡r❣✐❛

❞❛ ✐♥t❡r❛çã♦ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡①t❡r♥♦ ❝♦♠ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ é r❡♣r❡s❡♥t❛❞❛

♥♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❝♦♠ ✉♠ t❡r♠♦ ❛ ♠❛✐s ✭He = e ~E ·~r✮✳ ❊ss❛ ❡♥❡r❣✐❛ é ❜❡♠ ♠❡♥♦r

q✉❡ ❛ ❞♦ í♦♥ ✐s♦❧❛❞♦ ❡ ♣♦r ✐ss♦ ♣♦❞❡♠♦s ❞❡t❡r♠✐♥❛r He ❝♦♠♦ ✉♠❛ ♣❡rt✉r❜❛✲

çã♦❬✷✵✱✷✶❪✳ ❆ ✜❣✉r❛ ✷✳✸ ♠♦str❛ ♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦ Er3+✱ ❛tr❛✈és ❞❛ t❡♦r✐❛

❞❡ ❍❛rtr❡❡✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ✐♥t❡r❛çã♦ ❝♦✉❧♦♠❜✐❛♥❛✱ s♣✐♥✲ór❜✐t❛ ❡ ♦ ❡❢❡✐t♦ ❙t❛r❦✳

❆ ✜❣✉r❛ ✷✳✺ ♠♦str❛ ♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❡ ❛ ❡♠✐ssã♦ ❞♦s í♦♥s t❡rr❛✲r❛r❛s tr✐✈❛✲

❧❡♥t❡s✳ ❈♦♠ ❡①❝❡çã♦ ❞♦ Sm3+ ❡ ❞♦ Eu3+ ❝❛❞❛ í♦♥ tr✐✈❛❧❡♥t❡ ♣♦ss✉✐ ✉♠ ❡st❛❞♦

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

❞❡ ♥❛t✉r❡③❛ ♣❡rt✉r❜❛t✐✈❛✱ ❛ ❡str✉t✉r❛ ❞♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♥ã♦ s❡ ❛❧t❡r❛ ♣❛r❛

♠❛tr✐③❡s ❞✐st✐♥t❛s❬✶✷✱✶✽✱✷✵✱✷✶❪✳

◆❛s ♣ró①✐♠❛s três s❡çõ❡s s❡rã♦ ❛❜♦r❞❛❞♦s ❜r❡✈❡♠❡♥t❡ ♦s í♦♥s t❡rr❛s✲r❛r❛s

✉t✐❧✐③❛❞♦s ❡♠ ♥♦ss♦ tr❛❜❛❧❤♦ ❡ s✉❛s tr❛♥s✐çõ❡s ❡❧❡trô♥✐❝❛s✳
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❚r❛♥s✐çõ❡s ❞♦ ❙❛♠ár✐♦

❖ ❙❛♠ár✐♦ ✭❙♠✮ é ✉♠ t❡rr❛✲r❛r❛ q✉❡ ♣♦ss✉✐ ♥ú♠❡r♦ ❛tô♠✐❝♦ ✻✷ ❡ q✉❡ ♣♦❞❡

❛ss✉♠✐r í♦♥s ♥❛ ❢♦r♠❛ tr✐✈❛❧❡♥t❡ ❡ ❜✐✈❛❧❡♥t❡✳ P♦ss✉✐ ❛ ❝♦♥✜❣✉r❛çã♦ ❡❧❡trô♥✐❝❛

4f 66s2 ✳❊❧❡ ♣♦❞❡ ❡♠✐t✐r ♥❛ ❢❛✐①❛ ❞♦ ❛❧❛r❛♥❥❛❞♦ ♥❛ tr❛♥s✐çã♦ 4●5/2 →
6❋j ✭❥❂✺✴✷✱

✼✴✷✱ ✾✴✷ ❡ ✶✶✴✷✮❬✷✷✱✷✸❪ ❡ ♣♦❞❡ ❝❛r❛❝t❡r✐③❛r ❛ tr❛♥s✐çã♦ 4●5/2 →
6❍j ✭❥❂✺✴✷✱

✼✴✷✱ ✾✴✷✱ ✶✶✴✷ ❡ ✶✸✴✷✮ ♥❛ ❢❛✐①❛ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ♣ró①✐♠♦❬✷❪✳

❚r❛♥s✐çõ❡s ❞♦ ➱r❜✐♦

❖ ➱r❜✐♦ ❡♠ s✉❛ ❢♦r♠❛ ♣✉r❛ ❝♦♥st✐t✉✐ ✉♠ ♠❡t❛❧ q✉❡ é ❡stá✈❡❧ ❛♦ ❛♠❜✐❡♥t❡ ❡

♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞♦ ♥❛ ❢♦r♠❛ ❞❡ í♦♥ tr✐✈❛❧❡♥t❡✳ P♦ss✉✐ ♥ú♠❡r♦ ❛tô♠✐❝♦ ✻✽ ❡ s✉❛

❝♦♥✜❣✉r❛çã♦ ❡❧❡trô♥✐❝❛ é ❞❛❞❛ ♣♦r 4f 96s2✳ ❉❡♣❡♥❞❡♥❞♦ ❞❛ ❢♦♥t❡ ❞❡ ❡①❝✐t❛çã♦

❡❧❡ ♣♦❞❡ ❡♠✐t✐r ♥❛ ❢❛✐①❛ ❞♦ ✈❡r❞❡ 2❍11/2 →
4■j ✭❥❂✶✺✴✷✱ ✶✸✴✷✮ ♦✉ 4❙3/2 →

4■j ✭❥❂✶✺✴✷✱ ✶✸✴✷✮❬✷✹✲✷✻❪ ❡ ❞♦ ✈❡r♠❡❧❤♦ 4❋9/2 →
4■15/2❬✷✺✱✷✼❪✳ ❆❧❣✉♠❛s ❞❡ss❛

tr❛♥s✐çõ❡s ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ✷✳✹ ❝♦♠♦ ❡①❝✐t❛çõ❡s ♣♦r ❋♦♥t❡ ♥♦ ❡st❛❞♦

só❧✐❞♦❬✷✺❪✳

❋✐❣✉r❛ ✷✳✹✿ ❉✐❛❣r❛♠❛ ❞❡ ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ♦ í♦♥ Er3+ ❡①❝✐t❛❞♦

❝♦♠ ▲❛s❡r ❞❡ ❉✐♦❞♦❬✷✺❪✳
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❚r❛♥s✐çõ❡s ❞♦ ❚ér❜✐♦

❖ ❚ér❜✐♦ ✭❚❜✮♣♦ss✉✐ ❛s ♠❡s♠❛s ❝❛r❛❝t❡ríst✐❝❛s q✉í♠✐❝❛s ❞♦ ❙❛♠ár✐♦ ❡ ❞♦ ➱r✲

❜✐♦✳❈♦♠ ♥ú♠❡r♦ ❛tô♠✐❝♦ ✻✺✱ s✉❛ ❝♦♥✜❣✉r❛çã♦ ❡❧❡trô♥✐❝❛ é ❞❛❞❛ ♣♦r 4f 96s2✳

◗✉❛♥❞♦ ❡①❝✐t❛❞♦ ❝♦♠ ❧✉③ ✉❧tr❛✈✐♦❧❡t❛ ♦ í♦♥ Tb3+ s♦❢r❡ tr❛♥s✐çõ❡s 5❉4 →
7❋j

✭❥❂✻✱✺✱✹ ❡ ✸✮ ♣r♦❞✉③✐♥❞♦ ❧✉③ ♥❛ ❢❛✐①❛ ❞❛ t♦♥❛❧✐❞❛❞❡ ❛③✉❧✲❡s✈❡r❞❡❛❞❛ ❡ ♥❛s tr❛♥✲

s✐çõ❡s 5▲10+5●6+
5❉3 →

7❋j ✭❏❂✺ ❡ ✹✮ ▲❛r❛♥❥❛✲❆✈❡r♠❡❧❤❛❞♦✳

✹✹



❋✐❣✉r❛ ✷✳✺✿ ■✲◆í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ♦s í♦♥s t❡rr❛✲r❛r❛s tr✐✈❛❧❡♥t❡s✳

✹✺



❊❧❡♠❡♥t♦ ❈♦♥✜❣✉r❛çã♦

Sc21 [Ar]3d14s2

Y39 [Kr]4d15s2

La57 [Xe]5d16s2

Ce58 [Xe]4f 15d16s2

Pr59 [Xe]4f 36s2

Nd60 [Xe]4f 46s2

Pm61 [Xe]4f 56s2

Sm62 [Xe]4f 66s2

Eu63 [Xe]4f 76s2

Gd64 [Xe]4f 75d16s2

Tb65 [Xe]4f 96s2

Dy66 [Xe]4f 106s2

Ho67 [Xe]4f 116s2

Er68 [Xe]4f 126s2

Tm69 [Xe]4f 136s2

Y b70 [Xe]4f 146s2

Tb71 [Xe]4f 145d16s2

❚❛❜❡❧❛ ✷✳✶✿ ❝♦♥✜❣✉r❛çã♦ ❡❧❡trô♥✐❝❛ ❞♦s ❡❧❡♠❡♥t♦s

t❡rr❛s✲r❛r❛s✳ ❖s ❝♦❧❝❤❡t❡s r❡♣r❡s❡♥t❛♠ ❛ ❞✐str✐✲

❜✉✐çã♦ ❡❧❡trô♥✐❝❛ ❞♦s ❣ás ♥♦❜r❡ ❝♦rr❡s♣♦♥❞❡♥t❡✳

✹✻



✷✳✹ ▼ét♦❞♦s

✷✳✹✳✶ Pr❡♣❛r❛çã♦ ❞❛s ❛♠♦str❛s ✈ítr❡❛s

❖s ✈✐❞r♦s ❞♦♣❛❞♦s ❢♦r❛♠ ♣r❡♣❛r❛❞♦s ♥❛ ♠❛tr✐③ PbGeO3✲PbF2✲CdF2 ♥❛ ♣r♦✲

♣♦rçã♦ ❡st❡q✉✐♦♠étr✐❝❛✿

• ✵✱✽ ▼❡t❛❣❡r♠❛♥❛t♦ ❞❡ ❈❤✉♠❜♦ (PbGeO3)

• ✵✱✶ ❋❧✉♦r❡t♦ ❞❡ ❈❤✉♠❜♦ (PbF2)

• ✵✱✶ ❋❧✉♦r❡t♦ ❞❡ ❈á❞✐♠✐♦ (CdF2)

◆❛ s❡çã♦ s❡❣✉✐♥t❡ s❡rá ♠♦str❛❞❛ ❛ ♣r❡♣❛r❛çã♦ ❞♦ PbGeO3 ❛ ♣❛rt✐r ❞♦ ó①✐❞♦

❞❡ ❣❡r♠â♥✐♦ GeO3 ❡ ♦ ó①✐❞♦ ❞❡ ❝❤✉♠❜♦ PbO✳

Pr❡♣❛r❛çã♦ ❞♦ ♠❡t❛❣❡r♠❛♥❛t♦ ❞❡ ❝❤✉♠❜♦ PbGeO3

❆ ❢♦r♠❛çã♦ ❞♦ ♠❡t❛❣❡r♠❛♥❛t♦ ❞❡ ❝❤✉♠❜♦ ✭PbGeO3✮ ✉t✐❧✐③❛♥❞♦ ó①✐❞♦ ❞❡

❝❤✉♠❜♦ ✭PbO✮ ❡ ó①✐❞♦ ❞❡ ●❡r♠â♥✐♦ ✭GeO2✮ ♥♦ ❡st❛❞♦ só❧✐❞♦ é ❞✐❢í❝✐❧ ❞❡✈✐❞♦ à

❢♦r♠❛çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ❞❡ ♣♦❧✐❣❡r♠❛♥❛t♦s ♥❛ ❢♦r♠❛ xGeO2 · yPbO❬✷✽❪✳

▲✳❆ ❇✉❡♥♦ ❡♠ ✶✾✾✾ r❡❛❧✐③♦✉ ❞♦✐s t✐♣♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞♦

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

♠✐st✉r❛ GeO2+PbO ♥✉♠❛ r❡❧❛çã♦ ❡♠ ♠♦❧ ❞❡ ✶ ♣❛r❛ ✶ ♣r❡✈✐❛♠❡♥t❡ ❤♦♠♦❣❡♥❡✐✲

③❛❞❛ ❡♠ ♠❡✐♦ ❛♦ ♥✲❤❡♣t❛♥♦ ❡ s✐♥t❡t✐③♦✉ ❛ ♠✐st✉r❛ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ 600oC✳

◆♦ s❡❣✉♥❞♦ ❡①♣❡r✐♠❡♥t♦ ❛❞✐❝✐♦♥♦✉✲s❡ PbSiO3 ♥♦ ✐♥t✉✐t♦ ❞❡ ❜❡♥❡✜❝✐❛r ❛ ❢♦r♠❛✲

çã♦ ❞♦ PbGeO3 ❞❡✈✐❞♦ à s❡♠❡❧❤❛♥ç❛ ❡str✉t✉r❛❧ ❞❡ss❡s ❝♦♠♣♦st♦s✳ ❖s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s ♣♦r ❇✉❡♥♦ ♠♦str❛r❛♠ q✉❡ ❛ ❛❞✐çã♦ ❞♦ PbSiO3 ♥ã♦ ✐♥✢✉✐ ♥❛ ❢♦r♠❛çã♦

❞♦ ♠❡t❛❣❡r♠❛♥❛t♦✱ ❢♦r♠❛♥❞♦ ♣♦❧✐❣❡r♠❛♥❛t♦s ❞♦ t✐♣♦ xGeO2 · yPbO ❥✉♥t♦ ❝♦♠

♦ ♠❡t❛❣❡r♠❛♥❛t♦✳ P♦ré♠ ❝♦♠ ✉♠ t❡♠♣♦ ❞❡ ❛q✉❡❝✐♠❡♥t♦ ❛❝✐♠❛ ❞❡ ✽✷ ❤♦r❛s

s❡❣✉✐❞♦ ❞❡ ✈ár✐❛s ❤♦♠♦❣❡♥❡✐③❛çõ❡s ♦❜t❡✈❡✲s❡ ♦ ♠❡t❛❣❡r♠❛♥❛t♦ ❝r✐st❛❧✐♥♦ s❡♠ ♦s

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

❛ ♦❜t❡♥çã♦ ❞♦ ♠❡t❛❣❡r♠❛♥❛t♦ s❡♠ ❝♦♥t❛♠✐♥❛çã♦ ❞♦s ♣♦❧✐❣❡r♠❛♥❛t♦s❬✷❪✳ ❊ss❡
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✉❧t✐♠♦ ❢♦✐ ♦ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ ♠❡t❛❣❡r♠❛♥❛t♦

❞❡ ❝❤✉♠❜♦ ❛ ♣❛rt✐r ❞♦s ó①✐❞♦s PbO ❡ GeO2✳

❆ ♣r❡♣❛r❛çã♦ ❞♦ PbGeO3 ❝♦♥st✐t✉✐✲s❡ ❞❡ três ❡t❛♣❛s✿ ❙❡♣❛r❛çã♦ ❞❛s ♠❛ss❛s

❞❡ GeO3 ❡ PbO✱ ❤♦♠♦❣❡♥❡✐③❛çã♦✱ ❢✉sã♦ ❡ r❡s❢r✐❛♠❡♥t♦✳ ◆❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❛s

♠❛ss❛s ❞♦s ❞♦✐s r❡❛❣❡♥t❡s ❡r❛♠ ♠❡❞✐❞❛s ♥❛ ♣r♦♣♦rçã♦ ✶♠♦❧✲✶♠♦❧✱ s❡♥❞♦ ❛ss✐♠

t❡♠✲s❡ ✶❣ ❞❡ GeO2 ♣❛r❛ ✷✱✶✸❣ ❞❡ PbO✳ ❯s✉❛❧♠❡♥t❡ ❛s ♠❡❞✐❞❛s ❡r❛♠ ❢❡✐t❛s ♣❛r❛

❛ ♣r♦❞✉çã♦ ❞❡ ✷✵❣ ❞❡ PbGeO3✳ ❆ ❤♦♠♦❣❡♥❡✐③❛çã♦ é ❢❡✐t❛ ♥♦ ♣ró♣r✐♦ ❝❛❞✐♥❤♦

Pt✴❆✉ ❝♦♠ ♦ ✉s♦ ❞❡ ✉♠❛ ❡s♣át✉❧❛✳ ❆ ♠✐st✉r❛ ❞♦s r❡❛❣❡♥t❡s ✭❡♠ ♣ó✮ é ❧❡✈❛❞❛ ❛♦

❢♦r♥♦ ♣ré✲❛q✉❡❝✐❞♦ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ 900oC ❡ ♣❡r♠❛♥❡❝❡ ♥❡ss❛ t❡♠♣❡r❛t✉r❛

♣♦r ✸✵ ♠✐♥✉t♦s✳ ❆ ❡q✉❛çã♦ q✉❡ r❡♣r❡s❡♥t❛ ❡ss❛ r❡❛çã♦ é ❞❛❞❛ ♣♦r✿

PbO +GeO2 −→ PbGeO3

❆♣ós ❡ss❡ t❡♠♣♦ ❛ ♠✐st✉r❛ ❧íq✉✐❞❛ é r❡t✐r❛❞❛ r❛♣✐❞❛♠❡♥t❡ ❞♦ ❢♦r♥♦ ❡ ❝♦❧♦❝❛❞❛

❡♠ ✉♠❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❞❡ ✭20oC✮ ❡ ❝❤❛♣❛❞❛ ❝♦♠ ♦

❛✉①í❧✐♦ ❞❡ ♦✉tr❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛ t❛♠❜é♠ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✳ ◆❡ss❡ ♣r♦❝❡ss♦

♦❝♦rr❡ ❛ ❢♦r♠❛çã♦ ✈ítr❡❛ ❞♦ PbGeO3✳ ◗✉❛♥❞♦ ❝❤❛♣❛❞♦✱ ♦ ✈✐❞r♦ é r❡❝♦❧❤✐❞♦ ❡♠

❡st✐❧❤❛ç♦s ♣❛r❛ ✉♠ r❡❝✐♣✐❡♥t❡✳

Pr❡♣❛r❛çã♦ ❞❡ ✈✐❞r♦s ❞♦♣❛❞♦s ❝♦♠ Sm+3/Tb+3 ❡ Sm+3/Er+3 ❛ ❜❛s❡

❞❡ PbGeO3 − PbF2 − CdF2

◆❛ ♣r❡♣❛r❛çã♦ ❞❛s ❛♠♦str❛s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s s❡❣✉✐♥t❡s r❡❛❣❡♥t❡s✿ ❋❧✉♦✲

r❡t♦ ❞❡ ❝❤✉♠❜♦ ✭PbF2✮✱ ❋❧✉♦r❡t♦ ❞❡ ❈á❞♠✐♦ ✭CdF2✮✱ ❛♠❜♦s ❞❡ ❛❧t❛ ♣✉r❡③❛ ❞❛

❆❧❞r✐❝❤ ❡ ♦ PbGeO3 ♥❛ ❢♦r♠❛ ✈ítr❡❛ ♣r❡♣❛r❛❞♦ ❝♦♠♦ ❞❡s❝r✐t♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r✳

◆♦✈❛♠❡♥t❡ é ♥❡❝❡ssár✐♦ ❛q✉✐ ❛❜r✐r ♥♦✈❛♠❡♥t❡ ✉♠ ♣❛rê♥t❡s✐s✳ ◆♦ tr❛❜❛❧❤♦ r❡❛❧✐✲

③❛❞♦ ♣♦r ❇✉❡♥♦ ❬✷❪ ♦s r❡❛❣❡♥t❡s ❢♦r❛♠ ❤♦♠♦❣❡♥❡✐③❛❞♦s ❡♠ ❛❧♠♦❢❛r✐③ ❞❡ á❣❛t❛

✉t✐❧✐③❛♥❞♦ ♥✲❤❡♣t❛♥♦ ❝♦♠♦ ♠❡✐♦ ❤♦♠♦❣❡♥❡✐③❛♥t❡✳ P♦st❡r✐♦r♠❡♥t❡ ❛ ♠✐st✉r❛ ❢♦✐

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

❆✉✴Pt ❧❡✈❛♥❞♦✲♦ ❛♦ ❢♦r♥♦ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ 800oC ♣♦r ✸✵ ♠✐♥✉t♦s✳ ❆s

❛♠♦str❛s ✈ítr❡❛s ❢♦r❛♠ ♦❜t✐❞❛s ♥♦ s✐st❡♠❛ xPbGeO3 − yPbF2 − zCdF2 s❡♥❞♦

❛s ❝♦♠♣♦s✐çõ❡s ❝♦♠ ♣r♦♣♦rçõ❡s ♥♦s ✐♥t❡r✈❛❧♦s ✹✵❁①❁✶✵✵✱ ✵❁②❁✺✵ ❡ ✵❁③❁✻✵

❝♦♠ ♣♦r❝❡♥t❛❣❡♠ ❡♠ ♠♦❧✳ ❇❛s❡❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦ ❛s ❛♠♦str❛s ✉t✐❧✐③❛❞❛s ❡♠

♥♦ss♦ tr❛❜❛❧❤♦ ❢♦r❛♠ ♣r❡♣❛r❛❞❛s ♥❛ ♣r♦♣♦rçã♦ 80PbGeO3− 10PbF2− 10CdF2✳
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❋♦✐ ♦❜s❡r✈❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ❬✼❪ q✉❡ ❡ss❛ ♣r♦♣♦rçã♦ ❜❡♥❡✜❝✐❛ ❛ ♥ã♦ ❢♦r♠❛çã♦ ❞❡

❝r✐st❛✐s ❛ ❛❧t❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡rr❛✲r❛r❛s✳ ❆❧é♠ ❞✐ss♦✱ ♥ã♦ ❤♦✉✈❡ ❛ ♥❡❝❡ss✐❞❛❞❡

❞❡ ✉t✐❧✐③❛çã♦ ❞❡ s✉❜stâ♥❝✐❛ ❝♦♠♦ ♠❡✐♦ ❤♦♠♦❣❡♥❡✐③❛♥t❡✳ ❖s r❡❛❣❡♥t❡s ❢♦r❛♠ ♣❡✲

s❛❞♦s ❡ ♣♦st❡r✐♦r♠❡♥t❡ ♠✐st✉r❛❞♦s ♥♦ ♣ró♣r✐♦ ❝❛❞✐♥❤♦ ❆✉✴Pt ♣❛r❛ ❝❛❞❛ ❛♠♦str❛✳

❖s t❡rr❛✲r❛r❛s ❢♦r❛♠ ✐♥tr♦❞✉③✐❞♦s ♥❛ ❛♠♦str❛ ♥❛ ❢♦r♠❛ ❞❡ ó①✐❞♦s✳ ◆❡ss❡ ❝❛s♦ ❢♦✲

r❛♠ ✉t✐❧✐③❛❞♦s ó①✐❞♦ ❞❡ ❙❛♠ár✐♦ ✭Sm2O3 ✮ ❝♦♠♦ ♦ ❞♦♣❛♥t❡ ♣r✐♥❝✐♣❛❧ ❞❛ ❛♠♦str❛ ❡

♦s ó①✐❞♦ ❞❡ ➱r❜✐♦ ✭Er2O3 ✮ ❡ ó①✐❞♦ ❞❡ ❚ér❜✐♦ ✭Tb4O7✮ ❝♦♠♦ ❝♦❞♦♣❛♥t❡s✳ ❉❡✈✐❞♦

❛♦ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❛♠♦str❛s ♣r❡♣❛r❛❞❛s✱ ♦s ❝á❧❝✉❧♦s ❞❛s ♠❛ss❛s ❞♦s r❡❛❣❡♥t❡s

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

✉♠ ❜r❡✈❡ ♣r♦❣r❛♠❛ ❡s❝r✐t♦ ❡ ❡①❡❝✉t❛❞♦ ❡♠ ❈✰✰ ❝♦♥❢♦r♠❡ ❞❡s❝r✐t♦ ♥♦ ❆♣ê♥❞✐❝❡

❆✳

❍♦♠♦❣❡♥❡✐③❛❞♦s t♦❞♦s ♦s r❡❛❣❡♥t❡s ❡ ❞♦♣❛♥t❡s✱ ♦ ❝❛❞✐♥❤♦ é ❧❡✈❛❞♦ ❛♦ ❢♦r♥♦

♣ré✲❛q✉❡❝✐❞♦ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ 900oC ♣♦r ✸✵ ♠✐♥✉t♦s✳ ◆❛s s✐♥t❡t✐③❛çõ❡s

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

❡♥tr❡ ❞✉❛s ❝❤❛♣❛s ♠❡tá❧✐❝❛s ❢♦r♠❛♥❞♦ ✉♠❛ ♣❧❛❝❛ ✈ítr❡❛ ❝♦♠ ✉♠❛ ❡s♣❡ss✉r❛

❛♣r♦①✐♠❛❞❛ ❞❡ ✶♠♠✳ ❆♣ós ❛❧❣✉♠❛s ❞✐✜❝✉❧❞❛❞❡s ❡♥❢r❡♥t❛❞❛s ♣❛r❛ ❛♥❛❧✐s❛r ♦

❡s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛s ❛♠♦str❛s✱ ♦ ❧íq✉✐❞♦ r❡t✐r❛❞♦ ❞♦ ❢♦r♥♦ ♣❛ss♦✉ ❛ s❡r

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

❝♦♠ ❞✐â♠❡tr♦s ❡♥tr❡ ✶ ❡ 8mm✳

❆s ❡s❢❡r❛s ✈ítr❡❛s ❢♦r♠❛❞❛s ❡①✐❜❡♠ ♣❛r❛ ♦ ❡s♣❡❝trô♠❡tr♦ ✉♠❛ ♠❡❧❤♦r ❧✉✲

♠✐♥❡s❝ê♥❝✐❛ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❛♠♦str❛s ♣❧❛♥❛s✳ ❆ ❢♦t♦ ❞❛ ✜❣✐r❛ ✷✳✻ ♠♦str❛

❛❧❣✉♠❛s ❛♠♦str❛s q✉❡ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ♥♦ tr❛❜❛❧❤♦✳

❉❛s ✹✷ ❛♠♦str❛s ❢❡✐t❛s ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ✶✾ ♥❡ss❡ tr❛❜❛❧❤♦✳ ❆s ✷✶ ❛♠♦str❛s

❢♦r❛♠ ❞✐✈✐❞✐❞❛s ❡♠ ✸ ❣r✉♣♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❛❜❡❧❛ ✷✳✷✳

✹✾



❙♠✭✪✮ ❊r✭✪✮ ❙♠✭✪✮ ❚❜✭✪✮ ❙♠✭✪✮ ❚❜✭✪✮

✵✱✵✵ ✶✱✵✵ ✶✱✵✵ ✵✱✷✺ ✵✱✷✵ ✶✱✺✵

✶✱✵✵ ✵✱✷✺ ✶✱✵✵ ✵✱✺✵ ✵✱✷✵ ✶✱✽✵

✶✱✵✵ ✵✱✺✵ ✶✱✵✵ ✵✱✼✺ ✵✱✷✵ ✷✱✸✵

✶✱✵✵ ✵✱✼✺ ✶✱✵✵ ✶✱✵✵ ✵✱✷✵ ✷✱✽✵

✶✱✵✵ ✶✱✵✵ ✶✱✵✵ ✶✱✷✺ ✲ ✲

✶✱✵✵ ✶✱✷✺ ✶✱✵✵ ✶✱✺✵ ✲ ✲

✶✱✵✵ ✶✱✺✵ ✵✱✵✵ ✶✱✵✵ ✲ ✲

✶✱✵✵ ✵✱✵✵ ✲ ✲ ✲ ✲

❚❛❜❡❧❛ ✷✳✷✿ ❈♦♥❝❡♥tr❛çã♦ ❞❛s ❛♠♦str❛s ✉t✐❧✐③❛❞❛s

♥♦ tr❛❜❛❧❤♦✳ ❊ss❛s ❛♠♦str❛s ❢♦r❛♠ ❞✐✈✐❞✐❞❛s ❡♠

três ❣r✉♣♦s✳ ❖ ♣r✐♠❡✐r♦ ❡ s❡❣✉♥❞♦ ❣r✉♣♦s ❞✐❢❡✲

r❡♠ ❡♠ r❡❧❛çã♦ ❛♦ t✐♣♦ ❞❡ t❡rr❛✲r❛r❛s ❞♦♣❛♥t❡s✳

❋✐①♦✉✲s❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❙❛♠ár✐♦ ❡ ✈❛r✐♦✉✲s❡

❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ➱r❜✐♦ ❡ ❚ér❜✐♦✳ ◆♦ t❡r❝❡✐r♦

❣r✉♣♦ ♦ ♠❡s♠♦ ❢♦✐ ❢❡✐t♦✱ ♣♦ré♠ ❛ ❝♦♥❝❡♥tr❛çã♦

t♦t❛❧ ♥❡ss❡ ❝❛s♦ ❢♦✐ ♠❛✐♦r ❡ ✉t✐❧✐③♦✉✲s❡ ❛♣❡♥❛s ♦

❚ér❜✐♦✳

❋✐❣✉r❛ ✷✳✻✿ ❆♠♦str❛s ❞❡ ✈✐❞r♦s ✢✉♦r♦❣❡r♠❛♥❛t♦s ❞♦♣❛❞♦s ❝♦♠ í♦♥s

t❡rr❛s✲r❛r❛s ♣r♦❞✉③✐❞❛s ♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ◗✉í♠✐❝❛ ❡ ❋ís✐❝❛ ❞♦ ❞❡✲

♣❛rt❛♠❡♥t♦ ❞❡ ❋ís✐❝❛✲❯❋❘P❊✳

✺✵



❆ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❙❛♠ár✐♦ ❢♦✐ ✜①❛❞❛✱ ✈❛r✐❛♥❞♦✲s❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ➱r❜✐♦

❡ ❞♦ ❚ér❜✐♦✳

✷✳✹✳✷ ▼ét♦❞♦ ♣❛r❛ ❛ ❛♥á❧✐s❡ ❛ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛s ❛♠♦s✲

tr❛s ✈ítr❡❛s

❊ss❡ tr❛❜❛❧❤♦ t❡✈❡ ❝♦♠♦ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❛♥❛❧✐s❛r ❛ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛s ❛♠♦s✲

tr❛s ✈ítr❡❛s ❞♦♣❛❞❛s ❝♦♠ ♦s í♦♥s t❡rr❛s✲r❛r❛s ❞❡ ✐♥t❡r❡ss❡✳ ❖s í♦♥s ✐♥tr♦❞✉③✐❞♦s

♥❛ ♠❛tr✐③ ✈ítr❡❛ ❝♦♠♦ ❞♦♣❛♥t❡s ❢♦r❛♠ ❡①❝✐t❛❞♦s ❝♦♠ ▲❛s❡r ♥♦ ❊st❛❞♦ só❧✐❞♦

❯❧tr❛✈✐♦❧❡t❛ ♥❛ ❢❛✐①❛ ❞❡ ✸✼✺♥♠ ❝♦♠ ✉♠❛ ♣♦tê♥❝✐❛ ❞❡ ✶✵♠❲✳ ❖ ❡sq✉❡♠❛ ❞♦

❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧ ♠♦♥t❛❞♦ ❡♥❝♦♥tr❛✲s❡ ♥❛ ✜❣✉r❛ ✷✳✼✳

❋✐❣✉r❛ ✷✳✼✿ ❊sq✉❡♠❛ ❞♦ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧ ✉t✐❧✐③❛❞♦ ♥♦ tr❛❜❛✲

❧❤♦✳ ❊①❝❡t♦ ♦ ❝♦♠♣✉t❛❞♦r✱ t♦❞♦s ♦s ❡q✉✐♣❛♠❡♥t♦s ❢♦r❛♠ ✜①❛❞♦s

♥❛ ♠❡s❛ ót✐❝❛✳ ❖ ❢❡✐①❡ ❞❡ ❧✉③ q✉❡ ♣❛rt❡ ❞♦ ▲❛s❡r ❡①❝✐t❛ ❛ ❛♠♦s✲

tr❛ ✈ítr❡❛✳ ❆ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❡♠❛♥❛❞❛ ❞❛ ❛♠♦str❛ s❡❣✉❡ ♣❛r❛ ♦

❡s♣❡❝trô♠❡tr♦ ❛tr❛✈és ❞❛ ✜❜r❛ ót✐❝❛✳ ❖ ❡s♣❡❝tr♦ é ❛♥❛❧✐s❛❞♦ ♥♦

❝♦♠♣✉t❛❞♦r ❛tr❛✈és ❞♦ s♦❢t✇❛r❡ ❙♣❡❝tr❛ ❙✉✐t✳

❆ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛s ❛♠♦str❛s ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ❝♦♠ ♦ ❡s♣❡❝trô♠❡tr♦ ❝♦♥❡❝✲

t❛❞♦ ❛♦ ❝♦♠♣✉t❛❞♦r✳ ❊①❝❡t♦ ❡ss❡ ✉❧t✐♠♦✱ t♦❞♦s ♦s ❡q✉✐♣❛♠❡♥t♦s ✉t✐❧✐③❛❞♦s ❢♦r❛♠

✜①❛❞♦s ♥❛ ♠❡s❛ ót✐❝❛✳ ❆ ✐❧✉♠✐♥❛çã♦ ❞♦ ❧❛❜♦r❛tór✐♦ ❢♦✐ ❡❧✐♠✐♥❛❞❛ ❡ ❛s ❛♠♦str❛s
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❋✐❣✉r❛ ✷✳✽✿ ●rá✜❝♦ ❞♦s ❡s♣❡❝tr♦s ❜r✉t♦s ✭❛❝✐♠❛✮ ❡ ❣rá✜❝♦ ❞♦s ❡s♣❡❝✲

tr♦s tr❛t❛❞♦s ❡ ♥♦r♠❛❧✐③❛❞♦s ✭❛❜❛✐①♦✮✳ ❖s ❞❛❞♦s r❡❢❡r❡♠✲s❡ ❛ ✉♠

✈✐❞r♦ ❞♦♣❛❞♦ ❝♦♠ ❙❛♠ár✐♦ ❡ ❚ér❜✐♦✳

❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ♥♦ ♣❡rí♦❞♦ ❞❛ ♥♦✐t❡✳ ❊ss❡s ♣r♦❝❡❞✐♠❡♥t♦s ❢♦r❛♠ ♥❡❝❡ssár✐♦s

♣❛r❛ ❡✈✐t❛r r✉í❞♦ ❞❡ ❧✉③ ✐♥❞❡s❡❥❛❞❛✳ P❛r❛ ❡①❝✐t❛r ❛s ❛♠♦str❛s ♥ã♦ ❤♦✉✈❡ ❛ ♥❡❝❡s✲

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

✐♥❝✐❞❡ ❞✐r❡t❛♠❡♥t❡ ♥❛ ❛♠♦str❛ s❡♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❧❡♥t❡s ♦✉ ✜❜r❛s ót✐❝❛s✳

❖s s♦❢t✇❛r❡s ✉t✐❧✐③❛❞♦s ♥♦ ❝♦♠♣✉t❛❞♦r ♣❛r❛ ♦ tr❛t❛♠❡♥t♦ ❞♦s ❞❛❞♦s sã♦✿ ❖

❊s♣❡❝tr❛❙✉✐t✱ q✉❡ é r❡s♣♦♥sá✈❡❧ ♣♦r ❝♦❧❤❡r ♦s ❞❛❞♦s ❞♦ ❡s♣❡❝trô♠❡tr♦✱ ♦ ❖r✐❣✐♥

✺✷



q✉❡ é ✉t✐❧✐③❛❞♦ ♣❛r❛ tr❛t❛r ♦s ❞❛❞♦s ❡ ♦ ❊s♣❡❝tr❛▲✉① q✉❡ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♥♦

❉◗❋✲❯❋P❊ ❡ é r❡s♣♦♥sá✈❡❧ ♣♦r ❣❡r❛r ❛s ❝♦♦r❞❡♥❛❞❛s ❝r♦♠át✐❝❛s ❛ ♣❛rt✐r ❞♦s

❞❛❞♦s tr❛t❛❞♦s✳ P❛r❛ ❛ ❛♥á❧✐s❡ ❞♦s ❡s♣❡❝tr♦s ❞❛s ❧✉♠✐♥❡s❝ê♥❝✐❛s ❞❡ ❝❛❞❛ ❛♠♦s✲

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

♦♥❞❛✳ ❖ ❡s♣❡❝trô♠❡tr♦ é ❝❛♣❛③ ❞❡ ♠❡❞✐r ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛

200nm < λ < 1100nm ❛ ♣❛ss♦s ❞❡ ✵✱✷✼♥♠✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ✐♥t❡r❡ss❡

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

400nm < λ < 700nm✱ ❧♦❣♦ ❛s ♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ❢♦r❛ ❞❡ss❡ ✐♥t❡r✈❛❧♦ sã♦ ❞❡s✲

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

♦ ♣❛❞rã♦ ❞♦ ❡s♣❡❝tr♦ ❝♦♠♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♦♥❞❡ s❡ ❢♦r♠❛♠ ♦s ♣✐❝♦s ❡

✉t✐❧✐③❛r ❡ss❡s ❞❛❞♦s tr❛t❛❞♦s ♥♦ ❙♣❡❝tr❛▲✉① ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❝♦♦r❞❡♥❛❞❛s

❝r♦♠át✐❝❛s ❞❛ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛s ❛♠♦str❛s ❡①❝✐t❛❞❛s✳ ❆ ♠❡♥♦r ✐♥t❡♥s✐❞❛❞❡ ♠❡✲

❞✐❞❛ ♥♦ ❙♣❡❝tr❛❙✉✐t é tr❛♥s❢♦r♠❛❞❛ ❡♠ ③❡r♦✱ ❡ t♦❞❛s ❛s ♦✉tr❛s ✐♥t❡♥s✐❞❛❞❡s sã♦

tr❛♥s❢♦r♠❛❞❛s ♣❛r❛ ♠❛♥t❡r ♦ ♠❡s♠♦ ❡s♣❡❝tr♦✳ ❆♣ós ❡ss❛ tr❛♥s❢♦r♠❛❞❛✱ ❛s ✐♥✲

t❡♥s✐❞❛❞❡s sã♦ ♥♦r♠❛❧✐③❛❞❛s ❡♠ r❡❧❛çã♦ ❛♦s ♣✐❝♦s ❞♦s t❡rr❛✲r❛r❛s ✜①♦s ❞❡ ❛❝♦r❞♦

❝♦♠ ❛ t❛❜❡❧❛ ✷✳✷✱ q✉❡ ♥❡ss❡ ❝❛s♦ tr❛t❛✲s❡ ❞♦ ♣✐❝♦ ❞♦ ❙❛♠ár✐♦✳ ❖s ❣rá✜❝♦s ❞♦s

❞❛❞♦s ♥♦r♠❛❧✐③❛❞♦s s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❡ ❞✐s❝✉t✐❞♦s ♥♦ ❝❛♣ít✉❧♦ ✸✳

❆♣ós ♥♦r♠❛❧✐③❛❞♦s ♦s ❞❛❞♦s sã♦ ✐♥s❡r✐❞♦s ♥♦ ❙♣❡❝tr❛▲✉① ❛ ✜♠ ❞❡ ❞❡t❡r♠✐♥❛r
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♦❢ ▲✉♠✐♥❡s❝❡♥❝❡ ❱♦❧✳ ✶✹✼✱ ✷✵✶✹✳

✹✼✳ ▼❆❘◗❯❊❙ ▲✳❋✳✱ ❈❖❘❘❊❆ ❈✳ ❈✳✱ ●❆❘❈■❆ ❍✳ ❈✳✱ ❋❘❆◆❈■❙❈❖ ❚✳ ▼✳✱

❘■❇❊■❘❖ ❙✳ ❏✳ ▲✳✱ ❉❯❚❘❆ ❏✳✱ ❋❘❊■❘❊ ❘✳ ❖✳✱ ▼❆❈❍❆❉❖ ❋✳ ❈✳✱ ❚❤❡♦r❡t✐❝❛❧

❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ s♣❡❝tr♦s❝♦♣✐❝ st✉❞✐❡s ♦❢ t❤❡ ✜rst ❤✐❣❤❧② ❧✉♠✐♥❡s❝❡♥t ❜✐♥✉❝❧❡❛r

❤②❞r♦❝✐♥♥❛♠❛t❡ ♦❢ ❊✉✭■■■✮✱ ❚❜✭■■■✮ ❛♥❞ ●❞✭■■■✮ ✇✐t❤ ❜✐❞❡♥t❛t❡ ✷✱✷✬✲❜✐♣②r✐❞✐♥❡ ❧✐✲

❣❛♥❞✱ ❏♦✉r♥❛❧ ♦❢ ▲✉♠✐♥❡s❝❡♥❝❡ ❱♦❧✳ ✶✹✽✱ ✷✵✶✹✳

✺✾



❈❛♣ít✉❧♦ ✸

▲✉♠✐♥❡s❝ê♥❝✐❛ ❞❡ ❢ós❢♦r♦s ✈ítr❡♦s

✢✉♦r♦❣❡r♠❛♥❛t♦s ❞♦♣❛❞♦s ❝♦♠

Sm+3/Tb+3 ❡ Sm+3/Er+3

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ❞✐s❝✉t✐❞♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ❛ ❧✉♠✐♥❡s❝ê♥❝✐❛

❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s ❡ ❝♦❞♦♣❛❞♦s ❝♦♠ Sm+3/Tb+3 ❡ Sm+3/Er+3 ❜❡♠

❝♦♠♦ ❝♦♠ ❢ós❢♦r♦s ♠♦♥♦❞♦♣❛❞♦s✳ ❙❡rá ❞❡s❝r✐t♦ ♦s ❡s♣❡❝tr♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛

❞❛s ❛♠♦str❛s ✈ítr❡❛s ❡①❝✐t❛❞❛s ❝♦♠ ♦ ▲❛s❡r ❛③✉❧✲✉❧tr❛✈✐♦❧❡t❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡

❡st✉❞❛r ❛ ❧✉③ ❡♠✐t✐❞❛ ❝♦♠ ❛ t♦♥❛❧✐❞❛❞❡ ♣♦❧✐❝r♦♠át✐❝❛ ❞❡♥tr❡ ❞❡ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡

❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r ❜❡♠ ❝♦♠♦ ❡ ♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❡♥✈♦❧✈✐❞♦s ♥❛s tr❛♥s✐✲

çõ❡s r❛❞✐❛t✐✈❛s✳ ❆s ❝♦r❡s ❞❛s ❧✉♠✐♥❡s❝ê♥❝✐❛s ♦❜t✐❞❛s ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ❡♠ ❢✉♥çã♦

❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦s í♦♥s t❡rr❛s✲r❛r❛s✳ ❋♦r❛♠ ♦❜t✐❞♦s ❝♦r❡s ♥❛ r❡❣✐ã♦ ✈❡r♠❡❧❤❛✲

❛❧❛r❛♥❥❛❞❛✲❛♠❛r❡❧❛✲✈❡r❞❡ ❝♦♠❜✐♥❛♥❞♦ ♦s í♦♥s Sm+3/Tb+3 ❡ Sm+3/Er+3 ✐♥tr♦✲

❞✉③✐❞♦s ♥❛ ♠❛tr✐③ ✈ítr❡❛✳

✸✳✶ ❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ssã♦

◆❡ss❛ s❡çã♦ s❡rã♦ ♠♦str❛❞♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s r❡❢❡r❡♥t❡s às ❧✉♠✐♥❡s❝ê♥✲

❝✐❛s ❞❛s ❛♠♦str❛s ♠♦♥♦❞♦♣❛❞❛s ✶ ❜❡♠ ❝♦♠♦ ❛s ❛♠♦str❛s ❞♦♣❛❞❛s ❝♦♠ ♦s í♦♥s

✶❆♠♦str❛ ♠♦♥♦❞♦♣❛❞❛ ♣♦ss✉✐ ❝♦♠♦ ❞♦♣❛♥t❡ ✉♠ ú♥✐❝♦ ❡❧❡♠❡♥t♦✳

✻✵



Sm+3 ❡ ❝♦✲❞♦♣❛❞❛s ❝♦♠ Er+3 ❡ Tb+3✳ ❙❡rã♦ ✐❞❡♥t✐✜❝❛❞❛s ❛s tr❛♥s✐çõ❡s ❝♦rr❡s✲

♣♦♥❞❡♥t❡s ❡ ❛s t♦♥❛❧✐❞❛❞❡s ❞❡ ❝♦r❡s ♦❜t✐❞❛s ❞❡✈✐❞♦ à r❛❞✐❛çã♦ ❞❡ss❛s tr❛♥s✐çõ❡s✳

✸✳✶✳✶ ▲✉♠✐♥❡s❝ê♥❝✐❛ ❞♦s ❢ós❢♦r♦s ❞♦♣❛❞♦s ❝♦♠ Sm+3 ✱

Er+3 ❡ Tb+3 ♠♦♥♦❞♦♣❛❞❛s✳

❆s ❛♠♦str❛s s✐♥t❡t✐③❛❞❛s ♠♦♥♦❞♦♣❛❞❛s ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ❛ ✜♠ ❞❡ ❡st✉❞❛r

♦ ❡s♣❡❝tr♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞❡ ❝❛❞❛ í♦♥ t❡rr❛✲r❛r❛ ✉t✐❧✐③❛❞♦ ♥♦ tr❛❜❛❧❤♦✳ ❈♦♠

❡ss❡s ❡s♣❡tr♦s é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ❛s tr❛♥s✐çõ❡s r❛❞✐❛t✐✈❛s ♣❛r❛ ❝❛❞❛ í♦♥ ✐s♦❧❛❞♦✳

❊ss❛s ❛♠♦str❛s ❢♦r❛♠ s✐♥t❡t✐③❛❞❛s ❝♦♠ ✉♠❛ ♣♦r❝❡♥t❛❣❡♠ ❡♠ ♠♦❧ ❞❡ ✶✳✵✵✪✳ ❖s

❡s♣❡❝tr♦s ❞❡ ❡♠✐ssã♦ ❡♥❝♦♥tr❛♠✲s❡ ♥♦s ❣rá✜❝♦s ❞❛s ✜❣✉r❛s ✸✳✶✱ ✸✳✷ ❡ ✸✳✸✳

❚rês ♣✐❝♦s sã♦ ♦❜s❡r✈❛❞♦s ♥♦ ❡s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ❞♦♣❛❞❛

❝♦♠ ♦ í♦♥ Sm+3✳ ❊♠ λ = 560nm ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r❞❡ ❝♦rr❡s♣♦♥❞❡ à tr❛♥s✐çã♦

4●5/2 →
6❍5/2✱ ❝♦♠ λ = 600nm ♥❛ r❡❣✐ã♦ ❞♦ ❛❧❛r❛♥❥❛❞♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ à

tr❛♥s✐çã♦ 4●5/2 →
6❍7/2 ❡ ❝♦♥st✐t✉✐ ♦ ♣✐❝♦ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡ ❡ ✜♥❛❧♠❡♥t❡

❡♠ λ = 645nm ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ à tr❛♥s✐çã♦ 4●5/2 →

6❍9/2❬✶✲✶✷❪✳

◆❛ ❛♠♦str❛ ❝♦♥t❡♥❞♦ Er+3 ♦❜s❡r✈♦✉✲s❡ ♦s ♣✐❝♦s ❡♠ λ = 530nm ♥❛ r❡❣✐ã♦

❞♦ ✈❡r❞❡✲❛③✉❧❛❞♦ ❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛♥s✐çã♦ 2❍11/2 →
4■15/2✱❡♠ λ = 543nm

♥❛ r❡❣✐ã♦ ❞♦ ✈❡r❞❡ ❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛♥s✐çã♦ 4❙3/2 →
4■15/2 ❛♣r❡s❡♥t❛♥❞♦ ♦

♣✐❝♦ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡ ❡ ✜♥❛❧♠❡♥t❡ ❡♠ λ = 660nm ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦

❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛♥s✐çã♦ 4❋9/2 →
4■15/2❬✶✸✲✷✶❪✳

❋✐♥❛❧♠❡♥t❡ ♥♦ ❡s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ❞♦♣❛❞❛ ❝♦♠ ♦ í♦♥ Tb+3

q✉❛tr♦ ♣✐❝♦s sã♦ ♦❜s❡r✈❛❞♦s✳ ❊♠ λ = 487nm ♥❛ r❡❣✐ã♦ ❞♦ ❛③✉❧ ❝♦rr❡s♣♦♥❞❡♥t❡ à

tr❛♥s✐çã♦ 5❉4 →
7❋6✱ ❡♠ λ = 541nm ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r❞❡✲❛③✉❧❛❞♦ q✉❡ ❝♦rr❡s♣♦♥❞❡

à tr❛♥s✐çã♦ 5❉4 →
7❋5 ❡ ❝♦♥st✐t✉✐ ♦ ♣✐❝♦ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✱ ❡♠ λ = 580nm

♥❛ r❡❣✐ã♦ ❞♦ ❛❧❛r❛♥❥❛❞♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ à tr❛♥s✐çã♦ 5❉4 →
7❋4 ❡ ❡♠ λ = 620nm

♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦ ❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛♥s✐çã♦ 5❉4 →
7❋3❬✷✷✲✷✾❪✳

✻✶



❋✐❣✉r❛ ✸✳✶✿ ❊s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ♠♦♥♦❞♦♣❛❞❛ ❝♦♠

Sm+3✳

❋✐❣✉r❛ ✸✳✷✿ ❊s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ♠♦♥♦❞♦♣❛❞❛ ❝♦♠

Er+3✳

❆s ♣♦s✐çõ❡s r❡❧❛❝✐♦♥❛❞❛s às ❝♦♦r❞❡♥❛❞❛s ❝r♦♠át✐❝❛s ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❝r♦♠❛✲

t✐❝✐❞❛❞❡ ❈■❊ ❞❛s ❧✉♠✐♥❡s❝ê♥❝✐❛s ❞❛s ❛♠♦str❛s ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ✜❣✉r❛ ✸✳✹✳ ➱

♣r❡✈✐sí✈❡❧ q✉❡ ❛s ❝♦r❡s ♣r♦❞✉③✐❞❛s ♣❡❧❛s ❛♠♦str❛s ❝♦✲❞♦♣❛❞❛s ❡♥❝♦♥tr❡♠✲s❡ ❡♠

r❡❣✐õ❡s ❡♠ t♦r♥♦ ❞❡ss❡s ♣♦♥t♦s✳

✻✷



❋✐❣✉r❛ ✸✳✸✿ ❊s♣❡❝tr♦ ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛ ❛♠♦str❛ ♠♦♥♦❞♦♣❛❞❛ ❝♦♠

Tb+3✳

❋✐❣✉r❛ ✸✳✹✿ P♦s✐çõ❡s ❞❛s ❝♦r❡s ❞❛s ❧✉♠✐♥❡s❝ê♥❝✐❛s ❞❛s ❛♠♦str❛s ♠♦✲

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

✻✸



✸✳✶✳✷ ❆♠♦str❛s ❞♦♣❛❞❛s ❝♦♠ Sm+3/Er+3

❖s ❢ós❢♦r♦s ❞♦♣❛❞♦s ❝♦♠ ♦ í♦♥ Sm+3 ❝♦❞♦♣❛❞♦s ❝♦♠ í♦♥s Er+3 ❛♣r❡s❡♥t❛r❛♠

❧✉♠✐♥❡s❝ê♥❝✐❛ ❝♦♠❡ç❛♥❞♦ ♥♦ ❛❧❛r❛♥❥❛❞♦ ♣❛ss❛♥❞♦ ♣❡❧♦ ❛♠❛r❡❧♦ ❛té ♦ ✈❡r❞❡✳ ❆

❞♦♣❛❣❡♠ ❞❡ ❝❛❞❛ ❛♠♦str❛ ♣♦ss✉✐ ✶✳✵✵✪ ❡♠ ♠♦❧ ❞❡ Sm+3 ❡ ❛ ❝♦❞♦♣❛❣❡♠ ❞♦ í♦♥

Er+3 ✈❛r✐❛ ❞❡ ✵✳✷✺✪ ❛ ✶✳✺✪ ❛ ♣❛ss♦s ❞❡ ✵✳✷✺✪✳ ❖s ❡s♣❡❝tr♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛

❞❡ss❡s ❢ós❢♦r♦s ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ✜❣✉r❛ ✸✳✺✳ ❖ ❛✉♠❡♥t♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ í♦♥s

Er+3 ❜❡♥❡✜❝✐❛ ♦ ❛✉♠❡♥t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❧✉♠✐♥♦s❛ ♥❛ ❢❛✐①❛ ❞❡ ✺✺✵♥♠ ❞❡✈✐❞♦

à tr❛♥s✐çã♦ 4❙3/2 →
4■15/2 ❞❡ss❡ í♦♥✳ ◆♦s ❞✐❛❣r❛♠❛s ❞❛ ✜❣✉r❛ ✸✳✻ ♠♦str❛♠

❛s ♣♦s✐çõ❡s r❡❧❛❝✐♦♥❛❞❛s às ❝♦♦r❞❡♥❛❞❛s ❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s ❝♦♠ ❛

❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛s ❛♠♦str❛s✳ ❖ ❛✉♠❡♥t♦ ♥❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝♦❞♦♣❛♥t❡ ❜❡♥❡✜❝✐❛

♦ ❝❛♠✐♥❤♦ ♥❛ ❞✐r❡çã♦ ❞♦ ✈❡r❞❡✳
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❋✐❣✉r❛ ✸✳✺✿ ❊s♣❡❝tr♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s

❝♦♠ Sm+3/Er+3✳

✻✹
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 Diagrama CIE 1931

 1.00Sm/pEr(p=0.00-1.50 mol%)

❋✐❣✉r❛ ✸✳✻✿ ❆❝✐♠❛ ❡♥❝♦♥tr❛✲s❡ ♦ ❣rá✜❝♦ r❡❢❡r❡♥t❡ às ❝♦♦r❞❡♥❛❞❛s

❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s ♥❛ ❛♠♦str❛ ❝♦♠ Sm+3/Er+3✳ ❆❜❛✐①♦

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

❞❛❞❡✳
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❋✐❣✉r❛ ✸✳✼✿ ❆♠♦str❛ ❧✉♠✐♥♦s❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s ❝♦♠

Sm+3/Er+3✳
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❖s ♣✐❝♦s ❢♦r♠❛❞♦s ♥♦s ❡s♣❡❝tr♦s ❞❛ ✜❣✉r❛ ✸✳✺ ❞❡✈✐❞♦ à tr❛♥s✐çã♦ 4❙3/2 →

4■15/2 ❛✉♠❡♥t❛♠ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ í♦♥ Er+3✳ ❖ ❣rá✜❝♦ ❞❛

✜❣✉r❛ ✸✳✽ ♠♦str❛ ❡ss❛ r❡❧❛çã♦✳
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❋✐❣✉r❛ ✸✳✽✿ ❘❡❧❛çã♦ ❡♥tr❡ ♦s ♣✐❝♦s ♦❜s❡r✈❛❞♦s ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡

í♦♥ Er+3✳ ◆❡ss❡ ❝❛s♦ ♣❂✵✳✷✺❀✵✳✺✵❀✵✳✼✺❀✶✳✵✵❀✶✳✷✺❀✶✳✺✵ ✭✪ ❡♠ ♠♦❧✮
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✸✳✶✳✸ ❆♠♦str❛s ❞♦♣❛❞❛s ❝♦♠ Sm+3/Tb+3 à ❜❛✐①❛ ❝♦♥✲

❝❡♥tr❛çã♦

❖s ❢ós❢♦r♦s ❞♦♣❛❞♦s ❝♦♠ ♦ í♦♥ Sm+3 ❝♦❞♦♣❛❞♦s ❝♦♠ í♦♥s Tb+3 ❛♣r❡s❡♥t❛✲

r❛♠ ❧✉♠✐♥❡s❝ê♥❝✐❛ ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦ ❛♦ ❛❧❛r❛♥❥❛❞♦✳ ❙❡♠❡❧❤❛♥t❡ à ❛♠♦str❛

❛♥t❡r✐♦r✱ ❛ ❞♦♣❛❣❡♠ ❞❡ ❝❛❞❛ ✉♠❛ ♣♦ss✉✐ ✶✳✵✵✪ ❡♠ ♠♦❧ ❞❡ Sm+3 ❡ ❛ ❝♦❞♦♣❛✲

❣❡♠ ❞♦ í♦♥ Tb+3 ✈❛r✐❛♥❞♦ ❞❡ ✵✳✷✺✪ ❛ ✶✳✺✪ ❛ ♣❛ss♦s ❞❡ ✵✳✷✺✪✳ ❖s ❡s♣❡❝tr♦s

❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❡ss❡s ❢ós❢♦r♦s ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ✜❣✉r❛ ✸✳✾✳ ❖ ❛✉♠❡♥t♦ ❞❛

❝♦♥❝❡♥tr❛çã♦ ❞❡ í♦♥s Tb+3 ❜❡♥❡✜❝✐❛ ♦ ♦♣✐❝♦ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❧✉♠✐♥♦s❛ ♥❛ ❢❛✐①❛

❞❡ λ = 540nm ❞❡✈✐❞♦ à tr❛♥s✐çã♦ 5❉4 →
7❋5✳ ◆♦s ❞✐❛❣r❛♠❛s ❞❛ ✜❣✉r❛ ✸✳✶✵

♠♦str❛♠ ❛s ♣♦s✐çõ❡s r❡❧❛❝✐♦♥❛❞❛s às ❝♦♦r❞❡♥❛❞❛s ❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s

❝♦♠ ❛ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❛s ❛♠♦str❛s✳ ❖ ❛✉♠❡♥t♦ ♥❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝♦❞♦♣❛♥t❡

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

❛ ✉♠ ❛✉♠❡♥t♦ ♥❛ ❝♦♦r❞❡♥❛❞❛ ② ❡ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ❝♦♦r❞❡♥❛❞❛ ① ❞❡✈✐❞♦ à

tr❛♥s✐çã♦ 5❉4 →
7❋4✳
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❋✐❣✉r❛ ✸✳✾✿ ❊s♣❡❝tr♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s

❝♦♠ Sm+3/tb+3 à ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s✳
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❋✐❣✉r❛ ✸✳✶✵✿ ❆❝✐♠❛ ❡♥❝♦♥tr❛✲s❡ ♦ ❣rá✜❝♦ r❡❢❡r❡♥t❡ às ❝♦♦r❞❡♥❛❞❛s

❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s ♥❛ ❛♠♦str❛ ❝♦♠ Sm+3/Tb+3 ❛ ❜❛✐①❛s

❝♦♥❝❡♥tr❛çõ❡s✳ ❆❜❛✐①♦ t❡♠♦s ❡ss❛s ❝♦r❡s r❡♣r❡s❡♥t❛❞❛s ♥♦ ❞✐❛✲

❣r❛♠❛ ❈■❊ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡✳
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❋✐❣✉r❛ ✸✳✶✶✿ ❆♠♦str❛ ❧✉♠✐♥♦s❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s ❝♦♠

Sm+3/Tb+3 ❛ ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s✳

❖s ♣✐❝♦s ❢♦r♠❛❞♦s ♥♦s ❡s♣❡❝tr♦s ❞❛ ✜❣✉r❛ ✸✳✾ ❞❡✈✐❞♦ à tr❛♥s✐çã♦ 5❉4 →
7❋5

❛✉♠❡♥t❛♠ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ í♦♥ Tb+3✳ ◆♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛

✸✳✶✷ ♣♦❞❡ s❡r ✈✐st❛ ❡ss❛ r❡❧❛çã♦✳
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❋✐❣✉r❛ ✸✳✶✷✿ ❘❡❧❛çã♦ ❡♥tr❡ ♦s ♣✐❝♦s ♦❜s❡r✈❛❞♦s ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡

í♦♥ Tr+3✳ ◆❡ss❡ ❝❛s♦ ♣❂✵✳✷✺❀✵✳✺✵❀✵✳✼✺❀✶✳✵✵❀✶✳✷✺❀✶✳✺✵ ✭✪ ❡♠ ♠♦❧✮

✸✳✶✳✹ ❆♠♦str❛s ❞♦♣❛❞❛s ❝♦♠ Sm+3/Tb+3 à ❛❧t❛s ❝♦♥❝❡✲

tr❛çõ❡s

◆♦s ❢ós❢♦r♦s ❝♦❞♦♣❛❞♦s ❝♦♠ í♦♥s Tb+3 à ❛❧t❛s ❝♦♥❝❡♥tr❛çõ❡s✱ ❞✐♠✐♥✉✐✉✲s❡ ❛

❝♦♥❝❡♥tr❛çã♦ ❞♦ í♦♥ Sm+3 ♣❛r❛ ✵✳✷✵✪ ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ í♦♥ Tb+3 ❛✉♠❡♥t♦✉

s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❡♠ r❡❧❛çã♦ às ❛♠♦str❛s ❝✐t❛❞❛s ♥❛ s❡çã♦ ❛♥t❡r✐♦r✱ ❝♦♠♣r❡❡♥✲

❞❡♥❞♦ ❡♥tr❡ ✶✳✺✵✪ ❡ ✷✳✽✵✪✳ ❆ ❞✐♠✐♥✉✐çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ Sm+3 ❡♠ r❡❧❛çã♦

às ❛♠♦str❛s ❛♥t❡r✐♦r❡s ❧❡✈♦✉ à ❞✐♠✐♥✉✐çã♦ ♥❛s ✐♥t❡♥s✐❞❛❞❡s ❡♠ t♦r♥♦ ❞❡ ✺✵✵♥♠ ❡

❡♠ t♦r♥♦ ❞❡ ✻✺✵♥♠ ❞❡✈✐❞♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ às tr❛♥s✐çõ❡s 4●5/2 →
6❍5/2 ❡ 4●5/2

→
6❍9/2✳ ❊ss❛ ❞✐♠✐♥✉✐çã♦ ❞❡s❧♦❝♦✉ ❛s ❝♦r❡s ♥❛ ❞✐r❡çã♦ ❞♦ ❝❡♥tr♦ ❞♦ ❞✐❛❣r❛♠❛

❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡✳ ❖ ❛✉♠❡♥t♦ ♥❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ Tb+3 ♣r♦✈♦❝♦✉ ✉♠ ❛✉♠❡♥t♦

s✐❣♥✐✜❝❛t✐✈♦ ♥❛ ✐♥t❡♥s✐❞❛❞❡ ♥❛ ❢❛✐①❛ ❞❡ ✺✺✵♥♠ ❞❡s❧♦❝❛♥❞♦ ❛s ❝♦r❡s ♣❛r❛ ❛ ❢❛✐①❛

❞♦ ❛♠❛r❡❧♦ ❛té ♦ ✈❡r❞❡ ❞❡✈✐❞♦ à tr❛♥s✐çã♦ 5❉4 →
7❋5✳ ❆s ✜❣✉r❛s ✸✳✶✸ ❡ ✸✳✶✺

♠♦str❛♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦s ❡s♣❡❝tr♦s ❞❡ ❡♠✐ssã♦ ❡ ❛s ❝♦r❡s ♦❜t✐❞❛s ❞❡✈✐❞♦ à

❧✉♠✐♥❡s❝ê♥❝✐❛ ❞❡ss❡s ❢ós❢♦r♦s✳

✼✶



❖s ♣✐❝♦s ❢♦r♠❛❞♦s ♥♦s ❡s♣❡❝tr♦s ❞❛ ✜❣✉r❛ ✸✳✶✸ ❞❡✈✐❞♦ à tr❛♥s✐çã♦ 5❉4 →
7❋5

❛✉♠❡♥t❛♠ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ í♦♥ Tb+3✳ ◆♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛

✸✳✶✻ ♣♦❞❡ s❡r ✈✐st❛ ❡ss❛ r❡❧❛çã♦✳
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❝♦♠ Sm+3/Tb+3 ❛ ❛❧t❛s ❝♦♥❝❡♥tr❛çõ❡s✳
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❋✐❣✉r❛ ✸✳✶✹✿ ❆♠♦str❛ ❧✉♠✐♥♦s❛ ❞♦s ❢ós❢♦r♦s ✈ítr❡♦s ❞♦♣❛❞♦s ❝♦♠

Sm+3/Tb+3 ❛ ❛❧t❛s ❝♦♥❝❡♥tr❛çõ❡s✳

✸✳✷ ❝♦♥❝❧✉sõ❡s

❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❡ss❡ tr❛❜❛❧❤♦ sã♦ ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛ ✐♥✈❡st✐❣❛çã♦

♥❛ ♠✉❞❛♥ç❛ ❞❡ t♦♥❛❧✐❞❛❞❡ ❞❡ ❝♦r ❞❛s ❧✉♠✐♥❡s❝ê♥❝✐❛s ❞♦s ❢ós❢♦r♦s ❞♦♣❛❞♦s ❝♦♠

♦s ❡❧❡♠❡♥t♦s t❡rr❛✲r❛r❛s ✉t✐❧✐③❛❞♦s✳ ❆s ❝♦r❡s ♦❜t✐❞❛s ❛tr❛✈és ❞❛ ❧✉♠✐♥❡s❝ê♥❝✐❛

❞♦s ❢ós❢♦r♦s ❡♥❝♦♥tr❛♠✲s❡ ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡ ♥✉♠❛ r❡❣✐ã♦ ❞❡ ❜❛✐①❛

t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r✳ ❖ í♦♥ Sm+3 q✉❛♥❞♦ ❡①❝✐t❛❞♦ ❡♠✐t❡ ❧✉③ ❝♦♠ ❜❛✐①❛ t❡♠♣❡✲

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

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

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

❛ ♣r❡s❡♥ç❛ ❞❡ ❝♦❞♦♣❛♥t❡s ♣❡rt✉r❜❛ ❛ ❡♥❡r❣✐❛ ❡♠✐t✐❞❛ ❡♠ r❡❧❛çã♦ às tr❛♥s✐çõ❡s

q✉❛♥❞♦ ♦ ✈✐❞r♦ ✢✉♦r♦❣❡r♠❛♥❛t♦ ♣♦ss✉✐ ✉♠ ú♥✐❝♦ ❞♦♣❛♥t❡✳

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

❧❛t✐t✉❞❡ ❞❛ r❡❣✐ã♦ ❞❡ t♦♥❛❧✐❞❛❞❡ ❛❧❛r❛♥❥❛❞❛✱ ♣❛ss❛♥❞♦ ♣❡❧♦ ❛♠❛r❡❧♦ ❛té ♦ ✈❡r❞❡

q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡ r❡♣♦rt❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡❬✶✲✹❪✳

❊ss❛ ✐♥✈❡st✐❣❛çã♦ t❛♠❜é♠ é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛✱ ❥á q✉❡✱ é ♣♦ssí✈❡❧ ♣r❡✈❡r

❛ ❝♦r ❞❡ ❝❛❞❛ ❡♠✐ssã♦✱ ♣♦ré♠ é ❜❛st❛♥t❡ ❝♦♠♣❧✐❝❛❞♦ ♣r❡✈❡r ❛ ❝♦r ❞❛ ❡♠✐ssã♦
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❋✐❣✉r❛ ✸✳✶✺✿ ❆❝✐♠❛ ❡♥❝♦♥tr❛✲s❡ ♦ ❣rá✜❝♦ r❡❢❡r❡♥t❡ às ❝♦♦r❞❡♥❛❞❛s

❝r♦♠át✐❝❛s ❞❛s ❝♦r❡s ♦❜t✐❞❛s ♥❛s ❛♠♦str❛s ❝♦♠ ❛❧t❛s ❝♦♥❝❡♥tr❛✲

çõ❡s ❞❡ Sm+3/Tb+3 ✳ ❆❜❛✐①♦ t❡♠♦s ❡ss❛s ❝♦r❡s r❡♣r❡s❡♥t❛❞❛s ♥♦

❞✐❛❣r❛♠❛ ❈■❊ ❞❡ ❝r♦♠❛t✐❝✐❞❛❞❡✳
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❋✐❣✉r❛ ✸✳✶✻✿ ❘❡❧❛çã♦ ❡♥tr❡ ♦s ♣✐❝♦s ♦❜s❡r✈❛❞♦s ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡

í♦♥ Tb+3✳ ◆❡ss❡ ❝❛s♦ q❂✶✳✺✵❀✶✳✽✵❀✷✳✸✵❀✷✳✽✵ ✭✪ ❡♠ ♠♦❧✮

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

❝♦♠❜✐♥❛çã♦ ❞♦ t♦♠ ❞❡ ❡♠✐ssã♦ ❝♦♠ ✉♠ ▲❊❉ ❛③✉❧✱ ❡ss❡ ✉❧t✐♠♦ ♥❛ r❡❣✐ã♦ ❞❡

✹✵✵✲✹✻✵♥♠✱ ❢♦r♥❡❝❡ ✉♠❛ ♠✐st✉r❛ ❞❡ ❧✉③ ♣r♦❞✉③✐♥❞♦ ❝♦r❡s ♥❛ r❡❣✐ã♦ ❞♦ ❜r❛♥❝♦

❝♦♠ ✉♠❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦r ♥♦ ✐♥t❡r✈❛❧♦r ❞❡ ✷✵✵✵❦ ❛ ✹✵✵✵❑ ❞❡ ❛❝♦r❞♦

❝♦♠ ❛ ✜❣✉r❛ ✸✳✶✼✳
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t♦❞♦s ♦s ❢ós❢♦r♦s ❛♥❛❧✐s❛❞♦s ♥♦ tr❛❜❛❧❤♦✳
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✸✳✸ ❘❡❢❡rê♥❝✐❛s

✶✳ ❑❖❉❆■❘❆ ❈✳✱ ❙❚❊❋❆◆■ ❘✳✱ ▼❆■❆ ❆✳✱ ❋❊▲■◆❚❖ ❈✳✱ ❇❘■❚❖ ❍✳✱ ❖♣t✐❝❛❧

✐♥✈❡st✐❣❛t✐♦♥ ♦❢ Y2O3 : Sm
3+ ♥❛♥♦♣❤♦s♣❤♦r ♣r❡♣❛r❡❞ ❜② ❝♦♠❜✉st✐♦♥ ❛♥❞ P❡❝❤✐♥✐

♠❡t❤♦❞s✱ ❏♦✉r♥❛❧ ♦❢ ▲✉♠✐♥❡s❝❡♥❝❡ ❱♦❧✳ ✶✷✼✱ ✷✵✵✼✳

✷✳ ❉❖❚❙❊◆❑❖ ❱✳✱ ❇❊❘❊❩❖❱❙❑❆❨❆ ❱✳✱ ❊❋❘❨❯❙❍■◆❆ ◆✳✱ ❱❖▲❖❙❍■✲

◆❖❱❙❑■■ ❆✳✱ ❙❚❘❨●❆◆❨❯❑ ●✳✱ ▲✉♠✐♥❡s❝❡♥❝❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❡❧❡❝tr♦♥✐❝ str✉❝✲

t✉r❡ ♦❢ Sm3+✲❞♦♣❡❞ Y Al3B4O12✱ ❏♦✉r♥❛❧ ♦❢ ▼❛t❡r✐❛❧s ❙❝✐❡♥❝❡ ❱♦❧✳ ✹✺✱ ✷✵✶✵✳

✸✳ ❩❍■●❯❆◆● ❈✳✱ ❘❊◆●❯❆◆● ❨✳✱ ❉❊●❆◆● ❉✳ ❨❖❯❏■❊ ❍✳✱ ❙❍■▲❖◆●

❩✳✱ ●❯❖❍❯❆ ❏✳✱ ❈❍❊◆❳■❆ ▲✳✱ ❙❍■◗■◆● ❳✳✱ Eu2+/Sm3+ ✐♦♥s ❝♦✲❞♦♣❡❞ ✇❤✐t❡

❧✐❣❤t ❧✉♠✐♥❡s❝❡♥❝❡ SrSiO3 ❣❧❛ss✲❝❡r❛♠✐❝s ♣❤♦s♣❤♦r ❢♦r ❲❤✐t❡ ▲❊❉✱ ❏♦✉r♥❛❧ ♦❢

❆❧❧♦②s ❛♥❞ ❈♦♠♣♦✉♥❞s ❱♦❧✳ ✺✵✾✱ ✷✵✶✶✳

✹✳ ❩❍❊◆❨❯ ▲✳✱ ❩❍❊ ❈✳✱ ❑❊❩❍■ ❩✳✱ ❲❊■P■◆● ◗✳✱ ❉✐r❡❝t ❡✈✐❞❡♥❝❡ ♦❢ ❡♥❡r❣②

tr❛♥s❢❡r ❢r♦♠ Er3+ t♦ Sm3+ ✐♥ Er3+/Sm3+ ❝♦✲❞♦♣❡❞ s②st❡♠✱ ❈❤❡♠✐❝❛❧ P❤②✲

s✐❝s ▲❡tt❡rs ❱♦❧✳ ✺✹✸✱ ✷✵✶✷✳

✺✳ ❩❍❊◆●✲❍❯❆ ❏✳✱ ❙❍❯■✲❍❊ ❩✳✱ ❳■❯✲P■◆● ●✳✱ ❳■❆❖✲▲■❆◆● ❚✳✱ ❲❊■✲

❙❍❊◆● ▲✳✱ ❘❡❞❞✐s❤ ♦r❛♥❣❡ ❧♦♥❣ ❛❢t❡r❣❧♦✇ ♣❤♦s♣❤♦r Ca2SnO4 : Sm
3+ ♣r❡♣❛r❡❞

❜② s♦❧✕❣❡❧ ♠❡t❤♦❞✱ ❏♦✉r♥❛❧ ♦❢ ❆❧❧♦②s ❛♥❞ ❈♦♠♣♦✉♥❞s ❱♦❧✳ ✺✵✾✱ ✷✵✶✶✳

✻✳ ❙❯◆ ❏✳✱ ❩❍❆◆● ❳✳✱ ❳■❆ ❩✳✱ ❉❯ ❍✳✱ ▲✉♠✐♥❡s❝❡♥t ♣r♦♣❡rt✐❡s ♦❢ LiBaPO4 :

RE(RE = Eu2+, T b3+, Sm3+) ♣❤♦s♣❤♦rs ❢♦r ✇❤✐t❡ ❧✐❣❤t✲❡♠✐tt✐♥❣ ❞✐♦❞❡s✱ ❏♦✉r✲

♥❛❧ ♦❢ ❆♣♣❧✐❡❞ P❤②s✐❝s ❱♦❧✳ ✶✶✶✱ ✷✵✶✷✳

✼✳ ❱■◆❆❨ ❑✳✱ ❇❊❉❨❆▲ ❆✳✱ ❙❍❘❊❨❆❙ P✳✱ ◆❚❲❆❊❆❇❖❘❲❆ ❖✳✱ ❙❲❆❘❚

❍✳✱ ❙②♥t❤❡s✐s✱ s♣❡❝tr❛❧ ❛♥❞ s✉r❢❛❝❡ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ NaSrBO3 : Sm
3+ ♣❤♦s♣❤♦r

❢♦r ❢✉❧❧ ❝♦❧♦r ❞♦✇♥ ❝♦♥✈❡rs✐♦♥ ✐♥ ▲❊❉s✱ ❏♦✉r♥❛❧ ♦❢ ❆❧❧♦②s ❛♥❞ ❈♦♠♣♦✉♥❞s ❱♦❧✳
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❈❛♣ít✉❧♦ ✹

❈♦♥❝❧✉sõ❡s ●❡r❛✐s

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛s té❝♥✐❝❛s ❞❡ ❣❡r❛çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ♣♦r ❢♦♥t❡s ❞❡ ❡st❛❞♦ só❧✐❞♦ ❝✐✲

t❛❞❛s ♥❛ s❡çã♦ ✶✳✹ ✱ ❡st❡ tr❛❜❛❧❤♦ é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛ s❡❣✉♥❞❛ té❝♥✐❝❛

q✉❡ ❝♦♥st✐t✉✐ ❛ ❡♠✐ssã♦ ❧✉③ ♣♦r ❢ós❢♦r♦s ❞♦♣❛❞♦s ❝♦♠ t❡rr❛s✲r❛r❛s ❡①❝✐t❛❞♦s ❝♦♠

❧✉③ ❯❱✲❆③✉❧✳ ❖s ❢ós❢♦r♦s ❢♦r❛♠ s✐♥t❡t✐③❛❞♦s ❡ s✉❛s ❝❛r❛❝t❡ríst✐❝❛s ❧✉♠✐♥❡s❝❡♥✲

t❡s ❡①❛♠✐♥❛❞❛s ❛tr❛✈és ❞❛ ❡①❝✐t❛çã♦ ♣♦r ▲❛s❡r✲▲❊❉ ❯❱✴❆③✉❧✳ ❆ ❧✉♠✐♥❡s❝ê♥❝✐❛

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

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❡①❝✐t❛çã♦ ❢♦✐ ❛♥❛❧✐s❛❞❛✳ ❆tr❛✈és ❞♦ ❡❢❡✐t♦ ❞❡ ❢ós❢♦r♦

❡♠ ❝❛s❝❛t❛ ♣♦r ❝♦♥✈❡rsã♦ ❞❡s❝❡♥❞❡♥t❡ ❞❡ ❡♥❡r❣✐❛ ❝✐t❛❞♦ ♥❛ s❡çã♦ ✶✳✹✳✶✱ ♦❜t❡✈❡✲

s❡ ❧✉③ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♣♦r ✈♦❧t❛ ❞❡ ✹✾✵✱ ✺✹✺✱ ✻✵✵ ❡ ✻✹✺♥♠ ♣❛r❛ ♦

Sm3+/Tb3+ ❡ ✺✷✺✱✺✹✺✱✻✵✵ ❡ ✻✹✺♥♠ ♣❛r❛ ♦ Sm3+/Er3+✳ ❖❜t❡✈❡✲s❡ ❛ s✐♥t♦♥✐❛

❞❛ t♦♥❛❧✐❞❛❞❡ ❞❡ ❝♦r ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r♠❡❧❤♦✱ ❛❧❛r❛♥❥❛❞♦ ❡ ❛♠❛r❡❧♦ ✜①❛♥❞♦ ❛ ❝♦♥✲

❝❡♥tr❛çã♦ ❞♦ ❞♦♣❛♥t❡ ❡ ✈❛r✐❛♥❞♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝♦✲❞♦♣❛♥t❡✳ ❆ s✐♥t♦♥✐❛ ❞❡

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

♣r♦♠✐ss♦r ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ❢r✐❛ ♣♦r ▲❊❉✳ ❊ss❛ ✐❧✉♠✐♥❛çã♦ ❜r❛♥❝❛ é

✐♠♣♦rt❛♥t❡ ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ✐❧✉♠✐♥❛çã♦✳ ❯♠❛ ❞❡❧❛ r❡❢❡r❡✲s❡ à ■❧✉♠✐♥❛çã♦ ♣ú❜❧✐❝❛

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

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

❞♦ ❞✐❛✳ ❆❧é♠ ❞✐ss♦ ❞❡✈✐❞♦ ❛ ✈❡rs❛t✐❧✐❞❛❞❡ ❞❡ ❝♦r ❛❞q✉✐r✐❞❛ é ♣♦ssí✈❡❧ q✉❡ ▲❊❉s

q✉❡ ❛♣❧✐q✉❡♠ ❡ss❡s ❢ós❢♦r♦s ♣♦ss✉❛♠ ✉♠ ♠❡❧❤♦r í♥❞✐❝❡ ❞❡ r❡♥❞✐♠❡♥t♦ ❞❡ ❝♦r q✉❡

♦s ❛té ❛❣♦r❛ ♣r♦❞✉③✐❞♦s✳

✽✶



❈❛♣ít✉❧♦ ✺

❆♣ê♥❞✐❝❡ ❆

Pr♦❣r❛♠❛ ❝♦♥str✉í❞♦ ❡♠ ❈✰✰ ♣❛r❛ ♦ ❝á❝✉❧♦ ❞❛ ♠❛ss❛ ❞❡s❝r✐t♦ ♥❛ s❡çã♦

✷✳✹✳✶

❢❧♦❛t ♠❛tr✐③✱♣❜❣❡✱♣❜❢✱❝❞❢✱♣✱s✱❡✱♠s✱♠❡✱♠t❀

♣r✐♥t❢✭✧❉✐❣✐t❡ ❛ ♣♦r❝❡♥t❛❣❡♠ ❞❡ ❙❛♠❛r✐✉♠✧✮❀

s❝❛♥❢ ✭✧✪❢✴♥✧✱✫s✮❀

♣r✐♥t❢✭✧❉✐❣✐t❡ ❛ ♣♦r❝❡♥t❛❣❡♠ ❞❡ ❊r❜✐♦✧✮❀

s❝❛♥❢ ✭✧✪❢✴♥✧✱✫❡✮❀

♣❂✶✵✵✲❡✲s❀

♠❛tr✐③❂♣✯✸✳✵✶✹✹✽✾✷❀ ✴✴ ♠❛tr✐③

♣❜❣❡❂✽✳✻✽✼✼✷✻❊✲✶✯♠❛tr✐③❀

♣❜❢❂✽✳✶✸✸✻✶❊✲✷✯♠❛tr✐③❀

❝❞❢❂✹✳✾✽✾✶✸❊✲✷✯♠❛tr✐③❀

♠s❂✭s✯✵✳✺✮✯✸✳✹✽✼✵✸✷❀ ✴✴ ♠❛ss❛ ❞❡ s❛♠❛r✐✉♠ ❞✐✈✐❞✐❞♦ ♣♦r ✶✵✵

♠❡❂✭❡✯✵✳✺✮✯✸✳✽✷✹✾✵✵❀ ✴✴ ▼❛ss❛ ❞❡ ❡r❜✐✉♠ ❞✐✈✐❞✐♦ ♣♦r ✶✵✵

♠t❂♠s✰♠❡✰❝❞❢✰♣❜❢✰♣❜❣❡❀

♣r✐♥t❢✭✧✪❢❭t ✪❢❭t ✪❢❭t ✪❢❭t ✪❢❭t ✪❢❭♥✧✱♣❜❣❡✱♣❜❢✱❝❞❢✱♠s✱♠❡✱♠t✮❀

✽✷


