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✸✳✷ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ❙❡t✲❯♣ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✉s✐♥❣ ❇✐✲❈❤❧♦r♦♣❤❡♥②❧s✉❧♣❤♦♥❡
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✹ ❙♣❡❝tr♦s❝♦♣② ♦❢ ❙♣✐♥ ❈r♦ss♦✈❡r ❝♦♠♣♦✉♥❞s ✿ ❘❛♠❛♥ ❛♥❞ ❚✐♠❡ ❉♦✲

♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ✾✼
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✹✳✶✳✷ P❤♦♥♦♥ ♠♦❞❡s ❛♥❞ s②♠♠❡tr② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✹✳✷ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② ♦❢ Fe(phen)2(NCS)2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸
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✹✳✸✳✶ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ♦❢ Fe(phen)2(NCS)2 ✉s✐♥❣ ❛ ❚❍③
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✹✳✹✳✶ P❤♦t♦ ✐♥❞✉❝❡❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ✐♥ Fe(phen)2(NCS)2 ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻
✹✳✹✳✷ Pr❡❧✐♠✐♥❛r② ✇♦r❦ ✿ ◆✉♠❡r✐❝❛❧ ❙✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼
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●❡♥❡r❛❧ ❝♦♥❝❧✉s✐♦♥ ✶✷✾

❆ ❊❖❙ ❞❡r✐✈❛t✐♦♥ ✶✸✷
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❇ P✉❜❧✐❝❛t✐♦♥ ♦❢ t❤❡ ▲■❊❙❙❚ ❡✛❡❝t ✶✸✼

✸



❘❡s✉♠é ❡♥ ❢r❛♥ç❛✐s

❉é❝❧❡♥❝❤❡r ❞❡s ré♣♦♥s❡s str✉❝t✉r❡❧❧❡s ❡t é❧❡❝tr♦♥✐q✉❡s ❞❡s ♠❛tér✐❛✉① s✬✐♥s❝r✐t ❞❛♥s
❧✬ét✉❞❡ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡s✳ ❯♥ ♠❛tér✐❛✉ ♣❡✉t ♣rés❡♥t❡r ❞❡✉① ét❛ts ❛②❛♥t ❞❡s
♣r♦♣r✐étés ♠❛❝r♦s❝♦♣✐q✉❡s ❞✐✛ér❡♥t❡s✳ ❈❡s ♣r♦♣r✐étés ♣❡✉✈❡♥t✲êtr❡ str✉❝t✉r❡❧❧❡s✱ é❧❡❝✲
tr✐q✉❡s✱ ♠é❝❛♥✐q✉❡s✱ ♠❛❣♥ét✐q✉❡s ❡t❝✳ ❖♥ ♣❡✉t ♣❛ss❡r ❞✬✉♥ ét❛t à ❧✬❛✉tr❡ ✈✐❛ ✉♥
♣❛r❛♠ètr❡ ❞❡ ❝♦♥trô❧❡ ❧❡ ♣❧✉s s♦✉✈❡♥t ❧❛ t❡♠♣ér❛t✉r❡✳ P❛r ❡①❡♠♣❧❡✱ ❧✬❡❛✉ ♣❡✉t ♣❛ss❡r ❞❡
❣❧❛❝❡ à ❧✐q✉✐❞❡ à ✈❛♣❡✉r✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❡①✐st❡ ❞✬❛✉tr❡s ♣❛r❛♠ètr❡s ❞❡ ❝♦♥trô❧❡ ❝♦♠♠❡
❧❛ ♣r❡ss✐♦♥✱ ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ♦✉ ♠ê♠❡ ❧❛ ❧✉♠✐èr❡✳

❋✐❣✉r❡ ✶✿ ❙❝❤é♠❛ r❡♣rés❡♥t❛t✐❢ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡s✱ ✜❣✉r❡ ❛❞❛♣té❡ ❞❡ ❬✶❪

❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬ét✉❞❡ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡s ♦ù ❧❡ ♣❛r❛♠ètr❡ ❞❡ ❝♦♥trô❧❡ ❡st ❧❛
❧✉♠✐èr❡ ❡st ❛♣♣❡❧é❡ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡s ♣❤♦t♦✲✐♥❞✉✐t❡✳ ▲❛ ❧✉♠✐èr❡ ❡st ✉t✐❧✐sé❡ ♣♦✉r ❡①✲
❝✐t❡r ❧❛ ♠❛t✐èr❡ ❞❡♣✉✐s s♦♥ ét❛t ❢♦♥❞❛♠❡♥t❛❧ ✈❡rs ✉♥ ét❛t ❡①❝✐té✳ ❙✐ ❧❡ ♠❛tér✐❛✉ ♣rés❡♥t❡
❞❡ ❧❛ ❝♦♦♣ér❛t✐✈✐té✱ ✐❧ ✈❛ r❡❧❛①❡r à tr❛✈❡rs ✉♥❡ ♠②r✐❛❞❡ ❞✬ét❛ts✳ ▲❡ ❝❤❡♠♠✐♥ s✉✐✈✐ ♣♦✉rr❛
❧❡ ❝♦♥❞✉✐r❡ ✈❡rs ✉♥ ♥♦✉✈❡❧ ét❛t ♠ét❛st❛❜❧❡ ❞♦♥t ❧❡s ♣r♦♣r✐étés ♠❛❝r♦s❝♦♣✐q✉❡s ♣❡✉✈❡♥t✲
êtr❡ ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ❞❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✳ ▲❡ ❝♦♥❝❡♣t ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡
♣❤♦t♦✲✐♥❞✉✐t❡ ❛ été ❞é✜♥✐ ♣❛r ◆❛s✉ ❡t ❛❧✳❬✷❪ ✭✈♦✐r ✜❣✉r❡ ✷✮

✹



❋✐❣✉r❡ ✷✿ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞✬✉♥❡ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡ ♣❤♦t♦✐♥❞✉✐t❡✳ ▲❡
s②stè♠❡ tr❛✈❡rs❡ ❞✐✛ér❡♥ts ❛✈❛♥t ❞✬❛tt❡✐♥❞r❡ ❧❡ ❢❛✉① ét❛t ❢♦♥❞❛♠❡♥t❛❧❡ q✉✐ ❝❤❛♥❣❡ ❧❡
♣❛r❛♠ètr❡ ❞✬♦r❞r❡ ❞és✐ré✳ ❋✐❣✉r❡ ❛❞❛♣té❡ ❞❡ ❬✷❪

▲✬✉♥❡ ❞❡s t❡❝❤♥✐q✉❡s ♣❡r♠❡tt❛♥t ❧❛ ♠❡s✉r❡ ❞❡ ❝❡t ét❛t ♠ét❛st❛❜❧❡ ❡st ❧❛ t❡❝❤♥✐q✉❡
❞✐t❡ ♣♦♠♣❡ s♦♥❞❡✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ✉t✐❧✐s❡ ❞❡✉① ❢❛✐s❝❡❛✉① ❧✉♠✐♥❡✉①✳ ▲❡ ♣r❡♠✐❡r ❡st
❛♣♣❡❧é ♣♦♠♣❡ ❡t s❡rt à ❡①❝✐t❡r ❧❛ ♠❛t✐èr❡✱ ❧❡ s❡❝♦♥❞ ❡st r❡t❛r❞é ❡t ♠❡s✉r❡ ❧❡s ♥♦✉✈❡❧❧❡s
♣r♦♣r✐étés ❞❡ ❧❛ ♠❛t✐èr❡✳ ❆✐♥s✐✱ ❝♦♠♠❡ ❧❡s ❢❛✐s❝❡❛✉① ❧❛s❡rs ♣❡✉✈❡♥t ❛tt❡✐♥❞r❡ ❧❛ ❞✉ré❡
❞❡ ❧❛ ❢s ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♠❡s✉r❡r ❞❡s ét❛ts ♠ét❛st❛❜❧❡s ❞♦♥t ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❡st très
❝♦✉rt❡✳

●é♥ér❛❧❡♠❡♥t✱ ❧❛ ❧✉♠✐èr❡ ✈✐s✐❜❧❡ ❡st ✉t✐❧✐sé❡ ❝♦♠♠❡ ♣♦♠♣❡✳ ▲✬é♥❡r❣✐❡ ❛♣♣♦rté❡
♣❛r ❧❛ ♣♦♠♣❡ ❡st ❛✐♥s✐ ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❧✬é❝❛rt ❡♥tr❡ ❧✬ét❛t ❞✬é♥❡r❣✐❡
❢♦♥❞❛♠❡♥t❛❧❡ ❡t ❧❡ ♥♦✉✈❡❧ ét❛t ❝✐❜❧❡ ♠ét❛st❛❜❧❡✳ ❆✐♥s✐✱ ❧❛ ❝♦♦♣ér❛t✐✈✐té ❡st ❝r✉❝✐❛❧❡
❞❛♥s ❧❡s ♠❛tér✐❛✉① ♣rés❡♥t❛♥t ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡s ♣❤♦t♦✲✐♥❞✉✐t❡ ❛✜♥ ❞✬é✈✐t❡r q✉❡
❧❛ ♠❛tér✐❡❧ ♥❡ r❡❧❛①❡ ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✳

▲❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ♣rés❡♥t❡ ✉♥❡ é♥❡r❣✐❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❝❡❧❧❡ ❞❡ ❧❛
❧✉♠✐èr❡ ✈✐s✐❜❧❡ ❡t ❝♦♠♣❛r❛❜❧❡ à ❧✬é❝❛rt ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧❡ ♥✐✈❡❛✉ ❢♦♥❞❛♠❡♥t❛❧ ❡t ❧❡ ♥♦✉✈❡❧
ét❛t ♠ét❛st❛❜❧❡✳ ▲❛ q✉❡st✐♦♥ à ❧❛q✉❡❧❧❡ ❝❡ ♠❛♥✉s❝r✐t ❞❡ t❤ès❡ s❡ ♣r♦♣♦s❡ ❞❡ ré♣♦♥❞r❡
❡st ❧❛ s✉✐✈❛♥t❡ ✿ P❡✉t✲♦♥ ✉t✐❧✐s❡r ❧❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ♣♦✉r ✐♥❞✉✐r❡ ❞❡s tr❛♥s✐t✐♦♥s ❞❡
♣❤❛s❡s ♣❤♦t♦✲✐♥❞✉✐t❡s ❄

▲❡s ❝❤❛r❛❝tér✐st✐q✉❡s ❞✉ r❛②♦♥♥❡♠❡♥t ❚❍③ s♦♥t ♣rés❡♥tés ❡♥ ❚❛❜❧❡ ✶

❋réq✉❡♥❝❡ ❊♥❡r❣✐❡ ▲♦♥❣✉❡✉r ❞✬♦♥❞❡ ◆♦♠❜r❡ ❞✬♦♥❞❡ ❉✉ré❡ ❞❡ ♣✉❧s❡
✶ ❚❍③ ✹♠❡❱ ✸✵✵ ♠✉♠ ✸✸ ❝♠✲✶ ✶♣s

❚❛❜❧❡ ✶✿ ❯♥✐tés ✉s✉❡❧❧❡s ♣♦✉r ✶ ❚❍③

▲❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ✐♥t❡♥s❡ ♣rés❡♥t❡ ❧❡ ♣❧✉s s♦✉✈❡♥t ❞❡s ❝❤❛♠♣s é❧❡❝tr✐q✉❡s ❞✐ts
s✐♠♣❧❡ ❝②❝❧❡✳ ❯♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ s✐♠♣❧❡ ❝②❝❧❡ ♣rés❡♥t❡ ✉♥❡ ❢♦rt❡ ✐♥t❡♥s✐té ❞❛♥s ✉♥❡

✺



s❡✉❧❡ ❞✐r❡❝t✐♦♥ ❞♦♥t ❧❛ ❞✉ré❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ♣✐❝♦s❡❝♦♥❞❡✳ ❉❡ t❡❧s ❝❤❛♠♣s é❧❡❝tr✐q✉❡s
♣❡✉✈❡♥t ❛tt❡✐♥❞r❡ ❞❡s ❝❤❛♠♣s é❧❡❝tr✐q✉❡s ❞❡ ❧✬♦r❞r❡ ❞✉ ▼❱✴❝♠✳ ❯♥ t❡❧ ❡①❡♠♣❧❡ ❞❡
❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❚❍③ s✐♠♣❧❡ ❝②❝❧❡ ✐♥t❡♥s❡ ♣❡✉t êtr❡ tr♦✉✈é ❡♥ ✜❣✉r❡ ✸ ✿

❋✐❣✉r❡ ✸✿ ❊①❡♠♣❧❡ ❞❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❚❍③ s✐♠♣❧❡ ❝②❝❧❡ ♦❜t❡♥✉ à ♣❛rt✐r ❞❡ r❡❞r❡ss❡✲
♠❡♥t ♦♣t✐q✉❡ ❞❛♥s ✉♥ ❝r②st❛❧ ❞❡ ❉❆❙❚✳ ❋✐❣✉r❡ ❛❞❛♣té❡ ❞❡ ❧❛ ré❢ér❡♥❝❡ ❬✸❪

▲❛ ❢♦r♠❡ t❡♠♣♦r❡❧❧❡ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ s✐♠♣❧❡ ❝②❝❧❡ ♣❡r♠❡t ❞✬✉t✐❧✐s❡r ❧❡ r❛②♦♥✲
♥❡♠❡♥t ❚❍③ s♦✐t ♣♦✉r ❞é❝❧❡♥❝❤❡r ❞❡s ré♣♦♥s❡s é❧❡❝tr♦♥✐q✉❡s ❞❛♥s ❧❡s ♠❛tér✐❛✉① s♦✐t
♣♦✉r ♠♦❞✐✜❡r ❞✐r❡❝t❡♠❡♥t ❧❛ str✉❝t✉r❡ ❞❡s ♠❛tér✐❛✉① ❝❡ q✉✐ ❥✉st✐✜❡ ❧❡ t✐tr❡ ❞❡ ❝❡tt❡
t❤ès❡✳ ▲❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ❛ ❞é❥à été ✉t✐❧✐sé s✉r ❧❡ ❝r✐st❛❧ ♠♦❧é❝✉❧❛✐r❡ ❛♣♣❡❧é ❚❚❋✲❈❆
❞❡ ❝❡s ❞❡✉① ♠❛♥✐èr❡s ❛✜♥ ❞❡ ❞é❝❧❡♥❝❤❡r ❞❡s ❡✛❡ts ❞✐✛ér❡♥ts ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ❣é♥ér❛t✐♦♥
♦✉ ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❙❡❝♦♥❞❡ ❍❛r♠♦♥✐q✉❡ ❞❛♥s ❧❡ ♠❛tér✐❡❧❬✹❪✳ ❆✐♥s✐ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❞❡ s♦✉r❝❡ ❚❍③ ✐♥t❡♥s❡ ❡st ❢♦♥❞❛♠❡♥t❛❧ ♣♦✉r ❧❛ ♣♦✉rs✉✐t❡ ❞❡ ❝❡s ét✉❞❡s✳

❯♥❡ s♦✉r❝❡ ❜❛sé❡ s✉r ❧❛ t❡❝❤♥✐q✉❡ ❞✉ r❡❞r❡ss❡♠❡♥t ♦♣t✐q✉❡ ❛ ❛✐♥s✐ été ❞é✈❡❧♦♣♣é❡
♣❡♥❞❛♥t ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡✳ ▲❡ r❡❞r❡ss❡♠❡♥t ♦♣t✐q✉❡ ❡st ✉♥ ♣❤é♥♦♠è♥❡ ♥♦♥ ❧✐♥é❛✐r❡
❞✬♦r❞r❡ ✷ q✉✐ tr❛♥s❢♦r♠❡ ✉♥ r❛②♦♥♥❡♠❡♥t ❞♦♥t ❧❛ ❞✉ré❡ ❡st ♣r♦❝❤❡ ❞❡ ❧❛ ✶✵✵❢s ❡♥ r❛②✲
♦♥♥❡♠❡♥t s✐♠♣❧❡ ❝②❝❧❡ ❞❡ ❞✉ré❡ ✶ ♣s✳ ▲❡ s♣❡❝tr❡ ❛ss♦❝✐é ❛✉ r❛②♦♥♥❡♠❡♥t ❛✐♥s✐ ❣é♥éré
s✬ét❡♥❞ s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ ❢réq✉❡♥❝❡ ❛❧❧❛♥t ❞❡ ✵✳✶ à ✺ ❚❍③✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♣♦✉r ✉♥ r❛②✲
♦♥♥❡♠❡♥t s♦✉r❝❡ ❞♦♥t ❧❛ ❞✉ré❡ ❡st ❞❡ ✶✵✵❢s✱ ❧❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ❛tt❡♥❞✉ ❡st ♣rés❡♥té
❡♥ ❋✐❣✳✹✳

◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❧❡ ❝r②st❛❧ ❞❡ ▲✐◆❜❖✸ ❝♦♠♠❡ ❝r②st❛❧ ❞❡ ❣é♥ér❛t✐♦♥✳ ❈❡ ❝r②st❛❧
♣rés❡♥t❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♦♣t✐♠❛❧❡s ❞❡ ❣é♥ér❛t✐♦♥ ❚❍③ ♣❛r r❛♣♣♦rt à ♥♦s ❝❛r❛❝tér✐s✲
t✐q✉❡s ❧❛s❡r✳ ❊♥ r❡✈❛♥❝❤❡✱ ✉♥❡ t❡❝❤♥✐q✉❡ ❞♦✐t êtr❡ ❡♠♣❧♦②é❡ ♣♦✉r ❛❝❝♦♠♣❧✐r ❧✬❛❝❝♦r❞ ❞❡
♣❤❛s❡ ❞❛♥s ❝❡ ❝r②st❛❧✳ ❊♥ ❡✛❡t✱ ❧❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ♥✬❡st ♣❛s ❣é♥éré ❝♦❧✐♥é❛✐r❡♠❡♥t à
❧✬✐♠♣✉❧s✐♦♥ s♦✉r❝❡ ❞❛♥s ❧❡ ❝r②st❛❧ ❡♥tr❛î♥❛♥t ❞❡s ✐♥t❡r❢ér❡♥❝❡s ❞❡str✉❝t✐✈❡s✳ ❊♥ ✐♥❝❧✐♥❛♥t
❧❡ ❢r♦♥t ❞✬♦♥❞❡ s✉✐✈❛♥t ❧❡ ♠ê♠❡ ❛♥❣❧❡ q✉❡ ❧❛ ❣é♥ér❛t✐♦♥ ❚❍③ ♦♥ ♣❡✉t ❛✐♥s✐ ❣é♥ér❡r ✉♥
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❋✐❣✉r❡ ✹✿ ▲❛ ✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ ❡st ❧❛ ❢♦r♠❡ t❡♠♣♦r❡❧❧❡ ❞❡ ❞❡✉① ✐♠♣✉❧s✐♦♥s✳ ❇❧❡✉ ✿ ❊♥✲
✈❡❧♦♣♣❡ ❞✬✉♥ r❛②♦♥♥❡♠❡♥t ❢s ❞♦♥t ❧❛ ❞✉ré❡ ❡st ❞❡ ✶✵✵❢s✳ ❖r❛♥❣❡ ✿ ■♠♣✉❧s✐♦♥ ♦❜t❡♥✉❡ ♣❛r
r❡❞r❡ss❡♠❡♥t ♦♣t✐q✉❡ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ ❜❧❡✉✳ ▲❛ ✜❣✉r❡ ❞❡ ❞r♦✐t❡ r❡♣rés❡♥t❡ ❧❛ tr❛♥s❢♦r♠é❡
❞❡ ❋♦✉rr✐❡r ❞❡ ❧✬✐♠♣✉❧s✐♦♥ ♦r❛♥❣❡ q✉✐ s✬ét❡♥❞ ❞❡ ✵ à ✷ ❚❍③✳

r❛②♦♥♥❡♠❡♥t ❚❍③ ♦♣t✐♠❛❧✳
P♦✉r ♦❜t❡♥✐r ❧❛ s♦✉r❝❡ ❚❍③ ❧❛ ♣❧✉s ✐♥t❡♥s❡ ♣♦ss✐❜❧❡ ✉♥❡ ❡①❝❡❧❧❡♥t ❢♦❝❛❧✐s❛t✐♦♥ ❞♦✐t

êtr❡ ré❛❧✐sé❡✳ ❯♥ s②stè♠❡ ❞❡ tr♦✐s ♠✐rr♦✐rs ♣❛r❛❜♦❧✐q✉❡s ❡♥ ♦r ❡st ✉t✐❧✐sé❡ ♣♦✉r ❛❣❣r❛♥❞✐r
♣✉✐s ❢♦❝❛❧✐s❡r ❧❡ ❢❛✐s❝❡❛✉✳ ▲❡ ❝❤♦✐① ❞❡s ♠✐r♦✐rs ♣❛r❛❜♦❧✐q✉❡ ❡st ❡①♣❧✐q✉é ♣❛sr ❧❡ très ❢❛✐❜❧❡
t❛✉① ❞❡ ♣❡rt❡ q✉✬❡❧❧❡s ♣rés❡♥t❡♥t ❞❛♥s ❧❡ ré❣✐♠❡ ❚❍③✳ ❯♥❡ ♣❧❛q✉❡ ♠ét❛❧❧✐q✉❡ ❞é✈❡❧♦♣♣é❡
❝♦❥♦✐♥t❡♠❡♥t ❛✈❡❝ ❧✬❛t❡❧✐❡r ♠é❝❛♥✐q✉❡ ❞❡ ❘❡♥♥❡s ❢✉t ❝réé❡ ♣♦✉r ❢❛❝✐❧✐t❡r ❧✬❛❧❧✐❣♥❡♠❡♥t
❞❡s ♠✐rr♦✐rs ♣❛r❛❜♦❧✐q✉❡s✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t ❚❍③ ét❛♥t r❡❧❛t✐✈❡♠❡♥t ré❝❡♥t✱ ❧❡s ♦✉t✐❧s ✉s✉❡❧s ❞❡
✈✐s✉❛❧✐s❛t✐♦♥ ♥✬❡①✐st❡♥t ♣❛s ❡♥❝♦r❡✳ P♦✉r ✐♠❛❣❡r ❧❡ ❢❛✐s❝❡❛✉✱ ✉♥❡ ❝❛♠ér❛ ♣②r♦é❧❡❝tr✐q✉❡
P②r♦❝❛♠ ■■■ ❛ été ✉t✐❧✐sé✳ ❯♥❡ ✐♠❛❣❡ ❞✉ ❢❛✐s❝❡❛✉ ❚❍③ ♣r✐s❡ ❛✈❡❝ ❧❛ P②r♦❝❛♠ ■■■ ❡st
♣rés❡♥té❡ ❡♥ ✜❣✉r❡ ✺✳ ▲❡ s②stè♠❡ ❞❡ ❢♦❝❛❧✐s❛t✐♦♥ ❛ ♣❡r♠✐s ❞✬♦❜t❡♥✐r ✉♥❡ tâ❝❤❡ ❢♦❝❛❧❡
❞✬❡♥✈✐r♦♥ ✽✵✵ µm✳

▲❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❚❍③ ♦❜t❡♥✉❡ ❛ été ré❛❧✐sé❡ ❡♥ ✉t✐❧✐s❛♥t ❧❛
t❡❝❤♥✐q✉❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ é❧❡❝tr♦ ♦♣t✐q✉❡ ♦✉ ❊❖❙✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ s❡ r❡♣♦s❡ s✉r
❧✬❡✛❡t P♦❝❦❡❧s✱ ❝❡rt❛✐♥s ♠❛tér✐❛✉① ❞❡✈✐❡♥♥❡♥t ❜✐ré❢r✐♥❣❡❛♥ts s♦✉s ❧✬❡✛❡t ❞✬✉♥ ❝❤❛♠♣
é❧❡❝tr✐q✉❡✳ ❈❡tt❡ ❜✐ré❢r✐♥❣❡♥❝❡ ❡st r❡s♣♦♥s❛❜❧❡ ❞✬✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ ❧❛
❧✉♠✐èr❡ ✐♥❝✐❞❡♥t❡ ❞♦♥t ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ♣❛ss❡ ❞❡ ❧✐♥é❛✐r❡ à ❡❧❧✐♣t✐q✉❡✳ ❊♥ ♠❡s✉r❛♥t ❧❡
❞❡❣ré ❞✬❡❧❧✐♣t✐❝✐té à ❧✬❛✐❞❡ ♣❛r ❡①❡♠♣❧❡ ❞✬✉♥ ♣r✐s♠❡ ❞❡ ❲♦❧❧❛st♦♥✱ ♦♥ ♣❡✉t ❞é❞✉✐r❡ ❧❛
✈❛❧❡✉r ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❛♣♣❧✐q✉é❡ s✉r ❧❡ ❝r②st❛❧✳ ❯♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞✬✉♥❡ ✈❛❧❡✉r
❞❡ ✽✵✵❦❱✴❝♠ ❛ ❛✐♥s✐ été ♦❜t❡♥✉ ❡t ❡st ♣rés❡♥té ❡♥ ✜❣✉r❡ ✻✳

▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡tt❡ s♦✉r❝❡ ❧❛ ❤✐ss❡ ♣❛r♠✐ ❧❡s ♠❡✐❧❧❡✉rs s♦✉r❝❡s ♠♦♥❞✐❛❧❡s
✉t✐❧✐s❛♥t ❧❡ r❡❞r❡ss❡♠❡♥t ♦♣t✐q✉❡ ❛❧❧✐é à ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ❢r♦♥t ❞✬♦♥❞❡ t✐❧té ❞❛♥s ❧❡ ❝r②st❛❧
❞❡ LiNbO3✳

✼



❋✐❣✉r❡ ✺✿ ■♠❛❣❡ ❞✉ ❢❛✐s❝❡❛✉ ❚❍③ ❢♦❝❛❧✐sé ❛♣rès ❧❡ s②stè♠❡ ❞❡ ♠✐r♦✐rs ♣❛r❛❜♦❧✐q✉❡s
♦❜t❡♥✉ ❛✈❡❝ ❧❛ P②r♦❝❛♠■■■✳ ▲❡s t❛✐❧❧❡s ❤♦r✐③♦♥t❛❧❡s ❡t ✈❡rt✐❝❛❧❡s ❞✉ ❢❛✐s❝❡❛✉ s♦♥t ❡①✲
tr❛✐t❡s ♣❛r ❞❡s ❝♦✉♣❡s ❤♦r✐③♦♥t❛❧❡s ❡t ✈❡rt✐❝❛❧❡s ♣rés❡♥tés ❛✉ ❞❡ss✉s ❡t à ❝ôté ❞❡ ❧✬✐♠❛❣❡✳

❋✐❣✉r❡ ✻✿ Pr♦✜❧ t❡♠♣♦r❡❧ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❚❍③✳ ❯♥❡ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞❡ ✽✵✵❦❱✴❝♠
❡st ♦❜t❡♥✉❡

❈❡tt❡ s♦✉r❝❡ ❛ été ❞é✈❡❧♦♣♣é❡ ❞❛♥s ❧❡ ❜✉t ❞❡ ré❛❧✐s❡r ❞❡s ❡①♣ér✐❡♥❝❡s ♣♦♠♣❡ ❚❍③
s♦♥❞❡ ♦♣t✐q✉❡✳ ▲❛ ❞❡r♥✐èr❡ ét❛♣❡ ♣♦✉r q✉❡ ❝❡tt❡ s♦✉r❝❡ s♦✐t ❝♦♠♣❧êt❡♠❡♥t ❢♦♥❝t✐♦♥♥❡❧❧❡
❡st ❧❛ ✈❛❧✐❞❛t✐♦♥ s✉r ✉♥❡ ❡①♣ér✐❡♥❝❡ t❡st✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ r❡♣r♦❞✉✐r❡ ❧✬❡①♣ér✐❡♥❝❡
❞❡ ❈❤❡♥ ❡t ❛❧✳❬✺❪ s✉r ❧❡ β −BBO✳ ❉❛♥s ❝❡tt❡ ❡①♣ér✐❡♥❝❡✱ ❧❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ❡st ✉t✐❧✲

✽



❋✐❣✉r❡ ✼✿ ▼♦❞✉❧❛t✐♦♥ ❞❡ ❣é♥ér❛t✐♦♥ ❞❡ s❡❝♦♥❞ ❤❛r♠♦♥✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r
✈❛❧❡✉rs ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❚❍③✳ ▲❡s rés✉❧t❛ts ❞❡ ❈❤❡♥ ❡t ❛❧✳ s♦♥t ❡♥ ♣♦✐♥t✐❧❧és t❛♥❞✐s
q✉❡ ❧❡s rés✉❧t❛ts ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ s♦♥t ❡♥ tr❛✐ts ♣❧❡✐♥s✳

✐sé ♣♦✉r ♠♦❞✉❧❡r ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ s❡❝♦♥❞❡ ❤❛r♠♦♥✐q✉❡ ❞❛♥s ❧❡ ❝r✐st❛❧ ❞❡ β − BBO✳
▲✬❡①♣ér✐❡♥❝❡ ❞❡ ❈❤❡♥ ❡t ❛❧✳ ❛ été ré❛❧✐sé❡ ❛✈❡❝ ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ♠❛①✐♠❛❧❡ ❞❡
✶✻✵❦❱✴❝♠ t❛♥❞✐s q✉❡ ❧✬❡①♣ér✐❡♥❝❡ ré❛❧✐sé❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❧✬❛ été ❛✈❡❝ ✉♥ ❝❤❛♠♣
é❧❡❝tr✐q✉❡ ♠❛①✐♠❛❧❡ ❞❡ ✸✵✵❦❱✴❝♠✳ ▲❡s rés✉❧t❛ts ❝♦♠♣❛r❛t✐❢s ❡♥tr❡ ❝❡✉① ❞❡ ❈❤❡♥ ❡t ❛❧✳
✭♣♦✐♥t✐❧❧és✮ ❡t ❝❡✉① ❞❡ ❝❡ tr❛✈❛✐❧ ✭tr❛✐ts ♣❧❡✐♥s✮ s♦♥t ♣rés❡♥tés ❡♥ ❋✐❣✳ ✼✳ ❖♥ ♦❜s❡r✈❡
✉♥❡ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ s❡❝♦♥❞❡ ❤❛r♠♦♥✐q✉❡ s✐♠✐❧❛✐r❡ ❞❛♥s ❧❡s ❞❡✉① tr❛✈❛✉① ❡♥ ❞❡ss♦✉s
❞❡ ✶✻✵❦❱✴❝♠✳ ❆ ✸✵✵❦❱✴❝♠✱ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉❡s r❡st❡♥t s❡♠❜❧❛❜❧❡s à ❝❡✉① ♦❜t❡♥✉❡s
à ♣❧✉s ❜❛ss❡ ✈❛❧❡✉r ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡✳ ❖♥ ♣❡✉t ❝♦♥❝❧✉r❡ ♣❛r ❝❡tt❡ s✐♠✐❧❛r✐té q✉❡
♥♦♥ s❡✉❧❡♠❡♥t ❧❛ s♦✉r❝❡ ❡st ✉t✐❧✐s❛❜❧❡ ♠❛✐s ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ✈❛❧✐❞❡r ❧❡s rés✉❧t❛ts ❞❡
❈❤❡♥ ❡t ❛❧✳ ♣♦✉r ❞❡ ♣❧✉s ❣r❛♥❞❡s ✈❛❧❡✉rs ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡✳

✾



P♦✉r ✜♥❛❧✐s❡r ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡✱ ❧❡ ❝❤♦✐① ❛ été ❢❛✐t ❞✬❛♣♣❧✐q✉❡r ❧❡ r❛②♦♥♥❡♠❡♥t ❚❍③ à
✉♥❡ ♥♦✉✈❡❧❧❡ ❢❛♠✐❧❧❡ ❞❡ ❝♦♠♣♦sé❡✱ ❧❡s ❝♦♠♣♦sés ❞✐ts à tr❛♥s✐t✐♦♥s ❞❡ s♣✐♥s✳ ❈❡tt❡ ❢❛♠✐❧❧❡
❞❡ ❝♦♠♣♦sé❡ ♣rés❡♥t❡ ✉♥❡ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡ ❡♥tr❡ ✉♥❡ ♣❤❛s❡ ❞✐t❡ ❇❛s ❙♣✐♥ ✭▲❙✮ à ❜❛ss❡
t❡♠♣ér❛t✉r❡ ✈❡rs ✉♥❡ ♣❤❛s❡ ❞ît❡ ❍❛✉t ❙♣✐♥ ✭❍❙✮ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡✳ ❈❡s ❝♦♠♣♦sés
s♦♥t ❣é♥ér❛❧❡♠❡♥t ❝♦♥st✐t✉és ❞❡ ♠♦❧é❝✉❧❡s ❛②❛♥t ✉♥ ❝♦❡✉r ❞❡ ❋❡ ❡♥t♦✉ré ❞✬✉♥ ❧✐❣❛♥❞
♦r❣❛♥✐q✉❡✳ ▲❡ ❧✐❣❛♥❞ ♦r❣❛♥✐q✉❡ ❡①❡r❝❡ ✉♥ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ s✉r ❧❡s ♦r❜✐t❛❧❡s ✸❞ ❞✉ ❋❡
❝❛✉s❛♥t ✉♥❡ ❧❡✈é❡ ❞❡ ❞é❣é♥❡r❡s❝❡♥❝❡✳ ▲✬é❝❛rt ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧❡s ❞❡✉① ♥♦✉✈❡❛✉① ét❛ts
❡st ❞✐r❡❝t❡♠❡♥t ❧✐é à ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❡ ❋❡ ❡t s♦♥ ❧✐❣❛♥❞✳ ❈❡ ♣❤é♥♦♠è♥❡ ❡st rés✉♠é ❡♥
❋✐❣✳✽

❋✐❣✉r❡ ✽✿ ❖r❜✐t❛❧❡s ✸❞ ❞✉ ❢❡r ❛♣rès ❧❡✈❡r ❞❡ ❧❛ ❞é❣é♥❡r❡s❝❡♥❝❡✳ ❆ ❣❛✉❝❤❡ ❡t à ❞r♦✐t❡
s♦♥t r❡♣rés❡♥tés r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❝❛s ❇❛s ❙♣✐♥ ❡t ❧❡s ❝❛s ❍❛✉t ❙♣✐♥✳

❯♥ ❝♦♠♣♦sé ❡♥ ♣❛rt✐❝✉❧✐❡r ❛ été ♣❧✉s ét✉❞✐é ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✈❛✐❧ ❞❡ t❤ès❡✱ ✐❧
s✬❛❣✐t ❞✉ Fe(phen)2(NCS)2✳ ❈❡ ❝♦♠♣♦sé ♣rés❡♥t❡ ❧✬✐♥térêt ❞❡ ♣♦ssé❞❡r ✉♥ ♠♦♠❡♥t
❞✐♣♦❧❛✐r❡✱ ❝❡♥tré s✉r ❧✬❛t♦♠❡ ❞❡ ❋❡✳ ▲✬❛♠♣❧✐t✉❞❡ ❞❡ ❝❡ ♠♦♠❡♥t ❞✐♣♦❧❛✐r❡ ❞é♣❡♥❞ ❞❡ ❧❛
❞✐st❛♥❝❡ ❡♥tr❡ ❧❡ ❋❡ ❡t s♦♥ ❧✐❣❛♥❞✳ ❆✐♥s✐✱ ✐❧ s❡r❛✐t ♣♦ss✐❜❧❡ ❞❡ ♠♦❞✉❧❡r ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡
❧❡ ❋❡ ❡t s♦♥ ❧✐❣❛♥❞ ❡t ❞♦♥❝ s✉r ❧✬é❝❛rt ❞✬é♥❡r❣✐❡ ❞❡s ♥✐✈❡❛✉① ❞é❣é♥érés r❡s♣♦♥s❛❜❧❡ ❞❡
❧❛ tr❛♥s✐t✐♦♥ ❞❡ s♣✐♥✳ ▲❡ r❛②♦♥♥❡♠❡♥t ❚❍③ s✐♠♣❧❡ ❝②❝❧❡ ❡st ✉♥ ♠♦②❡♥ ❞❡ ❝♦♥trô❧❡r ❝❡
❞✐♣ô❧❡ ❡t ❞♦♥❝ ❞✬✐♥❞✉✐r❡ ❧❛ tr❛♥s✐t✐♦♥ ❞❡ s♣✐♥✳

▲❡s ❞❡✉① ét❛ts ❞❡ s♣✐♥s ♣rés❡♥t❡♥t ❞❡s ❛❜s♦r♣t✐♦♥s ♦♣t✐q✉❡s ❞✐✛ér❡♥t❡s ❧✬✉♥❡ ❞❡
❧✬❛✉tr❡✳ P❛r ❝♦♥séq✉❡♥t✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ✉♥❡ s♦♥❞❡ ♦♣t✐q✉❡ ❛✜♥ ❞✬♦❜s❡r✈❡r ❧❛
❝❤❛♥❣❡♠❡♥t ❞❡ s♣✐♥ ❬✻✱ ✼✱ ✽❪✳ ❆✐♥s✐✱ ♦♥ ♣❡✉t ré❛❧✐s❡r ✉♥❡ ❡①♣ér✐❡♥❝❡ ❚❍③ ♣♦♠♣❡ s♦♥❞❡
♦♣t✐q✉❡ ❛✜♥ ❞❡ ♠❡s✉r❡r ❧❡ ❝❤❛♥❣❡♠❡♥t ❞✬ét❛t ❞❡ s♣✐♥ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ✐♥❞✉✐t ♣❛r ❧❡
r❛②♦♥♥❡♠❡♥t ❚❍③✳ ❈❡t ❡①♣ér✐❡♥❝❡ ❛ été ré❛❧✐sé❡ ❛✈❡❝ ✉♥❡ ❧✉♠✐èr❡ s♦♥❞❡ à ✼✷✵♥♠ ❡t
❧❡ r❛②♦♥❡♠❡♥t ❚❍③ ❞❡ ❧❛ s♦✉r❝❡ ❝♦♠♠❡ ♣♦♠♣❡✱ ❧❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés ❡♥ ✜❣✉r❡
✾✳ ❖♥ ♣❡✉t ♦❜s❡r✈❡r ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ q✉✐ ♣ré❝é❞❡ ✉♥❡ ❜r✉sq✉❡ ❛✉❣✲
♠❡♥t❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥✳ ■❧ s✬❡♥ s✉✐t ✉♥❡ ♥♦✉✈❡❧❧❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥
❛✈❛♥t ✉♥ r❡t♦✉r à ❧❛ ♥♦r♠❛❧❡✳ ❈❡tt❡ ♠♦❞✉❧❛t✐♦♥ ❡st s✐♠✐❧❛✐r❡ à ❧✬❛s♣❡❝t s✐♠♣❧❡ ❝②❝❧❡
❞✉ r❛②♦♥♥❡♠❡♥t ❚❍③✳ ❖♥ ♣❡✉t ❞♦♥❝ ❝♦♥❝❧✉r❡ q✉❡ ❧❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ❛ ♠♦❞✉❧é ❧❛
str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✉ ❝r✐st❛❧ ✉♥✐q✉❡♠❡♥t ♣❡♥❞❛♥t ❧❡ ♣❛ss❛❣❡ ❞✉ ❝❤❛♠♣✱ ❞❡ ♣❧✉s
❝❡tt❡ ♠♦❞✉❧❛t✐♦♥ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ r❛②♦♥♥❡♠❡♥t ❚❍③✳

▲❛ str✉❝t✉r❡ ❝r✐st❛❧❧✐♥❡ ❞✉ ❝r✐st❛❧ ❡st P❜❝♥ ✐♠♣❧✐q✉❛♥t ✉♥ ❝❡♥tr❡ ❞✬✐♥✈❡rs✐♦♥ ❞❛♥s
❧❛ s②♠♠étr✐❡ ❞✉ ❝r②st❛❧✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ rés✉❧t❛t ♣rés❡♥té ❡st ❞✐✣❝✐❧❡ à ✐♥t❡r♣rêt❡r✳

✶✵



❋✐❣✉r❡ ✾✿ ❇❧❡✉ ✿ ▼♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ♦♣t✐q✉❡ à ✼✷✵♥♠ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞é❧❛✐ ❡♥✲
tr❡ ❧❛ ♣♦♠♣❡ ❡t ❧❛ s♦♥❞❡✳ ❖r❛♥❣❡ ✿ ❈❤❛♠♣ ❊❧❡❝tr✐q✉❡ ❚❍③ ♠❡s✉ré ✈✐❛ ❊❖❙ r❡♥♦r♠❛❧✐sé
♣♦✉r ❝♦♠♣❛r❛✐s♦♥✳

◆é❛♥♠♦✐♥s✱ ❝❡ rés✉❧t❛t r❡♣rés❡♥t❡ ❧❛ ♣r❡♠✐èr❡ ♠♦❞✉❧❛t✐♦♥ ❞❡ tr❛♥s♠✐ss✐♦♥ ♦♣t✐q✉❡ ♣❛r
❧❡ r❛②♦♥♥❡♠❡♥t ❚❍③ ❞❛♥s ✉♥ ❝♦♠♣♦sé t②♣❡ ❙♣✐♥ ❈r♦ss♦✈❡r✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛ ♣❡r♠✐s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ s♦✉r❝❡ ❞❡ r❛②♦♥✲
♥❡♠❡♥t ❚❍③ ❞♦♥t ❧❡ ♥✐✈❡❛✉ é❣❛❧❡ ❧❡s ♠❡✐❧❧❡✉rs s♦✉r❝❡s ❞❡ ❧✬ét❛t ❞❡ ❧✬❛rt✳ ❈❡tt❡ s♦✉r❝❡
❛ ♣✉ êtr❡ ✈❛❧✐❞é❡ ❡♥ r❡♣r♦❞✉✐s❛♥t ❡t ♣r♦❧♦♥❣❡❛♥t ❞❡s rés✉❧t❛ts ❞❡ ❧✬❛rt✳ P♦✉r ✜♥✐r✱ ❝❡tt❡
s♦✉r❝❡ ❛ ♣✉ ❞♦♥♥❡r ❞❡s rés✉❧t❛ts ✐♥é❞✐ts s✉r ✉♥❡ ♥♦✉✈❡❧❧❡ ❢❛♠✐❧❧❡ ❞❡ ❝♦♠♣♦sé ✿ ❧❡s
❝♦♠♣♦sés à tr❛♥s✐t✐♦♥ ❞❡ s♣✐♥s✳

✶✶



■♥tr♦❞✉❝t✐♦♥ t♦ P❤♦t♦✐♥❞✉❝❡❞ ♣❤❛s❡

tr❛♥s✐t✐♦♥ ❛♥❞ ❚❍③ ♣✉♠♣ ♣r♦❜❡

❡①♣❡r✐♠❡♥t

❚❤❡ ❝♦♥tr♦❧ ❛♥❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ♠❛tt❡r ✐s ❛♥ ✐♠♣♦rt❛♥t ♣❛rt ♦❢ ♣❤②s✐❝s✳ ❆❧❧ ❛❧♦♥❣ ✐ts
❤✐st♦r② ♠❛♥ ❤❛s tr✐❡❞ t♦ ✜♥❞ ♥❡✇ ♠❛t❡r✐❛❧s ❛♥❞ ♥❡✇ ✇❛②s t♦ ✉s❡ t❤❡♠ t♦ ❤❡❧♣ ❤✐♠ ♦✉t
✐♥ ✐ts ❧✐❢❡✳ ❖♥❡ r❡❝❡♥t ✇❛② ♦❢ ❝♦♥tr♦❧❧✐♥❣ ♠❛tt❡r ✐s ❜② t❤❡ ✉s❡ ♦❢ ❛♥ ❡①t❡r♥❛❧ st✐♠✉❧✐✳
❚❤✐s ❡①t❡r♥❛❧ st✐♠✉❧✐ ❝❛♥ ❜❡ t❡♠♣❡r❛t✉r❡✱ ♣r❡ss✉r❡✱ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦r ❡✈❡♥ ❧✐❣❤t✳ ❚❤✐s
❡①t❡r♥❛❧ st✐♠✉❧✐ ❝❛♥ tr✐❣❣❡r str✉❝t✉r❛❧ r❡♦r❞❡r✐♥❣✱ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❛ ♠❛❣♥❡t✐❝ ♠♦♠❡♥t✉♠✱
✐♥s✉❧❛t♦r t♦ ♠❡t❛❧ tr❛♥s✐t✐♦♥✳✳✳

❋✐❣✉r❡ ✶✵✿ ❯♥❞❡r ❛♥ ❡①t❡r♥❛❧ st✐♠✉❧✐✱ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ♠❛tt❡r ❝❛♥ ❜❡ ❝❤❛♥❣❡❞✳ ❋✐❣✉r❡
❛❞❛♣t❡❞ ❢r♦♠ ❬✶❪✳

❚❤❡ st✉❞② ♦❢ ❝♦♥tr♦❧ ♦❢ ♠❛tt❡r ✉s✐♥❣ ❧✐❣❤t ✐s t❤❡ ❞♦♠❛✐♥ ♦❢ P❤♦t♦ ■♥❞✉❝❡❞ P❤❛s❡
❚r❛♥s✐t✐♦♥ ✭P■P❚✮✳ P■P❚ ✐s ❛ ❝♦♥❝❡♣t t❤❛t ✇❛s ♣✐♦♥❡❡r❡❞ ❜② ◆❛s✉ ❡t ❛❧✳❬✷❪✳ ❙t❛t✐❝ ❡①✲
t❡r♥❛❧ st✐♠✉❧✐ s✉❝❤ ❛s ♣r❡ss✉r❡ ♦r t❡♠♣❡r❛t✉r❡ ❛r❡ ♠❛❝r♦s❝♦♣✐❝ q✉❛♥t✐t✐❡s ✇❤✐❝❤ ❝❤❛♥❣❡
t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ♠❛tt❡r t♦ ✐♥❞✉❝❡ ❛ ♣❤❛s❡ tr❛♥s✐t✐♦♥✳ ▲✐❣❤t ♦♥ t❤❡
♦t❤❡r ❤❛♥❞ ✇✐❧❧ ❢♦r❝❡ ♠❛tt❡r ✐♥ ❛ ♥♦♥ st❛❜❧❡ ❡①❝✐t❡❞ st❛t❡✱ ♠❛tt❡r ✇✐❧❧ r❡❧❛① ✐♥t♦ ❛ ♠♦r❡
st❛❜❧❡ st❛t❡ ✇❤✐❝❤ ♣r♦♣❡rt✐❡s ❝❛♥ ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ r❡❛❧ ❣r♦✉♥❞ st❛t❡✳ ❆s s✉❝❤ P■P❚
❛r❡ ✐♥✈♦❧✈✐♥❣ ♠✉❧t✐✲st❡♣ ♣r♦❝❡ss❡s t❤❛t ♠✉st ❜❡ ✉♥❞❡rst♦♦❞ t♦ ❝♦♥tr♦❧ ♠❛tt❡r✳ ❚❤❡
❝♦♥❝❡♣t ♦❢ P■P❚ ✐s r❡s✉♠❡❞ ✐♥ ❋✐❣✳✶✶

✶✷



❋✐❣✉r❡ ✶✶✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❛ ♣❤♦t♦✲✐♥❞✉❝❡❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥✳ ❚❤❡ s②st❡♠
❣♦❡s t❤r♦✉❣❤ ❞✐✛❡r❡♥t st❛t❡s ❜❡❢♦r❡ r❡❛❝❤✐♥❣ t❤❡ ❢❛❧s❡ ❣r♦✉♥❞ st❛t❡ t❤❛t ❝❤❛♥❣❡s t❤❡
❞❡s✐r❡❞ ♦r❞❡r ♣❛r❛♠❡t❡r✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✷❪

❚♦ ❤❛✈❡ ❛ ♣r♦♣❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ♣❤♦t♦✲✐♥❞✉❝❡❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥✱ ✐t ✐s ✐♠♣♦rt❛♥t
t♦ ❤❛✈❡ ❛ ❣♦♦❞ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ str✉❝t✉r❛❧ ❛♥❞ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡ ♦❢ ♠❛t❡r✐❛❧s ❛s
✇❡❧❧ ❛s t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡♠✳ ▼♦r❡♦✈❡r✱ t❤❡ t✐♠❡s❝❛❧❡s ✐♥✈♦❧✈❡❞ ❛r❡ ✈❡r② ❜r♦❛❞
✐♥ P■P❚✱ ❡❧❡❝tr♦♥ ♠♦✈❡♠❡♥ts t✐♠❡s❝❛❧❡ ✐s ✶✵✵ ❢s✱ ❛t♦♠✐❝ ♠♦t✐♦♥s t✐♠❡s❝❛❧❡ ✐s ♣s ❛♥❞
❡❧❛st✐❝ ♠♦✈❡♠❡♥ts ✇✐t❤✐♥ t❤❡ ❝r②st❛❧ ✐s ♥s✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❡❝❤♥✐q✉❡s t❤❛t ❝❛♥ ♣r♦❜❡
❛ ✈❡r② ❜r♦❛❞ s❝❛❧❡ ♦❢ t✐♠❡ ♥❡❡❞ t♦ ❜❡ ❞❡✈❡❧♦♣❡❞✳

■♥ t❤❛t s❡♥s❡ ♦♥❡ ♦❢ t❤❡ ♠♦st ♣r♦♠✐s✐♥❣ t♦♦❧ ❢♦r st✉❞② P■P❚ ✐s ♣✉♠♣ ♣r♦❜❡ ❡①✲
♣❡r✐♠❡♥t✳ ❉❡♣❡♥❞✐♥❣ ♦❢ t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ❧✐❣❤t ✉s❡❞✱ t❤❡ ❡①❝✐t❛t✐♦♥ ❝❛♥ ❜❡ ✈❡r②
❞✐✛❡r❡♥t✳ ❖♣t✐❝❛❧ ❧✐❣❤t ✐s ✉s❡❞ t♦ ❡①❝✐t❡ ❡❧❡❝tr♦♥s ❢r♦♠ t❤❡ ●r♦✉♥❞ st❛t❡ ❬✾❪✱ ❯❧tr❛✈✐♦❧❡t
♣✉❧s❡s ❝❛♥ ❜r❡❛❦ ♠♦❧❡❝✉❧❛r ❜♦♥❞✐♥❣ ❬✶✵❪✱ ✐♥❢r❛r❡❞ ❧✐❣❤t ❝❛♥ ❞✐r❡❝t❧② ❡①❝✐t❡ t❤❡ ❝♦❧❧❡❝t✐✈❡
✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ✐♥ s♦❧✐❞s ♦r ♣❤♦♥♦♥s ❬✶✶❪✳ ❲❡ ❝❛❧❧❡❞ t❤❡ ❧✐❣❤t ✉s❡❞ t♦ ❣❡♥❡r❛t❡ t❤❡
❡①❝✐t❛t✐♦♥ ✧♣✉♠♣✧✳

▲✐❣❤t ❝❛♥ ❜❡ ❛❧s♦ ✉s❡❞ ❛s ❛ ✇❛② t♦ ♠❡❛s✉r❡ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s②st❡♠✳ ■♥❞❡❡❞✱
t❤❡ ❛❜s♦r♣t✐♦♥ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ❡❧❡❝tr♦♥✐❝ tr❛♥s✐t✐♦♥ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ♠❛t❡r✐❛❧ ❝❛♥ ❜❡
♠❡❛s✉r❡❞ ✇✐t❤ ♦♣t✐❝❛❧ ❧✐❣❤t✱ t❤❡ ♣❤♦♥♦♥ s♣❡❝tr❛ ♦❢ ❛ s♦❧✐❞ ✇✐t❤ ✐♥❢r❛r❡❞ ❧✐❣❤t✳ ❳✲❘❛②s
❜② ♠❡❛s✉r✐♥❣ t❤❡ ❞✐✛r❛❝t✐♦♥ ♣❛tt❡r♥ ❣✐✈❡s ❛❝❝❡ss t♦ t❤❡ str✉❝t✉r❡ ♦❢ s♦❧✐❞s✳ ❇❡❝❛✉s❡ ♦❢
t❤❡ ✇✐❞❡ r❛♥❣❡ ♦❢ ♣r♦♣❡rt✐❡s ❧✐❣❤t ❝❛♥ ♠❡❛s✉r❡✱ ✐t ❤❛s ❜❡❡♥ ❡①t❡♥s✐✈❡❧② ✉s❡❞ ✐♥ r❡❝❡♥t
❡①♣❡r✐♠❡♥ts✳ ▲✐❣❤t ✉s❡❞ t❤❛t ✇❛② ✐s ❝❛❧❧❡❞ ❛ ♣r♦❜❡✳

❆❧❧②✐♥❣ ❜♦t❤ t❡❝❤♥✐q✉❡s ✐s ❛ s♦ ❝❛❧❧❡❞ P✉♠♣ Pr♦❜❡ ❡①♣❡r✐♠❡♥t✳ ❋✐rst✱ ❛ ♣✉♠♣ ❜❡❛♠
✐s ✉s❡❞ t♦ ❡①❝✐t❡ t❤❡ s❛♠♣❧❡✱ t❤❡♥ ❛❢t❡r ❛ s♠❛❧❧ ❞❡❧❛② t❤❡ ♣r♦❜❡ ❛rr✐✈❡s ♦♥ t❤❡ s❛♠♣❧❡✳
❚❤❡♥✱ ♠❡❛s✉r✐♥❣ t❤❡ ♣r♦❜❡ ❛❧❧♦✇s t♦ s❡❡ t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ✐♥❞✉❝❡❞
❜② t❤❡ ♣✉♠♣✳ ❚❤❡ ♣r♦❝❡ss ✐s r❡s✉♠❡❞ ✐♥ ❋✐❣✳✶✷✳

✶✸



❋✐❣✉r❡ ✶✷✿ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ♣✉♠♣ ✐s s❡♥❞ ♦♥t♦ t❤❡ s❛♠♣❧❡
t❤❡♥ ❛❢t❡r ❛ ❝❤♦s❡♥ t✐♠❡ ∆t t❤❡ ♣r♦❜❡ ✐s s❡♥t ♦♥t♦ t❤❡ s❛♠♣❧❡✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ t❤❡
♣✉♠♣ ❧✐❣❤t ✐s ❛ ❚❍③ ✇❛✈❡✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✷❪

❋✐❣✉r❡ ✶✸✿ ❈❤r♦♥♦❧♦❣✐❝❛❧ ♦r❞❡r ♦❢ t✐♠❡ s❝❛❧❡s ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✸❪

❖♥❡ ♦❢ t❤❡ ♠♦st ✐♥t❡r❡st✐♥❣ ♣❛rt ♦❢ ✉s✐♥❣ ❧✐❣❤t ❢♦r ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ✐s t✐♠❡
r❡s♦❧✉t✐♦♥✳ ■♥❞❡❡❞✱ ❡❧❡❝tr♦♥✐❝ ✐s ❧✐♠✐t❡❞ t♦ t❤❡ ♥s r❡s♣♦♥s❡ t✐♠❡✳ ❍♦✇❡✈❡r✱ s❤♦rt❡r
t✐♠❡ s❝❛❧❡s ❛r❡ ❛❧s♦ ✐♥t❡r❡st✐♥❣ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✸✳ ❆s ❞❡❧❛② st❛❣❡ ♠♦t♦r ❛r❡ ✈❡r②
♣r❡❝✐s❡ ♥♦✇❛❞❛②s✱ t❤❡ ♠❛✐♥ ❧✐♠✐t❛t✐♦♥ ✐♥ t✐♠❡ r❡s♦❧✉t✐♦♥ ❢♦r ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ✐s
t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥✳ ❚❤❡ s❤♦rt❡r t❤❡ ♣r♦❜❡ ❞✉r❛t✐♦♥ t❤❡ ♠♦r❡ ✐♠♣♦rt❛♥t t✐♠❡ r❡s♦❧✉t✐♦♥
✐s✳ ❍♦✇❡✈❡r✱ ❡✈❡♥ t❤♦✉❣❤ ❛tt♦s❡❝♦♥❞ ♣✉❧s❡ ❛r❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ❣❡♥❡r❛t❡ ✐♥ ❧❛❜♦r❛t♦r✐❡s
t❤❡ st❛♥❞❛r❞ t✐♠❡ r❡s♦❧✉t✐♦♥ r❡♠❛✐♥s t♦ ❜❡ ✐♥ t❤❡ ✶✵✲✶✵✵❢s ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♠❛✐♥❧②
❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♠♠❡r❝✐❛❧ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ s✉❝❤ ❧❛s❡rs✳

❖♥❡ str✐❦✐♥❣ ❡①❛♠♣❧❡ ♦❢ ✉❧tr❛❢❛st ♣❤♦t♦✐♥❞✉❝❡❞ ♣❤❡♥♦♠❡♥❛ ✐s t❤❡ ❝❛s❡ ♦❢ t❤❡ ❜✐s♠✉t❤

✶✹



❝r②st❛❧✳ ❚❤❡ ❜✐s♠✉t❤ ❝r②st❛❧ str✉❝t✉r❡ ✐s r❤♦♠❜♦❤❡❞r❛❧ ✇✐t❤ t✇♦ ❛t♦♠s ✐♥ t❤❡ ✉♥✐t
❝❡❧❧✳ ❯♥❞❡r ❛♥ ✐♠♣♦rt❛♥t ❧❛s❡r ✢✉❡♥❝❡ t❤❡ s②st❡♠ ✐s ❡①❝✐t❡❞ ✐♥t♦ ❛ ♥❡✇ st❛t❡✳ ❚❤❡
❡q✉✐❧✐❜r✐✉♠ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❛t♦♠s ✐s ♠♦❞✐✜❡❞ ✐♥ t❤✐s ♥❡✇ st❛t❡ ✭s❡❡ ❋✐❣✳ ✶✹❛✮✳
❚❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ✭✶✶✶✮ ❇r❛❣❣ ♣❡❛❦ ✇✐❧❧ ❜❡ ❞❡❝r❡❛s❡❞ ❜② t❤❡ ❝❤❛♥❣❡ ♦❢ ❡q✉✐❧✐❜r✐✉♠
❞✐st❛♥❝❡✱ t❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ tr❛♥s✐t✐♦♥ ❝❛♥ ❜❡ ♣r♦❜❡❞ ✉s✐♥❣ t✐♠❡ r❡s♦❧✈❡❞ ❳✲r❛②s✳
❋r✐t③ ❡t ❛❧✳❬✶✹✱ ✶✺❪ ✉s❡❞ ❢s ❳✲r❛②s ❢r♦♠ t❤❡ ▲✐♥❡❛r ❈♦❤❡r❡♥t ▲✐❣❤t ❙♦✉r❝❡ ✭▲❈▲❙✮ ❳✲
❋❊▲✱ t❤❡✐r r❡s✉❧ts ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✹❜✮✳ ❙✐♠✐❧❛r❧② t♦ ✇❤❛t ✇❛s ❞❡♠♦♥str❛t❡❞ ❜②
❙♦❦♦❧♦✇s❦✐ ❡t ❛❧✳❬✶✻❪✱ t❤❡② ♦❜s❡r✈❡❞ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ✭✶✶✶✮ ❇r❛❣❣ ♣❡❛❦✳
❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤♦s❡ t✇♦ ❡①♣❡r✐♠❡♥ts ✐s ❡①♣❧❛✐♥❡❞ ❜②
t❤❡ ❡①tr❡♠❡ ❜r✐❧❧✐❛♥❝❡ t❤❛t ❝❛♥ ♦♥❧② ❜❡ ♦❜t❛✐♥❡❞ ✐♥ ❳✲❋❊▲✳ ❚❤❡ ♦s❝✐❧❧❛t✐♦♥s ❝♦rr❡s♣♦♥❞
t♦ ❛♥ Ag ❝♦❤❡r❡♥t ♣❤♦♥♦♥ ♠♦❞❡✱ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤✐s ♠♦❞❡ ✐s ✷✳✼ ❚❍③✳ ❆ ❢❡♠t♦s❡❝♦♥❞
❧❛s❡r ♣✉❧s❡ ❝❛♥ ✐♥✐t✐❛t❡ ❝♦❧❧❡❝t✐✈❡✱ ✐♥✲♣❤❛s❡ ❛t♦♠✐❝ ♠♦t✐♦♥s ✐♥ s♦❧✐❞s ❝❛❧❧❡❞ ❝♦❤❡r❡♥t
♣❤♦♥♦♥s✳ ❲❤❡♥ t❤❡ ♣✉♠♣ ❧❛s❡r ❝❤❛♥❣❡s t❤❡ ♣♦t❡♥t✐❛❧✱ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦
❛t♦♠s ✐s ❞✐st✉r❜❡❞✱ t❤✐s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ t❤❡ ❧❛r❣❡ ❞❡❝r❡❛s✐♥❣ ❛t t✐♠❡ ✵✱ t❤❡♥ t❤❡ t✇♦
❛t♦♠s ❛r❡ ♦s❝✐❧❧❛t✐♥❣ t♦ t❤❡ ♥❡✇ ❡q✉✐❧✐❜r✐✉♠ ♣♦s✐t✐♦♥s✱ t❤✐s ♠♦✈❡♠❡♥t ❝♦rr❡s♣♦♥❞s t♦
t❤❡ ❝♦❤❡r❡♥t ♣❤♦♥♦♥✳

❋✐❣✉r❡ ✶✹✿ ❛✮ ❯♣ ✿ ❇✐s♠✉t❤ str✉❝t✉r❡ ✐♥ t❤❡ st❛❜❧❡ st❛t❡✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❞✐st❛♥❝❡ ✐s x0
❜❡t✇❡❡♥ t❤❡ t✇♦ ❛t♦♠s ❛♥❞ ✐s ❣✐✈❡♥ ❜② t❤❡ ♣♦t❡♥t✐❛❧ ❡♥❡r❣② E0(x)✳ ❉♦✇♥ ✿ ❇✐s♠✉t❤
str✉❝t✉r❡ ✐♥ t❤❡ ♣❤♦t♦✲❡①❝✐t❡❞ st❛t❡✱ t❤❡ ♥❡✇ ♣♦t❡♥t✐❛❧ E1(x) ❣✐✈❡s ❛ ♥❡✇ ❡q✉✐❧✐❜r✐✉♠
❞✐st❛♥❝❡ x1✳ ❜✮ ■ ♦❢ t❤❡ ✭✶✶✶✮ ❇r❛❣❣ ♣❡❛❦ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠
❬✶✼❪

❚❤✐s ❝♦❤❡r❡♥t ♣❤♦♥♦♥ ✐s ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ ❡❧❡❝tr♦♥✲♣❤♦♥♦♥ ❝♦rr❡❧❛t✐♦♥ ❛s ❡①♣❧❛✐♥❡❞
❜② ❇♦s❝❤❡tt♦ ❡t ❛❧✳❬✶✽❪✳ ■♥ t❤❡✐r ❡①♣❡r✐♠❡♥t✱ t❤❡② ❞✐❞ ❛♥ ♦♣t✐❝❛❧ ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐✲
♠❡♥t ❛t ✽✵✵♥♠ ❛♥❞ ♠❡❛s✉r❡❞ t❤❡ ❝❤❛♥❣❡ ✐♥ r❡✢❡❝t✐✈✐t② ✐♥ ❇✐s♠✉t❤ ✭✶✶✶✮ ❝r②st❛❧✱ t❤❡✐r
r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳✶✺✳ ❚❤❡② ♦❜s❡r✈❡❞ t❤❡ s❛♠❡ ❜❡❤❛✈✐♦✉r✱ ❛ ❧❛r❣❡ ❝❤❛♥❣❡ ✐♥ r❡✢❡❝✲
t✐✈✐t② ❢♦❧❧♦✇❡❞ ❜② ♦s❝✐❧❧❛t✐♦♥s t♦ t❤❡ ♥❡✇ ❡q✉✐❧✐❜r✐✉♠ ♣♦s✐t✐♦♥s✳ ❚❤❡② s❤♦✇❡❞ t❤❛t t❤❡
❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝♦❤❡r❡♥t ♣❤♦♥♦♥ ✇❛s ❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♣✉♠♣ ✢✉❡♥❝②✱ t❤❡ ❢r❡q✉❡♥❝②
♦❢ t❤❡ ♠♦❞❡ ✐s ✷✳✾ ❚❍③ ❛t ✷✳✼ mJ/cm2 ❛♥❞ ✷✳✽✻ ❚❍③ ❛t 6.7mJ/cm2✳ ❚❤✐s ❡①❛♠♣❧❡

✶✺



❞❡♠♦♥str❛t❡s t❤❛t t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❡❧❡❝tr♦♥s ❛♥❞ ♣❤♦♥♦♥ ✐s ✐♠♣♦rt❛♥t t♦ ✉♥✲
❞❡rst❛♥❞ ♣❤♦t♦✐♥❞✉❝❡❞ ♣❤❡♥♦♠❡♥❛✳ ❲❤✐❧❡ ♣❤♦♥♦♥ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ✐♥❞✐r❡❝t❧② ✉s✐♥❣
♦♣t✐❝❛❧ s♣❡❝tr♦s❝♦♣②✱ ❞✐r❡❝t ♦❜s❡r✈❛t✐♦♥s ♦❢ ♣❤♦♥♦♥ r❡q✉✐r❡s t♦ ✉s❡ ❡✐t❤❡r ✐♥❢r❛r❡❞ ❧✐❣❤t
♦r ❧♦✇❡r ❡♥❡r❣② ❧✐❣❤t✳

❋✐❣✉r❡ ✶✺✿ ❈❤❛♥❣❡ ✐♥ r❡✢❡❝t✐✈✐t② ♦♥ ❜✐s♠✉t❤ ✭✶✶✶✮ ❝r②st❛❧ ✇✐t❤ ❛ ❧✐❣❤t ✇❛✈❡❧❡♥❣t❤
♦❢ ✽✵✵♥♠ ❢♦r ❞✐✛❡r❡♥t ❡①❝✐t❛t✐♦♥ ✢✉①✳ ❛✮ ❚❤❡ ❡①❝✐t❛t✐♦♥ ✢✉① ✐s ✷✳✼ mJ/cm2 ❜✮ ❚❤❡
❡①❝✐t❛t✐♦♥ ✢✉① ✐s ✻✳✼ mJ/cm2✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✽❪

❆ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♣❤♦♥♦♥ ♠♦❞❡s ❛r❡ ✇✐t❤✐♥ t❤❡ ✐♥❢r❛r❡❞ r❛♥❣❡ ❛♥❞ s♦ ❛❝❝❡ss✐❜❧❡
✇✐t❤ ❝♦♠♠❡r❝✐❛❧ ❧❛s❡rs✱ ❜✉t ♠♦st ♦❢ t❤❡♠ ✭❛s ✐♥ ❇✐s♠✉t❤✮ ❛r❡ ✐♥ t❤❡ ❚❍③ r❛♥❣❡✳ ❊✛♦rts
❚❍③ ✇❡r❡ ♠❛❞❡ t♦ ❤❛✈❡ ❛❝❝❡ss✐❜❧❡ ❚❍③ ❧✐❣❤t✱ st✐❧❧ ♠♦st ♦❢ t❤♦s❡ ❚❍③✲❙❡t✲❯♣ ❛r❡ ❤♦♠❡✲
♠❛❞❡✳ ❚❍③ ♦✛❡rs ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s ✐♥ P■P❚ ✇❤✐❝❤ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✶✻✳
❚❍③ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞r✐✈❡ ✐♦♥✐❝ ♠♦t✐♦♥ ✐♥ ✐♦♥✐❝ ❝r②st❛❧✱ ✉s❡ t❤❡ ❛ss♦❝✐❛t❡❞ ♠❛❣♥❡t✐❝ ✜❡❧❞
t♦ ❛❝t ❞✐r❡❝t❧② ♦♥ s♣✐♥s✱ ♦r ✜♥❛❧❧② t♦ ❛❝❝❡❧❡r❛t❡ ❡❧❡❝tr♦♥s✳

❋✐❣✉r❡ ✶✻✿ ❚❍③ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞r✐✈❡ ✐♦♥✐❝ ♠♦✈❡♠❡♥t✱ s♣✐♥ ♣r❡❝❡ss✐♦♥ ❛r❡ ❡❧❡❝tr♦♥
❛❝❝❡❧❡r❛t✐♦♥✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✷❪

❚❍③ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❛ ❧♦t ♦❢ ❞✐✛❡r❡♥t ❞♦♠❛✐♥ ✇❤❡r❡ ♦t❤❡r ✉♥✐ts ❛r❡ ✉s❡❞✳ ❚♦ ❤❡❧♣
t❤❡ r❡❛❞❡r✱ ❛❧❧ t❤❡ ✉s✉❛❧ ✉♥✐ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❛❜❧❡ ✷✳

❋r❡q✉❡♥❝② ❊♥❡r❣② ❲❛✈❡❧❡♥❣t❤ ❲❛✈❡♥✉♠❜❡r P✉❧s❡ ❞✉r❛t✐♦♥
✶ ❚❍③ ✹♠❡❱ ✸✵✵ ♠✉♠ ✸✸ ❝♠✲✶ ✶♣s

❚❛❜❧❡ ✷✿ ❯s✉❛❧ ✉♥✐ts ❢♦r ✶ ❚❍③

✶✻



❚❍③ ❚✐♠❡ ❉♦♠❛✐♥ s♣❡❝tr♦s❝♦♣② ✭❚❍③✲❚❉❙✮ ❛❧❧♦✇s t❤❡ st✉❞② ♦❢ ♣❤♦♥♦♥ ♠♦❞❡s✳
❚❤✐s t❡❝❤♥✐q✉❡ ❤❛s t❤❡ ❤✉❣❡ ❛❞✈❛♥t❛❣❡ t♦ ❜❡ ❛ ❝♦❤❡r❡♥t t❡❝❤♥✐q✉❡✳ ❆s s✉❝❤✱ ❜♦t❤
r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♦♣t✐❝❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ t❤❡ ♠❛t❡r✐❛❧ ❝❛♥ ❜❡
❡①tr❛❝t❡❞ ❢r♦♠ ❛ s✐♥❣❧❡ ♠❡❛s✉r❡♠❡♥t✳ ❆ ❢✉❧❧ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❚❍③✲❚❉❙ ✇✐❧❧ ❜❡ ❣✐✈❡♥ ✐♥
t❤❡ ❝❤❛♣t❡r ✸ ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t✳ ❚❤❡r❡ ❡①✐sts ♥♦✇ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❚❍③✲❚❉❙
s❡t✲✉♣ t❤❛t ❛❧❧♦✇s t♦ ♠❡❛s✉r❡ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ♠❛t❡r✐❛❧s✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ s✉❝❤ ♠❡❛s✉r❡
✐s ❣✐✈❡♥ ✐♥ ❋✐❣✳✶✼✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ ❆❣✉❧t♦ ❡t ❛❧✳❬✶✾❪ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ t❤❡ ❡❧❡❝tr♦♥✐❝
♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠♦♥♦❝❧✐♥✐❝ β−Ga2O3 ❝♦♠♣♦✉♥❞✳ ❚❍③✲❚❉❙ ✐s ❛ ♥♦♥ ✐♥✈❛s✐✈❡ ❛♥❞ ♥♦♥
❞❡str✉❝t✐✈❡ t❡❝❤♥✐q✉❡ ❛♥❞ ❛s s✉❝❤ ✐s ❛ t❡❝❤♥✐q✉❡ ♦❢ ❝❤♦✐❝❡ ❢♦r s✉❝❤ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡②
✉s❡❞ ❛ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❚❍③✲❚❉❙ s❡t✲✉♣ ❜❛s❡❞ ♦♥ P❤♦t♦ ❈♦♥❞✉❝t✐✈❡ ❆♥t❡♥♥❛✳

❋✐❣✉r❡ ✶✼✿ ❛✮ ❚❍③ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ✐s t❤❡ r❡❢❡r❡♥❝❡
✇✐t❤♦✉t s❛♠♣❧❡✱ t❤❡ s♦❧✐❞ ❧✐♥❡ ❛r❡ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❜s❡r✈❡❞ ❢♦r ❞✐✛❡r❡♥t ❡①♣❡r✐✲
♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s✳ ❜✮ ❊①tr❛❝t❡❞ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❢♦r t❤✐s ♠❡❛s✉r❡♠❡♥ts✳ ❇♦t❤ ✜❣✉r❡s
❛r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✾❪✳

❚❤❛♥❦s t♦ t❤❡ ❝♦❤❡r❡♥t ♠❡❛s✉r❡♠❡♥t ❛❧❧♦✇❡❞ ❜② t❤❡ ❚❍③✲❚❉❙ s❡t✲✉♣ t❤❡ ❚❍③
❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ❞✐r❡❝t❧② ♠❡❛s✉r❡❞✳ ❚❤✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✼❛✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ♥♦♥ ③❡r♦
✈❛❧✉❡ ♦❢ t❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐♥ t❤❡ β−Ga2O3 ❝♦♠♣♦✉♥❞✱ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ❞❡❧❛②❡❞
✐♥ t✐♠❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ r❡❢❡r❡♥❝❡✳ ❚❤❡ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ❝❛♥ ❜❡
❡①♣❧♦✐t❡❞ ❜♦t❤ ✐♥ ♣❤❛s❡ ❛♥❞ ✐♥ ♠❛❣♥✐t✉❞❡✳ ❚❤❡ st✉❞② ♦❢ t❤❡ ♣❤❛s❡ ❛❧❧♦✇s t❤❡ ♠❡❛s✉r❡
♦❢ t❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♥✱ ✇❤✐❧❡ t❤❡ st✉❞② ♦❢ t❤❡ ♠❛❣♥✐t✉❞❡ ❛❧❧♦✇s ❡①tr❛❝t✐♦♥ ♦❢
t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ✭♦r ❡①t✐♥❝t✐♦♥ ❝♦❡✣❝✐❡♥t✮ κ✳ ❚❤❡✐r r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✶✼❜✳
❆s ❚❍③ ❧✐❣❤t ✐s ❧✐♥❡❛r❧② ♣♦❧❛r✐③❡❞✱ ❆❣✉❧t♦ ❡t ❛❧✳ s❤♦✇♥ t❤❛t t❤❡ ❞✐❡❧❡❝tr✐❝ r❡s♣♦♥❞s ♦❢
β −Ga2O3 ✐s ❛♥✐s♦tr♦♣✐❝ ❛♥❞ ✇❡r❡ ❛❜❧❡ t♦ ❣✐✈❡s q✉❛♥t✐t❛t✐✈❡ ♠❡❛s✉r❡ ♦❢ t❤❡ r❡❢r❛❝t✐✈❡
✐♥❞❡① ✐♥ ❜♦t❤ ❞✐r❡❝t✐♦♥✳

P❤♦t♦❝♦♥❞✉❝t✐✈❡ ❛♥t❡♥♥❛s ❛r❡ ♦♥❡ ♦❢ t❤❡ ❡❛s✐❡st ❚❍③ s❡t✲✉♣ t♦ ✐♠♣❧❡♠❡♥t ❜✉t ❤❛✈❡
t❤❡ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ ❣❡♥❡r❛t✐♥❣ ❧♦✇ ✐♥t❡♥s✐t② ❚❍③ ✇❛✈❡s✳ ❚❤✐s ✐s ♥♦t ❛♥ ✐ss✉❡ ✇✐t❤
❧✐♥❡❛r ❚❉❙ ❜✉t ✇✐t❤ ♠♦r❡ ✐♥t❡♥s❡ ❚❍③✱ ♥❡✇ ❡✛❡❝ts ❝❛♥ ❜❡ ♣r♦❜❡❞✳ ❑❛t❛②❛♠❛ ❡t
❛❧✳❬✷✵❪ ♣❡r❢♦r♠❡❞ ❚❍③✲❚❉❙ ♦♥ SrT iO3 t❤✐♥ ✜❧♠s ❞❡♣♦s✐t❡❞ ♦♥ ▼❣❖✳ SrT iO3 ✐s ❛
♣❡r♦✈s❦✐t❡ ❝r②st❛❧ ✇❤✐❝❤ str✉❝t✉r❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✽❛✮✳ ❚❤✐s ❝r②st❛❧ ❡①❤✐❜✐ts ❛ s♦❢t
♠♦❞❡ ✭♠♦❞❡ ✇❤✐❝❤ ❢r❡q✉❡♥❝② ❣♦❡s t♦ ③❡r♦ ❝❧♦s❡ t♦ t❤❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡✮✱ t❤✐s
♠♦❞❡ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ❖ ❛t♦♠s t♦✇❛r❞s t❤❡ ✉♣♣❡r st❛t❡ ♦❢ t❤❡ ❝✉❜❡
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✇❤✐❧❡ t❤❡ ❚✐ ♠♦✈❡s ❞♦✇♥✇❛r❞ ✭s❡❡ ❋✐❣✳✶✽❛✮✳ ❚❤❡ ❡①♣❡r✐♠❡♥t ✇❛s r❡❛❧✐③❡❞ ✉s✐♥❣ ❚❍③
❣❡♥❡r❛t❡❞ ❢r♦♠ ❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✐♥ LiNbO3 ✇✐t❤ t❤❡ t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t t❡❝❤♥✐q✉❡✳

❋✐❣✉r❡ ✶✽✿ ❛✮ SrT iO3 ✉♥✐t ❝❡❧❧✱ t❤❡ ♠♦✈❡♠❡♥ts ✐♥❞✉❝❡❞ ❜② t❤❡ s♦❢t ♠♦❞❡ ❛r❡ r❡♣r❡s❡♥t❡❞
❜② t❤❡ ❜❧❛❝❦ ❛rr♦✇s✳ ❜✮ ◆♦r♠❛❧✐③❡❞ ❚❍③ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✱ ❡❛❝❤ ✇❛✈❡❢♦r♠
✐s ♥♦r♠❛❧✐③❡❞ ❜② ✐ts r❡❢❡r❡♥❝❡✳ ❚❤❡ r❡❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ♦❢
E0 ❂ ✽✵❦❱✴❝♠✱ t❤❡ ❜❧✉❡ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ♦❢ ✶✵ ❦❱✴❝♠✳ ❝✮
❆ss♦❝✐❛t❡❞ ♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡✱ t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ✐s ♣❧♦tt❡❞ ✐♥
❜❧❛❝❦✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✷✵❪

❇② ❛♣♣❧②✐♥❣ ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥t❡♥s✐t✐❡s✱ t❤❡② ♦❜s❡r✈❡ ❛ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ t❤❡
❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ s♦❢t ♠♦❞❡ ✭s❡❡ ❋✐❣✳ ✶✽❝✮✳ ❚❤❡ s♦❢t ♠♦❞❡ ❛❜s♦r♣t✐♦♥ ♠❛①✐♠✉♠ ✐s
s❤✐❢t❡❞ t♦✇❛r❞ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ ❛♥❞ ❛ s♣❡❝tr❛❧ ♥❛rr♦✇✐♥❣ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞✳ ❑❛t❛②❛♠❛
❡t ❛❧✳ ❡①♣❧❛✐♥❡❞ t❤✐s s❤✐❢t ❛♥❞ ♥❛rr♦✇✐♥❣ ❜② t❤❡ q✉❛rt✐❝ ❛s♣❡❝t ♦❢ t❤❡ ♣♦t❡♥t✐❛❧✳ ❆s s✉❝❤
♥♦♥ ❧✐♥❡❛r✐t② ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ❚❍③✲❚❉❙✳

❆♥♦t❤❡r ❡①❛♠♣❧❡ ♦❢ ♥♦♥ ❧✐♥❡❛r✐t② ♣r♦❜❡❞ ❜② ❚❍③✲❚❉❙ ✐s ❣✐✈❡♥ ❜② ❏❡✇❛r✐②❛ ❡t ❛❧✳
❬✷✶❪✳ ❚❤❡② ♣❡r❢♦r♠❡❞ ♥♦♥ ❧✐♥❡❛r ❚❍③✲❚❉❙ ♦♥ t❤❡ ▲✲❛r❣✐♥✐♥❡ ❝♦♠♣♦✉♥❞✳ ▲✲❛r❣✐♥✐♥❡ ✐s
❛♥ ♦r❣❛♥✐❝ ♣♦✇❞❡r ❝♦♠♣♦✉♥❞ t❤❛t ♣r❡s❡♥ts ❛♥ ❛❜s♦r♣t✐♦♥ ♠♦❞❡ ❛t ✶ ❚❍③✳ ❚❍③ ✇❡r❡
❣❡♥❡r❛t❡❞ t❤❡ s❛♠❡ ✇❛② t❤❛♥ ❢♦r ❑❛t❛②❛♠❛ ❡t ❛❧✳❬✷✵❪✳ ❚❤❡✐r r❡s✉❧ts ✐s ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳✶✾✳ ❚❤❡② ♠❡❛s✉r❡❞ t❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr❛ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❚❤❡② ♦❜s❡r✈❡ ❛ s♣❡❝tr❛❧ r❡❞✐str✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② t♦ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝②
r❡❣✐♦♥✳ ❚❤❡② ❡①♣❧❛✐♥❡❞ t❤✐s s❤✐❢t ❛❣❛✐♥ ❜② t❤❡ ♥♦♥ ❧✐♥❡❛r✐t② ♦❢ t❤❡ ♣♦t❡♥t✐❛❧✳ ■❢ t❤❡
♣♦t❡♥t✐❛❧ ✐s ❢✉❧❧② ❤❛r♠♦♥✐❝✱ t❤❡♥ t❤❡ q✉❛♥t✐✜❡❞ ❡♥❡r❣✐❡s ✐♥ t❤❡ ♣♦t❡♥t✐❛❧ s❤♦✉❧❞ ❜❡ ❡q✉✐
❞✐st❛♥t✱ ✐✳❡✳ t♦ ✐♥❝r❡❛s❡ t❤❡ ♠♦❞❡ ♣♦♣✉❧❛t✐♦♥ ❛❧❧ q✉❛♥t✉♠ ♦❢ ❡♥❡r❣✐❡s s❤♦✉❧❞ ❜❡ t❤❡
s❛♠❡✳ ❍♦✇❡✈❡r✱ ✐❢ t❤❡ ♣♦t❡♥t✐❛❧ ✐s ♥♦t ♣❡r❢❡❝t❧② q✉❛❞r❛t✐❝✱ t❤❡♥ t❤❡ ❡♥❡r❣② r❡q✉✐r❡❞ t♦
♣♦♣✉❧❛t❡ t❤❡ ♠♦❞❡ ❢r♦♠ ✶ t♦ ✷ ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ ♦♥❡ ❢r♦♠ ✶✾ t♦ ✷✵✳ ❚❤❡r❡❢♦r❡✱ ✇✐t❤
❛♥ ❤✐❣❤ ❡♥♦✉❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞✱ t❤❡ ❧❛❞❞❡r ❝❛♥ ❜❡ ❝❧✐♠❜❡❞ ♠♦r❡ ❡❛s✐❧② t♦ ♣♦♣✉❧❛t✐♦♥ ✷✵
t❤❛♥ ✐❢ t❤❡ ♣♦t❡♥t✐❛❧ ✇❛s ❢✉❧❧② ❤❛r♠♦♥✐❝✳
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❋✐❣✉r❡ ✶✾✿ ❖♣t✐❝❛❧ ❞❡♥s✐t② ♦❢ ❛♥ ▲✲❛r❣✐♥✐♥❡ ♣❡❧❧❡t ❛t ❞✐✛❡r❡♥t ✐♥❝✐❞❡♥t ❛♠♣❧✐t✉❞❡s ♦❢
❚❍③ ♣✉❧s❡s✳ ❚❤❡ ✐♥s❡t s❤♦✇s t❤❡ ✐♥❝✐❞❡♥t ❚❍③ ♣✉❧s❡✳ ❚❤❡ ✉♣♣❡r ♣❛rt s❤♦✇s t❤❡ ♣♦✇❡r
s♣❡❝tr❛ ♦❢ t❤❡ ❚❍③ ♣✉❧s❡ ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ s❛♠♣❧❡ ❛♥❞ ✇✐t❤♦✉t t❤❡ s❛♠♣❧❡✳ ❋✐❣✉r❡
❛❞❛♣t❡❞ ❢r♦♠ ❬✷✶❪

❚❤♦s❡ t✇♦ ❡①❛♠♣❧❡s s❤♦✇❡❞ t❤❛t ❚❍③✲❚❉❙ ✐s ❛ ❣♦♦❞ t♦♦❧ t♦ ♣r♦❜❡ ♥♦♥ ❧✐♥❡❛r✐t②✳
❍♦✇❡✈❡r✱ ❢♦r ❜♦t❤ ❝❛s❡ t❤❡ s❛♠❡ ♣✉❧s❡ ❛❝ts ❛s t❤❡ ♣✉♠♣ ❛♥❞ t❤❡ ♣r♦❜❡ ♦❢ t❤❡ s②st❡♠✳
❚❤❡r❡❢♦r❡✱ ♥♦ ❞②♥❛♠✐❝s ❝❛♥ ❜❡ ♣r♦❜❡❞ ✉s✐♥❣ ♦♥❧② ♦♥❡ ♣✉❧s❡✳ ❚❍③✲❚❉❙ ✐s ❛ ♣r♦❜❡ ♦❢ t❤❡
♣❤♦♥♦♥ s♣❡❝tr❛✳ ❲❡ ❤❛✈❡ s❡❡♥ t❤❛t ✐❢ t❤❡ ♣r♦❜❡ ❚❍③ ✐s str♦♥❣ ❡♥♦✉❣❤ ✐t ❝❛♥ ❝❤❛♥❣❡ t❤❡
♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ■❢ ♦♥❡ ✇❛♥ts t♦ ❞✐s❡♥t❛♥❣❧❡ t❤❡ ❡✛❡❝ts ♦❢ ♣✉♠♣ ❛♥❞ ♣r♦❜❡✱
❛ ♣✉♠♣ ❤❛s t♦ ❜❡ ❛❞❞❡❞✳ ❙✉❝❤ ❦✐♥❞ ♦❢ ❡①♣❡r✐♠❡♥t ❤❛s ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ❜② ❍♦✉✈❡r ❡t
❛❧✳❬✷✷❪✳ ■♥ t❤❡✐r ❡①♣❡r✐♠❡♥t✱ t❤❡② ✉s❡❞ ❚❍③ ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥ ✐♥
❛ ❉❙❚▼❙ ✭♦r❣❛♥✐❝ ❝r②st❛❧✮ ❛♥❞ ❚❍③ ❣❡♥❡r❛t❡❞ ❢r♦♠ ❛♥ ❛✐r ♣❧❛s♠❛ s♦✉r❝❡ ❛s t❤❡ ♣r♦❜❡✳

❚❍③ ♣✉♠♣ ❝❛♥ ❛❧s♦ ✐♥❞✉❝❡ ❡✛❡❝ts t❤❛t ❛r❡ ♣r♦❜❡❞ ✉s✐♥❣ ♦t❤❡r t❡❝❤♥✐q✉❡s✳ ▼♦r✐♠♦t♦
❡t ❛❧✳ ❬✹❪ r❡❛❧✐③❡❞ ❛ ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ♦♥ t❤❡ t❡tr❛t❤✐❛❢✉❧✈❛❧❡♥❡✲♣✲
❝❤❧♦r❛♥✐❧ ✭❚❚❋✲❈❆✮ ♦r❣❛♥✐❝ ❝♦♠♣♦✉♥❞✳ ❚❚❋✲❈❆ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ♠♦❧❡❝✉❧❡s t❤❡
❞♦♥♦r ✭❉✮ ❚❚❋ ❛♥❞ ❛❝❝❡♣t♦r ✭❆✮ ❈❆✳ ❚❤❡ ♠♦❧❡❝✉❧❡s ❢♦r♠ ❛ q✉❛s✐ ✶ ❞✐♠❡♥s✐♦♥❛❧ ❝❤❛✐♥
❛❧♦♥❣ t❤❡ ❛ ❛①✐s ♦❢ t❤❡ ❝r②st❛❧✳ ❚❤❡ ♠♦❧❡❝✉❧❡ ✉♥❞❡r❣♦❡s ❛ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ❛ ♥❡✉tr❛❧
♣❤❛s❡ tr❛♥s✐t✐♦♥ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ t♦ ❛ ✐♦♥✐❝ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡✳
❚❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ tr❛♥s✐t✐♦♥ ✐s ✾✷❑ ❢♦r t❤✐s ❝♦♠♣♦✉♥❞✳ ❆ ♠❛❝r♦s❝♦♣✐❝ ♣♦❧❛r✐③❛t✐♦♥
❛❧♦♥❣ t❤❡ ❛ ❛①✐s ❛♣♣❡❛rs ✐♥ t❤❡ ✐♦♥✐❝ ♣❤❛s❡✳ ❚❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❞♦❡s ♥♦t ♦r✐❣✐♥❛t❡ ❢r♦♠
✐♦♥s ❜✉t ❢r♦♠ t❤❡ ❡❧❡❝tr♦♥✐❝ ❝❧♦✉❞ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡s✱ ❛♥❞ ✐s ♦♣♣♦s❡❞ ✐♥ ❞✐r❡❝t✐♦♥ ❢r♦♠ t❤❡
❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ✐♦♥s✳❬✷✸❪✳ ❚❤❡ ❚❍③ ✇❡r❡ ❣❡♥❡r❛t❡❞ ❢r♦♠ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥
✐♥ LiNbO3 ❜✉t ✇✐t❤ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ ✐♥ r❡❢❡r❡♥❝❡s ❬✷✵❪ ❛♥❞ ❬✷✶❪
✇✐t❤ ❛ ✈❛❧✉❡ ♦❢ ✹✵✵❦❱✴❝♠✱ ❛ ✇❛✈❡❢♦r♠ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✵❜✳ ❚❤❡r❡ ✇❡r❡ t✇♦ ♣r♦❜❡s
✐♥ t❤❡✐r ❡①♣❡r✐♠❡♥t✱ ✜rst ❛ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ♣r♦❜❡ ❛t ✷✳✻ ❡❱ ❛♥❞ ❛ r❡✢❡❝t✐✈✐t② ♦♣t✐❝❛❧
♣r♦❜❡ ❛t ✶✳✸❡❱✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ t❤❡② ✉s❡❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✵❛✳

✶✾



❋✐❣✉r❡ ✷✵✿ ❛✮❙❝❤❡♠❛t✐❝ s❡t✉♣s ♦❢ t❡r❛❤❡rt③ ♣✉♠♣ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥✭❙❍●✮
♣r♦❜❡ ❛♥❞ ♦♣t✐❝❛❧ r❡✢❡❝t✐✈✐t② ♣r♦❜❡ ♠❡❛s✉r❡♠❡♥ts✳ ❜✮ ❆ ✇❛✈❡❢♦r♠ ♦❢ t❤❡ t❡r❛❤❡rt③
❡❧❡❝tr✐❝ ✜❡❧❞ ETHz(t)✳ ❝✮ ❆ t✐♠❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❙❍ ✐♥t❡♥s✐t② ❛t ✾✵ ❑ ♥♦r♠❛❧✐③❡❞ ❜②
t❤❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ✐♥t❡♥s✐t② ❛t ✻✺ ❑ ✭∆ISHG(t)/ISHG65K)✳ ❞✮ ❆ t✐♠❡ ❡✈♦❧✉t✐♦♥ ♦❢
∆R(t)/R ❛t ✾✵ ❑✳ ❙❤❛❞❡❞ ❛r❡❛s ✐♥ ✭❢✮ ❛♥❞ ✭❣✮ s❤♦✇ |ETHz|2✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✹❪

❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ t♦♦❧ t♦ ♣r♦❜❡ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢
♠❛❝r♦s❝♦♣✐❝ ♣♦❧❛r✐③❛t✐♦♥ ✐♥ ❛ ❝♦♠♣♦✉♥❞✳ ▼♦r✐♠♦t♦ ❡t ❛❧✳ ✉s❡❞ t❤❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝
❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ✐♦♥✐❝ ♣❤❛s❡ ✇❤❡r❡ t❤❡r❡ ❡①✐sts ❛ s♣♦♥t❛♥❡♦✉s ♣♦❧❛r✐③❛t✐♦♥ ❛s ❛ r❡❢❡r❡♥❝❡✳
❚❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇✐❧❧ ❛❝t✐✈❛t❡ t❤❡ ❞✐♠❡r✐s❛t✐♦♥ ♦♥ t❤❡ ❚❚❋ ❛♥❞ ❈❆ ❛♥❞ ❝r❡❛t❡s
t❤❡ ♣♦❧❛r✐③❛t✐♦♥✳ ❆s s✉❝❤✱ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ s❤♦✉❧❞ ❜❡ ❛❝t✐✈❛t❡❞ ❜② t❤❡
❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤❡ r❡s✉❧ts t❤❡② ♦❜t❛✐♥❡❞ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✵❝✳ ❚❤❡ s✐❣♥❛❧
♦❜t❛✐♥❡❞ ✇✐t❤ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ❛s ❛ ♣r♦❜❡ ❢♦❧❧♦✇s t❤❡ sq✉❛r❡❞ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❚❤❡ ❝❤❛♥❣❡ ✐♥ r❡✢❡❝t✐♦♥ ❛t ✶✳✸ ❡❱ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✵❞✳ ❍❡r❡ ❛❣❛✐♥✱ t❤❡ r❡✢❡❝t✐✈✐t②
s✐❣♥❛❧ ✐s ❢♦❧❧♦✇✐♥❣ t❤❡ sq✉❛r❡ ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤❡ ♦r✐❣✐♥ ♦❢ t❤❡ s✐❣♥❛❧ ✐s ❧✐♥❦❡❞
t♦ ❝❤❛r❣❡ tr❛♥s❢❡r ❜❡t✇❡❡♥ t❤❡ ❞♦♥♦r ❛♥❞ ❛❝❝❡♣t♦r✳ ❇♦t❤ s✐❣♥❛❧s ♣r❡s❡♥t ♦s❝✐❧❧❛t✐♦♥s ❜✉t
t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ❡①♣❧❛✐♥❡❞ ❜② ▼♦r✐♠♦t♦ ❡t ❛❧✳ ✐s ❜❡②♦♥❞ t❤❡ s❝♦♣❡ ♦❢ t❤✐s ✐♥tr♦❞✉❝t✐♦♥✳
❍♦✇❡✈❡r✱ ❛ ♣❤♦t♦✲✐♥❞✉❝❡❞ ♣♦❧❛r✐③❛t✐♦♥ ❤❛s ❜❡❡♥ ❣❡♥❡r❛t❡❞ ✇❤✐❝❤ ♣r♦✈❡s t❤❛t ❚❍③ ✉s❡❞
❛s ❛ ♣✉♠♣ ❝❛♥ ❛❧s♦ ✐♥❞✉❝❡ P■P❚✳

■♥ t❤❡ ❧❛st ❡①❛♠♣❧❡✱ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇❛s ✉s❡❞ t♦ tr✐❣❣❡r ❛ ♥❡✉tr❛❧ t♦ ✐♦♥✐❝
♣❤❛s❡ tr❛♥s✐t✐♦♥✳ ❆♥♦t❤❡r ✐♥t❡r❡st✐♥❣ ❛s♣❡❝t ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ✐ts ❛ss♦❝✐❛t❡❞
♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛ss♦❝✐❛t❡❞ t♦ ✶▼❱✴❝♠ ✐s ✵✳✸✸ ❚✳ ❆s s✉❝❤ s✐♥❣❧❡
❝②❝❧❡ ✐♥t❡♥s❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛❝t ❞✐r❡❝t❧② ♦♥ ❛ s♣✐♥ ❧❡✈❡❧✳ ■♥ ♠❛t❡r✐❛❧s
♣r❡s❡♥t✐♥❣ ❛ ♠❛❣♥❡t✐❝ ♦r❞❡r✱ s♣✐♥s ❛r❡ ❛❧✐❣♥❡❞ ❛❧♦♥❣ ❛ ♣❛rt✐❝✉❧❛r ❞✐r❡❝t✐♦♥ Bint✳ ❚❤❡
❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✇✐❧❧ ❣✐✈❡ ❛♥ ❡①t❡r♥❛❧ ❞✐r❡❝t✐♦♥ ❢♦r t❤❡ s♣✐♥s t♦ ❛❧✐❣♥ ♦♥✳ ❚♦
r❡❧❛① ❜❛❝❦ t♦ t❤❡✐r ♦r✐❣✐♥❛❧ ❞✐r❡❝t✐♦♥ Bint✱ t❤❡ s♣✐♥s ✇✐❧❧ ♦s❝✐❧❧❛t❡ ❛t ❛ ❢r❡q✉❡♥❝② ✇❤✐❝❤
❞❡♣❡♥❞s ♦♥ t❤❡ ♠❛t❡r✐❛❧✳ ■t ✐s ✉♥❞❡r ✶✵✵ ●❍③ ❢♦r ❢❡rr♦♠❛❣♥❡t ❛♥❞ ❝❛♥ ❡①❝❡❡❞ ✶ ❚❍③ ❢♦r
❛♥t✐✲❢❡rr♦♠❛❣♥❡t✳ ❆♥t✐✲❢❡rr♦♠❛❣♥❡t ❛r❡ t❤❡ ♠♦st ❝♦♠♠♦♥ ♠❛t❡r✐❛❧s ✇✐t❤ ❛ ♠❛❣♥❡t✐❝
♦r❞❡r✳ ❚❤❡r❡❢♦r❡✱ ❚❍③ ❧✐❣❤t ✐s t❤❡ ❣♦♦❞ t♦♦❧ t♦ ❝♦♥tr♦❧ s♣✐♥s✳
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❖♥❡ str✐❦✐♥❣ ❡①❛♠♣❧❡ ♦❢ s♣✐♥ ❝♦♥tr♦❧ ✉s✐♥❣ ❚❍③ ✇❛s r❡❛❧✐③❡❞ ❜② ❑❛♠♣❢r❛t❤ ❡t ❛❧✳❬✷✹❪✳
❑❛♠♣❢r❛t❤ ❡t ❛❧✳ s❤✐♥❡❞ ❛ ✹✵✵❦❱✴❝♠ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✱ ✵✳✶✸ ❚ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ ✇✐t❤ ❛
❢r❡q✉❡♥❝② r❛♥❣❡ ✵✳✶ t♦ ✸ ❚❍③ ♦♥ t❤❡ ◆✐❖ ❛♥t✐✲❢❡rr♦♠❛❣♥❡t✳ ❚❤❡ ◆✐❖ ❛♥t✐✲❢❡rr♦♠❛❣♥❡t
♣r❡s❡♥ts ❛ ♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ❛t ✶ ❚❍③ ❛♥❞ s♦ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ t❤❡② ❛♣♣❧② ✐s
❛❞❡q✉❛t❡ t♦ tr✐❣❣❡r ❛ ♠❛❣♥❡t✐❝ r❡s♣♦♥s❡✳ ❚❤❡② ♠❡❛s✉r❡ t❤❡ ❝❤❛♥❣❡ ✐♥ ♠❛❣♥❡t✐❝ ♦r❞❡r
✉s✐♥❣ t❤❡ ❋❛r❛❞❛② ❡✛❡❝t✳ ❚❤❡ ✐♥❞✉❝❡❞ ♠❛❣♥❡t✐③❛t✐♦♥ ✇✐❧❧ ❝❤❛♥❣❡ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❞✐✲
r❡❝t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ♣✉❧s❡ ✇✐t❤ ❛♥ ❛♥❣❧❡ ❝❛❧❧❡❞ t❤❡ ❋❛r❛❞❛② ❛♥❣❧❡✳ ❚❤❡✐r r❡s✉❧ts ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✶✳ ❲❡ ♦❜s❡r✈❡❞ ❛ str♦♥❣ ♦s❝✐❧❧❛t♦r② ❝♦♠♣♦♥❡♥t t❤❛t ✐s ✶ ♣s ♣❡r✐♦❞✐❝
✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❛ ✶ ❚❍③ ❢r❡q✉❡♥❝② ✇❤✐❝❤ s❤♦✇❡❞ t❤❛t ♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ❝❛♥
❜❡ ♦❜s❡r✈❡❞ ✉s✐♥❣ ❚❍③ ❛s ❛ ♣✉♠♣✳ ▼❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ❝❛♥ ❛❧s♦ ❜❡ ♣r♦❜❡❞ ✉s✐♥❣ ❚❍③✲
❚❉❙ ❛s ❞❡♠♦♥str❛t❡❞ ❜② ●r✐s❤✉♥✐♥ ❡t ❛❧✳ ❬✷✺❪✳ ❚❤❡② ✉s❡❞ ❚❍③✲❚❉❙ t♦ ♠❡❛s✉r❡ t❤❡
♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ♦❢ t❤❡ ❛♥t✐✲❢❡rr♦♠❛❣♥❡t TmFeO3✳

❋✐❣✉r❡ ✷✶✿ ❯tr❛❢❛st ❋❛r❛❞❛② r♦t❛t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✳ ❚❤❡ ❋❛r❛❞❛② r♦t❛t✐♦♥ ✐s
♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥✳

❚❍③ ❧✐❣❤t ✐s ❛ ♣r♦♠✐s✐♥❣ t♦♦❧ t♦ st✉❞② P■P❚ ❛s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳ ❚❤❡
❞❡✈❡❧♦♣♠❡♥t ♦❢ ♠♦r❡ ✐♥t❡♥s❡ ❚❍③ ❧✐❣❤t s♦✉r❝❡ ✐s st✐❧❧ ❛ ❝❤❛❧❧❡♥❣❡✱ ❜✉t t❤❡s❡ s♦✉r❝❡s ❛r❡
♠♦r❡ ❛♥❞ ♠♦r❡ ❛❝❝❡ss✐❜❧❡ ✐♥ t❤❡ ❧❛❜♦r❛t♦r✐❡s ❛r♦✉♥❞ t❤❡ ✇♦r❧❞✳ ❚❤✐s ✐s t❤❡ ♠♦t✐✈❛t✐♦♥
♦❢ t❤✐s P❤❉ ❚❤❡s✐s✿ t♦ ❜✉✐❧❞ ❛♥ ✐♥t❡♥s❡ ❚❍③ s♦✉r❝❡✳ ❚❤✐s ✐♥t❡♥s❡ ❚❍③ s♦✉r❝❡ ✇✐❧❧ ❜❡
✉s❡❞ t♦ tr✐❣❣❡r str✉❝t✉r❛❧ ❝❤❛♥❣❡s ❜② r❡s♦♥❛♥t❧② ❡①❝✐t❡❞ ♣❤♦♥♦♥ ♠♦❞❡s✱ ❜✉t ❛❧s♦ t♦ ✉s❡
t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❢ t❤❡ ❚❍③ t♦ ✇♦r❦ ♦♥ ❛♥ ❡❧❡❝tr♦♥✐❝ ❧❡✈❡❧✳
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❖✉t❧♦♦❦ ♦❢ t❤❡ ♠❛♥✉s❝r✐♣t

■♥ t❤❡ ✜rst ❝❤❛♣t❡r ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t✱ ■ ✇✐❧❧ ✐♥tr♦❞✉❝❡ s♦♠❡ ❝r✉❝✐❛❧ ❡❧❡♠❡♥t ♦❢ ♥♦♥
❧✐♥❡❛r ♦♣t✐❝ t❤❛t ✇✐❧❧ ❜❡ ♥❡❝❡ss❛r② ❢♦r t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t✳ ❚❤❡♥✱ s♦♠❡
❚❍③ ❣❡♥❡r❛t✐♦♥ t❡❝❤♥✐q✉❡s ❛s ✇❡❧❧ ❛s ❚❍③ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳

■♥ t❤❡ s❡❝♦♥❞ ❝❤❛♣t❡r ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t✱ ■ ✇✐❧❧ ❞❡t❛✐❧ t❤❡ ❢✉❧❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥
♦❢ ♦✉r ❚❍③ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✳ ❚❤❡ ❛❧✐❣♥♠❡♥t ♣r♦❝❡❞✉r❡ ❞❡✈❡❧♦♣❡❞ ❞✉r✐♥❣ t❤✐s P❤❉
t❤❡s✐s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ❛s ✇❡❧❧✳ ❚❤❡ ❢✉❧❧ ❜❡❛♠ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥❝❧✉❞✲
✐♥❣ ❚❍③ ❜❡❛♠s✐③❡ ❛♥❞ ✇❛✈❡❢♦r♠✳ ❚❤❡ st✉❞② ♦❢ ❚❍③ ❣❡♥❡r❛t✐♦♥ ❡✣❝✐❡♥❝② ✐♥ ❢✉♥❝t✐♦♥
♦❢ t❤❡ ❚❍③ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞✳ ❋✐♥❛❧❧②✱ t❤❡ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ s❡t✲✉♣ ✇✐❧❧
❜❡ ♣r❡s❡♥t❡❞ ❜② r❡♣r♦❞✉❝✐♥❣ ❛♥❞ ❝♦♥t✐♥✉✐♥❣ r❡s✉❧ts ♦❢ t❤❡ ❧✐t❡r❛t✉r❡ ✇✐t❤ t✇♦ s❛♠♣❧❡s
✿ t❤❡ β − BaryumBorate ❛♥❞ t❤✐♥ ✜❧♠ ♦❢ V2O3✳

❚❤❡ t❤✐r❞ ❝❤❛♣t❡r ✇✐❧❧ ❜❡ ❞❡❞✐❝❛t❡❞ t♦ t❤❡ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❚❍③✲❚❉❙✳ ❇♦t❤ t❤❡♦r②
❛♥❞ ❞❛t❛ tr❡❛t♠❡♥t ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❚❍③✲❚❉❙ s❡t✲✉♣
❜✉✐❧t ✐♥ t❤✐s ✇♦r❦ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✉s✐♥❣ t❤❡ ❇✐✲❈❤❧♦r♦♣❤❡♥②❧❡ s✉❧♣❤♦♥❡ ✭♦r ❇❈P❙✮ ❛s
❛ r❡❢❡r❡♥❝❡ s❛♠♣❧❡ ✇❤✐❝❤ ❤❛s ❜❡❡♥ st✉❞✐❡❞ ✐♥ t❤❡ ❢❛r✲✐♥❢r❛r❡❞ r❡❣✐♦♥✳

■♥ t❤❡ ❢♦✉rt❤ ❝❤❛♣t❡r ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ st✉❞② ♣❡r❢♦r♠❡❞ ♦♥ ❛
❙♣✐♥ ❈r♦ss♦✈❡r ❝♦♠♣♦✉♥❞ t❤❡ Fe(phen)2(NCS)2✳ ❋✐rst✱ ■ ✇✐❧❧ ✐♥tr♦❞✉❝❡ t❤❡ ♣❤②s✐❝ ♦❢
❙♣✐♥ ❈r♦ss♦✈❡r ❝♦♠♣♦✉♥❞✱ t❤❡♥ ■ ✇✐❧❧ ❡①♣❧❛✐♥❡❞ t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ ♣❤♦♥♦♥ ♠♦❞❡s ❛♥❞
s②♠♠❡tr②✳ ❚❤❡ st✉❞② ♦❢ ♣❤♦t♦✲✐♥❞✉❝❡❞ ❡✛❡❝t ✐♥ t❤❡ Fe(phen)2(NCS)2 ✉s✐♥❣ ❘❛♠❛♥
❙♣❡❝tr♦s❝♦♣② ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❘❡s✉❧ts ✉s✐♥❣ ❚❍③✲❚❉s ♦♥ t❤❡ Fe(phen)2(NCS)2 ❝♦♠✲
♣♦✉♥❞ ✇✐❧❧ ❜❡ s❤♦✇♥ ❛s ✇❡❧❧✳ ❋✐♥❛❧❧②✱ ❚❍③ ♣❤♦t♦✲✐♥❞✉❝❡❞ ❡✛❡❝t ♦♥ t❤❡ Fe(phen)2(NCS)2
❙♣✐♥ ❈r♦ss♦✈❡r ❝♦♠♣♦✉♥❞ ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞ ✐♥ ❛ ♥✉♠❡r✐❝❛❧ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ✇❛②✳
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❈❤❛♣t❡r ✶

❚❍③ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✇❛✈❡ ❢r♦♠

❣❡♥❡r❛t✐♦♥ t♦ ❞❡t❡❝t✐♦♥

✶✳✶ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ s♣❡❝tr❛ ♦❢ ❧✐❣❤t ❛✈❛✐❧❛❜❧❡ ✐♥ ❧❛❜♦r❛t♦r② ❤❛s ❜❡❡♥ ❣r❛❞✉❛❧❧② ❡①♣❛♥❞✐♥❣ ♦✈❡r t❤❡ ②❡❛rs✳
▲❛s❡r t❡❝❤♥♦❧♦❣② ✇❛s ✜rst ❜❛s❡❞ ♦♥ ❚✐✿❙❛♣♣❤✐r❡ ♦r ❨❛● ♣r♦✈✐❞✐♥❣ t✇♦ ✇❛✈❡❧❡♥❣t❤ ✉s❛❜❧❡
✐♥ t❤❡ ❧❛❜♦r❛t♦r✐❡s✳ ❚❤❡♥✱ ✇✐t❤ t❤❡ ❛❞✈❡♥t ♦❢ ❤✐❣❤❧② ♥♦♥ ❧✐♥❡❛r ❝r②st❛❧ s✉❝❤ ❛s ❇❛r②✉♠
❇♦r❛t❡ ♠♦r❡ ❦♥♦✇♥ ❛s ❇❇❖✱ t❤❡ ✇❤♦❧❡ ✈✐s✐❜❧❡ s♣❡❝tr❛ ❛♥❞ ❛ ♣❛rt ♦❢ t❤❡ ♥❡❛r ✐♥❢r❛r❡❞
s♣❡❝tr❛ ❜❡❝❛♠❡ ❛✈❛✐❧❛❜❧❡✳ ❳✲r❛② t✉❜❡s ✇❛s t❤❡ ❜❛s❡ s♦✉r❝❡ ❞✐✛r❛❝t♦♠❡t❡rs✳ ❆t t❤❡ ❡♥❞
♦❢ ✽✵s✱ ❛❧♠♦st ❛❧❧ t❤❡ s♣❡❝tr❛ ♦❢ ❧✐❣❤t ✇❛s ❝♦✈❡r❡❞ ✉s✐♥❣ ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❡①♣❡❝t ❢♦r
❚❍③ ❧✐❣❤t✳ ❚❤✐s ❤♦❧❡ ✐♥ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s♣❡❝tr❛ ✇❛s ❝❛❧❧❡❞ t❤❡ ❚❍③ ❣❛♣ ❛♥❞ ✐s
♣✐❝t✉r❡❞ ✐♥ ❋✐❣✳✶✳✶✳

❋✐❣✉r❡ ✶✳✶✿ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ s♣❡❝tr❛ ♦❢ ❧✐❣❤t✳ ❚❤❡ ❚❍③ ❣❛♣ ✐s t❤❡ ❤♦❧❡ ✐♥ t❤❡ ❡❧❡❝tr♦✲
♠❛❣♥❡t✐❝ s♣❡❝tr❛✳

❉❡s♣✐t❡ t❤✐s ❚❍③ ❣❛♣✱ ❢❛r ✐♥❢r❛r❡❞ ❧✐❣❤t ✇❛s ✉s❡❞ t♦ ♦❜s❡r✈❡ t❤❡ ❧♦✇ ❡♥❡r❣② ❧✐❣❤t
❛❜s♦r♣t✐♦♥ ❛♥❞ ❛❧❧♦✇s ❢♦r ♠❡❛s✉r❡ ✉♣ t♦ ✷ ❚❍③ ❜✉t r❛r❡❧② ❜❡❧♦✇✳ ❙✉❝❤ ❧✐❣❤t ✇❛s
♦❜t❛✐♥❡❞ ✉s✐♥❣ ✐♥t❡r❢❡r♦♠❡tr② ❜✉t ✇❛s ♥♦t ❡❛s✐❧② ❛❝❝❡ss✐❜❧❡✳ ❖♥❡ ♦❢ t❤❡ ❞✐✣❝✉❧t② ♦❢
s✉❝❤ ❣❡♥❡r❛t✐♦♥ ✉s✐♥❣ ❝♦♥t✐♥✉♦✉s ❧✐❣❤t ✐s t❤❛t t❤❡ ❡♥❡r❣② ♦❢ ❚❍③ ❧✐❣❤t ✐s ♦❢ t❤❡ s❛♠❡
♦r❞❡r t❤❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳

❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♣s ❧❛s❡r ❞✉r❛t✐♦♥ ✐♥ t❤❡ ❧❛❜♦r❛t♦r② ❛♥❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢
t❤✐r❞ ❛♥❞ ❢♦✉rt❤ ❧❛s❡r ❣❡♥❡r❛t✐♦♥ ✭❙②♥❝❤r♦tr♦♥ ❛♥❞ ❋r❡❡ ❊❧❡❝tr♦♥ ❧❛s❡r✮ ❛❧❧♦✇❡❞ ♥❡✇
❞✐s❝♦✈❡r✐❡s ❜✉t ❚❍③ ❧✐❣❤t ✇❛s st✐❧❧ ♥♦t ✇❡❧❧ ❞❡✈❡❧♦♣❡❞✳ ❲❡ ❤❛✈❡ t♦ ✇❛✐t t❤❡ ❡♥❞ ♦❢ t❤❡
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✾✵s t♦ ♦❜t❛✐♥ ✜rst ❚❍③ ❧✐❣❤t ❣❡♥❡r❛t❡❞✳ ❚❤❡♥✱ ✐t ❜❡❣❛♥ t♦ ❜❡ ❞❡✈❡❧♦♣❡❞ ✐♥ ❧❛❜♦r❛t♦r✐❡s
t✐❧❧ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✷✵✶✵s t♦ ♦❜s❡r✈❡ µJ ♣✉❧s❡s✳ ❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❧✐❣❤t ✐♥ ❋r❡❡
❊❧❡❝tr♦♥ ▲❛s❡r ❛❧s♦ ❤❡❧♣❡❞ t♦ ❣❡♥❡r❛t❡ ✐♥t❡♥s❡ ❚❡r❛❍❡rt③ s♦✉r❝❡s✳

❇❡❝❛✉s❡ ♦❢ t❤❡ ♥❛t✉r❡ ♦❢ ❚❍③ ❣❡♥❡r❛t✐♦♥✱ ♥♦♥ ❧✐♥❡❛r ♦♣t✐❝ ✐s ❛t t❤❡ ❝♦r❡ ♦❢ ♠♦st
❚❍③ ❣❡♥❡r❛t✐♦♥ t❡❝❤♥✐q✉❡s✳ ❚❤❡r❡❢♦r❡✱ ❛ ❣♦♦❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ♥♦♥ ❧✐♥❡❛r ♦♣t✐❝ ✐s
♠❛♥❞❛t♦r② ❜❡❢♦r❡ ❛♥② ❚❍③ ❣❡♥❡r❛t✐♦♥ ❡①♣❧❛♥❛t✐♦♥ ❛♥❞ ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞ ✜rst ✐♥ t❤❡ ✜rst
s❡❝t✐♦♥ ♦❢ t❤✐s ❝❤❛♣t❡r✳ ❚❤❡♥✱ t❤❡ ♣r✐♥❝✐♣❛❧ ❣❡♥❡r❛t✐♦♥ s♦✉r❝❡s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡
s❡❝♦♥❞ s❡❝t✐♦♥✳ ❋✐♥❛❧❧②✱ ✐♥ t❤❡ ❧❛st s❡❝t✐♦♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ ♠♦st ❝♦♠♠♦♥ ❞❡t❡❝t✐♦♥
t❡❝❤♥✐q✉❡s✳

✶✳✷ ❇❛s✐❝s ♦❢ ❙❡❝♦♥❞ ❖r❞❡r ❖♣t✐❝❛❧ ◆♦♥ ▲✐♥❡❛r ❊✛❡❝t

❚❤❡ ❛✐♠ ♦❢ t❤✐s s❡❝t✐♦♥ ✐s t♦ ✐♥tr♦❞✉❝❡ t♦ t❤❡ r❡❛❞❡r ✇❤♦ ❞♦❡s♥✬t ❦♥♦✇ ❛♥②t❤✐♥❣ ❛❜♦✉t
◆♦♥ ▲✐♥❡❛r ♦♣t✐❝s t❤❡ ❜❛s✐❝s t❤❛t ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳ ■❢ t❤❡ r❡❛❞❡r ❦♥♦✇s
❛❜♦✉t ◆♦♥ ▲✐♥❡❛r ♦♣t✐❝s✱ ❤❡ ✐s ✐♥✈✐t❡❞ t♦ ❣♦ ❞✐r❡❝t❧② t♦ t❤❡ ♥❡①t s❡❝t✐♦♥✳ ❆❧❧ t❤❡ r❡s✉❧ts
♣r❡s❡♥t❡❞ ✐♥ t❤✐s s❡❝t✐♦♥ ✇❡r❡ t❛❦❡♥ ❢r♦♠ t❤❡ ❜♦♦❦ ♦❢ ❇♦②❞ ◆♦♥ ▲✐♥❡❛r ❖♣t✐❝❛❧ ❬✷✻❪✳

❖♣t✐❝ ✐s t❤❡ st✉❞② ♦❢ ❧✐❣❤t tr❛♥s♣♦rt t❤r♦✉❣❤ ❞✐✛❡r❡♥t ♠❡❞✐❛✳ ❖♥❡ ❡q✉❛t✐♦♥ ✐s r✉❧✐♥❣
t❤❡ tr❛♥s♣♦rt ♦❢ ❧✐❣❤t ✐♥ ♠❡❞✐❛✳ ❚❤✐s ✐s t❤❡ ▼❛①✇❡❧❧ ❊q✉❛t✐♦♥✳ ■♥ t❤❡ ✈❛❝✉✉♠✱ t❤✐s ✐s
✇r✐tt❡♥ ❛s ✿

�
−→
E = 0 ✭✶✳✶✮

❲❤❡r❡� ✐s t❤❡ ❞✬❆❧❡♠❜❡rt✐❡♥ ♦❢ t❤❡ ✜❡❧❞ ✿ � = ∆− 1
c2

∂2

∂t2
✳ ❆ s♦❧✉t✐♦♥ ♦❢ t❤✐s ❡q✉❛t✐♦♥

✐s t❤❡ ✉s✉❛❧ ♣❧❛♥❡ ✇❛✈❡ ❛♥❞ ✇❛s t❤❡ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ✇❛✈❡ ❛s♣❡❝t ♦❢ t❤❡ ❧✐❣❤t ❜❡❢♦r❡
t❤❡ ✇♦r❦ ♦❢ ❉❡ ❇r♦❣❧✐ ♦♥ ❞✉❛❧✐t②✳ ❲✐t❤✐♥ ❛ ♠❛t❡r✐❛❧✱ t❤✐s ❡q✉❛t✐♦♥ tr❛♥s❢♦r♠s t♦ ❜❡❝♦♠❡
✿

�
−→
E = µ0

∂2
−→
P

∂t2
✭✶✳✷✮

❲❤❡r❡
−→
P ✐s t❤❡ ♣♦❧❛r✐③❛t✐♦♥✳ ❚❤✐s ❡q✉❛t✐♦♥ ✐s ✈❛❧✐❞ ✐❢ ∇div−→P = ∇div−→E = 0✱ t❤✐s

♠❡❛♥s t❤❡ s♣❛❝❡ ✐s ❢r❡❡ ♦❢ ❝❤❛r❣❡s✳ ❚❤✐s ✐s tr✉❡ ❢♦r ♠♦st ♦❢ t❤❡ ♠❛t❡r✐❛❧ ❛s t❤❡② ♠♦st❧②
❞♦❡s♥✬t ❝❛rr② ❝❤❛r❣❡ ✐♥ t❤❡ ❜✉❧❦ ✭♠❡t❛❧s ❜② ❡①❛♠♣❧❡✮✳ ❚❤❡ ♣♦❧❛r✐③❛t✐♦♥ ✐s t❤❡r❡❢♦r❡
❛ s♦✉r❝❡ t❡r♠ ✐♥ t❤❡ ▼❛①✇❡❧❧ ❊q✉❛t✐♦♥✳ ■♥❞❡❡❞✱ ✐♥ ✈❛❝✉✉♠ ❧✐❣❤t ✐s ♦♥❧② tr❛♥s♣♦rt❡❞
✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ t❡r♠ ❡q✉❛❧ t♦ ③❡r♦✳ ❲❤❡♥ tr❛✈❡❧✐♥❣ t❤r♦✉❣❤ ❛
♠❡❞✐❛✱ ❧✐❣❤t ✐♥t❡r❛❝ts ✇✐t❤ ♠❛tt❡r✳ ▲✐❣❤t ✇✐❧❧ ✐♥❞✉❝❡ ♣♦❧❛r✐③❛t✐♦♥ ✭❞✐♣♦❧❡✮ ✇✐t❤✐♥ t❤❡
♠❡❞✐❛ ✇❤✐❝❤ ✇✐❧❧ ❡♠✐ts ♥❡✇ ❧✐❣❤t✳ ■♥ ❧✐♥❡❛r ♦♣t✐❝s✱ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦
t❤❡ ❊❧❡❝tr✐❝ ✜❡❧❞✱ s♦❧✈✐♥❣ t❤❡ ❡q✉❛t✐♦♥ ❧❡❛❞s t❤❡♥ t♦ t❤❡ ❝❧❛ss✐❝❛❧ ♦♣t✐❝❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡①
♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ❍♦✇❡✈❡r✱ ✇✐t❤ t❤❡ ❛❞✈❡♥t ♦❢ ✐♥t❡♥s❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♥❛♠❡❧② t❤❡ ✐♥✈❡♥t✐♦♥
♦❢ ❧❛s❡r t❤✐s ❛♣♣r♦①✐♠❛t✐♦♥ ✇❛s ♥♦ ♠♦r❡ ✈❛❧✐❞✳ ❚❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♠✉st t❤❡r❡❢♦r❡ ❜❡
❡①♣❛♥❞❡❞ ✐♥ ❛ ♣♦✇❡r s❡r✐❡s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✿

−→
P = χ(1)−→E + χ(2)

−→
E2 + χ(3)

−→
E3 + ... ✭✶✳✸✮

❚❤✐s ❡①♣❛♥s✐♦♥ ✇✐❧❧ ❧❡❛❞ t♦ ✈❛r✐♦✉s ❞✐✛❡r❡♥t ❡❧❡♠❡♥ts✳ ❚❤❡ χi ❛r❡ t❤❡ ❞✐❡❧❡❝tr✐❝
s✉s❝❡♣t✐❜✐❧✐t✐❡s ♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ❚❤❡② ❛r❡ ♦❢t❡♥ ✈❡r② s♠❛❧❧ ❜✉t ❛s t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞
❜❡❝♦♠❡s ♠♦r❡ ✐♥t❡♥s❡✱ t❤❡✐r ♥♦♥ ③❡r♦ ✈❛❧✉❡ r❛✐s❡ ♥❡✇ ♣❤❡♥♦♠❡♥❛✳ ❇❡❢♦r❡✱ ❞✐❣❣✐♥❣ ✐♥t♦

✷✹



t❤❡ ▲♦r❡♥③ ▼♦❞❡❧ t♦ ❣✐✈❡ ❛ ❜❡tt❡r ❡①♣❧❛♥❛t✐♦♥ ♦❢ t❤♦s❡ s✉s❝❡♣t✐❜✐❧✐t✐❡s✱ ❧❡t✬s t❛❦❡ ❛ ❧♦♦❦
❛t t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ✜rst ♥♦♥ ❧✐♥❡❛r t❡r♠ ♦♥ ▼❛①✇❡❧❧ ❊q✉❛t✐♦♥✳

✶✳✷✳✶ ❙❡❝♦♥❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r ❡✛❡❝ts

▲❡t E1 ❛♥❞ E2 ❜❡ t✇♦ ❝♦♠♣❧❡① ♦s❝✐❧❧❛t♦r② ❡❧❡❝tr✐❝ ✜❡❧❞s ♦❢ ❢r❡q✉❡♥❝② ω1 ❛♥❞ ω2✳ ▲❡t
❊ ❜❡ t❤❡ s✉♠ ♦❢ t❤♦s❡ t✇♦ ✇❛✈❡s✳ ◆♦t❡ t❤❛t ✇❡ t❛❦❡ ω1 ❛♥❞ ω2 t♦ ❜❡ ❞✐✛❡r❡♥t s♦ t❤❛t
✇❡ ❛r❡ ✐♥ t❤❡ ♠♦st ❣❡♥❡r❛❧ ❝❛s❡✳ ❇② ❡①❛♠♣❧❡ ✐t ❝❛♥ ❜❡ ♠✉❧t✐♣❧❡ ❢r❡q✉❡♥❝② ✐♥ ❛ ♥♦♥
♠♦♥♦❝❤r♦♠❛t✐❝ ❧❛s❡r ♦r ❥✉st t✇♦ ❞✐✛❡r❡♥t ❧❛s❡r✳

E = E1 + E2 = E1e
iω1t + E2e

iω2t + c.c. ✭✶✳✹✮

◆♦t❡ t❤❛t ❝✳❝✳ ♠❡❛♥s ❝♦♠♣❧❡① ❝♦♥❥✉❣❛t❡✳ ❚❤❡ s❡❝♦♥❞ ♦r❞❡r ♣♦❧❛r✐③❛t✐♦♥ ✐s ✇r✐tt❡♥ ✿

P (2) = χ(2)E2 ✭✶✳✺✮

❘❡♣❧❛❝❡ ❊ ✐♥ ✶✳✺ t♦ ❣❡t ✿

P (2) = χ(2)(E1e
iω1t + E2e

iω2t + c.c.)2 ✭✶✳✻✮

❉❡✈❡❧♦♣✐♥❣ t❤❡ sq✉❛r❡✱ ✇❡ ✜♥❞ ✿

P (2) = χ(2)(E2
1e

2iω1t+E2
2e

2iω2t+2E1E2(e
i(ω1+ω2)t+2E1E

∗
2(e

−i(ω1−ω2)t+c.c)+2χ(2)(E1E
∗
1+E2E

∗
2)

✭✶✳✼✮
❙❡♣❛r❛t✐♥❣ t❤❡ ❞✐✛❡r❡♥t t❡r♠s✱ ♦♥❡ ❝❛♥ ✜♥❞ ❛❧❧ t❤❡ ❞✐✛❡r❡♥t s❡❝♦♥❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r

❡✛❡❝ts ✿

E2
i e

2iωit (SHG),

2E1E2(e
i(ω1+ω2)t) (SFG),

2E1E
∗
2(e

−i(ω1−ω2)t) (DFG),

E1E
∗
1 + E2E

∗
2 (OR)

✭✶✳✽✮

◆♦t❡ t❤❛t ✐t ✐s ❝♦♥✈❡♥✐❡♥t t♦ ✇r✐t❡ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❛s t❤❡ ❢♦❧❧♦✇✐♥❣✿

P (2)(t) =
∑

n

P (ωn)e
−iωnt ✭✶✳✾✮

❚❤❡ s✉♠♠❛t✐♦♥ ♦✈❡r ♥ ✐s ❢♦r ❜♦t❤ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ ❢r❡q✉❡♥❝✐❡s✳
❚❤❡ ✜rst t❡r♠ ✐s ❞❡s❝r✐❜✐♥❣ t❤❡ ❞♦✉❜❧❡ ♦❢ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ✇❛✈❡ ❛♥❞ ✐s ♠♦r❡ ❦♥♦✇♥ ❛s

❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✭❙❍●✮✳ ❙❍● ❤❛♣♣❡♥s ✇❤❡♥ t✇♦ ♣❤♦t♦♥s ♦❢ s❛♠❡ ❡♥❡r❣②
❝♦♠❜✐♥❡❞ t❤❡♠s❡❧✈❡s t♦ ❣✐✈❡ ❛♥♦t❤❡r ♣❤♦t♦♥ ❞♦✉❜❧❡❞ ✐♥ ❡♥❡r❣② ✭s❡❡ ❋✐❣ ✶✳✷✮✳

❚❤❡ s❡❝♦♥❞ ❛♥❞ t❤✐r❞ t❡r♠s ❝♦rr❡s♣♦♥❞ ❛t ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s ♦❢ t❤❡ t✇♦ ✐♥❝♦♠✐♥❣
♣❤♦t♦♥s✳ ❊✐t❤❡r t❤❡ ♣❤♦t♦♥s ❛❞❞ t❤❡✐r ❡♥❡r❣②✱ t❤❡ ❙✉♠ ❋r❡q✉❡♥❝② ●❡♥❡r❛t✐♦♥ ✭❙❋●✮
s❡❡ ❋✐❣ ✶✳✸ ❛✱ ♦r ♦♥❡ r❡♠♦✈❡ ✐ts ❡♥❡r❣② t♦ t❤❡ ♦t❤❡r✱ t❤❡ ❉✐✛❡r❡♥❝❡ ❋r❡q✉❡♥❝② ●❡♥❡r❛t✐♦♥
✭❉❋●✮ s❡❡ ❋✐❣ ✶✳✸ ❜✳ ■♥ ❜♦t❤ t❤♦s❡ ❝❛s❡s ✭❛❧s♦ ✐♥ ❙❍●✮✱ ✈✐rt✉❛❧ ❡♥❡r❣② ❧❡✈❡❧s ❛r❡ ❛t ✇♦r❦✳
❋♦r ❙❋●✱ ♠❛t❡r✐❛❧s ❛❜s♦r❜ t❤❡ ω1 ♣❤♦t♦♥ ❛♥❞ ❛rr✐✈❡s ✐♥ ❛ ✈✐rt✉❛❧ ❧❡✈❡❧ ♦❢ ❡①❝✐t❛t✐♦♥✳
❚❤❡♥✱ ✐t ❛❜s♦r❜s t❤❡ s❡❝♦♥❞ ♣❤♦t♦♥ ❛♥❞ ❛❝❤✐❡✈❡s t❤❡ ω1 + ω2✳ ❋✐♥❛❧❧②✱ ✐t r❡❧❛①❡s ❣✐✈✐♥❣
❜✐rt❤ t♦ ❛ ♣❤♦t♦♥s ✇❤✐❝❤ ❝♦♠❜✐♥❡s t❤❡ t✇♦ ❡♥❡r❣②✳ ❚❤✐s ✐s t❤❡ ❡①❛❝t s❛♠❡ ♣❛tt❡r♥ ❢♦r
❙❍● ❛♥❞ r❡✈❡rs❡ ❢♦r ❉❋●✳
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❋✐❣✉r❡ ✶✳✷✿ ■♥ ♥♦♥ ❧✐♥❡❛r ♦♣t✐❝❛❧ ♠❡❞✐❛✱ ♣❤♦t♦♥s ❝❛♥ r❡❝♦♠❜✐♥❡ t❤❡♠s❡❧✈❡s t♦ ♣r♦❞✉❝❡
♣❤♦t♦♥s t✇✐❝❡ t❤❡ ❢r❡q✉❡♥❝②✱ t❤✐s ✐s ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥

❋✐❣✉r❡ ✶✳✸✿ ❛✮ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ❧❡✈❡❧s ❢♦r ❙✉♠ ❋r❡q✉❡♥❝② ●❡♥❡r❛t✐♦♥ ✭❙❋●✮
❜✮ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ❧❡✈❡❧s ❢♦r ❉✐✛❡r❡♥❝❡ ❋r❡q✉❡♥❝② ●❡♥❡r❛t✐♦♥ ✭❉❋●✮

❋✐♥❛❧❧②✱ t❤❡ ❧❛st t❡r♠ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♦♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✭❖❘✮ ✳ ❋♦r ❝♦♥t✐♥✉♦✉s
❧✐❣❤t✱ t❤✐s t❡r♠ ✐s ❥✉st ❛ st❛t✐❝ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇✐t❤✐♥ t❤❡ ♠❡❞✐✉♠✳ ❋♦r ♠♦st ♣✉❧s❡❞ ❧❛s❡r✱
t❤✐s t❡r♠ ❝❛♥ st✐❧❧ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s st❛t✐❝ ✐❢ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ❧♦♥❣ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡
❢r❡q✉❡♥❝② ♦❢ t❤❡ ❧✐❣❤t✳ ❚❤✐s t❡r♠ ✐s t❤❡r❡❢♦r❡ ♦❢t❡♥ ❞✐s❝❛r❞❡❞ ❛♥❞ t❤✐s ❛♣♣r♦①✐♠❛t✐♦♥
✐s ❝❛❧❧❡❞ t❤❡ s❧♦✇❧② ✈❛r✐❛❜❧❡ ❡♥✈❡❧♦♣❡ ❛♣♣r♦①✐♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s ♥♦t tr✉❡ ❢♦r
❢❡♠t♦s❡❝♦♥❞ ♣✉❧s❡s ✇❤❡r❡ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡
❧✐❣❤t✳ ❚❤✐s t❡r♠ ✇✐❧❧ ❜❡ ♠♦r❡ ♣r❡❝✐s❡❧② ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✶✳✸✳✷ ❛s t❤✐s ✇✐❧❧ ❜❡ ✉s❡❞ t♦
❣❡♥❡r❛t❡ ❚❍③ ♣✉❧s❡s✳

❙❡❝♦♥❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r ❡✛❡❝ts ❛r❡ ♣♦ss✐❜❧❡ ♦♥❧② ✐♥ ♥♦♥ ❝❡♥tr♦s②♠♠❡tr✐❝ ♠❛t❡r✐❛❧s✱
♥❛♠❡❧② t❤❡② ❞♦♥✬t ❤❛✈❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②✳ ▲❡t ✉s ❛ss✉♠❡ t❤❛t ❛ ♠❡❞✐✉♠ ♣♦ss❡ss
✐♥✈❡rs✐♦♥ s②♠♠❡tr②✳ ❚❤❡♥✱ t❤✐s ♠❡❞✐✉♠ ♣r❡s❡♥ts ✿

P (t) = −P (t) ✭✶✳✶✵✮
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❚❤✐s ✐♠♣❧✐❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ✿

χ(2)E2 = −χ(2)E2 ✭✶✳✶✶✮

❚❤❡ s❡❝♦♥❞ ♦r❞❡r s✉s❝❡♣t✐❜✐❧✐t② ✈❛♥✐s❤❡s ❛♥❞ s♦ t❤❡ s❡❝♦♥❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r ❡✛❡❝ts✳
❆ss✉♠✐♥❣ t❤❛t t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ ✐♥t♦ ❛ ♣♦✇❡r s❡r✐❡s ♦❢ t❤❡ ❡❧❡❝tr✐❝

✜❡❧❞✱ ❞❡♠♦♥str❛t✐♦♥ ❤❛s ❜❡❡♥ ♠❛❞❡ t❤❛t s❡❝♦♥❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r ♦♣t✐❝ ❝❛♥ ❜❡ ❛ss❡ss❡❞
❢r♦♠ t❤♦s❡ ♣❤❡♥♦♠❡♥❛✳

✶✳✸ ❚❍③ ❣❡♥❡r❛t✐♦♥ t❡❝❤♥✐q✉❡s

❲❤✐❧❡ t❤❡ ✐♥t❡r❡st ♦❢ ❚❍③ ❧✐❣❤t ❛s ❜♦t❤ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ❛s ✐♥❝r❡❛s❡❞ ✐♥ t❤❡ ♣❛st
❞❡❝❛❞❡s✱ ✐♥t❡♥s❡ ❛♥❞ ❜r♦❛❞❜❛♥❞ ❚❍③ ❝❛♥♥♦t ❜❡ ♣✉r❝❤❛s❡❞ ❡❛s✐❧② ♥♦✇❛❞❛②s✳ ❚❤❡r❡❢♦r❡
t❤❡ ♥❡❝❡ss✐t② t♦ ❞❡✈❡❧♦♣ ♥❡✇ ✐♥❤♦✉s❡ s♦✉r❝❡s ❤❛✈❡ ❜❡❝♦♠❡ ❛ ✜❡❧❞ ♦❢ st✉❞② ✐♥ ✐ts❡❧❢✳
❚❤r❡❡ ♠❛✐♥ ❛①✐s ❛r❡ ♥♦✇❛❞❛②s st✉❞✐❡❞✱ P❤♦t♦❝♦♥❞✉❝t✐✈❡ ❆♥t❡♥♥❛ ✭P❈❆✮❬✷✼❪✱ ▲❛s❡r
♣❧❛s♠❛ ❣❡♥❡r❛t❡❞ ✐♥ ❛✐r ❬✷✽❪ ❛♥❞ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥ ✐♥ ♥♦♥ ❝❡♥tr♦s②♠♠❡tr✐❝ ♠❡❞✐❛
❬✷✾✱ ✸✵❪✳ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ t✇♦ ❧❛tt❡r t❡❝❤♥✐q✉❡s t❤❛t ❛r❡ ♦❢ ✐♥t❡r❡st ✐♥ ♦✉r ✇♦r❦✳ ❇♦t❤
♦❢ t❤❡♠ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❞✉r✐♥❣ ♠② P❤❉ t❤❡s✐s✳

▼♦r❡♦✈❡r✱ ❝♦❤❡r❡♥t ❚❍③ s♦✉r❝❡s ❛r❡ ❣❡♥❡r❛t❡❞ ❛t ❧❛r❣❡ s❝❛❧❡ ❢❛❝✐❧✐t✐❡s s✉❝❤ ❛s ❋r❡❡
❊❧❡❝tr♦♥ ▲❛s❡rs✳ ❚❤❡② ✇✐❧❧ ❜❡ ❜r✐❡✢② ❞❡s❝r✐❜❡❞ ❛t t❤❡ ❡♥❞ ♦❢ t❤✐s s❡❝t✐♦♥✳

✶✳✸✳✶ ❚✇♦ ❝♦❧♦r ❆✐r ♣❧❛s♠❛ ❣❡♥❡r❛t✐♦♥

▲❛s❡r ♣❧❛s♠❛ t❡❝❤♥✐q✉❡s ❛r❡ ♠✉❧t✐♣❧❡s✱ t❤❡✐r ❝♦♠♠♦♥ ♣♦✐♥ts ✐s t❤❛t t❤❡② ❣❡♥❡r❛t❡ ❛
♣❧❛s♠❛ ✐♥ ❛ ❣❛s✳ ❚❤❡ ♣❧❛s♠❛ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❣❛s ✐s t❤❡ s♦✉r❝❡ ♦❢ t❤❡ ❚❍③ ✇❛✈❡❬✷✽✱
✸✶✱ ✸✷❪✳ ❚❤❡ ❛✐r ♣❧❛s♠❛ ✐s ❜❛s❡❞ ♦♥ t✇♦ ❝♦❧♦rs ❛✐r ✐♥❞✉❝❡❞ ♣❧❛s♠❛ ❬✸✸❪✱❬✸✹❪✳ ■♥ t❤✐s
s❡❝t✐♦♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ t✇♦ ❝♦❧♦r ❛✐r ♣❧❛s♠❛ ❣❡♥❡r❛t✐♦♥ s❝❤❡♠❡✳ ❚❤✐s ♠❡t❤♦❞ ♠✐①❡s
❛ ❢❡♠t♦s❡❝♦♥❞ ♦♣t✐❝❛❧ ♣✉❧s❡ ❛♥❞ ✐ts s❡❝♦♥❞ ❤❛r♠♦♥✐❝ t♦ ❣❡♥❡r❛t❡ ❚❍③ ✇❛✈❡✳ ❚❤❡ ✜❣✉r❡
✶✳✹ ✐❧❧✉str❛t❡s t❤❡ ❝♦♥❝❡♣t ✿

❋✐❣✉r❡ ✶✳✹✿ ❆✐r ♣❧❛s♠❛ ❣❡♥❡r❛t✐♦♥ s❡t✉♣

❖♥ t❤✐s ❡①❛♠♣❧❡✱ ❛ ✽✵✵♥♠ ❧❛s❡r ✭r❡❞ ♦♥ t❤❡ ✜❣✉r❡✮ ✐s ❢♦❝❛❧✐③❡❞ t❤r♦✉❣❤ ❛ ❇❇❖ ❝r②st❛❧
t♦ ❣❡♥❡r❛t❡ ❜♦t❤ ❛✐r ♣❧❛s♠❛ ❛♥❞ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ✭❜❧✉❡ ♦♥ t❤❡ ✜❣✉r❡✮✳ ❇♦t❤ ❛r❡ ♠✐①❡❞
✐♥ t❤❡ ❛✐r ♣❧❛s♠❛ ❛♥❞ ❚❍③ ✐s ❣❡♥❡r❛t❡❞ ✭❣r❡❡♥✮✳ ❚❤❡ ♠❡❝❤❛♥✐s♠ ❜❡❤✐♥❞ t❤✐s ❣❡♥❡r❛t✐♦♥
❛r❡ st✐❧❧ ❞❡❜❛t❡❞ ✐♥ t❤❡ ❝♦♠♠✉♥✐t② ❛ t❤❡♦r② t❤❛t ✜ts t❤❡ ❞❛t❛ ❛s ❜❡❡♥ ♣r♦♣♦s❡❞ ❜② ❑✐♠ ❡t
❛❧✳❬✸✺✱ ✸✻❪✳ ❚❤❡② ❝❧❛✐♠ t❤❛t ❚❍③ ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ ❛ s✉r❣❡ ♦❢ ♣❤♦t♦ ❝✉rr❡♥t ❤❛♣♣❡♥✐♥❣
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❞✉r✐♥❣ t❤❡ ✐♦♥✐③❛t✐♦♥ ♦❢ t❤❡ ❣❛s✳ ❆s ❣❛s ✐s ❛ ❝❡♥tr♦s②♠♠❡tr✐❝ ♠❡❞✐❛✱ ❛ ❞✐r❡❝t✐♦♥❛❧
♣❤♦t♦❝✉rr❡♥t ❝❛♥♥♦t ♦❝❝✉r s♣♦♥t❛♥❡♦✉s❧② ✇✐t❤✐♥ t❤❡ ♠❡❞✐❛✱ ❛ ♣❤♦t♦❝✉rr❡♥t r❡❝q✉✐r❡s ❛
♣❡rt✉r❜❛t✐♦♥ t❤❛t ❜r❡❛❦s t❤❡ s②♠♠❡tr② t♦ ❡①✐st✳ ❚❤❡ ❛s②♠♠❡tr② ✐s ❣❡♥❡r❛t❡❞ ❜② t❤❡
s✉♠ ♦❢ t❤❡ t✇♦ ♦♣t✐❝❛❧ ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ s❝❤❡♠❡ ♦❢ t✇♦ ❝♦❧♦rs ❣❡♥❡r❛t✐♦♥✳ ❋♦❧❧♦✇✐♥❣
t❤❡ t❤❡♦r② ♦❢ ❑✐♠ ❛♥❞ ❛❧✱ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡
♣❤♦t♦ ❝✉rr❡♥t ❏ ✿

J = −eneve ✭✶✳✶✷✮

✇❤❡r❡ ❡ ✐s t❤❡ ❡❧❡❝tr♦♥ ❝❤❛r❣❡✱ ne ✐s t❤❡ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ❛♥❞ ve ✐s t❤❡ ❡❧❡❝tr♦♥
✈❡❧♦❝✐t② ✇✐t❤✐♥ t❤❡ ♣❧❛s♠❛✱ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❝❛♥ ❜❡ t❤❡♥ ✇r✐tt❡♥ ❛s ✿

ETHz ∝
dJ

dt
= enea =

nee
2

me

Elaser ✭✶✳✶✸✮

me ✐s t❤❡ ❡❧❡❝tr♦♥ ♠❛ss✱ ❛ ✐s t❤❡ ❡❧❡❝tr♦♥ ❛❝❝❡❧❡r❛t✐♦♥ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❛❝❝♦r❞✐♥❣ t♦
❋✉♥❞❛♠❡♥t❛❧ Pr✐♥❝✐♣❛❧ ♦❢ ❉②♥❛♠✐❝s a = e

me
Elaser✳ ❋✐♥❛❧❧②✱ Elaser ✐s t❤❡ s✉♠ ♦❢ ❜♦t❤

t❤❡ ❧❛s❡r ❛♥❞ ✐ts s❡❝♦♥❞ ❤❛r♠♦♥✐❝✳ Elaser ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s ✿

Elaser = [Eω(t)cos(ωt) + E2ω(t)cos(2ωt+ φ)]e−
4ln(2)t2

d2 ✭✶✳✶✹✮

Eω,2ω =

√

2Iω, 2ω

cǫ0
✭✶✳✶✺✮

❞ ✐s t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥✳ φ ✐s r❡♣r❡s❡♥t✐♥❣ t❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✜rst
❤❛r♠♦♥✐❝ ❛♥❞ s❡❝♦♥❞ ❤❛r♠♦♥✐❝✳ ■♥ ♦r❞❡r t♦ ❣❡♥❡r❛t❡ ❛ ♣❤♦t♦❝✉rr❡♥t✱ t❤✐s ♣❤❛s❡ ♠✉st
❜❡ s❡t ❡q✉❛❧ t♦ π/2✳ ❚❤✐s ✐s ✉s✉❛❧❧② ❞♦♥❡ ❜② ❝♦♥tr♦❧❧✐♥❣ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❇❇❖
❝r②st❛❧ ✉s❡❞ ❢♦r ❣❡♥❡r❛t✐♥❣ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ❛♥❞ t❤❡ ❣❡♥❡r❛t❡❞ ♣❧❛s♠❛✳ Iω ❛♥❞ I2ω ❛r❡
t❤❡ ❧❛s❡r ✐♥t❡♥s✐t✐❡s ❛t ❢✉♥❞❛♠❡♥t❛❧ ❢r❡q✉❡♥❝② ω ❛♥❞ ✐ts s❡❝♦♥❞ ❤❛r♠♦♥✐❝ 2ω✳

■♥ ♦r❞❡r t♦ s✐♠✉❧❛t❡ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✱ t❤❡ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ♠✉st ❜❡ ❝♦♠♣✉t❡❞✳
❚❤❡ ❡❧❡❝tr♦♥✐❝ ❞❡♥s✐t② ne ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② s✉♠♠✐♥❣ ♦✈❡r t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❡❛❝❤ ✐♦♥✲
✐③❛t✐♦♥ ❞❡❣r❡❡ ✿

dne

dt
=

N
∑

i=0

i
dni

dt
✭✶✳✶✻✮

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

dni

dt
= ni−1Wi−1 − niWi ✭✶✳✶✼✮

Wi ✐s r❡♣r❡s❡♥t✐♥❣ t❤❡ ✐♦♥✐③❛t✐♦♥ r❛t❡✳ ❆s ✐♦♥✐③❛t✐♦♥ ✐s ♦♥❧② ❞✉❡ ❞♦ t❤❡ ♣❤♦t♦✐♦♥✲
✐③❛t✐♦♥ ❢r♦♠ t❤❡ ❧❛s❡r✱ Wi ❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡ ❧❛s❡r ❝❤❛r❛❝t❡r✐st✐❝s✳ ❲✐t❤ r✐❣❤t ❧❛s❡r
♣❛r❛♠❡t❡rs✱ ❚❍③ ❛r❡ ❣❡♥❡r❛t❡❞ ❛♥❞ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ♦t❤❡r ❡✛❡❝ts
s✉❝❤ ❛s t✉♥♥❡❧ ✐♦♥✐③❛t✐♦♥ ❛♥❞ ❧❛s❡r✲✐♥❞✉❝❡❞ ❡❧❡❝tr♦♥ ♠♦t✐♦♥ ❬✷✽✱ ✸✼❪✳

❯s✐♥❣ s✉❝❤ t❡❝❤♥✐q✉❡s✱ ✹✳✹ ▼❱✴❝♠ ♣✉❧s❡s ✇✐t❤ s♣❡❝tr❛ ❣♦✐♥❣ ✉♣ t♦ ✶✺ ❚❍③ ✇❤❡r❡
♦❜t❛✐♥❡❞ ❬✸✽❪ ✉s✐♥❣ ✶✽✵✵ ♥♠ ❧✐❣❤t✳ ▼♦r❡ r❡❝❡♥t❧②✱ ✽ ▼❱✴❝♠ ✇❡r❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ✽✵✵
♥♠ ❧✐❣❤t✱ ✶✺ ♠❏✱ ✸✵ ❢s ❧❛s❡r✳❬❄❪
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✶✳✸✳✷ ❚❍③ ❣❡♥❡r❛t✐♦♥ ✉s✐♥❣ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥

❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✭❖❘✮ ✐s ❛ s❡❝♦♥❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r ❡✛❡❝t ❛♥❞ ❛s s✉❝❤ ✐s ♣r❡s❡♥t
✐♥ ♥♦♥✲❝❡♥tr♦s②♠♠❡tr✐❝ ♠❡❞✐❛✳ ❚❤✐s t❡❝❤♥✐q✉❡ ✐s ✉s❡❞ ✐♥ ❛ ❧♦t ♦❢ ❞✐✛❡r❡♥t s❡t✲✉♣s
❬✸✾❪✱ ❬✹✵❪✱ ❬✷✵❪✳ ❚❤✐s t❡❝❤♥✐q✉❡ ✐s ✇✐❞❡❧② ✉s❡❞ ✐♥ t❤❡ ❚❍③ ❝♦♠♠✉♥✐t② ❛s ✐t ❛❧❧♦✇s t❤❡
✉s❡ ♦❢ ♦❢ ❧❛r❣❡ s✐♥❣❧❡ ❝②❝❧❡ ❡❧❡❝tr✐❝ ✜❡❧❞ t♦ tr✐❣❣❡r ♥♦♥✲r❡s♦♥❛♥t ❡✛❡❝ts s✉❝❤ ❛s ❞✐♣♦❧❡
❞✐s♣❧❛❝❡♠❡♥t✳ ❚❤✐s ✐s ❛❧s♦ ❛ ❣♦♦❞ t❡❝❤♥✐q✉❡ t♦ ♣❡r❢♦r♠ ❧♦✇ ❚❍③ s♣❡❝tr♦s❝♦♣②✳

❲❤❡♥ ✉s✐♥❣ ❢❡♠t♦s❡❝♦♥❞ t✐♠❡ s❝❛❧❡ ♣✉❧s❡s✱ t❤❡ s❧♦✇❧② ✈❛r②✐♥❣ ❡♥✈❡❧♦♣❡ ✐s ♥♦t ❛ ❣♦♦❞
❛♣♣r♦①✐♠❛t✐♦♥ ❛♥②♠♦r❡ ❛s t❤❡ t✐♠❡s❝❛❧❡ ♦❢ t❤❡ ❡♥✈❡❧♦♣❡ ✐s ♠❛t❝❤✐♥❣ t❤❡ ♣❡r✐♦❞ ♦❢ t❤❡
♦s❝✐❧❧❛t✐♦♥s ♦❢ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❝❛♥♥♦t ❞✐s❝❛r❞ t❤❡ ❖❘ t❡r♠ ✐♥
t❤❡ s❡❝♦♥❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r ❡✛❡❝ts✳ ■❢ ✇❡ t❛❦❡ ❛ ♠♦♥♦❝❤r♦♠❛t✐❝ ✜❡❧❞ ♦❢ ♣✉❧s❛t✐♦♥ ω✱
t❤❡♥ t❤❡ s❡❝♦♥❞ ♦r❞❡r ♣♦❧❛r✐③❛t✐♦♥ ✇✐❧❧ r❛✐s❡ t✇♦ ❝♦♠♣♦♥❡♥ts✿

P (2) = χ(2)(EE∗ + E2e2ω) ✭✶✳✶✽✮

■♥ t❤❡ ▼❛①✇❡❧❧ ❡q✉❛t✐♦♥✱ t❤❡ t✇♦ ❝♦♠♣♦♥❡♥ts ✇✐❧❧ ❜❡ t❤❡ s♦✉r❝❡ ❢♦r t✇♦ ❞✐✛❡r❡♥t
✇❛✈❡s✱ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ❛♥❞ t❤❡ ✇❛✈❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥✳
❋♦r ❛ ❢❡♠t♦s❡❝♦♥❞ t✐♠❡s❝❛❧❡✱ t❤❡ ✇❛✈❡ ❤❛s t❤❡ ❢r❡q✉❡♥❝② ♦❢ ❚❍③✳ ❆ s✐♠✉❧❛t✐♦♥ ✉s❡❞
❛ ♣✉❧s❡ ✇✐t❤ ❞✉r❛t✐♦♥ ✐s ✶✵✵ ❢s ❝❡♥t❡r❡❞ ❛t ✽✵✵ ♥♠ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣ ✶✳✺✳ ❋✐❣✳ ✶✳✺❛✮
r❡♣r❡s❡♥ts t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦✈❡r t✐♠❡ ❢♦r r❡s♣❡❝t✐✈❡❧② ✐♥ ❜❧✉❡ t❤❡ sq✉❛r❡
♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✱ ✐♥ ♦r❛♥❣❡ ✐ts ❡♥✈❡❧♦♣❡ ❛♥❞ ✐♥ ❣r❡❡♥ t❤❡ s❡❝♦♥❞ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡
❡♥✈❡❧♦♣❡✳ ■♥ ❋✐❣ ❜✮ ✐s r❡♣r❡s❡♥t❡❞ t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ t❤❡ s❡❝♦♥❞ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡
❡❧❡❝tr✐❝ ❋✐❡❧❞✳ ❚❤❡♦r② ✐s ♣r❡❞✐❝t✐♥❣ ❛ ❚❍③ ♣✉❧s❡ ✇❤✐❝❤ s♣❡❝tr❛ ✐s ❝❡♥t❡r❡❞ ❛r♦✉♥❞ ✶
❚❍③ ❣♦✐♥❣ ❢r♦♠ ✵ ✲ ✷ ❚❍③ ❢♦r t❤✐s ❝❤♦s❡♥ ♣✉❧s❡ ❞✉r❛t✐♦♥✳

❋✐❣✉r❡ ✶✳✺✿ ❛✮❱❛r✐❛t✐♦♥ ♦❢ ❡❧❡❝tr✐❝ ♦✈❡r t✐♠❡ ❢♦r t❤❡ sq✉❛r❡ ♦❢ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✭♣✉❧s❡
❞✉r❛t✐♦♥ ✶✵✵❢s ❝❡♥t❡r❡❞ ❛t ✽✵✵♥♠✮ ✐♥ ❜❧✉❡✱ ✐ts ❡♥✈❡❧♦♣❡ ✐♥ ♦r❛♥❣❡ ❛♥❞ t❤❡ s❡❝♦♥❞ ❞❡r✐✈❛✲
t✐✈❡ ♦❢ t❤❡ ❡♥✈❡❧♦♣❡ ✐♥ ❣r❡❡♥✳ ❚❤❡ ❚❍③ ✜❡❧❞ ❡①♣❡❝t❡❞ ✐s s✉♣♣♦s❡❞ t♦ ❢♦❧❧♦✇ t❤❡ ❣r❡❡♥
❝✉r✈❡✳ ❜✮ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ t❤❡ s❡❝♦♥❞ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❡♥✈❡❧♦♣❡✳

■♥ ♦r❞❡r t♦ ❡♥❤❛♥❝❡ ❛♥❞ s❡❧❡❝t ♦♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✇✐t❤✐♥ ❛❧❧ t❤❡ ♥♦♥❧✐♥❡❛r ❡✛❡❝ts
♦❢ ♦r❞❡r ✷✱ t❤❡ ♣❤❛s❡ ♠❛t❝❤✐♥❣ ❝♦♥❞✐t✐♦♥s ❛r❡ t♦ ❜❡ st✉❞✐❡❞✳ ❆s ♦♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✐s
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❛ s✐♠✐❧❛r ♣r♦❝❡ss ❛s ❉❋● ✭❥✉st t❛❦❡s t✇♦ ❛r❜✐tr❛r② ❝❧♦s❡ ❢r❡q✉❡♥❝✐❡s✮ ✇❡ ❝❛♥ ❛♣♣❧② ✐t t♦
❖❘✳

❲❡ ♥❡❡❞ t♦ ❤❛✈❡ ♠❛t❝❤ ❜❡t✇❡❡♥ t❤❡ ❡♥❡r❣② ✭❝♦♥s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣②✮✱ ❛♥❞ ❜❡✲
t✇❡❡♥ t❤❡ ♣❤❛s❡ ✿

ω1 − ω2 = ΩTHZ

k1 − k2 = kTHZ

✭✶✳✶✾✮

❉✐✈✐❞✐♥❣ ❜② ♦♥❡ ❛♥♦t❤❡r t❤❡ t✇♦ t❡r♠s✱ ✇❡ ❤❛✈❡ ✿

ω1 − ω2

k1 − k2
=

ΩTHZ

kTHZ

✭✶✳✷✵✮

❇② s❡tt✐♥❣ ω1 ❛♥❞ k1 ❛r❜✐tr❛r② ❝❧♦s❡ t♦ ω2 ❛♥❞ k2✱ ✐t ❢♦❧❧♦✇s ✿

∂ω

∂k
=

ΩTHZ

kTHZ

✭✶✳✷✶✮

❚❤✐s ✐♠♣❧✐❡s t❤❡ ❡q✉❛❧✐t② ❜❡t✇❡❡♥ ♣❤❛s❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❚❍③ ❧✐❣❤t ❛♥❞ ❣r♦✉♣ ✈❡❧♦❝✐t②
♦❢ t❤❡ ♣✉♠♣ ✇✐t❤✐♥ t❤❡ ♠❡❞✐✉♠ ✿

vpump
g = vTHz

φ ✭✶✳✷✷✮

❚❍③ ❛r❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❡♥✈❡❧♦♣❡ ♦❢ t❤❡ ♣✉♠♣✱ t❤❡ ♣❤❛s❡ ✈❡❧♦❝✐t② ♥❡❡❞s t♦ ♠❛t❝❤
t❤❡ ❣r♦✉♣ ✈❡❧♦❝✐t② ♦❢ t❤❡ ♣✉♠♣✳ ■♥❞❡❡❞✱ t❤❡ ♣❤❛s❡ ♦❢ ❚❍③ ❧✐❣❤t ❣❡♥❡r❛t❡❞ ❛t t❤❡ ✜rst
❡❞❣❡ ♦❢ t❤❡ ❝r②st❛❧ ✇♦✉❧❞ ♠✐s♠❛t❝❤ t❤❡ ♦♥❡ ❛t t❤❡ ♦✉t ❡❞❣❡ ❛♥❞ ❝r❡❛t❡s ❞❡str✉❝t✐✈❡
✐♥t❡r❢❡r❡♥❝❡ ❡♥❞✐♥❣ ✇✐t❤ ❢❡✇❡r ❚❍③ ✐♥ t❤❡ ❡♥❞✳ ■♥ ♦r❞❡r t♦ ❢✉❧✜❧❧❡❞ t❤❡ ♣❤❛s❡ ♠❛t❝❤✐♥❣
❝♦♥❞✐t✐♦♥s✱ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ t❤❡ ♠❛t❡r✐❛❧ ♠✉st ❜❡ ❡q✉❛❧ ❛t t❤❡ ♣✉♠♣ ❢r❡q✉❡♥❝②
❛♥❞ t❤❡ ❚❍③ ❢r❡q✉❡♥❝②✳ ❚❤✐s ✐s ❛❝❝✐❞❡♥t❛❧❧② tr✉❡ ❢♦r ❝r②st❛❧ s✉❝❤ ❛s ❩♥❚❡ ✭n800 ❂ ✸✳✶✸✱
nTHz ❜✉t ✐t ✐s ♥♦t ✐♥ t❤❡ ❝❛s❡ ♦❢ LiNbO3 ✭▲◆✮✳ ■♥❞❡❡❞✱ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ✽✵✵ ♥♠ ✐s
✷✳✷✺ ✇❤✐❧❡ ✐t ✐s ✹✳✾✻ ❛t ✶ ❚❍③ ♠❡❛♥✐♥❣ t❤❛t ✈❡❧♦❝✐t② ♦❢ ♣✉♠♣ ❧✐❣❤t ✐s t✇✐❝❡ t❤❡ ✈❡❧♦❝✐t②
♦❢ t❤❡ ❣❡♥❡r❛t❡❞ ❚❍③ ❧✐❣❤t ✭s❡❡ ❚❛❜❧❡ ✶✳✸✳✷✮✳

❚❤❡ ❢❛❝t♦r ♦❢ ♠❡r✐t ❋❖▼ ✐s ❛ q✉❛♥t✐t② ❞❡s❝r✐❜❡❞ ❜② ❍❡❜❧✐♥❣ ❡t ❛❧ ❬✹✶❪ ✇❤✐❝❤ ❛❧❧♦✇s
t♦ ❝❤♦♦s❡ t❤❡ ❣♦♦❞ ❝r②st❛❧s ❢♦r ❖❘✳ ❚❤✐s q✉❛♥t✐t② ✐s ❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s ✿

FOMNA =
d2effL

2

n2
NIRnTHz

✭✶✳✷✸✮

FOMA =
4d2eff

n2
NIRnTHzαTHz

✭✶✳✷✹✮

❊q✉❛t✐♦♥ ✶✳✷✸ r❡♣r❡s❡♥ts t❤❡ ❝❛s❡ ✇❤❡r❡ ❝r②st❛❧ ❞♦❡s♥✬t ❛❜s♦r❜ ❚❍③✱ ✇❤✐❧❡ ❡q✉❛t✐♦♥
✶✳✷✹ r❡♣r❡s❡♥ts t❤❡ ❝❛s❡ ♦❢ ❛❜s♦r❜✐♥❣ ❝r②st❛❧✳ deff r❡♣r❡s❡♥ts t❤❡ ♥♦♥ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t
♦❢ t❤❡ ❝r②st❛❧✱ ▲ ✐s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❝r②st❛❧✱ nNIR ❛♥❞ nTHz r❡♣r❡s❡♥ts t❤❡ r❡❢r❛❝t✐✈❡
✐♥❞❡① ❢♦r t❤❡ ♣✉♠♣ ❛♥❞ t❤❡ ❚❍③ ✇❛✈❡ ✐♥ t❤❡ ❝r②st❛❧✳ deff ✐s ❝♦♠♣✉t❡❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦
♦♣t✐❝ ❝♦♠♣♦♥❡♥t r ♦❢ t❤❡ ♠❛t❡r✐❛❧s ❛s ❢♦❧❧♦✇s ✿

deff = −n4
NIR

r

4
✭✶✳✷✺✮

❋✐♥❛❧❧②✱ αTHz ✐s t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❝r②st❛❧ ❢♦r t❤❡ ❚❍③✳ ❚❤✐s ❢❛❝t♦r
❤❛s ❜❡❡♥ ♣✉t ✐♥ t❛❜❧❡ ✶✳✸✳✷ ❬✹✷❪✳

✸✵



▼❛t❡r✐❛❧s deff (pm/V ) nNIR ❢♦r ✽✵✵♥♠ nTHz αTHz FOM(pm2cm2/V 2)
❩♥❚❡ ✻✽✳✺ ✸✳✶✸ ✸✳✶✼ ✶✳✸ ✼✳✷✼
❉❆❙❚ ✻✶✺ ✸✳✸✾ ✷✳✺✽ ✺✵ ✹✶✳✺
LiNbO3 ✶✻✽ ✷✳✷✺ ✹✳✾✻ ✶✼ ✶✽✳✷

❚❛❜❧❡ ✶✳✶✿ ❚❛❜❧❡ s❤♦✇✐♥❣ t❤❡ ❢❛❝t♦r ♦❢ ♠❡r✐t ❢♦r ❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s✳ ❆❧❧ t❤♦s❡ ❝r②st❛❧s
❛r❡ ❛❜s♦r❜✐♥❣ ❚❍③✱ s♦ t❤❡ ❋❖▼ ✉s❡❞ ✐s t❤❡ ♦♥❡ ❢r♦♠ ❡q✉❛t✐♦♥ ✶✳✷✹✳ ❚❤❡ ❛❜s♦r♣t✐♦♥
❝♦❡✣❝✐❡♥t ✐s ♠❡❛s✉r❡❞ ❛t ✶ ❚❍③ ❡①♣❡❝t ❢♦r ❉❆❙❚ ✇❤✐❝❤ ✐s ✵✳✽❚❍③ ❛s t❤❡r❡ ✐s ❛ str♦♥❣
❛❜s♦r♣t✐♦♥ ♣❡❛❦ ❛t ✶✳✶❚❍③✳

■♥ t❛❜❧❡ ✶✳✸✳✷ ✐s r❡❢❡r❡♥❝❡❞ ❛ ❧✐st ♦❢ ✉s❡❞ ❖❘ ❝r②st❛❧ ❋❖▼ ❛♥❞ ❛ttr✐❜✉t❡s ❝♦♥s✐❞❡r✐♥❣
❛♥ ✽✵✵♥♠ ♣✉♠♣✳ ❩♥❚❡ ✇❛s t❤❡ ✜rst ❝r②st❛❧ ✉s❡❞ ❢♦r ❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ❬✹✸✱ ✹✹❪✳ ❩♥❚❡
✐s t❤❡ ♣❡r❢❡❝t ❝❛♥❞✐❞❛t❡ ❢♦r ✜rst ❚❍③ ❣❡♥❡r❛t✐♦♥ ✉s✐♥❣ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥✳ ■♥❞❡❡❞✱
t❤❡ ❋❖▼ ✐s ♥♦t ❜❛❞ ❛♥❞ ❛s t❤❡r❡ ✐s ♠❛t❝❤✐♥❣ ❜❡t✇❡❡♥ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①❡s t❤❡ ❚❍③
❝❛♥ ❜❡ ❣❡♥❡r❛t❡❞ ❝♦❧✐♥❡❛r❧② ✇✐t❤ t❤❡ ✽✵✵♥♠ ♣✉♠♣ ❢♦r s✐♠♣❧❡ ❡①♣❡r✐♠❡♥t✳

❚❤❡ s❡❝♦♥❞ ✐♥ ♣❡r❢♦r♠❛♥❝❡ ✐s t❤❡ LiNbO3 ✭▲◆✮✳ ❚❤❡ ❧❛r❣❡ ❜❛♥❞ ❣❛♣ ✭✸✳✽❡❱✮ ♦❢ t❤❡
▲◆ ❛❧❧♦✇s ♠♦r❡ ✢✉❡♥❝② ♦❢ t❤❡ ♣✉♠♣ ❧❛s❡r ❛s ✐t ♣r❡✈❡♥ts t✇♦ ♣❤♦t♦♥ ❛❜s♦r♣t✐♦♥ ✇❤✐❝❤
✐s t❤❡ ♠❛✐♥ ❧✐♠✐t❛t✐♦♥ ♦❢ ❚❍③ ❣❡♥❡r❛t✐♦♥ ✉s✐♥❣ ❩♥❚❡ ❬✹✺❪✳ ▼♦r❡ ❡♥❡r❣② ✐♥ t❤❡ ♣✉♠♣
❛❧❧♦✇s ♠♦r❡ ❡♥❡r❣② ✐♥ t❤❡ ❚❍③ ✜❡❧❞ ✇❤✐❝❤ ♣❡r♠✐ts ✈❡r② ❤✐❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❍♦✇❡✈❡r✱
❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✭✇❤✐❝❤ ✐♠♣❧✐❡s ❛ ❞✐✛❡r❡♥❝❡ ♦❢ ❧✐❣❤t s♣❡❡❞ ✐♥
t❤❡ ❝r②st❛❧✮✱ t❤❡ ♣❤❛s❡ ♠❛t❝❤✐♥❣ ❝♦♥❞✐t✐♦♥ ✐s ♥♦t ❢✉❧✜❧❧❡❞✳ ❚❤❡r❡ ✐s ❛ ♥❡❡❞ ❢♦r ❛ tr✐❝❦
t♦ ❜❡ ❛❜❧❡ t♦ ❛❝❤✐❡✈❡ ✐♥t❡♥s❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇✐t❤ t❤✐s ❝r②st❛❧✳ ❚❤✐s ✐s t❤❡ t✐❧t❡❞ ♣✉❧s❡
❢r♦♥t t❡❝❤♥✐q✉❡ t❤❛t ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ❧❛t❡r✳ ❯s✐♥❣ t❤✐s t❡❝❤♥✐q✉❡✱ ❡❧❡❝tr✐❝ ✜❡❧❞s ✉♣ t♦
✶✳✷▼❱✴❝♠ ❤❛✈❡ ❜❡❡♥ ♦❜t❛✐♥❡❞ ❬✹✻❪✳

◆♦✇❛❞❛②s✱ t❤❡ ✐♦♥✐❝ ♦r❣❛♥✐❝ ❝r②st❛❧ ✹✲◆✲♠❡t❤②❧st✐❧❜❛③♦❧✐✉♠ t♦s②❧❛t❡ ✭❉❆❙❚✮ ❛r❡
♠♦r❡ ❛♥❞ ♠♦r❡ ✉s❡❞✳ ❚❤✐s ❝r②st❛❧ ❡①❤✐❜✐ts ❛ ✈❡r② str♦♥❣ ❡❧❡❝tr♦ ♦♣t✐❝ ❝♦♠♣♦♥❡♥t ❛♥❞
❤❛s ❛ttr❛❝t❡❞ t❤❡ ❛tt❡♥t✐♦♥ ❢♦r s❡❝♦♥❞ ♦r❞❡r ♥♦♥❧✐♥❡❛r ❡✛❡❝ts✳ ❋♦r t❤✐s ❝r②st❛❧✱ ♣❤❛s❡
♠❛t❝❤✐♥❣ ✐s ❛❝❤✐❡✈❡❞ ✉s✐♥❣ ✶✺✵✵ ♥♠ ❧✐❣❤t✳ ❆s ♠♦st ❧❛❜♦r❛t♦r② ❛r❡ ✉s✐♥❣ ❚✐✿❙❛♣♣❤✐r❡
❜❛s❡❞ ❧❛s❡r✱ ❝❡♥tr❛❧ ✇❛✈❡❧❡♥❣t❤ ✐s ♠♦st❧② ✽✵✵ ♥♠ ❛♥❞ t❤❡r❡ ❖♣t✐❝❛❧ P❛r❛♠❡tr✐❝ ❆♠♣❧✐✜❡r
✭❖P❆✮ ♠✉st ❜❡ ✉s❡❞✳ ■♥ ❋✐❣✳ ✶✳✻ ❛❞❛♣t❡❞ ❢r♦♠ ❍❛✉r✐ ❛♥❞ ❛❧✳ ❬✸❪ ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡
✜❡❧❞ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✐♥ ❉❆❙❚✳

❍❛✉r✐ ❛♥❞ ❛❧ ✉s❡❞ ❧✐❣❤t ❝❡♥t❡r❡❞ ❛t ✶✺✵✵ ♥♠ ❧✐❣❤t✱ ✻✵ ❢s ♣✉❧s❡ ❞✉r❛t✐♦♥ ❛♥❞ ❛r♦✉♥❞ ✶
♠❏ ♣✉❧s❡s t♦ ❣❡♥❡r❛t❡ t❤❡ ❚❍③ ❊❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤❡ ❚❍③ ♣✉❧s❡ ❡♥❡r❣② ✇❛s ♠❡❛s✉r❡❞ ❛t ✷✵
µJ ✉s✐♥❣ ❛ ●♦❧❛② ❝❡❧❧✳ ❚❤❡ ❢♦❝❛❧ s♣♦t ♦❢ t❤❡✐r ♣✉❧s❡ ✇❛s ♦❢ ✵✳✼ ♠♠✳ ❯s✐♥❣ t❤❡ t✐♠❡ ❞✉✲
r❛t✐♦♥ ❡①tr❛❝t ❢r♦♠ t❤❡ ❊❖❙ tr❛❝❡ ✭s❡❡ ❋✐❣✳✶✳✻❛✮✱t❤❡ ♣❡❛❦ ✈❛❧✉❡ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇❛s
❡st✐♠❛t❡❞ t♦ ❜❡ ✶✳✸✺ ▼❱✴❝♠✳ ❚❤❡ ❢r❡q✉❡♥❝② s♣❡❝tr❛ ❣❡♥❡r❛t❡❞ ❡①❤✐❜✐ts ❛ str♦♥❣ ❛❜s♦r♣✲
t✐♦♥ ❛t ✶✳✶ ❚❍③ ✭❋✐❣✳✶✳✻❜✮✳ ❚❤✐s ❛❜s♦r♣t✐♦♥ ❧✐♥❡ ✐s ❞✉❡ t♦ ❛ ❦♥♦✇♥ ❚r❛♥s❡r✈❡ ❖♣t✐❝ ✭❚❖✮
P❤♦♥♦♥ ♠♦❞❡ ♦❢ t❤❡ ❝r②st❛❧ ❬✹✼❪✳ ❚❤✐s ❛❜s♦r♣t✐♦♥ ❧✐♥❡ ❧❡❞ t♦ t❤❡ ✉s❡ ♦❢ ❛♥♦t❤❡r ❝r②s✲
t❛❧ ✹✲◆✱ ◆✲❞✐♠❡♥t❤②❧❛♠✐♥♦✲✹✬✲◆✬✲♠❡t❤②❧✲st✐❧❜❛③♦❧✐✉♠✷✱ ✹✱ ✻✲tr✐♠❡t❤②❧❜❡♥③❡♥❡s✉❧❢♦♥❛t❡
✭❉❙❚▼❙✮✳ ❚❤❡ ❉❙❚▼❙ ❝r②st❛❧ ✐s ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ❉❆❙❚ ❢♦r t❤❡ ♣r♦♣❡rt② ♦❢ ♣❤❛s❡
♠❛t❝❤✐♥❣ ❛♥❞ ♥♦♥ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t✳ ❍♦✇❡✈❡r✱ ❝r②st❛❧ ❣r♦✇t❤ ✐♥ t❤✐s ❝r②st❛❧ ✐s ❡❛s✐❡r t♦
❛❝❤✐❡✈❡ ❛♥❞ t❤❡ ❚❖ ♣❤♦♥♦♥ ✐s ♥♦t ♣r❡s❡♥t ✐♥ t❤✐s ❝r②st❛❧✳ ❊❧❡❝tr✐❝ ✜❡❧❞ ❡①❝❡❡❞✐♥❣ t❤❡
▼❱✴❝♠ ❛r❡ ❝♦♠♠♦♥❧② ❛❝❤✐❡✈❡❞ ✉s✐♥❣ s✉❝❤ ❝r②st❛❧ ❬✹✽❪

❲❤✐❧❡ ♦r❣❛♥✐❝ ❝r②st❛❧s ❉❆❙❚ ❛♥❞ ❉❙❚▼❙ ❛r❡ ♣r❡s❡♥t✐♥❣ ✈❡r② ❧❛r❣❡ s✐♥❣❧❡ ❝②❝❧❡
❡❧❡❝tr✐❝ ✜❡❧❞s✱ t❤❡ ♣✉♠♣ ✉s❡❞ t♦ ❣❡♥❡r❛t❡ s✉❝❤ ❡❧❡❝tr✐❝ ✜❡❧❞s ✐s ❝❡♥t❡r❡❞ ❛t ✶✺✵✵ µm✳ ❆s
❛❧r❡❛❞② s❛✐❞✱ t❤❡ ♣✉♠♣ ✇❛✈❡❧❡♥❣t❤ ✐s t②♣✐❝❛❧❧② ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❖P❆ t♦ ❝♦♥✈❡rt ❛♥ ✽✵✵
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❋✐❣✉r❡ ✶✳✻✿ ❊❧❡❝tr✐❝ ✜❡❧❞ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❉❆❙❚ ❝r②st❛❧ ❛s t❤❡ ❣❡♥❡r❛t✐♦♥ ♠❡❞✐❛✳ ❛✮ ❚✐♠❡
❚r❛❝❡ ♦❜t❛✐♥ ❜② ❊❧❡❝tr♦ ❖♣t✐❝❛❧ ❙❛♠♣❧✐♥❣✳ ❜✮ ❆ss♦❝✐❛t❡❞ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✳ ❋✐❣✉r❡
t❛❦❡♥ ❢r♦♠ ❬✸❪

♥♠ ❧✐❣❤t✳ ❚❤✐s ❝♦♥✈❡rs✐♦♥ ♠✐❣❤t ✐♥❞✉❝❡s ✐♥st❛❜✐❧✐t② ✐♥ t❤❡ ❝♦♥✈❡rs✐♦♥✳ ▼♦r❡♦✈❡r✱ t❤❡
❝♦♥✈❡rs✐♦♥ ♠✉st ❜❡ ❣♦♦❞ ❡♥♦✉❣❤ t♦ ❣❡♥❡r❛t❡s ♣✉❧s❡s ❡①❝❡❡❞✐♥❣ t❤❡ ♠❏✳ ❚❡♥t❛t✐✈❡s t♦ ✉s❡
✽✵✵ ♥♠ ❧✐❣❤t ♦♥ s✉❝❤ ❝r②st❛❧s ❤❛✈❡ ❜❡❡♥ r❡❛❧✐③❡❞ ❜② ❱✐❝❛r✐♦ ❡t ❛❧✳❬✹✾❪✳ ❚❤❡ r❡s✉❧ts ✇❡r❡
s❧✐❣❤t❧② ❜❡tt❡r t❤❛♥ ❩♥❚❡ ❜✉t ✉♥❞❡r t❤❛♥ LiNbO3✳ ❇❡❝❛✉s❡ ♦❢ ♦✉r ❧❛s❡r ♣❛r❛♠❡t❡rs ❛♥❞
❖P❆✱ t❤❡ ❜❡st ❞❡❝✐s✐♦♥ ✇❛s t♦ ✉s❡ t❤❡ t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t t❡❝❤♥✐q✉❡ ✐♥ LiNbO3 ✇❤✐❝❤ ■
✇✐❧❧ ❡①♣❧❛✐♥ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥✳

❚❤❡ t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t t❡❝❤♥✐q✉❡ ✐♥ t❤❡ LiNbO3

■♥ t❤❡ ▲◆✱ t❤❡ ♠✐s♠❛t❝❤ ❜❡t✇❡❡♥ ❣r♦✉♣ ✈❡❧♦❝✐t② ♦❢ t❤❡ ♣✉♠♣ ❛♥❞ ♣❤❛s❡ ✈❡❧♦❝✐t② ✐s
❛r♦✉♥❞ ✷✳ ❆s t❤❡ ♣✉♠♣ ✇❛✈❡ ♣r♦♣❛❣❛t❡s ✐♥ t❤❡ ❝r②st❛❧✱ ❚❍③ ✇❛✈❡ ✐s ❣❡♥❡r❛t❡❞ ❢♦❧❧♦✇✐♥❣
❛ ❈❤❡r❡♥❦♦✈ ❝♦♥❡✳ ❚❤❡ ❈❤❡r❡♥❦♦✈ ❝♦♥❡ ❛♣♣❡❛rs ✇❤❡♥ ❛ ♣❛rt✐❝❧❡ ✐s tr❛✈❡❧✐♥❣ ❢❛st❡r t❤❛♥
t❤❡ ✇❛✈❡ ✐t ❡♠✐ts s❡❡ ❋✐❣ ✶✳✼❛✳ ❚❤❡ ❛♥❣❧❡ ♦❢ t❤❡ ❝♦♥❡ ✐s ❞❡✜♥❡❞ ❛s ✿

θC = cos−1(vTHz
φ /vpump

g ) ✭✶✳✷✻✮

❍♦✇❡✈❡r✱ ✐❢ ♦♥❡ ❝♦✉❧❞ ❝❤❛♥❣❡ t❤❡ t✐♠❡ ✇❤❡r❡ ❡❛❝❤ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♣✉❧s❡ ❢r♦♥t
❛rr✐✈❡s ❛s ♣r❡s❡♥t❡❞ ❜② t❤❡ r❡❞ ❛rr♦✇s ♦❢ ❋✐❣✳✶✳✼❛✮✱ t❤❡♥ ✉s✐♥❣ ❍✉②❣❡♥s ♣r✐♥❝✐♣❧❡✱ ♦♥❡
❝♦✉❧❞ ❝♦♥str✉❝t✐✈❡❧② ❛❞❞s ❛❧❧ ❚❍③ ✇❛✈❡s✳

❚❤❡ ❡❛s✐❡st ✇❛② t♦ ❞♦ t❤✐s ❡①♣❡r✐♠❡♥t❛❧❧② ✐s t♦ ✉s❡ ❛ ❣r❛t✐♥❣✳ ❚❤❡ ❣r❛t✐♥❣ ✇✐❧❧ t✐❧t
t❤❡ ♣✉❧s❡ ❢r♦♥t ✇✐t❤ ❛♥ ❛♥❣❧❡ θT ✭s❡❡ ❋✐❣✳✶✳✼❜✮✳ ❚❤❡ ❝♦♠♣♦♥❡♥ts ✇❤✐❝❤ ❛rr✐✈❡s ✜rst ♦♥
t❤❡ ❝r②st❛❧ ✇✐❧❧ ❤❛✈❡ ❛ ❧♦♥❣❡r t✐♠❡ ✐♥ t❤❡ ❝r②st❛❧✳ ❆s t❤❡r❡ ✐s ❛ ♠✐s♠❛t❝❤ ✐♥ r❡❢r❛❝t✐✈❡
✐♥❞❡①✱ ❚❍③ ❣❡♥❡r❛t❡❞ ❜② ❛❧❧ t❤❡ ❝♦♠♣♦♥❡♥ts ✇✐❧❧ ✐♥t❡r❢❡r❡ ❝♦♥str✉❝t✐✈❡❧②✳ ❆ ♣✐❝t✉r❡ ♦❢
♠② ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✐s s❤♦✇♥ ✐♥ ❋✐❣ ✶✳✽✳ ❆♥ ✐♠❛❣✐♥❣ s②st❡♠ ✭t✇♦ ❝②❧✐♥❞r✐❝❛❧ ❧❡♥s✮ ✐s
✉s❡❞ t♦ ❛✈♦✐❞ t♦♦ ♠✉❝❤ ✇❛✈❡❧❡♥❣t❤ ❞✐s♣❡rs✐♦♥ ❛♥❞ ❤❛✈❡ ❛ ♣❡r❢❡❝t ✐♠❛❣❡ ♦❢ t❤❡ ❣r❛t✐♥❣
♦♥ t❤❡ ▲◆ ❝r②st❛❧✳
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❋✐❣✉r❡ ✶✳✼✿ ❛✮ ❚❤❡ ♣❛rt✐❝❧❡ ✭r❡❞ s♣❤❡r❡✮ ✇✐t❤ t❤❡ s♣❡❡❞ vpump
g ✐s ♠♦✈✐♥❣ ❢❛st❡r t❤❛♥

t❤❡ ❚❍③ ✐t ❡♠✐ts ❝❛✉s✐♥❣ t❤❡ ❚❍③ t♦ ❜❡ ❣❡♥❡r❛t❡❞ ✇✐t❤ ❛♥ ❛♥❣❧❡ ❝❛✉s✐♥❣ ❞❡str✉❝t✐✈❡
✐♥t❡r❢❡r❡♥❝❡✳ ❚❤❡ ❛♥❣❧❡ θC ✐s t❤❡ r❛t✐♦ cos−1(vTHz

φ /vpump
g )✳ ❚❤❡ r❡❞ ❛rr♦✇s ❛r❡ t❤❡

❞❡❧❛②❡❞ ❧❛s❡r ❝♦♠♣♦♥❡♥ts t❤❛t ❛rr✐✈❡s ❧❛t❡r✳ ❜✮ ❙❝❤❡♠❡ ♦❢ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡
t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t t❡❝❤♥✐q✉❡✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✹✻❪

❋✐❣✉r❡ ✶✳✽✿ ❊①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❢♦r t❤❡ t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t✳ ❚❤❡ ✽✵✵♥♠ ❢❡♠t♦s❡❝♦♥❞
❧❛s❡r ✐s s❡♥❞ ♦♥ ❛ ❣r❛t✐♥❣ ✇❤✐❝❤ t✐❧ts t❤❡ ♣✉❧s❡ ❢r♦♥t ✭❜❧❛❝❦ ❧✐♥❡✮ ✇✐t❤ ❛♥ ❛♥❣❧❡ θT ✳ ❚❤❡
t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t tr❛✈❡❧s t❤r♦✉❣❤ ❛♥ ✐♠❛❣✐♥❣ s②st❡♠ t♦ ❛✈♦✐❞ ✇❛✈❡❧❡♥❣t❤ ❞✐s♣❡rs✐♦♥ ❛♥❞
✜♥❛❧❧② t♦ t❤❡ ❝r②st❛❧ t♦ ❣❡♥❡r❛t❡s ❚❍③✳

❆s t❤❡ ♣✉❧s❡ ❢r♦♥t ✐s t✐❧t❡❞✱ ♦♥❧② t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ t❤❡ ❣r♦✉♣ ✈❡❧♦❝✐t② ♦♥ t❤❡ ♣❤❛s❡
✈❡❧♦❝✐t② ♦❢ t❤❡ ❚❍③ ✐s r❡q✉✐r❡❞ ✿

vpump
g cosθT = vTHz

φ ✭✶✳✷✼✮

❲❤✐❝❤ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✶✳✷✻ ❣✐✈❡s t❤❡ ❡q✉❛❧✐t② ❜❡t✇❡❡♥ t❤❡ ❈❤❡r❡♥❦♦✈ ❛♥❞ t❤❡ t✐❧t❡❞
❛♥❣❧❡s✳

θT = θC ✭✶✳✷✽✮

θT ✐s ❛ ❝♦♥st❛♥t ❧✐♥❦❡❞ t♦ t❤❡ ❣r❛t✐♥❣ ②♦✉ ❝❤♦♦s❡✱ s♦ ♦♥❡ ♥❡❡❞s t♦ ❝❤♦♦s❡ t❤❡ ❣♦♦❞
❣r❛t✐♥❣ ❢♦r t❤❡ r✐❣❤t ❈❤❡r❡♥❦♦✈ ❛♥❣❧❡ ✿

θT = tan−1(
λg

ngr
NIRmcosθd

) ✭✶✳✷✾✮

✸✸



❲❤❡r❡ λ ✐s t❤❡ ❝❡♥tr❛❧ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ♣✉♠♣✱ ❣ ✐s t❤❡ ❣r♦♦✈❡ ❞❡♥s✐t② ♦❢ t❤❡ ❣r❛t✐♥❣✱
♠ ✐s t❤❡ ♠❛❣♥✐✜❝❛t✐♦♥ ❢❛❝t♦r ♦❢ t❤❡ ❧❡♥s❡s ❛♥❞ θd ✐s t❤❡ ❞✐✛r❛❝t✐♦♥ ❛♥❣❧❡ ♦❢ t❤❡ ❣r❛t✐♥❣✳

✶✳✸✳✸ ❚❍③ ❣❡♥❡r❛t✐♦♥ ✐♥ ❋❊▲

▲✐❣❤t ❡♠✐tt❡❞ ✐♥ ❧❛r❣❡ ❙❝❛❧❡ ❢❛❝✐❧✐t✐❡s s✉❝❤ ❛s ❋r❡❡ ❊❧❡❝tr♦♥ ▲❛s❡r ♦r ❙②♥❝❤r♦tr♦♥ ❛r❡
r❡❧②✐♥❣ ♦♥ ❡❧❡❝tr♦♥s t♦ ❣❡♥❡r❛t❡ s✉❝❤ ❧✐❣❤t✳ ❲❤❡♥ ❛ ❡❧❡❝tr♦♥ ✐s ❞❡❝❡❧❡r❛t✐♥❣ ✐t ❡♠✐ts
❧✐❣❤t✳ ❚❤✐s ✐s t❤❡ s②♥❝❤r♦tr♦♥ r❛❞✐❛t✐♦♥✳

■♥ ❋r❡❡ ❊❧❡❝tr♦♥ ▲❛s❡r✱ ❛ ❜✉♥❝❤ ♦❢ ❡❧❡❝tr♦♥ ✐s ✜r❡❞ ❢r♦♠ ❛ ❡❧❡❝tr♦♥ ❣✉♥ ✐♥t♦ ❛ ❧✐♥❡❛r
❛❝❝❡❧❡r❛t♦r✳ ❲❤✐❧❡ t❤❡ ❡❧❡❝tr♦♥ ❜✉♥❝❤❡s ❢r♦♠ t❤❡ ❡❧❡❝tr♦♥ ✐s ❦✐♥❞ ♦❢ r❛♥❞♦♠ ❛❢t❡r
❣♦✐♥❣ t❤r♦✉❣❤ t❤❡ ❧✐♥❡❛r ❛❝❝❡❧❡r❛t♦r✱ ❛❧❧ ♦❢ t❤❡♠ ❛r❡ ❣♦✐♥❣ ✐♥t♦ t❤❡ s❛♠❡ ❞✐r❡❝t✐♦♥✳
❊❧❡❝tr♦♥s ❛r❡ ❣♦✐♥❣ t❤r♦✉❣❤ ❛ s❡t ♦❢ ♠❛❣♥❡ts ❝❛❧❧❡❞ t❤❡ ✇✐❣❣❧❡r✳ ■t ✇✐❧❧ ♠❛❦❡ t❤❡
❡❧❡❝tr♦♥ ❜❡❛♠ ♦s❝✐❧❧❛t❡s ✐♥ t❤❡ tr❛♥s✈❡rs❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♠♦✈❡♠❡♥t✳ ❆t ❡❛❝❤ t✐♠❡s ✐t
♥❡❡❞s t♦ ❞❡❝❡❧❡r❛t❡ ❡❧❡❝tr♦♥s ✇✐❧❧ ❡♠✐ts ❧✐❣❤t t❤❛t ❛r❡ ✐♥t❡r❢❡r✐♥❣ t♦ ❡❛❝❤ ♦t❤❡r ❝♦❤❡r❡♥t❧②✳
❚❤✐s ✇✐❧❧ ❝r❡❛t❡ ❛ ✈❡r② ❜r✐❣❤t ❛♥❞ ❝♦❤❡r❡♥t ❧✐❣❤t s♦✉r❝❡✳ ❚❤❡ ❡❧❡❝tr♦♥ ❜✉♥❝❤ ✐s t❤❡♥
r❡❝✉♣❡r❛t❡❞ t❤r♦✉❣❤ ❛ ❜❡❛♠ ❞✉♠♣❡r✳ ❚❤❡ s✐t✉❛t✐♦♥ ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ✜❣ ✶✳✾✳

❋✐❣✉r❡ ✶✳✾✿ ▲✐❣❤t ❝r❡❛t✐♦♥ ♦♥ ❋❊▲

❇② ❝♦♥tr♦❧❧✐♥❣ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥s ♦♥❡ ❝❛♥ ❝♦♥tr♦❧ t❤❡ ❞✉r❛t✐♦♥ ♦❢
t❤❡ ♣✉❧s❡ ✇❤✐❧❡ ❝♦♥tr♦❧❧✐♥❣ t❤❡ s♣❛❝✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♠❛❣♥❡ts ✇✐❧❧ ❛❧❧♦✇s t♦ ❝♦♥tr♦❧ t❤❡
✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ♣✉❧s❡s✳ ❚❤❡ ✇❛✈❡❧❡♥❣t❤ ❣❡♥❡r❛t❡❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ t♦ ✈❡r② ❧❛r❣❡ s♣❡❝tr❛
❢r♦♠ ✐♥❢r❛r❡❞ t♦ ❤❛r❞ ①✲r❛②s ✇✐t❤ ❛ ✈❡r② ❤✐❣❤ ❜r✐❣❤t♥❡ss 1020W/cm2✳ ■ ✇✐❧❧ ♣r❡s❡♥t ✐♥
t❤✐s s❡❝t✐♦♥ t❤❡ ♠❡t❤♦❞ ♦❢ ❣❡♥❡r❛t✐♦♥ ❛t t❤❡ ❚❡r❛❋❡r♠✐ ❇❡❛♠❧✐♥❡✳

❆s ❡①♣❧❛✐♥❡❞ ❜② P❡r✉❝❝❤✐ ❡t ❛❧✳❬✺✵❪ t❤❡ ❡❧❡❝tr♦♥ ❜✉♥❝❤ ♦❢ ❛ ❋❊▲ ✐s ♥❛t✉r❛❧❧② ❡♠✐tt✐♥❣
❜❡❛♠ ♦❢ ✺✵❢s t♦ ✶♣s ❞✉r❛t✐♦♥✳ ❈♦❤❡r❡♥t ❧✐❣❤t ❢r♦♠ ✶ t♦ ✷✵ ❚❍③ ✐s t❤❡r❡❢♦r❡ ♥❛t✉r❛❧❧②
❡♠✐tt❡❞ ✐♥ s✉❝❤ ❢❛❝✐❧✐t✐❡s✳ ◗✉❛♥t✐t❛t✐✈❡❧②✱ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♣♦✇❡r r❛❞✐❛t❡❞ ❜② t❤❡
❜✉♥❝❤ ✭P ✮ ♦✈❡r t❤❡ ♣♦✇❡r r❛❞✐❛t❡❞ ❢r♦♠ ❛ s✐♥❣❧❡ ♣❛rt✐❝❧❡ ✭Ps✮ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s ✿

P

Ps

= N(1− f(ω)) +N2(f(ω)) ✭✶✳✸✵✮

◆ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ✐♥ t❤❡ ❜✉♥❝❤ ❛♥❞ f(ω) ✐s t❤❡ ❢♦r♠ ❢❛❝t♦r ❣✐✈❡♥ ❛s ✿

f(ω) =

∣

∣

∣

∣

∫ ∞

−∞
eiωz/cρ(z)dz

∣

∣

∣

∣

2

✭✶✳✸✶✮

❲✐t❤ ρ(z) ❜❡✐♥❣ t❤❡ ♥♦r♠❛❧✐③❡❞ ❧♦♥❣✐t✉❞✐♥❛❧ ❝❤❛r❣❡ ❞❡♥s✐t②✳ ❊q✉❛t✐♦♥ ✶✳✸✵ ♣♦ss❡ss
♣♦ss❡s t✇♦ t❡r♠✱ ♦♥❡ ✐s s❝❛❧✐♥❣ ❧✐♥❡❛r❧② ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ✇❤✐❧❡ t❤❡ ♦t❤❡r
♦♥❡ ✐s s❝❛❧✐♥❣ q✉❛❞r❛t✐❝❛❧❧②✳ ❚❤❡ ❧✐♥❡❛r t❡r♠ ♦❢ ❡q✉❛t✐♦♥ ✶✳✸✵ r❡♣r❡s❡♥ts t❤❡ ✐♥❝♦❤❡r❡♥t
❡♠✐ss✐♦♥ ♦❢ t❤❡ ❜✉♥❝❤✱ t❤❡ q✉❛❞r❛t✐❝ ♣❛rt r❡♣r❡s❡♥ts t❤❡ ❝♦❤❡r❡♥t ❡♠✐ss✐♦♥✳ ■♥ ❋❊▲✱
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t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ✐♥ t❤❡ ❜✉♥❝❤ ✐s ♠✉❝❤ ❤✐❣❤❡r t❤❛♥ ✐t ✐s ✐♥ ❙②♥❝❤r♦tr♦♥ r✐♥❣✳
❉♦✐♥❣ s♦ t❤❡ ❝♦❤❡r❡♥t ❣❛✐♥ ✐s ♦❢ t❤❡ ♦r❞❡r ♦❢ 1010✳

❆t ❚❡r❛❋❡r♠✐ ❇❡❛♠❧✐♥❡✱ t❤❡② ✉s❡ t❤❡ ❈♦❤❡r❡♥t ❚r❛♥s✐❛♥t ❘❛❞✐❛t✐♦♥ ✭❈❚❘✮✳ ■♥ ❈❚❘✱
t❤❡② ♣❧❛❝❡ ❛ ♠❡t❛❧❧✐❝ ♣❧❛t❡ ✐♥ t❤❡ tr❛❥❡❝t♦r② ♦❢ t❤❡ ❤✐❣❤ ❡♥❡r❣❡t✐❝ ❡❧❡❝tr♦♥s✳ ❊❧❡❝tr♦♥s
tr❛✈❡❧ t❤r♦✉❣❤ t❤❡ ♠❡t❛❧❧✐❝ ♣❧❛t❡ t❛r❣❡t✳ ❚❤✐s ❣❡♥❡r❛t❡s ❛ ❝✉rr❡♥t ✇✐t❤✐♥ t❤❡ ♠❡t❛❧❧✐❝
♣❧❛t❡✱ t❤✐s ❝✉rr❡♥t ✐s t❤❡♥ r❛❞✐❛t✐♥❣ ❜❛❝❦ ❛♥❞ ❢♦r✇❛r❞ ♦❢ t❤❡ ♠❡t❛❧❧✐❝ s❝r❡❡♥ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ ●✐♥③❜✉r❣✲❋r❛♥❦ ❢♦r♠✉❧❛ ❬✺✶❪ ✿

d2U

dωdΩ
=

e2

4π3ǫ0c
· β2 sin2 θ

(1− β2 cos2 θ)2
✭✶✳✸✷✮

❯s✐♥❣ t❤✐s t❡❝❤♥✐q✉❡✱ s✐♥❣❧❡ ❝②❝❧❡ ❚❍③ ♣✉❧s❡s ❛❝❤✐❡✈✐♥❣ ✉♣ t♦ ✶ ▼❱✴❝♠ ✇✐t❤ ❛
s♣❡❝tr❛ ❢r♦♠ ✵✲✸ ❚❍③ ❛r❡ ❣❡♥❡r❛t❡❞ ❛t ✺✵ ❍③ r❡♣❡t✐t✐♦♥ r❛t❡✳ ❚❤❡ ♣✉❧s❡ ♠❡❛s✉r❡❞ ❛t
s❛♠♣❧❡ ♣♦s✐t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ✐♥ ✐♥ ❋✐❣✳ ✶✳✶✵✿

❋✐❣✉r❡ ✶✳✶✵✿ ❛✮ ❚✐♠❡ tr❛❝❡ ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ t❛❦❡♥ ❛t ❋❡r♠✐ ♠❡❛s✉r❡❞ ✇✐t❤ ❊❖❙
♦♥ ❛ 100µm✳ ❜✮ ❆ss♦❝✐❛t❡❞ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✐♥ ❧♦❣ s❝❛❧❡ t❤❡ ❜❧❛❝❦ ❧✐♥❡ ✐s t❤❡ ♥♦✐s❡
✢♦♦r✳

❆♥♦t❤❡r ❡①❛♠♣❧❡ ❝❛♥ ❜❡ t❛❦❡♥ ✇✐t❤ t❤❡ ❚❊▲❇❊ ❜❡❛♠❧✐♥❡ ❛t ❉r❡s❞❡♥✳ ■♥ t❤❡✐r
❇❡❛♠❧✐♥❡ t❤❡② ✉s❡ t❤❡ ❈♦❤❡r❡♥t ❉✐✛r❛❝t✐♦♥ ❘❛❞✐❛t♦r s♦✉r❝❡ ❬✺✷❪✳ ❚❤❡ ❡❧❡❝tr♦♥ ❜✉♥❝❤
✐s ❞✐r❡❝t❡❞ ♦♥t♦ ❛♥ ♦♣❡♥ r❡s♦♥❛t♦r t♦ ❣❡♥❡r❛t❡ t❤❡ ❚❍③✳ ❚❤❡ ♣✉❧s❡ ❞✐r❡❝t❧② ❣❡♥❡r❛t❡❞
✇✐t❤ ❈❉❘ ✐s ❝❧♦s❡ t♦ t❤❡ ♦♥❡ ❣❡♥❡r❛t❡❞ ✇✐t❤ ❈❚❘ ✭❛s ✐♥ t❤❡ ❚❡r❛❋❡r♠✐ ❇❡❛♠❧✐♥❡✮✳
❖♥❡ ✐♥t❡r❡st✐♥❣ ❛s♣❡❝t ♦❢ t❤❡ ❚❊▲❇❊ ❜❡❛♠❧✐♥❡ ✐s t❤❛t t❤❡② ❝♦✉♣❧❡❞ t❤❡✐r s♦✉r❝❡ t♦
❛♥ ✉♥❞✉❧❛t♦r ✇❤✐❝❤ ❛❧❧♦✇s t♦ s❡❧❡❝t ♣r❡❝✐s❡❧② t❤❡ ❚❍③ ✇❛✈❡❧❡♥❣t❤✳ ❚❤✐s ❛❧❧♦✇s ❢♦r ❛
❝❤♦✐❝❡ ♦❢ ❡✐t❤❡r ❛ ♥❛rr♦✇ ❜❛♥❞ ♣✉❧s❡ ❢♦r s❡❧❡❝t✐✈❡ r❡s♦♥❛♥t ❚❍③ ♦r ❛ ❜r♦❛❞ s✐♥❣❧❡ ❝②❝❧❡✳
❋✐❣✳ ✶✳✶✶ ♣r❡s❡♥ts t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❢r♦♠ ❜♦t❤ s♦✉r❝❡s ❛t t❤❡ ❚❊▲❇❊
❇❡❛♠❧✐♥❡✳

❆s s✉❝❤✱ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❋❊▲ ♠✉st ❜❡ ❛❞❡q✉❛t❡ t♦ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❋♦r ♥♦♥
r❡s♦♥❛♥t ♦r ♥♦♥ ❧✐♥❡❛r r❡s♣♦♥s❡ ♦❢ ♠❛t❡r✐❛❧ ✐♥ ❛ ❧♦✇ ❢r❡q✉❡♥❝② r❡❣✐♦♥ t❤❡ ❚❡r❛❋❡r♠✐
❜❡❛♠❧✐♥❡ ✐s ♠♦r❡ s✉✐t❡❞✳ ❍♦✇❡✈❡r✱ ❢♦r s❡❧❡❝t✐✈❡ r❡s♦♥❛♥❝❡ ❛♥❞ ❧✐♥❡❛r ❚❍③✲❚❉❙ t❤❡
❚❊▲❇❊ ❜❡❛♠❧✐♥❡ ✐s ❛ ❜❡tt❡r ❝❤♦✐❝❡✳ ❖t❤❡r ❤✉t❝❤ s♣❡❝✐❛❧✐③❡❞ ♦♥ ❚❍③ ✐♥ ♦t❤❡r ❋❊▲ ❤❛✈❡
t❤❡✐r s♣❡❝✐✜t✐❡s ❜✉t ✇♦♥✬t ❜❡ ❞❡t❛✐❧❡❞ ✐♥ t❤✐s ♠❛♥✉s❝r✐♣t✳

✸✺



❋✐❣✉r❡ ✶✳✶✶✿ ❯♣ ✿ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛❢t❡r t❤❡ ✉♥❞✉❧❛t♦r✳ ❉♦✇♥ ✿ ❙✐♥❣❧❡ ❝②❝❧❡ ❚❍③
❡❧❡❝tr✐❝ ✜❡❧❞ r✐❣❤t ❛❢t❡r t❤❡ ❈❉❘ s♦✉r❝❡✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ t❤❡ ❚❊▲❇❊ ✇❡❜ s✐t❡✳

✶✳✹ ❚❍③ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡s

❚❤❡ st❛♥❞❛r❞ ❞❡t❡❝t♦rs ✉s❡❞ ❢♦r ♦♣t✐❝❛❧ ✇❛✈❡❧❡♥❣t❤ ❝❛♥♥♦t ❜❡ ✉s❡❞ ❞✐r❡❝t❧② ✇✐t❤ ❚❍③
✇❛✈❡❧❡♥❣t❤✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ♣❤♦t♦❞✐♦❞❡s✱ ✈✐s✐❜❧❡ ❧✐❣❤t ✐s s❤✐♥♥❡❞ ♦♥ s❡♠✐✲❝♦♥❞✉❝t♦rs✱
❡❧❡❝tr♦♥s ❛r❡ ♣r♦♠♦t❡❞ ✐♥ t❤❡ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ❛♥❞ ❣❡♥❡r❛t❡s ❛ ❝✉rr❡♥t✳ ❇❡❝❛✉s❡ ❚❍③
❡♥❡r❣② ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ❜❛♥❞ ❣❛♣ ♦❢ ♠♦st s❡♠✐ ❝♦♥❞✉❝t♦r✱ t❤✐s t❡❝❤♥♦❧♦❣② ❝❛♥♥♦t
❜❡ ❛♣♣❧✐❡❞ t♦ ❝r❡❛t❡ ❚❍③ ♣❤♦t♦❞✐♦❞❡✳ P②r♦❡❧❡❝tr✐❝ ❞❡t❡❝t♦r ✇❤✐❝❤ ❛r❡ ✇♦r❦✐♥❣ ✐♥ t❤❡
■♥❢r❛r❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡ ❛r❡ st✐❧❧ ✇♦r❦✐♥❣ ✐♥ t❤❡ ❚❍③ r❡❣✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡✐r s❡♥s✐t✐✈✐t②
✐s ❧♦✇ ❛♥❞ r❡q✉✐r❡❞ ❝❤♦♣♣✐♥❣ ❛t ❧♦✇ ❢r❡q✉❡♥❝② ✇❤✐❝❤ ✇✐❧❧ r❡❞✉❝❡ ❝♦♥s✐❞❡r❛❜❧② t❤❡ s✐❣♥❛❧
t♦ ♥♦✐s❡✳ ❚❤❡r❡❢♦r❡ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ♥❡❡❞ t♦ ❜❡ ❞❡✈❡❧♦♣❡❞✳ ▼♦st ♦❢ t❤♦s❡ t❡❝❤♥✐q✉❡s
❛r❡ ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ❛♥❞ r❡q✉✐r❡s ❤❡❛✈② s❡t✲✉♣✳

❉✉r✐♥❣ ♠② P❤❉ ■ ✉s❡❞ ❆✐r ❇✐❛s ❈♦❤❡r❡♥t ❉❡t❡❝t✐♦♥ ✭❆❇❈❉✮ ❛♥❞ ♠❛✐♥❧② ❊❧❡❝tr♦
❖♣t✐❝❛❧ s❛♠♣❧✐♥❣ ✭❊❖❙✮✳ ■ ✉s❡❞ ♣②r♦❡❧❡❝tr✐❝ ❞❡t❡❝t♦r ❛♥❞ ♠❛tr✐① ♦❢ ♣②r♦❡❧❡❝tr✐❝ ❝❡❧❧s
❛s ❛ ❝❛♠❡r❛✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t q✉✐❝❦❧② ❆❇❈❉ ❞❡t❡❝t✐♦♥✳ ❚❤❡♥✱ ■ ✇✐❧❧ t❤❡♥
❢♦❝✉s ♦♥ ❊❖❙ ❛♥❞ ❡①♣❧❛✐♥s ❞❛t❛ tr❡❛t♠❡♥t ♦❢ ❊❖❙ tr❛❝❡s ❛s t❤♦s❡ ❛r❡ ❛t t❤❡ ❤❡❛rt ♦❢
♠♦st ♦❢ ♠② ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✳

✶✳✹✳✶ ❆✐r ❇✐❛s ❈♦❤❡r❡♥t ❉❡t❡❝t✐♦♥

❆❇❈❉ ❞❡t❡❝t✐♦♥ ✐s s✐♠✐❧❛r t♦ ❆✐r P❧❛s♠❛ ❣❡♥❡r❛t❡❞ t❡❝❤♥✐q✉❡ ❛s ✐t ❛❧❧♦✇s t♦ ❞❡t❡❝t
❚❍③ ❢r♦♠ ❛ ♣❧❛s♠❛ ❣❡♥❡r❛t❡❞ ✐♥ ❛✐r ❬✺✸✱ ✺✹❪✳ ❆ ♣❧❛s♠❛ ✐s ❣❡♥❡r❛t❡❞ ✐♥ ❛✐r✱ t❤❡♥ t❤❡
✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❛ ❧❛s❡r ✜❡❧❞ ❛t ❢r❡q✉❡♥❝② ω ❛♥❞ t❤❡ ❚❍③ ❊❧❡❝tr✐❝ ✜❡❧❞ ETHz ✐s
❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s ❜② ❛ t❤✐r❞ ♥♦♥ ❧✐♥❡❛r ❡✛❡❝t✱ t❤❡ ❢♦✉r ✇❛✈❡ ♠✐①✐♥❣ ✿

E2ω ∝ χ
(3)
airEωEωETHZ ✭✶✳✸✸✮

E2ω✱Eω✱ETHz ❛r❡ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ 2ω✱ t❤❡ ❢✉♥❞❛✲

✸✻



♠❡♥t❛❧ ω ❛♥❞ t❤❡ ❚❍③ ✇❛✈❡✳ χ(3)
air ✐s t❤❡ t❤✐r❞ ♦r❞❡r s✉s❝❡♣t✐❜✐❧✐t② ♦❢ ❛✐r✳ ❚❤❡ ❊❧❡❝tr✐❝

✜❡❧❞ ♦❢ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✱ ❤♦✇❡✈❡r ✐t ✐s
❤❛r❞ t♦ ❤❛✈❡ ❛❝❝❡ss t♦ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ❛♥❞ ✐♥ ♣r❛❝t✐❝❡ ✇❡ ♦♥❧② ❤❛✈❡ ❛❝❝❡ss t♦ t❤❡
✐♥t❡♥s✐t② ♦❢ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ I2ω ✐♠♣❧②✐♥❣ ❛♥ ✐♥❝♦❤❡r❡♥t ❞❡t❡❝t✐♦♥ ✐✳❡✳ t❤❡ ❧♦ss ♦❢
t❤❡ ♣❤❛s❡ ✐♥❢♦r♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ❛ s♠❛rt ♠❡t❤♦❞ ✇❛s ❞❡s✐❣♥❡❞ ❜② ❉❛✐ ❛♥❞ ❛❧✳ ❬✺✸❪
❜② ♠✐①✐♥❣ ❛ ❧♦❝❛❧ ♦s❝✐❧❧❛t♦r ❛t t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ❢r❡q✉❡♥❝②✳ ❚❤❡ ✐♥t❡♥s✐t② ♦❢ s❡❝♦♥❞
❤❛r♠♦♥✐❝ ✇✐❧❧ ❜❡ t❤❡♥ ❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s ✿

I2ω ∝ E2
2ω = (ETHz + ELO

2ω )2 = E2
THz + 1ETHzE

LO
2ω + ELO

2ω

2
✭✶✳✸✹✮

ELO
2ω ✐s t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❢ t❤❡ ❧♦❝❛❧ ♦s❝✐❧❧❛t♦r✱ t❤✐s t❡r♠ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ s❡❝♦♥❞

❤❛r♠♦♥✐❝ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ✇❤✐t❡ ❧✐❣❤t ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❧❛s❡r ✐♥❞✉❝❡❞ ❛✐r ♣❧❛s♠❛✳
❚❤❡ ✜rst t❡r♠ ♦❢ t❤❡ ❡q✉❛t✐♦♥ ✐s ❞♦♠✐♥❛♥t ✇❤❡♥ t❤❡ ▲♦❝❛❧ ♦s❝✐❧❧❛t♦r ✐s t♦♦ ✇❡❛❦✱
t❤✐s ❧❡❛❞ t♦ t❤❡ ✐♥❝♦❤❡r❡♥t ♠❡❛s✉r❡♠❡♥t✳ ❚❤❡ ❦❡② t♦✇❛r❞ ❝♦❤❡r❡♥t ♠❡❛s✉r❡♠❡♥t ✐s ✐♥
t❤❡ ❝r♦ss t❡r♠✳ ❲❤❡♥ t❤❡ ♣r♦❜❡ ✐♥t❡♥s✐t② ✐s ❤✐❣❤❡r t❤❛♥ t❤❡ ❛✐r ✐♦♥✐③❛t✐♦♥ t❤r❡s❤♦❧❞✱
t❤❡ ❧♦❝❛❧ ♦s❝✐❧❧❛t♦r ❜❡❝♦♠❡s ❞♦♠✐♥❛♥t ❛♥❞ t❤❡♥ ✇❡ ❤❛✈❡ I2ω ∝ ETHz ♠❛❦✐♥❣ ♣♦ss✐❜❧❡
❝♦❤❡r❡♥t ❞❡t❡❝t✐♦♥✱ t❤✐s ❡①♣❧❛✐♥s t❤❡ ✜rst ♥❛♠❡ ♦❢ t❤✐s t❡❝❤♥✐q✉❡ ❆✐r ❜r❡❛❦❞♦✇♥ ❝♦❤❡r❡♥t
❞❡t❡❝t✐♦♥✳

❑❛r♣♦✇✐❝③ ❡t ❛❧✳ ❬✺✹❪ ❧❛t❡r ♣r♦♣♦s❡❞ ❛♥ ❡✈❡♥ ❜❡tt❡r ♠❡t❤♦❞ ❜② ❛♣♣❧②✐♥❣ ❛♥ ❆❈
❜✐❛s ✈♦❧t❛❣❡ ❛t t❤❡ ❢♦❝❛❧ ♣♦✐♥t ♦❢ ❜♦t❤ ❚❍③ ❛♥❞ ♦♣t✐❝❛❧ ❜❡❛♠✳ ❚❤❡ ❆❈ ❜✐❛s ✈♦❧t❛❣❡
❜r❡❛❦s t❤❡ s②♠♠❡tr② ❛♥❞ ❛❞❞s ❛ ♥❡✇ s♦✉r❝❡ ❢♦r t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ❛♥❞ r❡♣❧❛❝❡ t❤❡
❧♦❝❛❧ ♦s❝✐❧❧❛t♦r✳ ❯s✐♥❣ s✉❝❤ s❝❤❡♠❡ t❤❡② ✐♥❝r❡❛s❡❞ t❤❡ s✐❣♥❛❧ t♦ ♥♦✐s❡ ❜② ♦♥❡ ♦r❞❡r
♦❢ ♠❛❣♥✐t✉❞❡ ❛♥❞ r❡❞✉❝❡❞ t❤❡ ♣♦✇❡r ♦❢ t❤❡ ♣r♦❜❡ ♥❡❡❞❡❞✳ ❚❤✐s ❧❡❛❞ t♦ t❤❡ ❆✐r ❇✐❛s
❈♦❤❡r❡♥t ❉❡t❡❝t✐♦♥✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ♦❢ ❑❛r♣♦✇✐❝③ ❡t ❛❧✳ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳
✶✳✶✷✳

❖♥❧② ❧✐♠✐t❛t✐♦♥ ♦❢ s✉❝❤ ♠❡❛s✉r❡♠❡♥t ✐s t❤❡ t✐♠❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡✳ ■♥❞❡❡❞✱
t❤❡ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✐s ❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts ❛♥❞ ❜② t❤❡ t✐♠❡ s♣❛❝✐♥❣✳
❆s t❤❡r❡ ✐s ♦♥❧② ❛✐r ❛s ❛ ❞❡t❡❝t✐♦♥ ♠❡❞✐❛✱ t❤❡r❡ ❛r❡ ♥♦ r❡✢❡❝t✐♦♥s ❝♦♠✐♥❣ ❢r♦♠ t❤❡
❞❡t❡❝t✐♦♥ s♦ t❤❡r❡ ✐s ♥♦ ❧✐♠✐t t♦ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts ②♦✉ ❝❛♥ ❣❡t✳ ❍♦✇❡✈❡r s♣❛❝✐♥❣
❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡ t✐♠❡ ❞✉r❛t✐♦♥ ♦❢ ②♦✉r ♣r♦❜❡ ♠❡❛♥✐♥❣ t❤❛t t❤❡ ♦♥❧② ❧✐♠✐t❛t✐♦♥ ✐s
t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ♦❢ ②♦✉r ♣r♦❜❡✳

✶✳✹✳✷ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ ❙❛♠♣❧✐♥❣

❚❤❡ ❊❖❙ t❡❝❤♥✐q✉❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❜✐r❡❢r✐♥❣❡♥❝② ♦❢ s♦♠❡ ❝r②st❛❧s ✉♥❞❡r ❛♥ ❡❧❡❝tr✐❝
✜❡❧❞✱ t❤❡ ♣r✐♥❝✐♣❧❡ ✐s ♣✉t ♦♥ ❋✐❣ ✶✳✶✸✳

❯♥❞❡r t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✱ t❤❡ ♠❛t❡r✐❛❧ ❜❡❝♦♠❡ ❜✐r❡❢r✐♥❣❡♥t✱ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡
♣r♦❜❡ ❧✐❣❤t ✇✐❧❧ r♦t❛t❡✳ ❲✐t❤ t❤❡ q✉❛rt❡r ✇❛✈❡ ♣❧❛t❡✱ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❜❡❝♦♠❡s ❡❧❧✐♣t✐❝
❣♦✐♥❣ t❤r♦✉❣❤ t❤❡ ❲♦❧❧❛st♦♥ ♣r✐s♠ ✇✐❧❧ s♣❧✐t t❤❡ ❜❡❛♠ ✐♥t♦ t✇♦ ✇❤✐❝❤ ✐♥t❡♥s✐t✐❡s ❛r❡
♠♦❞✉❧❛t❡❞ ❜② t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❯s✐♥❣ ❜❛❧❛♥❝❡❞ ❞❡t❡❝t✐♦♥✱ ♦♥❡ ❝❛♥ ✜♥❞ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳

❋♦r t❤❡ ✐♥t❡r❡st❡❞ r❡❛❞❡r✱ t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ ❊❖❙ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❛♣♣❡♥❞✐① ♦❢ t❤✐s
♠❛♥✉s❝r✐♣t✳ ❚❤❡ ♠❛✐♥ r❡s✉❧t ♦❜t❛✐♥❡❞ ❢r♦♠ t❤✐s ❞❡r✐✈❛t✐♦♥ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ✿

Iy − Iz
Iy + Iz

= sin(
2πlr41n

3
0ETHz

λ
) ✭✶✳✸✺✮

❲❤❡r❡ Iy✱ Iz ❛r❡ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❛❧♦♥❣ t❤❡ ② ❛♥❞ ③ ❞✐r❡❝t✐♦♥s✱ ❧ ✐s t❤❡ ❝r②st❛❧
t❤✐❝❦♥❡ss✱ r41 ✐s t❤❡ ♥♦♥ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❞❡t❡❝t✐♦♥ ❝r②st❛❧✱ n0 ✐s t❤❡ r❡❢r❛❝t✐✈❡
✐♥❞❡① ♦❢ t❤❡ ♠❛t❡r✐❛❧ ❛♥❞ λ ✐s t❤❡ ❞❡t❡❝t✐♦♥ ✇❛✈❡❧❡♥❣t❤✳

✸✼



❋✐❣✉r❡ ✶✳✶✷✿ ❊①❛♠♣❧❡ ♦❢ ❛♥ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ❢♦r ❆❇❈❉ ❉❡t❡❝t✐♦♥✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱
t❤❡② ✉s❡ ❚❍③ ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ ❆✐r ♣❧❛s♠❛✳ ❊❧❡❝tr♦❞❡s ❛r❡ ❛♣♣❧✐❡❞ ❛t t❤❡ ♣❧❛s♠❛
❡❞❣❡s t♦ ❛❧❧♦✇ t❤❡ ❝♦❤❡r❡♥t ♠❡❛s✉r❡♠❡♥t✳ ❋✐❣✉r❡ t❛❦❡♥ ❢r♦♠ ❬✺✹❪

❋✐❣✉r❡ ✶✳✶✸✿ ▲✐♥❡❛r❧② ♣♦❧❛r✐③❡❞ ❜❡❝♦♠❡s ❡❧❧✐♣t✐❝❛❧ ✉♥❞❡r t❤❡ ❛❝t✐♦♥ ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝
✜❡❧❞ ✐♥ t❤❡ ❞❡t❡❝t✐♦♥ ❝r②st❛❧✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✷❪

❍✐❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞s ❡✛❡❝ts ♦♥ ❊❧❡❝tr♦✲♦♣t✐❝❛❧ s❛♠♣❧✐♥❣

❙♦♠❡ s♦✉r❝❡s ❛r❡ ❞❡s✐❣♥❡❞ ❢♦r ✈❡r② ❤✐❣❤ ✈❛❧✉❡ ♦❢ ❡❧❡❝tr✐❝ ✜❡❧❞ ✭❛ ❢❡✇ ❤✉♥❞r❡❞s ♦❢ ❦❱✴❝♠✮✳
❍♦✇❡✈❡r✱ ❊❖❙ ♣r❡s❡♥ts s♦♠❡ ✐ss✉❡ ✇✐t❤ t♦♦ ♠✉❝❤ ❊❧❡❝tr✐❝ ❋✐❡❧❞✳ ❋r♦♠ ❡q✉❛t✐♦♥ ❆✳✷✻✱
♦♥❡ ❝❛♥ s❡❡ t❤❛t ✐❢ t❤❡ ❊❧❡❝tr✐❝ ✜❡❧❞ ✐s ❜❡②♦♥❞ ❛ ✈❛❧✉❡ Emax t❤❡♥ t❤❡ s✐❣♥❛❧ ✐s ❜❡❣✐♥♥✐♥❣

✸✽



t♦ ❞❡❝r❡❛s❡ ❞❡s♣✐t❡ ❛♥ ❤✐❣❤❡r r❡❛❧ ❡❧❡❝tr✐❝ ✜❡❧❞✳ Emax ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s ✿

Emax =
λ

4n3
or41l

✭✶✳✸✻✮

❋♦r ❛ ❩♥❚❡ ♦❢ ✺✵✵ µm t❤❡ ♠❛①✐♠✉♠ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s r♦✉❣❤❧② ✾✵ ❦❱✴❝♠✳ ❲❤❡♥
r❡❛❝❤✐♥❣ ❤✐❣❤❡r ❡❧❡❝tr✐❝ ✜❡❧❞ t❤❡ ♣✉❧s❡ ✇✐❧❧ ❛♣♣❡❛r ❞✐st♦rt❡❞ ❛s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✳✶✹✳

❋✐❣✉r❡ ✶✳✶✹✿ ❙✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ♠❡❛s✉r❡❞ ❢♦r ❛ ❡❧❡❝tr✐❝ ✜❡❧❞ ❤✐❣❤❡r t❤❛♥ Emax

❚♦ ✐♥❝r❡❛s❡ Emax✱ ♦♥❡ ❤❛✈❡ t♦ ❡✐t❤❡r ❝❤♦♦s❡ ❛ s❤♦rt❡r ❝r②st❛❧ ♦r t♦ ❝❤❛♥❣❡ t❤❡
♥♦♥ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t ✭r41✮✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ s✐❣♥❛❧ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❊❧❡❝tr✐❝ ✜❡❧❞ ✐s
r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ❢♦r t✇♦ ❞✐✛❡r❡♥t ❝r②st❛❧s✿ t❤❡ ❩♥❚❡ ❛♥❞ t❤❡ ●❛P✳ ❚❤❡ ●❛P ❤❛s ❛
♥♦♥ ❧✐♥❡❛r ✈❛❧✉❡ ♦❢ 0.88 10−12V/m ✇❤❡r❡❛s t❤❡ ❩♥❚❡ ❛s ♦♥❡ ♦❢ 4.04 10−12V/m✳

❋✐❣✉r❡ ✶✳✶✺✿ ❙✐❣♥❛❧ ✈❛❧✉❡ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❢♦r ❛ ❩♥❚❡ ♦❢ ✺✵✵ µm ❛♥❞ ❛
●❛P ♦❢ ✸✵✵ mum

✸✾



❖♥❡ ❝❛♥ ❛❧s♦ ✉s❡ ✜❧t❡rs s✉❝❤ ❛s ❙✐ ✇❛❢❡rs t♦ ❞❡❝r❡❛s❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❊❧❡❝tr✐❝ ✜❡❧❞✳
❍♦✇❡✈❡r✱ t❤✐s ✇✐❧❧ ❛❞❞ ❡❝❤♦❡s t❤❛t ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ❋❛❜r② P❡r♦t ❡✛❡❝t✳

✹✵



❋❛st ❋♦✉rr✐❡r ❚r❛♥s❢♦r♠ ❛♥❞ ❘❡✢❡❝t✐♦♥ ❡✛❡❝t ♦♥ ❊❖❙ s♣❡❝tr❛

❆❢t❡r r❡❝♦r❞✐♥❣ t❤❡ ❚❍③ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✱ t❤❡ ❛ss♦❝✐❛t❡❞ s♣❡❝tr❛ ❤❛s t♦
❜❡ r❡❝♦✈❡r❡❞ ❢r♦♠ t❤❡ t❤❡ ✇❛✈❡ tr❛❝❡✳ ❚♦ ❞♦ s♦✱ t❤❡ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮
❛❧❣♦r✐t❤♠ ✐s ✉s❡❞✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐s ❞❡♣❡♥❞❡♥t ♦❢ t✇♦ ♣❛r❛♠❡t❡r ✜rst t❤❡ ♥✉♠❜❡r ♦❢
♣♦✐♥ts ✐♥ t❤❡ s❝❛♥ ✇❤✐❝❤ ✇✐❧❧ ❣✐✈❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts ✐♥ t❤❡ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✳ ❚❤❡♥✱
t❤❡ s♣❛❝✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♣♦✐♥ts ✇❤✐❝❤ ✇✐❧❧ ❣✐✈❡s t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ t❤❡ ♦❜t❛✐♥❡❞
s♣❡❝tr❛✳ ❚❤❡r❡❢♦r❡✱ t♦ ❤❛✈❡ ❛ ❣♦♦❞ ❢r❡q✉❡♥❝② r❡s♦❧✉t✐♦♥✱ ❛ ❧❛r❣❡ ❡♥♦✉❣❤ ♥✉♠❜❡r ♦❢
♣♦✐♥ts ✐s r❡q✉✐r❡❞✳ ❘♦✉❣❤❧② ❢♦r ❛ ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t✱ t❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ t✐♠❡
r❡s♦❧✉t✐♦♥ ♦❢ ②♦✉r ♣r♦❜❡ ✇✐❧❧ ❣✐✈❡ ②♦✉ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ ②♦✉r ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✱
t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥t ♦❢ ②♦✉r s❝❛♥ ✇✐❧❧ ❣✐✈❡ ②♦✉ t❤❡ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥✳

❋✐❣✉r❡ ✶✳✶✻✿ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ ❛ ❚❍③ ✇❛✈❡❢♦r♠ ✇✐t❤ ③❡r♦ ♣❛❞❞✐♥❣ ✭♦r❛♥❣❡✮
❛♥❞ ♥♦ ③❡r♦ ♣❛❞❞✐♥❣✳

■♥ ❋✐❣✳✶✳✶✻ ✐s ♣❧♦tt❡❞ ✐♥ ❜❧✉❡ ❛ ❞✐r❡❝t ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ ❛ ❚❍③ ✇❛✈❡❢♦r♠✳ ❚❤❡
s♣❡❝tr❛ ❤❛s ✈❡r② ❢❡✇ ♣♦✐♥ts ✐♥ ✐t ✇❤✐❝❤ ❡①♣❧❛✐♥❡❞ t❤❡ ❛s♣❡❝t ♦❢ t❤❡ ❝✉r✈❡✳ ❖♥❡ ✇❛②
t♦ s♠♦♦t❤ t❤❡ ❝✉r✈❡ ✐s t♦ ♣❛❞ t❤❡ ❢✉♥❝t✐♦♥✳ P❛❞❞✐♥❣ ♠❡❛♥s t❤❛t ③❡r♦ ❛r❡ ❛rt✐✜❝✐❛❧❧②
❛❞❞❡❞ ❢r♦♠ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ ✇❛✈❡ ❢♦r♠ t♦ ✐♥❝r❡❛s❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts✳ ❉♦✐♥❣ s♦✱
t❤❡r❡ ✐s ♠♦r❡ ♣♦✐♥ts ✐♥t♦ t❤❡ s♣❡❝tr❛ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ ♦r❛♥❣❡ s♣❡❝tr❛ ♦❢ ❋✐❣✳✶✳✶✻✳
❩❡r♦ ♣❛❞❞✐♥❣ ✐s ❛ ❣♦♦❞ ✇❛② t♦ ✐♥❝r❡❛s❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts ❛s ✐t ✐s ♥♦t ❛❞❞✐♥❣ ❛♥②
✐♥❢♦r♠❛t✐♦♥✳ ❩❡r♦ ♣❛❞❞✐♥❣ ✐s ❝❧♦s❡r t♦ ✐♥t❡r♣♦❧❛t✐♦♥ ✐♥ s♦♠❡ s❡♥s❡ ❛s ❛❧❧ ❜❧✉❡ ♣♦✐♥ts
❝♦✐♥❝✐❞❡ ♦♥ ❛♥ ♦r❛♥❣❡ ♣♦✐♥ts✳

✹✶



❲❤✐❧❡ ③❡r♦ ♣❛❞❞✐♥❣ ✐s ❡♥♦✉❣❤ t♦ s♠♦♦t❤ t❤❡ ❝✉r✈❡✳ ❚❤❡ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ✐s ❝♦♠❜✲
❧✐❦❡ ❛♥❞ ❛s s✉❝❤ ✐s ♥♦t r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ r❡❛❧✐t②✳ ❚♦ ✉♥❞❡rst❛♥❞ t❤✐s ❝♦♠❜ ❜❡❤❛✈✐♦r✱
✇❡ ❤❛✈❡ t♦ ❧♦♦❦ ❛t t❤❡ ❚❍③ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ❙✉❝❤ ❛ ✇❛✈❡❢♦r♠ r❡❝♦r❞❡❞
✉s✐♥❣ ❛ ✺✵✵ µm t❤✐❝❦ ❩♥❚❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✶✳✶✼✳

❋✐❣✉r❡ ✶✳✶✼✿ ❚❍③ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ❉✐✛❡r❡♥t ♣❛rt ♦❢ t❤❡ ✇❛✈❡❢♦r♠ ❛r❡
❝✐r❝❧❡❞ t♦ ❜❡ ❤✐❣❤❧✐❣❤t❡❞✳ ❚❤❡ ✜rst ♦♥❡ ✐♥ t✐♠❡ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♣r❡✲♣✉❧s❡✱ t❤❡ s❡❝♦♥❞
♦♥❡ t♦ t❤❡ ♠❛✐♥ ♣✉❧s❡ ❛♥❞ ✜♥❛❧❧② t❤❡ t❤✐r❞ ♦♥❡ t♦ t❤❡ ✜rst r❡✢❡❝t✐♦♥✳

❖♥ s✉❝❤ ✇❛✈❡❢♦r♠✱ ✇❡ ❝❛♥ ♦❜s❡r✈❡ t❤r❡❡ ♣❛rt ♦❢ ✐♥t❡r❡st✳ ❚❤❡ ✜rst ♣❛rt ❛r♦✉♥❞
✲✺♣s✱ t❤❛t ✇❡ ✇✐❧❧ ❝❛❧❧ t❤❡ ♣r❡✲♣✉❧s❡✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ❛r♦✉♥❞ ✷✳✺♣s ✐s t❤❡ ♠❛✐♥ ♣✉❧s❡
❛♥❞ t❤❡ ❧❛st ♦♥❡ ❛r♦✉♥❞ ✶✵ ♣s ✐s t❤❡ ✜rst ❘❡✢❡❝t✐♦♥✳ ❆❧❧ ♣✉❧s❡s ❛r❡ s❡♣❛r❛t❡❞ ❜② ✽♣s✳
❚❤❡ ♠❛✐♥ ♣✉❧s❡ ❛♥❞ ✜rst r❡✢❡❝t✐♦♥ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ✉s✐♥❣ ❋❛❜r②✲P❡r♦t ❡✛❡❝t✳ ■♥❞❡❡❞✱
✇❤❡♥ ❚❍③ tr❛✈❡❧s t❤r♦✉❣❤ t❤❡ ❞❡t❡❝t✐♦♥ ❝r②st❛❧✱ ✇❤❡♥ ✐t r❡❛❝❤❡s t❤❡ ❡♥❞ ♦❢ t❤❡ ❝r②st❛❧
❛ ♣❛rt ✐s ❜♦✉♥❝❡ ❜❛❝❦ ✐♥t♦ t❤❡ ❝r②st❛❧✳ ❚❤❡♥✱ t❤❡ ✇❛✈❡ tr❛✈❡❧✐♥❣ ❜❛❝❦ ✐s ❛❣❛✐♥ ❜♦✉♥❝✐♥❣
❜❛❝❦ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ♣r♦♣❛❣❛t✐♦♥ ❞✐r❡❝t✐♦♥✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡r❡ ✐s ❛ s♠❛❧❧❡r ❚❍③
✇❛✈❡ tr❛✈❡❧✐♥❣ ❧❛t❡r ✐♥ t❤❡ ❝r②st❛❧ t❤❛t t❤❡ ♦r✐❣✐♥❛❧ ♦♥❡✳ ❚❤❡ s❡♣❛r❛t✐♦♥ ✐♥ t✐♠❡ ♦❢ s✉❝❤
✇❛✈❡s ✐s ✿

∆t = 2 ∗ nl
c

✭✶✳✸✼✮

❲❤❡r❡ ♥ ✐s t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ t❤❡ ❩♥❚❡✱ ❧ ✐s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❝r②st❛❧ ❛♥❞
❝ ✐s t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t✳ ❑♥♦✇✐♥❣ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ❩♥❚❡ t♦ ❜❡ ❛r♦✉♥❞ ✸✳✷ ✭s❡❡
❚❛❜❧❡ ✶✳✸✳✷✮ ✇❡ ❝❛♥ ❝♦♠♣✉t❡ t❤❡ s❡♣❛r❛t✐♦♥ t♦ ❜❡ ❛r♦✉♥❞ ✶✵♣s ✇❤✐❝❤ ✐s ❝❧♦s❡ t♦ t❤❡
❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡✳ ▼♦r❡♦✈❡r✱ t❤❡ r❡✢❡❝t✐♦♥ ❛♠♣❧✐t✉❞❡ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ r❡❧❛t✐✈❡❧② t♦
t❤❡ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ♣✉❧s❡ ✉s✐♥❣ ❋r❡s♥❡❧ ❘❡✢❡❝t✐♦♥ ✿
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Erelative
reflection =

Ereflection

Emain

=
Tair−ZnTerZnTe−airrZnTeairTZnTe−air

Tair−ZnTeTZnTe−air

=
(nTHz

ZnTe − 1)2

(nTHz
ZnTe + 1)2

✭✶✳✸✽✮

❯s✐♥❣ t❤❡ ♥✉♠❡r✐❝❛❧ ✈❛❧✉❡ ♦❢ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ❩♥❚❡ ✐♥ t❤❡ ❚❍③ ❞♦♠❛✐♥✱ ✇❡
♦❜t❛✐♥ t❤❛t t❤❡ r❡✢❡❝t✐♦♥ s❤♦✉❧❞ ❜❡ ✷✺✪ ♦❢ t❤❡ ♠❛✐♥ ♣✉❧s❡✳ ❚❤✐s ✐s ✐♥ ❛❞❡q✉❛t✐♦♥ ✇✐t❤
♦✉r ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❚❤✐s ❡①♣❧❛♥❛t✐♦♥ ✐s r❡s✉♠❡❞ ✐♥ ❋✐❣✳✶✳✶✽

❋✐❣✉r❡ ✶✳✶✽✿ ❚❍③ r❡✢❡❝t✐♦♥ ✐♥ ❩♥❚❡ ❧❡❛❞s t♦ t✇♦ ❞✐st✐♥❝t ✇❛✈❡s s❡♣❛r❛t❡❞ ✐♥ t✐♠❡✳ ❚❤❡
s❡❝♦♥❞ ✇❛✈❡ ✐s t❤❡ ❢♦✉rt❤ ♦❢ t❤❡ ♠❛✐♥ ♣✉❧s❡✳

❚❤❡ ♣r❡✲♣✉❧s❡ ✐s ❛ ❜✐t ♠♦r❡ tr✐❝❦② t♦ ❡①♣❧❛✐♥✳ ❆s ❢♦r ❚❍③✱ t❤❡r❡ ❛r❡ r❡✢❡❝t✐♦♥ ♦❢ t❤❡
♣r♦❜❡ ✇✐t❤✐♥ t❤❡ ❞❡t❡❝t✐♦♥ ❝r②st❛❧✳ ❋♦r ❚❍③✱ ❛❧❧ r❡✢❡❝t✐♦♥ ❝❛♥ ❜❡ s❡♣❛r❛t❡❞ t❤❛♥❦s t♦
t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡✳ ❍♦✇❡✈❡r✱ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ❛r❡ ❛❧❧ ✐♥t❡❣r❛t❡❞ ❜②
♦✉r ❢❛st ♣❤♦t♦✲❞✐♦❞❡s ✇❤✐❝❤ r✐s✐♥❣ t✐♠❡ ❝❛♥♥♦t ❣♦ ❜❡❧♦✇ t❤❡ ♥s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♣r❡✲♣✉❧s❡
✐s t❤❡ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ✇❤✐❝❤ ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ❚❍③ ♣✉❧s❡ ❛♥❞ ✐s ♠♦❞✉❧❛t✐♥❣ t❤❡
s✐❣♥❛❧ r❡❝♦✈❡r❡❞ ❜② ♦✉r ❞✐♦❞❡✳ ❚❤❡ s❡♣❛r❛t✐♦♥ ✐♥ t✐♠❡ ✐s t❤❡ s❛♠❡ ❢♦r ♣r❡ ♣✉❧s❡ ❛♥❞
✜rst r❡✢❡❝t✐♦♥ ❛s r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐♥ ❚❍③ r❡❣✐♠❡ ❛♥❞ ✽✵✵♥♠ ❛r❡ ✈❡r② ❝❧♦s❡ t♦ ❡❛❝❤ ♦t❤❡r
✭nZnTe

THz ❂ ✸✳✶✼ ❛♥❞ nZnTe
800nm ❂ ✸✳✶✸✮✳

❚❤❡ ❋❛❜r✐ P❡r♦t ❡✛❡❝t ✐♥❞✉❝❡s ♠♦❞✉❧❛t✐♦♥ ❛t t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ r❡✢❡❝✐♦♥ ✇❤✐❝❤
❡①♣❧❛✐♥s ✇❤② t❤❡ s♣❡❝tr❛ ✐s ❝♦♠❜ ❧✐❦❡✳ ❚❤✐s ✐s t❤❡ r❡❛s♦♥ ✇❤② ❛ ❣♦♦❞ ✇✐♥❞♦✇✐♥❣ ✐s
♥❡❡❞❡❞✳ ■♥ ♦✉r ❝❛s❡✱ ✇❡ ❝❤♦♦s❡ t❤❡ ❍❛♥♥ ✇✐♥❞♦✇✳ ❚❤❡ ❍❛♥♥ ✇✐♥❞♦✇ ✐s ❛ ♠♦❞✉❧❛t✐♦♥
♦❢ t❤❡ s✐❣♥❛❧ ✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢✉♥❝t✐♦♥ ✿

w0(x) ,

{

1
2

(

1 + cos
(

2πx
L

))

= cos2
(

πx
L

)

, |x| ≤ L/2
0, |x| > L/2

}

✭✶✳✸✾✮

❚❤✐s ✇✐♥❞♦✇✐♥❣ s♠♦♦t❤ t❤❡ ❢✉♥❝t✐♦♥ ❛♥❞ ✐s ❜❡tt❡r t❤❛♥ ❛ sq✉❛r❡ ✇✐♥❞♦✇ ❜❡❝❛✉s❡ ✐t
r❡❞✉❝❡s ❡✛❡❝t ❛t t❤❡ ❡❞❣❡s ♦❢ t❤❡ ❞❛t❛ s❡t✳ ❆ ✇✐♥❞♦✇❡❞ ✇❛✈❡ ❢♦r♠ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳
✶✳✶✾✳ ❚❤❡ ✇✐♥❞♦✇ s♠♦♦t❤ t❤❡ ❞❛t❛ ❛♥❞ ✈❛♥✐s❤❡❞ t❤❡ r❡✢❡❝t✐♦♥s✳ ❚❤❡ ❡♥❞ ♣♦✐♥ts ♦❢ t❤❡
❞❛t❛ s❡t ❛r❡ ✵ ✇❤✐❝❤ ❛❧❧♦✇s ❛♥ ❡❛s② ♣❛❞❞✐♥❣✳

❚❤❡ ✇✐♥❞♦✇ ❝❛♥❝❡❧s t❤❡ ♣❡❛❦s ✐♥ t❤❡ s♣❡❝tr❛ ✇❤✐❧❡ ❦❡❡♣✐♥❣ t❤❡ ❣❡♥❡r❛❧ s♣❡❝tr❛ ❛s
s❤♦✇♥ ✐♥ ❋✐❣✳✶✳✷✵✳

❇❡❝❛✉s❡ ♦❢ t❤❡ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t✐♦♥ ❝r②st❛❧✱ t❤❡ ✉s❛❜❧❡ ❞❛t❛ ✐♥ ❛ ✇❛✈❡ ❢♦r♠
✐s r❡str✐❝t❡❞ t♦ ❛ s♠❛❧❧ ♣❛rt✳ ❲❤✐❧❡ ③❡r♦ ♣❛❞❞✐♥❣ ❛❧❧♦✇s t♦ ❛ ❜❡tt❡r ❞❛t❛ ✈✐s✉❛❧✐③❛t✐♦♥✱
t❤❡ ❛♠♦✉♥t ♦❢ ✐♥❢♦r♠❛t✐♦♥ ✐s t❤❡ s❛♠❡ t❤❛t ✇✐t❤ ♥♦ ♣❛❞❞✐♥❣✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡
♦♥❧② ✇❛② t♦ ✐♥❝r❡❛s❡ t❤❡ r❡❛❧ ❢r❡q✉❡♥❝② r❡s♦❧✉t✐♦♥ ✐s ❜② ❞❡❧❛②✐♥❣ t❤❡ r❡✢❡❝t✐♦♥s✳ ❚♦
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❋✐❣✉r❡ ✶✳✶✾✿ ❚❍③ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✉♥✇✐♥❞♦✇❡❞ ✭♦r❛♥❣❡✮ ❛♥❞ ✇✐♥❞♦✇❡❞
✭❜❧✉❡✮

❋✐❣✉r❡ ✶✳✷✵✿ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ ❛ ✇✐♥❞♦✇❡❞ ✭❜❧✉❡✮ ✇❛✈❡❢♦r♠ ❛♥❞ ♥♦ ✇✐♥❞♦✇ ✭♦r❛♥❣❡✮
❜♦t❤ s♣❡❝tr❛ ❤❛✈❡ t❤❡ s❛♠❡ ♣❛❞❞✐♥❣✳

❞♦ s♦ ❧❛r❣❡r ❝r②st❛❧ ❛r❡ ♥❡❝❡ss❛r② ❜✉t ❜② ❞♦✐♥❣ s♦ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ r❡❣✐♦♥ ✇❡r❡ ❊❧❡❝tr♦
♦♣t✐❝❛❧ s❛♠♣❧✐♥❣ ✐s ✈❛❧✐❞ ✭♣♦❧❛r✐③❛t✐♦♥ r♦t❛t✐♦♥ ✐s ❁ ✾✵ ❞❡❣r❡❡s✮ ✐s r❡❞✉❝❡❞ ❛s ✇❡❧❧✳ ❚❤✐s
t❤❡ ♠❛✐♥ ❧✐♠✐t❛t✐♦♥ ♦❢ ❛♥② ❊❧❡❝tr♦ ♦♣t✐❝❛❧ s❛♠♣❧✐♥❣ ♠❡❛s✉r❡♠❡♥ts✳ ❲❤✐❧❡ ❆❇❈❉ ✐s
❜❡tt❡r ❢♦r ❛♥② ♠❡❛s✉r❡♠❡♥ts ♦❢ ❚❍③ t❤❛♥ ❊❖❙✱ t❤❡ ❞✐✣❝✉❧t② ♦❢ ❝r❡❛t✐♥❣ s✉❝❤ ❞❡t❡❝t✐♦♥
❡①♣❧❛✐♥s ❜② ✐ts❡❧❢ t❤❡ r❛r✐t② ♦❢ s✉❝❤ ❞❡t❡❝t✐♦♥✳

✹✹



✶✳✺ ❈♦♥❝❧✉s✐♦♥

❚♦ s✉♠ ✉♣ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ✜rst ❡①♣❧❛✐♥❡❞ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣r✐♥❝✐♣❧❡s ♦❢ ♦♣t✐❝s ❜② ✉♥❞❡r✲
st❛♥❞✐♥❣ t❤❡ ♠✐❝r♦s❝♦♣✐❝ ❛s♣❡❝t ♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝ s✉s❝❡♣t✐❜✐❧✐t② ✉s✐♥❣ t❤❡ ▲♦r❡♥t③ ▼♦❞❡❧
♦❢ t❤❡ ❛t♦♠✳ ❲❤✐❧❡ t❤✐s ♠♦❞❡❧ ✐s s❡♠✐✲❝❧❛ss✐❝✱ ✐t ✐s ❡♥♦✉❣❤ t♦ ❤❛✈❡ ❛ ✜rst ✉♥❞❡rst❛♥❞✐♥❣
♦❢ ♥♦♥ ❧✐♥❡❛r ♦♣t✐❝✳

❚❤❡♥✱ ✇❡ ✇❡♥t t❤r♦✉❣❤ ✸ ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ♦❢ ❚❍③ ❣❡♥❡r❛t✐♦♥ ✿ ❆✐r P❧❛s♠❛✱
❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥ ❛♥❞ ✜♥❛❧❧② ❚❍③ ❣❡♥❡r❛t✐♦♥ ✐♥ ❋r❡❡ ❊❧❡❝tr♦♥ ▲❛s❡r ✇✐t❤ ❛ ❢♦❝✉s
♦♥ t❤❡ ❚❍③ ❣❡♥❡r❛t✐♦♥ ✉s❡❞ ❛t t❤❡ ❚❡r❛❋❡r♠✐ ❇❡❛♠❧✐♥❡ ♦❢ t❤❡ ❋❊❘▼■ ❋❊▲ ✐♥ ❚r✐❡st❡✱
■t❛❧②✳ ❚❤❡ ♠❛✐♥ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛❧❧ t❤❡ s♦✉r❝❡s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❝❤❛♣t❡r ❛r❡ r❡s✉♠❡❞
✐♥ t❛❜❧❡ ❄❄✳

❚❍③ s♦✉r❝❡ ❊♥❡r❣② ❋r❡q✉❡♥❝② ❘❛♥❣❡ P❡❛❦ ❊❧❡❝tr✐❝ ✜❡❧❞ ✭▼❱✴❝♠✮
❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✭❉❆❙❚✮ ✷✵µJ ✵✲✹ ❚❍③ ✺▼❱✴❝♠
❖♣t✐❝❛❧ ❘❡❝✐t✜❝❛t✐♦♥ ✭▲✐◆❜❖✸✮ ✸µJ ✵✲✷ ❚❍③ ✶✳✷ ▼❱✴❝♠
❚❡r❛❋❡r♠✐ ❇❡❛♠❧✐♥❡ ✷µJ ✵✲✸ ❚❍③ ✶✳✶▼❱✴❝♠
❚✇♦ ❝♦❧♦r ❆✐r P❧❛s♠❛ ∼✷µJ ✵ ✲ ✶✵ ❚❍③ ∼✸▼❱✴❝♠

❚❛❜❧❡ ✶✳✷✿ ❘❡❝❛♣✐t✉❧❛t✐✈❡ t❛❜❧❡ ♦❢ ❛❧❧ t❤❡ ❞✐✛❡r❡♥t ❚❍③ ❣❡♥❡r❛t✐♦♥ s♦✉r❝❡s

❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ❜❛s❡❞ ♦♥ ❜♦t❤ ♦r❣❛♥✐❝ ❝r②st❛❧ ♦r LiNbO3 ❛r❡ s♦✉r❝❡s t❤❛♥ ❝❛♥
❡①❝❡❡❞ ▼❱✴❝♠ ✇✐t❤ ❛ ❜r♦❛❞❜❛♥❞ ❜✉t s♠❛❧❧ ❢r❡q✉❡♥❝② r❛♥❣❡❞ ♠❛✐♥❧② ❝❡♥t❡r❡❞ ❛r♦✉♥❞
✶ ❚❍③✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② r❡❣✐♠❡ ♣r❡❡♠✐♥❡♥❝❡✱ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ♦❢t❡♥ ❛
✈❡r② ✐♥t❡♥s❡ s✐♥❣❧❡ ❝②❝❧❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤❛♥❦s t♦ t❤♦s❡ ❢❡❛t✉r❡s✱ t❤❡s❡ s♦✉r❝❡s ❛r❡ s✉✐t❡❞
❢♦r ❜♦t❤ ♥♦♥ ❧✐♥❡❛r s♣❡❝tr♦s❝♦♣② ✐♥ t❤❡ s✉❜ ✶ ❚❍③ ❢r❡q✉❡♥❝② r❡❣✐♦♥ ❛♥❞ ❢♦r ❚❍③ ♣✉♠♣
♣r♦❜❡ ❡①♣❡r✐♠❡♥t✳

❋r❡❡ ❊❧❡❝tr♦♥ ❧❛s❡r ❛r❡ s♦✉r❝❡s ✈❡r② s✐♠✐❧❛r t♦ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥ ❜❛s❡❞ s♦✉r❝❡s✳
❍♦✇❡✈❡r✱ ✇❤✐❧❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❝❛♥ ❛❝❤✐❡✈❡ ✉♣ t♦ ▼❱✴❝♠ ❢♦r ❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥✱ ♠♦st
s♦✉r❝❡s ♦❢ s✉❝❤ ❦✐♥❞ ❛r❡ ✉s✐♥❣ ♦♥❧② ❛r♦✉♥❞ ✺✵✵❦❱✴❝♠ ♣✉❧s❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♠♦st
❋❊▲ s♦✉r❝❡s ❛r❡ ❣❡♥❡r❛t❡❞ ❛r♦✉♥❞ ▼❱✴❝♠✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❋❊▲ s♦✉r❝❡ ✐s r❡❧✐❛❜❧❡ t♦♦❧ t♦
❝♦♠♣❧❡t❡ ✜rst ❡①♣❡r✐♠❡♥t❛t✐♦♥ ❞♦♥❡ ✐♥ t❤❡ ❧❛❜♦r❛t♦r②✳ ▼♦r❡♦✈❡r✱ s♦♠❡ ❜❡❛♠❧✐♥❡ s✉❝❤
❛s ❚❊▲❇❊ ❇❡❛♠❧✐♥❡ ✐♥ ❉r❡s❞❡♥ ❛❞❞❡❞ ❛♥ ✉♥❞✉❧❛t♦r t♦ t❤❡✐r ❜❡❛♠ t♦ s❡❧❡❝t ✇❛✈❡❧❡♥❣t❤
✐♥s✐❞❡ t❤❡✐r ♣✉❧s❡s ❛❧❧♦✇✐♥❣ ❢♦r r❡s♦♥❛♥t ♣✉♠♣✐♥❣ ❛t ❝❤♦s❡♥ ✇❛✈❡❧❡♥❣t❤✳ ❚❤❡ ♠❛✐♥
❞r❛✇❜❛❝❦ ♦❢ ❋❊▲ ✐s t❤❛t t❤❡② ❛r❡ ♥♦t ❡❛s✐❧② ❛❝❝❡ss✐❜❧❡✳ Pr♦♣♦s❛❧ ❤❛✈❡ t♦ ❜❡ s❡♥❞ t♦ t❤❡
t❡❛♠ ❛♥❞ ❛❝❝❡♣t❡❞ t♦ r❡❛❧✐③❡ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❊✈❡♥ ✐❢ ❛❝❝❡♣t❡❞ t❤❡ ❡①♣❡r✐♠❡♥t t✐♠❡ ✐s
r❡❛❧❧② s❤♦rt ❛♥❞ ❡①♣❡r✐♠❡♥t ♥❡❡❞s t♦ ❜❡ ✇❡❧❧ ♣r❡♣❛r❡❞ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t ❛ ❧❛❜♦r❛t♦r②
s♦✉r❝❡ ✐s r❡q✉✐r❡❞✳ ❆ ❝♦♠♣❛r❛t✐✈❡ t❛❜❧❡ ❜❡t✇❡❡♥ ❚❡r❛❋❡r♠✐ ❛♥❞ ❚❊▲❇❊ ❜❡❛♠❧✐♥❡ ✐s
s❤♦✇♥ ✐♥ t❛❜❧❡ ✶✳✸✳

❋❊▲ ❊♥❡r❣② ❇❛♥❞✇✐❞t❤ ❋r❡q✉❡♥❝②✲❘❛♥❣❡
❚❡r❛❋❡r♠✐ ✶✵ ❆❧❧ ✵✲✷✳✺ ❚❍③
❚❊▲❇❊ ❯♥❞✉❧❛t♦r ❁❂ ✶✵ ✵✳✷ ❚❍③ ✵✲✶✳✶ ❚❍③
❚❊▲❇❊ ❈❉❘ ✵✳✷✺ ♠✉ ❏ ❆❧❧ ✵✲✶✳✺ ❚❍③

❚❛❜❧❡ ✶✳✸✿ ❈♦♠♣❛r❛t✐✈❡ t❛❜❧❡ ❜❡t✇❡❡♥ ❋❊▲ ❚❡r❛❋❡r♠✐ ❛♥❞ t❤❡ t✇♦ ♠♦❞❡s ♦❢ ❋❊▲
❚❊▲❇❊✳

❚❤❛♥❦s t♦ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❜❡✐♥❣ t❤❡ ✇✐❞❡st ❢♦r t❤❡ ❚✇♦ ❝♦❧♦r ❛✐r ♣❧❛s♠❛ ❣❡♥❡r✲
❛t✐♦♥✱ t❤✐s s♦✉r❝❡ ✐s t❤❡ ♠♦st s✉✐t❡❞ ❢♦r s♣❡❝tr♦s❝♦♣② ♦✈❡r t❤❡ ✇❤♦❧❡ ❢r❡q✉❡♥❝② r❡❣✐♦♥✳
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❲❤✐❧❡ ♣❡❛❦ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ❡①❝❡❡❞✐♥❣ t❤❡ ♦t❤❡r s♦✉r❝❡s ❛♥❞ ❛ ❝♦♠♣❛r❛❜❧❡ ❡♥❡r❣② ✐♥
♣✉❧s❡s t❤✐s s♦✉r❝❡ ✐s ♥♦t ❛s ✇❡❧❧ s✉✐t❡❞ ❢♦r ❚❍③ ♣✉♠♣ ❡①♣❡r✐♠❡♥t✳ ■♥❞❡❡❞✱ ❜❡❝❛✉s❡
♦❢ t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❤✐❣❤ ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥t✱ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ s❤❛♣❡ ✐♥ t❤❡ t✐♠❡
❞♦♠❛✐♥ ✐s ♦s❝✐❧❧❛t✐♥❣ t♦♦ ❢❛st ❢♦r ❡❧❡❝tr♦♥s ♦r ❞✐♣♦❧❡ t♦ ❛❧✐❣♥ ✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ ❡❧❡❝tr✐❝
✜❡❧❞✳

❚❤❡ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥ ❜❛s❡❞ ♦♥ LiNbO3 ✇❛s s❡❧❡❝t❡❞ ❢♦r ♦✉r ❚❍③ ❙❡t✲✉♣✳ ❚❤✐s
s♦✉r❝❡ ✐s t❤❡ ♠♦st s✉✐t❡❞ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t ✇❡ ✇❛♥t t♦ ❞♦ ❛s ♠♦st ♦❢ ♦✉r s❛♠♣❧❡s
♣r❡s❡♥ts str♦♥❣ ❛❜s♦r♣t✐♦♥ ✐♥ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳ ▼♦r❡♦✈❡r✱ ❡✈❡♥ ✐❢ t❤❡r❡ ✐s ♥♦
❛❜s♦r♣t✐♦♥ ♣❡❛❦ ✐♥ t❤❡ s♣❡❝tr❛ ❣❡♥❡r❛t❡❞ ✉s✐♥❣ ▲◆✱ t❤❡ s✐♥❣❧❡ ❝②❝❧❡ s❤❛♣❡ ❛❧❧♦✇s ❢♦r
♥♦♥ r❡s♦♥❛♥t ❡✛❡❝t ♦♥ s❛♠♣❧❡s✳ ❋✐♥❛❧❧②✱ t❤❡ ▲◆ ❝r②st❛❧ ✇❛s ❝❤♦s❡♥ ♦✈❡r ♦r❣❛♥✐❝ ❝r②st❛❧s
❜❡❝❛✉s❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ❛t ❞✐s♣♦s✐t✐♦♥ ✐♥ ♦✉r ❧❛❜♦r❛t♦r②✳

❆❢t❡r s❡❧❡❝t✐♦♥ ♦❢ ❚❍③ ●❡♥❡r❛t✐♦♥ ❛♥ ❛❞❡q✉❛t❡ ❚❍③ ❉❡t❡❝t✐♦♥ ♠✉st ❜❡ ❝❤♦s❡♥ ❛♥❞ ❛s
s✉❝❤ ✇❡ ❡①♣❧❛✐♥❡❞ t✇♦ ♠❛✐♥ t❡❝❤♥✐q✉❡s✳ ❆✐r P❧❛s♠❛ ❈♦❤❡r❡♥t ❉❡t❡❝t✐♦♥ ✐s ❛ t❡❝❤♥✐q✉❡s
t❤❛t r❡❧✐❡s ♦♥ ❢♦✉r ✇❛✈❡ ♠✐①✐♥❣ ✉s✐♥❣ t❤❡ t❤✐r❞ ♦r❞❡r ♥♦♥ ❧✐♥❡❛r s✉s❝❡♣t✐❜✐❧✐t② ♦❢ ❛✐r✳
❆ ❜✐❛s ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ✉s❡❞ t♦ ❜❡ ❛❜❧❡ t♦ ❝♦❤❡r❡♥t❧② ❞❡t❡❝ts ❚❍③ s♣❡❝tr❛✳ ❊❧❡❝tr♦
❖♣t✐❝❛❧ s❛♠♣❧✐♥❣ r❡❧✐❡s ♦♥ t❤❡ P♦❝❦❡❧s ❡✛❡❝t ✐♥ ♠❡❞✐❛ ✇✐t❤ ♥♦ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②✳
❚❤❡ ❝r②st❛❧ ❜❡❝♦♠❡s ❜✐r❡❢r✐♥❣❡♥t ✉♥❞❡r t❤❡ ❛♣♣❧✐❡❞ ❊❧❡❝tr✐❝ ❋✐❡❧❞ ❤❡r❡ t❤❡ ❚❍③✳ ❚❤❡♥✱
❜② ♠❡❛s✉r✐♥❣ t❤❡ ♣❤❛s❡ r❡t❛r❞❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣♦❧❛r✐③❛t✐♦♥ ❝♦♠♣♦♥❡♥t✱ ✇❡ ❝❛♥
❝♦♠♣✉t❡ t❤❡ ❡①❛❝t ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ r❡✢❡❝t✐♦♥ ✐♥❞✉❝❡❞ ❜② t❤❡ ❞❡t❡❝t✐♦♥
❝r②st❛❧✱ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ s❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝② s❛♠♣❧✐♥❣ ✐s ✇♦rs❡ t❤❛♥ ❆❇❈❉ ❞❡t❡❝t✐♦♥✳
❍♦✇❡✈❡r✱ ❊❧❡❝tr♦ s❛♠♣❧✐♥❣ ✐s ❢❛r s✐♠♣❧❡r t♦ ✐♠♣❧❡♠❡♥t t❤❛♥ t❤❡ ❆❇❈❉ ♦♥❡ ❛♥❞ ✇❛s
s❡❧❡❝t❡❞ ❢♦r t❤✐s r❡❛s♦♥✳

❆s ❜♦t❤ t❤❡ ❝❤♦✐❝❡ ♦❢ ❚❍③ s♦✉r❝❡ ❛♥❞ ❞❡t❡❝t✐♦♥ ❛r❡ ❡①♣❧❛✐♥❡❞✱ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
s❡t✲✉♣ ❛♥❞ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ s♦✉r❝❡ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡r✳
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❈❤❛♣t❡r ✷

❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛♥ ✐♥t❡♥s❡ ❚❍③ s♦✉r❝❡

❜❛s❡❞ ♦♥ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥ ✐♥

LiNbO3

✷✳✶ ■♥tr♦❞✉❝t✐♦♥

■♥ t❤✐s ❝❤❛♣t❡r✱ ■ ✇✐❧❧ ❞❡s❝r✐❜❡ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ✐♥t❡♥s❡ ❚❍③ s♦✉r❝❡ ❜❛s❡❞ ♦♥ t❤❡
❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✐♥ LiNbO3 ✉s✐♥❣ t❤❡ t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t t❡❝❤♥✐q✉❡✳ ❚❤❡ ❞❡✈❡❧♦♣♠❡♥t
♦❢ s✉❝❤ s♦✉r❝❡ r❡q✉✐r❡s t♦ ✉s❡ ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ s♦✉r❝❡✳ ■♥❞❡❡❞✱
❛s t❤❡ ❣❡♥❡r❛t✐♦♥ ❛♥❞ ✉s❡ ♦❢ ❚❍③ ❧✐❣❤t ✐s st✐❧❧ ✐♥ ❞❡✈❡❧♦♣♠❡♥t t❤❡r❡ ❡①✐st ♥♦ ❝♦♠♠❡r❝✐❛❧
s♦❧✉t✐♦♥ t♦ ♠❡❛s✉r❡ ♣r❡❝✐s❡❧② ❜❡❛♠s✐③❡ ♦r ❡♥❡r❣②✳ ▼♦r❡♦✈❡r✱ t❤❡ ♦♥❧② ❡①♣❡r✐♠❡♥t ✇❤✐❝❤
❣✐✈❡s ❧❛r❣❡ s✐❣♥❛❧ ✐s ❊❧❡❝tr♦ ❖♣t✐❝❛❧ s❛♠♣❧✐♥❣ ✇❤✐❝❤ ✐s ✉s✐♥❣ ❛ ♥♦♥ st❛♥❞❛r❞ s❡t✲✉♣ ❢♦r
❞❡t❡❝t✐♦♥✳

❆s st❛t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ ✇❡ ❝❤♦♦s❡ t❤❡ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ ❙❛♠♣❧✐♥❣ ✭❊❖❙✮
❢♦r t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ♦✉r ❚❍③ s✐❣♥❛❧✳ ❲❤✐❧❡ ❛❧❧♦✇✐♥❣ t♦ ♠❛❦❡ ♣r❡❝✐s❡ ♠❡❛s✉r❡ ♦❢ t❤❡ ❚❍③
✇❛✈❡❢♦r♠ ❛s ✇❡❧❧ ❛s ✐ts ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡✱ ❊❖❙ ✐s ❛ ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ❛♥❞ ❝❛♥
♦♥❧② ❜❡ ✉s❡ ❛s ❛ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ t♦♦❧✳ ■♥❞❡❡❞✱ ❛s t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ✐s ❞❡♣❡♥❞❡♥t
♦❢ t❤❡ ❞❡❧❛② ❜❡t✇❡❡♥ t❤❡ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ❝❤❛♥❣✐♥❣ ❛ ❜✐t t❤❡ ♣❛t❤ ♦❢ ♣✉♠♣ ♦r ♣r♦❜❡
✇✐❧❧ ❝❤❛♥❣❡ ❛s ✇❡❧❧ t❤❡ ❞❡❧❛② ❜❡t✇❡❡♥ t❤❡♠✳ ❚❤s ✐♠♣❧✐❡s t❤❛t ❛ ❊❖❙ s❝❛♥ ♥❡❡❞ t♦
❜❡ r❡❛❧✐③❡❞ ❛❢t❡r ❡❛❝❤ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ ❛❧✐❣♥♠❡♥t✳ ❋♦r t❤✐s r❡❛s♦♥ ✇❡ ✉s❡❞ ❛♥ ✐♥❢r❛r❡❞
❝❛♠❡r❛ P②r♦❝❛♠ ■■■ ❢r♦♠ ❙♣✐r✐❝♦♥✳ ❚❤✐s ❝❛♠❡r❛ ✇❛s ❜✉✐❧t t♦ ✇♦r❦ ✐♥ t❤❡ ✐♥❢r❛r❡❞
r❡❣✐♦♥ ❜✉t ❢♦rt✉♥❛t❡❧② ✇♦r❦s ✐♥ t❤❡ ❚❍③ r❡❣✐♦♥ ❛s ✇❡❧❧ ❛❧❧♦✇✐♥❣ ❢♦r ❛ ♠♦r❡ q✉❛❧✐t❛t✐✈❡
❛♣♣r♦❛❝❤ ❢♦r ❚❍③ ♦♣t✐♠✐③❛t✐♦♥✳

■ ✇✐❧❧ ✜rst ❞❡s❝r✐❜❡ t❤❡ ❧❛❜♦r❛t♦r② s❡t✲✉♣ ■ ✉s❡❞ t♦ ❞❡✈❡❧♦♣ t❤❡ s♦✉r❝❡✱ ❛ ❜r✐❡❢ ❡①♣❧❛✲
♥❛t✐♦♥ ♦❢ t❤❡ ❈❤✐r♣❡❞ P✉❧s❡ ❆♠♣❧✐✜❝❛t✐♦♥ ✇✐❧❧ ❜❡ ❣✐✈❡♥ ❛s ✇❡❧❧✳ ❚❤❡♥✱ t❤❡ ❛❧✐❣♥♠❡♥t
♣r♦❝❡❞✉r❡ ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ t♦ ♦♣t✐♠✐③❡ t❤❡ ❚❍③ ✉s✐♥❣ t❤❡ LiNbO3✱ t❤✐s s❡❝t✐♦♥ ✐s ♦❢
♣r✐♠❛r② ✐♥t❡r❡st ❢♦r ♥❡✇❝♦♠❡rs ✐♥ t❤❡ ❚❍③ ✜❡❧❞ ♦r ❢✉t✉r❡ P❤❉ ❛♥❞ ✐♥t❡r♥s st✉❞❡♥ts ✐♥
t❤❡ ▼❛t❡r✐❛✉① ❡t ▲✉♠✐❡r❡ ❣r♦✉♣❡ ✐♥ ❘❡♥♥❡s✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ♦✉r ❧❛❜♦r❛t♦r② ♦❢
t❤❡ ❊❖❙ t❡❝❤♥✐q✉❡ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✱ ♠♦r❡ ♣r❡❝✐s❡❧② ❤♦✇ t❤❡ ❞❛t❛ tr❡❛t♠❡♥t ✇❛s ❤❛♥✲
❞❧❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ✐♠♣❛❝t ♦❢ ❜r♦❛❞❜❛♥❞ s♦✉r❝❡ ♦♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❆ t❡❝❤♥✐q✉❡
✉s✐♥❣ ❊❖❙ ❢♦r ✐♠❛❣❡r② ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ✜♥❛❧ ❚❍③ ❜❡❛♠ ❝❤❛r❛❝t❡r✐st✐❝s ✇✐❧❧ ❜❡
♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❛s ✇❡❧❧✳ ❚❤❡ st✉❞② ♦❢ ❚❍③ ❣❡♥❡r❛t✐♦♥ ❡✣❝✐❡♥❝② ✐♥ ❢✉♥❝t✐♦♥ ♦❢
♣✉❧s❡ ❞✉r❛t✐♦♥ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❋✐♥❛❧❧②✱ t❤❡ ❚❍③ s♦✉r❝❡ ✇✐❧❧ ❜❡ ✈❛❧✐❞❛t❡❞ t♦ r❡♣r♦❞✉❝❡
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r❡s✉❧ts ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡ ✇✐t❤ t✇♦ ❡①♣❡r✐♠❡♥t ✿ ❙❡❝♦♥❞ ❤❛r♠♦♥✐❝ ♠♦❞✉❧❛t✐♦♥ ✐♥ t❤❡
β − BaryumBorate ❛♥❞ ❏♦✉❧❡ ❍❡❛t✐♥❣ ✐♥ V2O3 t❤✐♥ ✜❧♠✳

✷✳✷ ▲❛❜♦r❛t♦r② ♦✈❡r✈✐❡✇

❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❧❛❜ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣ ✷✳✶✿

❋✐❣✉r❡ ✷✳✶✿ ❙❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ t❤❡ ❧❛❜✳ ❇❙✿ ❇❡❛♠ ❙♣❧✐tt❡r✱ ❋▼ ✿ ❋❧✐♣ ▼✐rr♦r✱ ▲◆ ✿
▲✐t❤✐✉♠ ◆✐♦❜❛t❡✱ P▼❍ ✿ P❛r❛❜♦❧✐❝ ▼✐rr♦r ✇✐t❤ ❛♥ ❍♦❧❡✳ ❚♦ s✐♠♣❧✐❝✐t②✱ ♣r♦❜❡ ❧✐❣❤t
♣❛t❤ ✐s s❤♦✇♥ ✐♥ ♣✐♥❦✱ ♦♣t✐❝❛❧ ♣✉♠♣ ✐♥ r❡❞ ❛♥❞ ❚❍③ ❧✐❣❤t ✐♥ ♦r❛♥❣❡✳

❆❧❧ ❧✐❣❤t ✐♥ ♦✉r ❧❛❜♦r❛t♦r② ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ ❛♥ ❖♣t✐❝❛❧ ♦s❝✐❧❧❛t♦r ✿ t❤❡ ▼■❘❆✳ ❚❤❡
▼■❘❆ ❣❡♥❡r❛t❡s ❛ ♠♦❞❡✲❧♦❝❦❡❞ ♣✉❧s❡ ❝❡♥t❡r❡❞ ❛t ✽✵✵♥♠ ✇✐t❤ ✹✵♥♠ ♦❢ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢
♠❛①✐♠✉♠ ✭❋❲❍▼✮ ❛t ✼✽▼❍③ ❢r❡q✉❡♥❝②✱ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ❛r♦✉♥❞ ✺✵ ❢s✳ ❚❤✐s ♣✉❧s❡ ✐s
t❤❡♥ s♣❧✐t ✐♥t♦ t✇♦✱ ♦♥❡ ✐s ❣❡♥❡r❛t✐♥❣ t❤❡ ♦♣t✐❝❛❧ ♣✉♠♣ ✇❤✐❧❡ t❤❡ ♦t❤❡r ✐s ✉s❡❞ ❛s ❚❍③
❞❡t❡❝t✐♦♥ ♣r♦❜❡✳ ❚❤❡ ❛♠♣❧✐✜❝❛t✐♦♥ ✐s r❡❛❧✐③❡❞ ✉s✐♥❣ ❈❤✐r♣❡❞ P✉❧s❡ ❆♠♣❧✐✜❝❛t✐♦♥✭❈P❆✮
t♦ ❛♠♣❧✐❢② t❤❡ ♣✉❧s❡ ❢r♦♠ t❤❡ ▼■❘❆ ✐♥t♦ ❛ ♣✉❧s❡ ❝❡♥t❡r❡❞ ❛t ✽✵✵♥♠ ✇✐t❤ ✶✵✵❢s ♣✉❧s❡
❞✉r❛t✐♦♥ ❛♥❞ ❛♥ ❡♥❡r❣② ♦❢ ✹♠❏ ♣❡r ♣✉❧s❡ ❛t ✶❦❍③✳

❚❤✐s ♣✉❧s❡ ✐s s♣❧✐t ✐♥t♦ ♦♥❡ ❜r❛♥❝❤ ♦❢ ✶♠❏ ❛♥❞ ♦♥❡ ♦❢ ✸♠❏✳ ❚❤❡ ✸♠❏ ❜r❛♥❝❤ ✐s
t❤❡ ♦♣t✐❝❛❧ ♣✉♠♣ ♦❢ t❤❡ s②st❡♠✱ ✇❤✐❧❡ t❤❡ ✶♠❏ ❜r❛♥❝❤ ✐s ❡✐t❤❡r ❣♦✐♥❣ t♦ ❛♥ ❖♣t✐❝❛❧
♣❛r❛♠❡tr✐❝ ❛♠♣❧✐✜❝❛t✐♦♥ ✭❖P❆✮ t♦ ❝❤❛♥❣❡ t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦r t♦ ♦t❤❡r ❡①♣❡r✐♠❡♥t❛❧ s❡t✲
✉♣s ♦❢ ✐♥t❡r❡sts ❢♦r ♦✉r t❡❛♠✳ ■❢ ✽✵✵♥♠ ✐s t❤❡ ✇❛✈❡❧❡♥❣t❤ ❝❤♦s❡♥✱ ❛ ❇❡❛♠ ❙♣❧✐tt❡r ✐s
✉s❡❞ t♦ ♣✉t t❤❡ ❜❡❛♠ ♦♥ t❤❡ ♣❛t❤ ❢♦r t❤❡ ♣❛t❤ ♦❢ t❤❡ ♣r♦❜❡✳

✹✽



❚❤❡ ❚❍③ ❜♦① ✐s ❞❡s❝r✐❜❡❞ ♠♦r❡ ♣r❡❝✐s❡❧② ♦♥ ❋✐❣ ✷✳✷ ✿

❋✐❣✉r❡ ✷✳✷✿ ❙❛♠❡ ❝♦❧♦r s❝❤❡♠❡ ❛s ❋✐❣ ✷✳✶✱ ❈❲ ✿ ❈♦❛t❡❞ ✇✐♥❞♦✇✱ ▲✶ ✿ ❈②❧✐♥❞r✐❝❛❧ ❧❡♥s
✷✺✵♠♠✱ ❍❲P ✿ ❍❛❧❢ ❲❛✈❡ P❧❛t❡✱ ▲✷ ✿ ❈②❧✐♥❞r✐❝❛❧ ▲❡♥s ♦❢ ✶✺✵♠♠✭t♦ ❝❤❡❝❦✮✱ ▲◆ ✿
▲✐t❤✐✉♠ ◆✐♦❜❛t❡✿ P▼✶ ✿ P❛r❛❜♦❧✐❝ ▼✐rr♦r ✶✺✱✻ ♠♠ ♦❢ ❢♦❝❛❧✱ P▼✷ ✿ P❛r❛❜♦❧✐❝ ▼✐rr♦r
✇✐t❤ ✶✺✷♠♠ ♦❢ ❢♦❝❛❧✱ P▼✸ ✿ P❛r❛❜♦❧✐❝ ▼✐rr♦r ✇✐t❤ ✺✵♠♠ ♦❢ ❢♦❝❛❧ ❧❡♥❣t❤ ❞r✐❧❧❡❞ t♦ ❧❡t
t❤❡ ♣r♦❜❡ ❣♦ t❤r♦✉❣❤✱ ▲✸ ✿ ❈♦♥❝❛✈❡ ❧❡♥s ❢♦r t❤❡ ♣r♦❜❡ t♦ ❢♦❝✉s t❤❡ ♣r♦❜❡ ♦♥ t❤❡ s❛♠♣❧❡✱
▲✹ ✿ ❈♦♥❝❛✈❡ ❧❡♥s ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ▲✹ t♦ ❝♦❧✐♠❛t❡ t❤❡ ♣r♦❜❡✱ ❙P ✐s t❤❡ ❙❛♠♣❧❡ P♦s✐t✐♦♥

❚❤❡ ♣✉♠♣ ✐s ❡♥t❡r✐♥❣ t❤❡ ❜♦① t❤r♦✉❣❤ ❛ ❝♦❛t❡❞ ✇✐♥❞♦✇ t❤❛t ❛❧❧♦✇s ♠❛①✐♠✉♠
tr❛♥s♠✐ss✐♦♥ ♦❢ t❤❡ ❜❡❛♠ t♦ ❝♦♥s❡r✈❡ t❤❡ ❡♥❡r❣②✱ ❧❡ss t❤❛♥ ✶✪ ✐s ❧♦st ❛t t❤✐s ♣♦✐♥t✳
❚❤❡♥✱ t✇♦ ♠✐rr♦rs ❛❧❧♦✇s ❢♦r ❛ ❜❡st ❛❧✐❣♥✐♥❣ ♦♥ t❤❡ ❣r❛t✐♥❣ ❛s t❤❡ ✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡ ♦♥
t❤❡ ❣r❛t✐♥❣ ✐s ❝r✉❝✐❛❧✳ ❚❤❡♥✱ t❤❡ ✐♠❛❣❡ ♦❢ t❤❡ ❣r❛t✐♥❣ ✐s ♣✉t ♦♥ ❝②❧✐♥❞r✐❝❛❧ ❧❡♥s❡s t♦
❞♦ t❤❡ ♣❡r❢❡❝t ✐♠❛❣❡ ♦❢ t❤❡ ❣r❛t✐♥❣ ♦♥ t❤❡ ▲✐t❤✐✉♠ ◆✐♦❜❛t❡ ✭▲◆✮ ❈r②st❛❧✳ ❚❤❡ ❚❍③
❣❡♥❡r❛t❡❞ ❛r❡ t❤❡♥ ❢♦❝✉s❡❞ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ t❤r❡❡ ♣❛r❛❜♦❧❛s ♦♥t♦ t❤❡ ❙❛♠♣❧❡ ♣♦s✐t✐♦♥✳
❚❤❡ ♣r♦❜❡ ✐s ❢♦❝✉s❡❞ ✇✐t❤ ❛ ❧❡♥s ♦♥t♦ t❤❡ s❛♠♣❧❡ ♣♦s✐t✐♦♥ t❤r♦✉❣❤ t❤❡ ❤♦❧❡ ♦❢ t❤❡ ❧❛st
♣❛r❛❜♦❧✐❝ ♠✐rr♦r✳

❆s ❚❍③ ✐s str♦♥❣❧② ❛❜s♦r❜❡❞ ❜② ✇❛t❡r✱ ❛♥ ❆✐r ❉r②❡r ✐s ♥❡❝❡ss❛r② ✐♥ ♦r❞❡r t♦ ❧♦✇
t❤❡ ❤✉♠✐❞✐t② ♣❡r❝❡♥t❛❣❡ ✐♥s✐❞❡ t❤❡ ❜♦①✳ ■❞❡❛❧❧②✱ t❤❡ s❡t✉♣ s❤♦✉❧❞ ❜❡ ✉s❡❞ ✇✐t❤ t❤❡
♠✐♥✐♠✉♠ ♣❛t❤ ❧❡♥❣t❤ ♦❢ t❤❡ ❚❍③ t♦ ♠✐♥✐♠✐③❡ t❤❡ ❡✛❡❝t✐✈❡ ❧❡♥❣t❤ ♦❢ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡
✇❛t❡r✳

✷✳✷✳✶ ▲❛s❡r ❣❡♥❡r❛t✐♦♥ ✉s✐♥❣ ❈❤✐r♣❡❞ P✉❧s❡ ❆♠♣❧✐✜❝❛t✐♦♥✭❈P❆✮

■♥ t❤❡ ❤✐st♦r② ♦❢ ❧❛s❡r✱ t❤❡r❡ ❤❛s ❜❡❡♥ ❛ ❤✉❣❡ ❧✐♠✐t❛t✐♦♥ ❢♦r ♠❏ s✉❜ ♣s ❧❛s❡r✳ ❚❤❡ ✐♥t❡♥s✐t②
♦❢ s✉❝❤ ❧❛s❡r ✐s s♦ ❤✐❣❤ ❞✉r✐♥❣ t❤❡ ❛♠♣❧✐✜❝❛t✐♦♥ ♣r♦❝❡ss t❤❛t ❞❛♠❛❣❡ t❤r❡s❤♦❧❞ ♦❢ t❤❡
❝r②st❛❧s ✉s❡❞ ❢♦r t❤❡ ❛♠♣❧✐✜❝❛t✐♦♥ ❛r❡ r❡❛❝❤❡❞✱ t❤✐s ✐s ❛❧s♦ tr✉❡ ❢♦r t❤❡ ♠✐rr♦r ✉s❡❞ ✇✐t❤✐♥

✹✾



t❤❡ ❝❛✈✐t②✳ ❙tr✐❦❧❛♥❞ ❛♥❞ ▼♦✉r♦✉ ❬✺✺❪ ❞❡♠♦♥str❛t❡❞ t❤❡ ❈❤✐r♣❡❞ P✉❧s❡ ❆♠♣❧✐✜❝❛t✐♦♥
✭❈P❆✮ t❡❝❤♥✐q✉❡ t❤❛t ✐s st✐❧❧ ✉s❡❞ ♥♦✇❛❞❛②s ❢♦r s✉❜ ♣s ❧❛s❡r ❛♠♣❧✐✜❝❛t✐♦♥✳ ❚❤❡✐r ✇♦r❦
❤❛s ❜❡❡♥ r❡✇❛r❞❡❞ ✇✐t❤ ❛ ◆♦❜❡❧ Pr✐③❡ ✐♥ ✷✵✶✽✳ ❚❤❡ ✐❞❡❛ ❜❡❤✐♥❞ ✐s s✐♠♣❧❡✱ t❤❡ ♣✉❧s❡ ✐s
❧❡♥❣t❤❡♥ ❜❡❢♦r❡ ❛♠♣❧✐✜❝❛t✐♦♥ ❛♥❞ t❤❡♥ ❝♦♠♣r❡ss❡❞ ❜❛❝❦ t♦ r❡❛❝❤ t❤❡ ♠❏✳ ❆♥ ❡①❛♠♣❧❡
✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✹✳

❋✐❣✉r❡ ✷✳✸✿ ❙❝❤❡♠❡ ♦❢ t❤❡ ❈❤✐r♣❡❞ P✉❧s❡ ❆♠♣❧✐✜❝❛t✐♦♥

❚❤❡ ♣✉❧s❡ t♦ ❜❡ ❛♠♣❧✐✜❡❞ ✐s ❣♦✐♥❣ t❤r♦✉❣❤ t❤❡ str❡t❝❤❡r ✇❤❡r❡ ✐t✬s ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s
✐♥❝r❡❛s❡❞✳ ❚❤✐s ✐s ✉s✉❛❧❧② ❞♦♥❡ ❜② ✉s✐♥❣ ❛ s❡t ♦❢ ♦♣t✐❝❛❧ ❣r❛t✐♥❣✳ ❚❤❡♥✱ t❤❡ ❧♦♥❣ ♣✉❧s❡
✐s ❛♠♣❧✐✜❡❞ ✐♥t♦ ❛ r❡❣❡♥❡r❛t✐♦♥ ❝❛✈✐t② ✉s✐♥❣ ❛ ❣❛✐♥ ♠❡❞✐✉♠✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ ✽✵✵♥♠ ❧✐❣❤t
❛ ❚✐✿❙❛♣♣❤✐r❡ ✐s ❣❡♥❡r❛❧❧② ✉s❡❞✳ ❚❤❡♥✱ t❤❡ ❧♦♥❣ ❛♠♣❧✐✜❡❞ ♣✉❧s❡ ✐s ❝♦♠♣r❡ss❡❞ t♦ s✉❜
♣s ❞✉r❛t✐♦♥✳ ❚❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ❝❧♦s❡❧② ❧✐♥❦❡❞ t♦ t❤❡ s♣❡❝tr❛ ♦❢ ❛ ♣✉❧s❡✳ ■♥❞❡❡❞ ❛s
❧✐❣❤t ✐s ❛♥ ♦s❝✐❧❧❛t♦r② ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞✱ ❛ ♣✉r❡❧② ♠♦♥♦❝❤r♦♠❛t✐❝ ❧✐❣❤t ❝❡♥t❡r❡❞ ❛t
❢r❡q✉❡♥❝② ω0 ✐s ❛ ❉✐r❛❝✿

E(ω) = δ(ω) ✭✷✳✶✮

❙✇✐t❝❤✐♥❣ ❢r♦♠ ❢r❡q✉❡♥❝② s♣❛❝❡ t♦ t✐♠❡ s♣❛❝❡ ❜② ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ❛❧❧♦✇s t♦ ✇r✐t❡
✿

E(t) = eiω0t ✭✷✳✷✮

❚❤✐s ✐s ❛ ❝♦♥t✐♥✉♦✉s ✇❛✈❡ ✇❤✐❝❤ ❢r❡q✉❡♥❝② ✐s ❝❡♥t❡r❡❞ ❛t t❤❡ ❢r❡q✉❡♥❝② ω0✳ ■♥ r❡❛❧✐t②✱
s♣❡❝tr❛ ♦❢ ❧❛s❡r ♣✉❧s❡s ❛r❡ ♥♦t ♣✉r❡❧② ♠♦♥♦❝❤r♦♠❛t✐❝✱ t❤❡ s♣❡❝tr❛ ✐s t❤❡♥ ●❛✉ss✐❛♥ ✐♥
❢r❡q✉❡♥❝②✳ ❚❤✐s ❧✐♥❦❡❞ t❤❡ s♣❡❝tr❛❧ ❢✇❤♠ t♦ t❤❡ t❡♠♣♦r❛❧ ♦♥❡✳ ❚❤❡ s❤❛r♣❡r t❤❡ ♣❡❛❦✱
t❤❡ ❧♦♥❣❡r t❤❡ ♣✉❧s❡✳ ■♥ ♦✉r ❧❛s❡r✱ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ✉s❡ ♦❢ ❛ s♣❛t✐❛❧
♠❛s❦✳ ❆ ♠❛s❦ ✐s ♣❧❛❝❡❞ ❛t t❤❡ ❡①✐t ♦❢ t❤❡ ♦♣t✐❝❛❧ ❣r❛t✐♥❣ ❜❧♦❝❦✐♥❣ ❛ ♣❛rt ♦❢ t❤❡ ♣✉❧s❡
❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✹✳

✺✵



❋✐❣✉r❡ ✷✳✹✿ ❙♣❛t✐❛❧ ♠❛s❦ ✉s❡❞ t♦ r❡❞✉❝❡ t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ ♣✉❧s❡ ✐♥ ❛ ❈P❆ t❡❝❤♥✐q✉❡✳

■♥ ♦✉r ❧❛❜♦r❛t♦r② t❤❡r❡ ❛r❡ t✇♦ ❛♠♣❧✐✜❡❞ ❧❛s❡r✱ t❤❡ ❯❙P ❛♥❞ t❤❡ ❊▲■❚❊✳ ❚❤❡ ❯❙P
♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ✺✷ ❢s ❛s ❡①tr❛❝t❡❞ ❢r♦♠ ✐ts s♣❡❝tr❛ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✺✳ ❚❤❡ ❊▲■❚❊
❤❛s t✇♦ ❝❛✈✐t✐❡s ✇✐t❤ ❛ ❞✐✛❡r❡♥t ♠❛s❦ ❢♦r ❡❛❝❤ ❝❛✈✐t②✱ t❤❡ ✜rst ✐s ❝❛❧❧❡❞ t❤❡ ❋❡♠t♦
❝❛✈✐t✐② ✇✐t❤ ♣✉❧s❡ ❞✉r❛t✐♦♥ ❜❡✐♥❣ ❛♥❞ t❤❡ s♣❡❝tr❛ ♦❢ t❤✐s ❝❛✈✐t② ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✻✳
❚❤❡ s❡❝♦♥❞ ❝❛✈✐t② ✐s ❝❛❧❧❡❞ t❤❡ ❝❛✈✐t② P✐❝♦ ❛♥❞ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ❛r♦✉♥❞ ✺✵✵ ❢s✳ ◆♦
s♣❡❝tr❛ ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r t❤✐s ❝❛✈✐t② ❛s ✇❡ ❞♦♥✬t ❤❛✈❡ s♣❡❝tr♦♠❡t❡r ✇✐t❤ ❤✐❣❤ ❡♥♦✉❣❤
r❡s♦❧✉t✐♦♥ t♦ ❡①tr❛❝t t❤❡ ❋❲❍▼ ♦❢ t❤❡ s♣❡❝tr❛✳

❋✐❣✉r❡ ✷✳✺✿ ❙♣❡❝tr❛ ♦❢ t❤❡ ❯❙P✱ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ❛ss♦❝✐❛t❡❞ ✐s ✇r✐tt❡♥ ❛t t❤❡ r✐❣❤t
❤✐❣❤ ❝♦r♥❡r✳

✺✶



❋✐❣✉r❡ ✷✳✻✿ ❙♣❡❝tr❛ ♦❢ t❤❡ ❊▲■❚❊ ❋❡♠t♦ ❝❛✈✐t②✱ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ❛ss♦❝✐❛t❡❞ ✐s ✇r✐tt❡♥
❛t t❤❡ r✐❣❤t ❤✐❣❤ ❝♦r♥❡r✳

✷✳✸ ❆❧✐❣♥♠❡♥t ♣r♦❝❡❞✉r❡✳

■♥ ♦r❞❡r t♦ ♦❜t❛✐♥ t❤❡ ♠❛①✐♠✉♠ ✐♥t❡♥s✐t② ❢♦r t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛ ✜♥❡ ❛❧✐❣♥♠❡♥t ✐s
r❡q✉✐r❡❞✳ ❚❤✐s ❤❛s t♦ ❜❡ ❞♦♥❡ ✐♥ t✇♦ st❡♣s✱ t❤❡ ✜rst st❡♣ ✐s t❤❡ ❜❡❛♠ r✐❣❤t ❛t t❤❡ ❡①✐t✱
t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ♣❛r❛❜♦❧✐❝ ♠✐rr♦rs✳ ❋✐❣✳ ✷✳✼ r❡♣r❡s❡♥ts t❤❡ ❝r②st❛❧
✐♥ t❤❡ ❧❛❜✳

❋✐❣✉r❡ ✷✳✼✿ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ▲◆ ✐♥ t❤❡ ❧❛❜✱ t❤❡ ❛①✐s ❛r❡ t❤❡ ❧❛❜ ❛①✐s✳

■♥ ♦r❞❡r t♦ ❤❛✈❡ t❤❡ ❜❡st ❣❡♥❡r❛t✐♦♥ ♣♦ss✐❜❧❡ ❢♦r t❤❡ ❚❍③✱ ✇❡ ✉s❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣
❛❧✐❣♥♠❡♥t s❝❤❡♠❡✳ ❋✐rst✱ ❛❢t❡r ❝❤♦♦s✐♥❣ t❤❡ r✐❣❤t ❛♥❣❧❡s ❢♦r ②♦✉r ❝r②st❛❧ ❛♥❞ ❣r❛t✐♥❣✱
♣❧❛❝❡ t❤❡ ▲◆ ✐♥ t❤❡ ❡st✐♠❛t❡ r✐❣❤t ♣❧❛❝❡✳ ❲❡ ❝❤♦♦s❡ t♦ ♣❧❛❝❡ t❤❡ ▲◆ ♦♥ t♦ tr❛♥s❧❛t✐♦♥
st❛❣❡s ♦♥ ✐♥ t❤❡ ❳ ❞✐r❡❝t✐♦♥ ❛♥❞ ♦♥❡ ✐♥ t❤❡ ❨ ❞✐r❡❝t✐♦♥✳ ■♥ ♦r❞❡r✱ ❳ ❛♥❞ ❨ ❛r❡ ❝❤♦s❡♥
❛❧♦♥❣ ♦♥❡ ❤♦❧❡ ❧✐♥❡s ❛♥❞ ✐♥ t❤❡ ❡♥❞ t❤❡ ❚❍③ s❤♦✉❧❞ ❢♦❧❧♦✇ t❤❡ ❳ ❞✐r❡❝t✐♦♥✳ ▼♦r❡♦✈❡r✱

✺✷



t❤❡ ▲◆ ✐s ♣❧❛❝❡ ♦♥ r♦t❛t✐♦♥ st❛❣❡s ❛❧❧♦✇✐♥❣ t❤❡ r♦t❛t✐♦♥ ❛❧♦♥❣ ❳ ❛♥❞ ❩ ❛①✐s✳ ■♥❝♦♠✐♥❣
❧✐❣❤t s❤♦✉❧❞ ❛rr✐✈❡ ✐♥ t❤❡ ❳❩ ♣❧❛♥❡✳

❋✐rst t❤✐♥❣ ✐s t♦ ♣❧❛❝❡ t❤❡ ❜❛❝❦ r❡✢❡❝t✐♦♥ ✐♥ ♣❧❛❝❡ ✉s✐♥❣ t❤❡ r♦t❛t✐♦♥ ♠♦✉♥t✱ ♥♦t❡
t❤❛t t❤❡ ❜❛❝❦ r❡✢❡❝t✐♦♥ s❤♦✉❧❞ ❜❡ ♣❡r❢❡❝t ✐♥ t❤❡ ❤♦r✐③♦♥t❛❧ ♣❧❛♥❡ ❜✉t ✐t ❝❛♥ ❣♦ ❛ ❜✐t
❞♦✇♥ ❢♦r t❤❡ ✈❡rt✐❝❛❧ ❜❛❝❦ r❡✢❡❝t✐♦♥✳ ❚❤❡♥✱ ✉s❡ t❤❡ tr❛♥s❧❛t✐♦♥ st❛❣❡ t♦ ✐♥❝r❡❛s❡ t❤❡
s✐❣♥❛❧ ♦♥ ②♦✉r ♣②r♦❡❧❡❝tr✐❝ ❞❡t❡❝t♦r✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❙❍● ✐s ❛❧s♦ ❛ ❣♦♦❞ ✇❛②
t♦ ✐♥❝r❡❛s❡ t❤❡ ❚❍③ s✐❣♥❛❧✳ ❚❤❡♥✱ ②♦✉ s❤♦✉❧❞ ❛❧✐❣♥ t❤❡ ♠✐rr♦r ✐♥❝♦♠✐♥❣ ♦♥ t❤❡ ❣r❛t✐♥❣
✐♥ ♦r❞❡r t♦ ♦♣t✐♠✐③❡ t❤❡ s✐❣♥❛❧✳ ❋✐♥❛❧❧②✱ ❛❞❥✉st t❤❡ ❣r❛t✐♥❣ t♦ ❛❣❛✐♥ ❤❛✈❡ t❤❡ ❜❡tt❡r
s✐❣♥❛❧✳ ❉♦ ✐t ❛❣❛✐♥ ✉♥t✐❧ ②♦✉✬r❡ s❛t✐s✜❡❞✳ ❇❡st t❤✐♥❣✱ ✐s t♦ ❦❡❡♣ t❤❡ s❛♠❡ ♦r❞❡r✳ ❖♥❝❡
t❤❡ s✐❣♥❛❧ s❡❡♠s ❣♦♦❞ t♦ ②♦✉✱ ②♦✉ s❤♦✉❧❞ t❛❦❡ ❝❛r❡ ♦❢ t❤❡ ❞✐r❡❝t✐♦♥s ♦❢ t❤❡ s✐❣♥❛❧✳

❋♦r t❤✐s st❡♣✱ ♣❧❛❝❡ t❤❡ ❞❡t❡❝t♦rs ♦♥ ❛ ♠♦t♦r✐③❡❞ ✸ ❛①✐s st❛❣❡ ✐s r❡❝♦♠♠❡♥❞❡❞✳
■♥❞❡❡❞✱ ②♦✉ ❤❛✈❡ t♦ ♣❧❛❝❡ t❤❡ s✐❣♥❛❧ ♦♥ ❛ str❛✐❣❤t ❧✐♥❡✱ t♦ ❞♦ s♦✱ ✜♥❞ t❤❡ s✐❣♥❛❧ ❛t ❛
♣❧❛❝❡ ❝❧♦s❡ t♦ t❤❡ ❝r②st❛❧✱ t❤❡♥ ❢♦❧❧♦✇✐♥❣ t❤❡ ① ❛①✐s ✭t❤✐s s❤♦✉❧❞ ❜❡ t❤❡ ❞✐r❡❝t✐♦♥ t❤❡
❚❍③ ❛r❡ ❢♦❧❧♦✇✐♥❣✮ ❣♦ t♦ t❤❡ ♠♦st ❢❛r ♦❢ t❤❡ ♣♦s✐t✐♦♥ ②♦✉ ❝❛♥✳ ❚❤❡♥ ✉s❡ t❤❡ r♦t❛t✐♦♥
st❛❣❡ ♦❢ t❤❡ ❝r②st❛❧ t♦ ♠❛①✐♠✐③❡ t❤❡ s✐❣♥❛❧✳ ●♦ t♦ t❤❡ ♦❧❞ ♣♦s✐t✐♦♥ ♠❛①✐♠✐③❡ t❤❡ s✐❣♥❛❧
✉s✐♥❣ t❤❡ ❣r❛t✐♥❣✳ ❘❡✐t❡r❛t❡ ✉♥t✐❧ s❛t✐s✜❡❞✳ ❚❤✐s ♦♣❡r❛t✐♦♥ s❤♦✉❧❞ ❣✐✈❡ ②♦✉ ❛ str❛✐❣❤t
❛♥❞ ❝♦❧❧✐♠❛t❡❞ ❜❡❛♠✳ ❆t t❤✐s ♣♦✐♥t ②♦✉ s❤♦✉❧❞ ❝❤❡❝❦ t❤❡ ❞✐✈❡r❣❡♥❝❡ ♦❢ ②♦✉r ❜❡❛♠✳ ■t
✐s ✐♠♣♦rt❛♥t t♦ ❤❛✈❡ t❤❡ ❧❡ss ❞✐✈❡r❣❡♥t ♣♦ss✐❜❧❡ ❜❡❛♠ ❢♦r t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ♣❛r❛❜♦❧❛✳

❋✐❣✉r❡ ✷✳✽✿ P✐❝t✉r❡ ✉♥tr❡❛t❡❞ ♦❢ t❤❡ ❝❛♠❡r❛✳ ❈✉r✈❡s ♦♥ t♦♣ ❛♥❞ ♦♥ t❤❡ s✐❞❡s ❛r❡
r❡s♣❡❝t✐✈❡❧② ✈❡rt✐❝❛❧ ❛♥❞ ❤♦r✐③♦♥t❛❧ ♣r♦❥❡❝t✐♦♥s ♦❢ t❤❡ ❜❡❛♠✳ ❚❤❡ ❋❲❍▼ ♣r❡s❡♥t❡❞ ✐s
♦❜t❛✐♥❡❞ ❢r♦♠ ❛ ●❛✉ss✐❛♥ ✜t ♦❢ t❤❡ ❞❛t❛✳

❚♦ ♣r♦❝❡ss t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ♣❛r❛❜♦❧❛ ❛ ❝✉st♦♠ ♣❧❛t❡ ✇❛s r❡❛❧✐③❡❞ ❜② ♦✉r ✇♦r❦✲
s❤♦♣✳ ❚❤✐s ♣❧❛t❡ ❧✐♠✐ts t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✳ ❋✐rst✱ t❤❡ ♠❡t❛❧❧✐❝
♣❧❛t❡ ♠✉st ❜❡ ❛❧✐❣♥❡❞ ♦✉ts✐❞❡ t❤❡ ❚❍③ ❜♦①✳ ❆♥ ❡①t❡r♥❛❧ ❞✐♦❞❡ ✐s r❡❝♦♠♠❡♥❞❡❞ t♦ ❜❡
✉s❡❞✳ ❆ ❜❡❛♠ s♣❧✐tt❡r ♠✉st ❜❡ ✉s❡❞ t♦ ❣❡♥❡r❛t❡ t✇♦ ❧✐❣❤t ❜❡❛♠s✱ t❤❡ ♣♦✐♥ts ♠✉st tr❛✈❡❧
♣❛r❛❧❧❡❧ t♦ ❡❛❝❤ ♦t❤❡r ♦♥t♦ t❤❡ ✜rst ♣❛r❛❜♦❧❛✳ ❚❤❡ t✇♦ ❜❡❛♠s ♠✉st ❛rr✐✈❡❞ ♦♥ t❤❡ ❡❞❣❡s
♦❢ t❤❡ ✜rst ♣❛r❛❜♦❧❛✳ ■❢ ❡❛❝❤ ❢❡❡t ♦❢ t❤❡ ♠❡t❛❧❧✐❝ ♣❧❛t❡ ✐s ❛t t❤❡ r✐❣❤t ❤❡✐❣❤t✱ t❤❡ t✇♦
❜❡❛♠s s❤♦✉❧❞ ❝r♦ss ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ❧❛st ♣❛r❛❜♦❧❛ ❛t t❤❡ s❛♠❡ ❤❡✐❣❤t t❤❡② ✇❡r❡ ❜❡❢♦r❡
t❤❡② ❡♥t❡r t❤❡ s②st❡♠ ♦❢ ♣❛r❛❜♦❧❛✳

❖♥❝❡ t❤❡ ♠❡t❛❧❧✐❝ ♣❧❛t❡ ✐s ❛❧✐❣♥❡❞✱ t❤❡ ♣❧❛t❡ ❝❛♥ ❜❡ ♣❧❛❝❡ ✐♥ t❤❡ ❚❍③ ❜♦①✳ ❆
♣②r♦❡❧❡❝tr✐❝ ❝❛♠❡r❛ t❤❛t ❝❛♥ ❞❡t❡❝t ❚❍③ ♠✉st ❜❡ ✉s❡❞ t♦ ✈✐s✉❛❧✐③❡ t❤❡ ❜❡❛♠✳ ❚❤❡r❡
❛r❡ ♦♥❧② ✷ ❧✐❜❡rt② ❞❡❣r❡❡s t❤❛♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♦❜t❛✐♥ t❤❡ s♠❛❧❧❡st ❛♥❞ ♠♦st ✐♥t❡♥s❡

✺✸



❚❍③ ❢♦❝❛❧ s♣♦t✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ✜rst ♣❛r❛❜♦❧❛ ❛♥❞ t❤❡ ❚❍③ ❜❡❛♠
❞✐r❡❝t✐♦♥✱ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❧❛t❡ ✐♥ t❤❡ ♣❧❛♥❡ ♦❢ t❤❡ t❛❜❧❡✳ ❆❞❥✉st
t❤❡ ❛♥❣❧❡✱ t❤❡♥ t❤❡ ♣♦s✐t✐♦♥ t♦ ♦❜t❛✐♥ t❤❡ s♠❛❧❧❡st ❛♥❞ ♠♦st ✐♥t❡♥s❡ ❚❍③ ❜❡❛♠ ♦♥ t❤❡
❝❛♠❡r❛✳ ◆♦t❡ t❤❛t ②♦✉ ♠❛② ♥❡❡❞ t♦ ✉s❡ ❙✐ ✜❧t❡rs t♦ ❛tt❡♥✉❛t❡ t❤❡ ❜❡❛♠ ❛♥❞ ❛✈♦✐❞
s❛t✉r❛t✐♦♥ ♦♥ t❤❡ ♣②r♦❡❧❡❝tr✐❝ ❝❛♠❡r❛✳

✺✹



✷✳✹ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ s❛♠♣❧✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥

✷✳✹✳✶ ❉❛t❛ ❚r❡❛t♠❡♥t

❋✐❣✉r❡ ✷✳✾✿ ❊①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ✉s❡❞ ❢♦r t❤❡ ❊❧❡❝tr♦ ♦♣t✐❝❛❧ s❛♠♣❧✐♥❣✳ ❚❍③ ❛♥❞ t❤❡
✈✐s✐❜❧❡ ❧✐❣❤t ❛r❡ s❤♦✇♥ ♥♦t ❝♦❧✐♥❡❛r ❢♦r ❝❧❛r✐t②✳ P❉✶ ❛♥❞ P❉✷ ❛r❡ ♣❤♦t♦❞✐♦❞❡s✳ ❲P ✐s
❛ ❲♦❧❧❛st♦♥ ♣r✐s♠✳ λ/4 ✐s ❛ q✉❛rt❡r ✇❛✈❡ ❜❧❛❞❡✳

■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ ❝❛s❡ ✇❤❡r❡ t❤❡ ♣r♦❜❡ ✐s t❛❦❡♥ ❢r♦♠ t❤❡ ▼■❘❆ ✇✐t❤ r❡♣❡t✐t✐♦♥ r❛t❡
♦❢ ✼✽ ▼❍③✳ ▲✐❣❤t ✇❛s ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❢❛st✲♣❤♦t♦❞✐♦❞❡s ✭r✐s✐♥❣ t✐♠❡ ❛r♦✉♥❞ ✶✲✷ ♥s✮✳ ❚❤❡
♣❤♦t♦❞✐♦❞❡s ✇❡r❡ ❝♦♥♥❡❝t❡❞ t♦ t✇♦ ❞✐✛❡r❡♥t ❝❤❛♥♥❡❧s ♦❢ ❛ ▲❡❝r♦② ❖s❝✐❧❧♦s❝♦♣❡ ✇❤✐❝❤
✇❛s ✉s❡❞ ❢♦r ❞❛t❛ ❛❝q✉✐s✐t✐♦♥✳ ❚❤❡ ♦s❝✐❧❧♦s❝♦♣❡ ✇❛s tr✐❣❣❡r❡❞ ♦♥ ❛ ✶❦❍③ ❜❛s✐s ✇✐t❤ ❛
s✐❣♥❛❧ ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ❧❛s❡r t✐♠✐♥❣ t♦♦❧✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳
✷✳✾ ❘❛✇ ❞❛t❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✶✵✿

❆s t❤❡ ❚❍③ r❡♣❡t✐t✐♦♥ r❛t❡ ✐s ✶❦❍③ ♦♥❧② ♦♥❡ ♦❢ t❤❡ ♣r♦❜❡ ♣✉❧s❡ ✇✐❧❧ ❜❡ ♠♦❞✉❧❛t❡❞✳
❚❤❡ ✇✐♥❞♦✇ ♦❢ t❤❡ s❝♦♣❡ ✐s ❝❡♥t❡r❡❞ ♦♥ t❤❡ ♣✉❧s❡ ✇❤✐❝❤ ✐s ✐♥ t✐♠❡ ♦✈❡r❧❛♣ ✇✐t❤ t❤❡ ❚❍③✱
t❤✐s ♣✉❧s❡ ✐s ❝✐r❝❧❡❞ ✐♥ ❋✐❣✳✷✳✶✵✳ ❚❤✐s ♣✉❧s❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ❛s t❤❡r❡ ✐s st✐❧❧ ✽✵✵ ♥♠ t❤❛t
❢♦❧❧♦✇s t❤❡ ❚❍③ ♣❛t❤ ❜✉t ❤❛✈❡ ♥♦t ❜❡❡♥ tr❛♥s❢♦r♠❡❞✳ ❚❤✐s ❧❡❛❦ ✐s r❡♠♦✈❡❞ ❜② ♣❧❛❝✐♥❣
❛ ✜❧t❡r ✭❛ ♣✐❡❝❡ ♦❢ ♣❛♣❡r✱ ❙✐ ✇❛❢❡r✱ ❚❡✢♦♥ ❜❧♦❝❦✮✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ✐s st✐❧❧ ❛ s♠❛❧❧ ♣❛rt ♦❢
✐t t❤❛t ✐s s❤✐♥❡❞ ❜② r❡✢❡❝t✐♦♥ ✐♥ t❤❡ ❚❍③ ❜♦① ♦♥t♦ t❤❡ ♣❤♦t♦❞✐♦❞❡s✳ ❙✉❝❤ r❡✢❡❝t✐♦♥s ❛r❡
❞✐✣❝✉❧t t♦ ❝♦♠♣❧❡t❡❧② r❡♠♦✈❡ ❛♥❞ ❡①♣❧❛✐♥❡❞ ✇❤② t❤❡ ❝✐r❝❧❡❞ ♣✉❧s❡ ✐s ❛ ❜✐t ♠♦r❡ ✐♥t❡♥s❡
t❤❛♥ t❤❡ ♦t❤❡r ♦♥❡s✳ ❲❤❡♥ t❤❡ ❚❍③ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ❛r❡ ❛t ✵ ❞❡❧❛② t❤❡ s✐❣♥❛❧ ♦❢ ♦♥❡
♣❤♦t♦ ❞✐♦❞❡ ✐s ❞❡❝r❡❛s❡❞ ✇❤✐❧❡ t❤❡ ♦t❤❡r ♦♥❡ ✐♥❝r❡❛s❡❞ ❛s ♣r❡❞✐❝t❡❞ ✐♥ ❡q✉❛t✐♦♥ ✳ ❆♥
❡①❛♠♣❧❡ ♦❢ ✇❤❛t ♦♥❡ s❤♦✉❧❞ ❡①♣❡❝t ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✶✶✿

■ ✇✐❧❧ ♥♦✇ ❡①♣❧❛✐♥ ❤♦✇ t❤❡ ❞❛t❛ ❛r❡ r❡✜♥❡❞ ❢r♦♠ t❤❡ r❛✇ ❞❛t❛ t♦ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❚❤❡ t✐♠❡ ♣♦s✐t✐♦♥ ♦❢ ❡❛❝❤ ♣❡❛❦ ✐s ❞❡t❡r♠✐♥❡❞ ❛✉t♦♠❛t✐❝❛❧❧②✳ ❆♥②t❤✐♥❣ ❛❜♦✈❡ ❤❛❧❢ t❤❡
♣❡❛❦ ✈❛❧✉❡ ✐s ❧❛❜❡❧❡❞ ❛s ❛ ♣✉❧s❡✳ ❚❤❡♥✱ ❛ ✜①❡❞ ✈❛❧✉❡ ✐s ✉s❡❞ t♦ ❡①t❡♥❞ t❤❡ ♣✉❧s❡s✳ ❚❤❡
❜❛❝❦❣r♦✉♥❞ ❢♦r ❡❛❝❤ ♣✉❧s❡ ✐s ❛✉t♦♠❛t✐❝❛❧❧② s❡t✲✉♣ ❛s ✇❡❧❧ ❜② s❤✐❢t✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ t❤❡
♦❜t❛✐♥❡❞ ✇✐♥❞♦✇✳ ❚❤❡ ♣✉❧s❡s ❛♥❞ ❜❛❝❦❣r♦✉♥❞s ❛✉t♦♠❛t✐❝❛❧❧② ❢♦✉♥❞ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳ ✷✳✶✷✿

❋r♦♠ t❤❡ ♣✉❧s❡ r❛♥❣❡ ❞❡t❡❝t❡❞ ❛✉t♦♠❛t✐❝❛❧❧② ✇✐t❤ t❤❡ ♠❡t❤♦❞ ❡①♣❧❛✐♥❡❞ ❛❜♦✈❡✱ t❤❡
♣✉❧s❡ ✐s ✐♥t❡❣r❛t❡❞ t♦ ♦❜t❛✐♥ ✐ts ✐♥t❡♥s✐t②✳ ❚❤❡ ❝❡♥tr❛❧ ♣✉❧s❡ ✇❤✐❝❤ ✐s t❤❡ ♦♥❡ ♠♦❞✉❧❛t❡❞
❜② t❤❡ ❚❍③ ✐s ♥♦r♠❛❧✐③❡❞ ❜② t❤❡ ♠❡❛♥ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✈❛❧✉❡ ♦❢ ♣❡❛❦s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r✳
❚❤✐s ✐s ❞♦♥❡ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t s❤♦t t♦ s❤♦t ✈❛r✐❛t✐♦♥ ❛♥❞ ✐♥❝r❡❛s❡ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦✳

✺✺



❋✐❣✉r❡ ✷✳✶✵✿ ❘❛✇ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♦s❝✐❧❧♦s❝♦♣❡ s❤♦✇✐♥❣ t❤❡ t✇♦ ❝❤❛♥♥❡❧s✳ ❚❤❡
♣❡❛❦ ❝✐r❝❧❡❞ ✐s t❤❡ ♣❡❛❦ ✇❤✐❝❤ ♦✈❡r❧❛♣ ✐♥ t✐♠❡ ✇✐t❤ t❤❡ ❚❍③ ♣✉❧s❡ ❛♥❞ ✇✐❧❧ ❜❡ ♠♦❞✉❧❛t❡❞
❜② t❤❡ ❚❍③✳

❋✐❣✉r❡ ✷✳✶✶✿ ❘❛✇ ❞❛t❛ ❥✉st ❛s ❋✐❣✳✷✳✶✵ ❜✉t ❚❍③ ❛♥❞ ♣r♦❜❡ ❝♦✐♥❝✐❞❡ ✐♥ t✐♠❡✳

❚❤✐s ✐s ❞♦♥❡ ❢♦r ❜♦t❤ ♣❤♦t♦❞✐♦❞❡s ✐♥❞❡♣❡♥❞❡♥t❧②✳ ❚❤❡ ❊❖❙ s✐❣♥❛❧ ✐s t❤❡♥ ❝❛❧❝✉❧❛t❡❞
❢r♦♠ ❜♦t❤ ❞✐♦❞❡s ❛♥❞ t❤❡ ❊❧❡❝tr✐❝ ✜❡❧❞ ❝❛♥ ❜❡ r❡❝♦✈❡r❡❞ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥ts t❤❡ ❝r②st❛❧
♥♦♥ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ✜❡❧❞ tr❡❛t❡❞ ✉s✐♥❣ s✉❝❤ ♠❡t❤♦❞ ✐s ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳ ✷✳✶✸✳

✺✻



❋✐❣✉r❡ ✷✳✶✷✿ ❘❛✇ ❞❛t❛ ✇✐t❤ t❤❡ ♣✉❧s❡s ❛✉t♦♠❛t✐❝❛❧❧② ❢♦✉♥❞✳ ❚❤❡ ♦r❛♥❣❡ ❜❛❝❦❣r♦✉♥❞
r❡♣r❡s❡♥ts t❤❡ ♣✉❧s❡ ❛♥❞ t❤❡ ❣r❡❡♥ ♦♥❡ r❡♣r❡s❡♥ts ✇❤❡r❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐s t❛❦❡♥✳

❋✐❣✉r❡ ✷✳✶✸✿ ❊①❛♠♣❧❡ ♦❢ ❛ ✜❡❧❞ ♠❡❛s✉r❡ ✉s✐♥❣ ♦✉r ❊❖❙ s❡t✲✉♣ ❛♥❞ ❞❛t❛ tr❡❛t♠❡♥t✳

✷✳✹✳✷ ■♠♣❛❝t ♦❢ ❛ ❜r♦❛❞❜❛♥❞ s♦✉r❝❡ ♦♥ t❤❡ ❊❖❙ ❞❡t❡❝t✐♦♥

◆♦ ❢s ❧❛s❡r ❛r❡ ♣❡r❢❡❝t❧② ♠♦♥♦❝❤r♦♠❛t✐❝ ❛♥❞ s❤♦✇ ❛ ❜r♦❛❞ ❜❛♥❞ s♣❡❝tr❛✳ ■♥ ♦✉r ❝❛s❡✱
✇❡ ❛r❡ ✉s✐♥❣ ❛ ♠♦❞❡ ❧♦❝❦❡❞ ❧❛s❡r ❢r♦♠ ❛♥ ♦♣t✐❝❛❧ ♦s❝✐❧❧❛t♦r✱ ✐t ♣r❡s❡♥ts ❛ s♣❡❝tr❛ ✇❤✐❝❤
✐s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✶✹✿

❋r♦♠ ❊q✉❛t✐♦♥ ❆✳✷✻ t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ♣r♦❜❡ ♣✉❧s❡ ✐s ✐♠♣♦rt❛♥t ❛♥❞ t❤❡r❡❢♦r❡
t❤❡ ❜r♦❛❞ ❜❛♥❞ s♣❡❝tr❛ ♦❢ t❤❡ ♣r♦❜❡ ♠✐❣❤t ❛❧t❡rs t❤❡ s✐❣♥❛❧✳

■♥ ❋✐❣✳ ✷✳✶✺ ✐s ♣❧♦tt❡❞ t❤❡ r❡s✉❧ts ♦❢ ❊q✳❆✳✷✻ ❢♦r ❞✐✛❡r❡♥t ✇❛✈❡❧❡♥❣t❤✳ ❆s ❡①♣❡❝t❡❞
t❤❡ Emax ✈❛❧✉❡ ✐✳❡✳ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ✇❤❡r❡ ∆I

I
= 1 ✐s s❤✐❢t✐♥❣ ❞❡♣❡♥❞✐♥❣ ♦❢ t❤❡

✺✼



❋✐❣✉r❡ ✷✳✶✹✿ ❙♣❡❝tr❛ ❢r♦♠ ♦✉r ♦s❝✐❧❧❛t♦r s♦✉r❝❡ ✇❤✐❝❤ ❋❲❍▼ ✐s ✹✵ ♥♠

❋✐❣✉r❡ ✷✳✶✺✿ ❋✉❧❧ ❧✐♥❡s ❛r❡ r❡♣r❡s❡♥t✐♥❣ ❞✐✛❡r❡♥t s✐❣♥❛❧ ✈❛❧✉❡s ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr✐❝
✜❡❧❞ ❢♦r ❞✐✛❡r❡♥t ✇❛✈❡❧❡♥❣t❤✳ ❉❛s❤❡❞ ❧✐♥❡s ✐s t❤❡ ✐♥t❡❣r❛t❡❞ ✈❛❧✉❡ ♦❜t❛✐♥ ❢♦❧❧♦✇✐♥❣ t❤❡
s♣❡❝tr❛ s❤♦✇ ✐♥ ❋✐❣ ✷✳✶✹

✇❛✈❡❧❡♥❣t❤ ✐s ❝❤❛♥❣✐♥❣✳ ■♥ ❞❛s❤❡❞ ❧✐♥❡ ✐s ♣❧♦tt❡❞ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ✉s✐♥❣ ❛ ●❛✉ss✐❛♥
♣r♦❜❛❜✐❧✐t② ❧❛✇ ♦✈❡r t❤❡ ✇❛✈❡❧❡♥❣t❤ ❢♦❧❧♦✇✐♥❣ t❤❡ s♣❡❝tr❛ s❤♦✇ ✐♥ ❋✐❣✳✷✳✶✹✳ ❚❤❡ ✈❛❧✉❡

✺✽



✐s ❛❧♠♦st ♥♦t ♠♦❞✐✜❡❞ ✐♥ t❤✐s ❝❛s❡✳
■♥ ❢❛❝t✱ t❤❡ ✈❛❧✉❡ ❜❡❣✐♥s t♦ ❝❤❛♥❣❡ ❢♦r ❛ s♣❡❝tr❛ ✇✐t❤ ❋❲❍▼ ♦❢ ❛r♦✉♥❞ ✷✵✵♥♠

✭✇❤✐t❡ ❧✐❣❤t✮ ✇❤✐❝❤ ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✶✻✿

❋✐❣✉r❡ ✷✳✶✻✿ ■♥t❡❣r❛t❡❞ s✐❣♥❛❧ ❢♦r t❤❡ s❛♠❡ ❝❡♥tr❛❧ ✇❛✈❡❧❡♥❣t❤ ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t ❞✐s✲
♣❡rs✐♦♥✳

❚♦ ❝♦♥❝❧✉❞❡✱ t❤❡ ✐♠♣❛❝t ♦❢ ❜r♦❛❞❜❛♥❞ s♣❡❝tr❛ ♦❢ ✹✵ ♥♠ ❜❛♥❞✇✐❞t❤ ✐s ♦❢ t❤❡ ♦r❞❡r ♦❢
✵✳✵✵✶✳ ❊✈❡♥ ✇❤❡♥ ✉s✐♥❣ ✇❤✐t❡ ❧✐❣❤t ✇✐t❤ s♣❡❝tr❛ ❣♦✐♥❣ ❢r♦♠ ✹✵✵ t♦ ✶✷✵✵ ♥♠ t❤❡ ❡✛❡❝ts
✐s ❛ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ ♠❛①✐♠✉♠ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞ ❛ ❞✐♠✐♥✉t✐♦♥ ♦❢ t❤❡ ♠❛①✐♠✉♠ s✐❣♥❛❧
t❤❛t ②♦✉ ❝❛♥ ♦❜s❡r✈❡✳ ❆s s✉❝❤✱ ❛♥② ❧✐❣❤t ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞♦ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ s❛♠♣❧✐♥❣
♠❡❛s✉r❡♠❡♥ts✳

✺✾



✷✳✺ ❊❖❙ ■♠❛❣❡r②

❲❤❡♥ ❞❡❛❧✐♥❣ ✇✐t❤ ✐♥t❡♥s❡ ❚❍③ r❛❞✐❛t✐♦♥ s♦✉r❝❡✱ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❡❛♠ ✇❛✐st ❛♥❞
❡♥❡r❣② ❛r❡ ✐♠♣♦rt❛♥t✳ ❙t❛♥❞❛r❞ ❊❖❙ ❛❧❧♦✇s t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ❡❧❡❝tr✐❝
✜❡❧❞ ❛♥❞ t❤❡ s♣❡❝tr❛❧ s❤❛♣❡ ❛s ✇❡❧❧✳ ❍♦✇❡✈❡r✱ ②♦✉ ❝❛♥♥♦t ♠❡❛s✉r❡ t❤❡ ❜❡❛♠ ✇❛✐st✳
❊❖❙ ✐♠❛❣❡r② ✐s ❛ s✐♠♣❧❡ tr✐❝❦ t❤❛t ❛❧❧♦✇s t❤✐s ♠❡❛s✉r❡✳ ❚❤✐s t❡❝❤♥✐q✉❡ ❤❛s ❜❡❡♥ ✉s❡❞
❜② ❲✉ ❛♥❞ ❛❧✳ ❬✺✻❪ ❛♥❞ ✇❡ ♣r♦♣♦s❡ ❤❡r❡ ❛♥ ❛❞❛♣t❛t✐♦♥ t♦ ♦✉r ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✳

❋✐❣✉r❡ ✷✳✶✼✿ ❆✮ ❚❤❡ ♣r♦❜❡ ❜❡❛♠ ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ❚❍③ ❜❡❛♠ ❡♥❞✐♥❣ ✇✐t❤ ❛ ❢✉❧❧
❝❤❛♥❣❡ ✐♥ t❤❡ ♣♦❧❛r✐③❛t✐♦♥✳ ❇✮ ❚❤❡ ♣r♦❜❡ ❜❡❛♠ ✐s ❜✐❣❣❡r t❤❛♥ t❤❡ ❚❍③✱ ♦♥❧② t❤❡ ♣❛rt
✇❤❡r❡ t❤❡② ♦✈❡r❧❛♣ s❡❡ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ♣♦❧❛r✐③❛t✐♦♥✳

■♥ st❛♥❞❛r❞ ❊❧❡❝tr♦ ♦♣t✐❝❛❧ s❛♠♣❧✐♥❣ t❤❡ ❜❡❛♠ ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ s✐③❡ ♦❢ t❤❡ ❚❍③
❢♦❝✉s✳ ❚❤❡♥✱ t❤❡ ❚❍③ ✇✐❧❧ ❝❤❛♥❣❡ t❤❡ ✇❤♦❧❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ❜❡❛♠ ✇❤✐❝❤ ❡♥❞s ✉♣ ✐♥
❛ ❝❤❛♥❣❡ ♦❢ ✐♥t❡♥s✐t② ❢♦r t❤❡ ✇❤♦❧❡ ❜❡❛♠ ✉s✐♥❣ ❊❖❙✳

❍♦✇❡✈❡r✱ ✇✐t❤ ❊❖❙ ✐♠❛❣❡r②✱ t❤❡ ♣r♦❜❡ ✐s ❜✐❣❣❡r t❤❛♥ t❤❡ ❚❍③ ❜❡❛♠✳ ❚❤❡r❡❢♦r❡✱
♦♥❧② t❤❡ ♣❛rt ♦✈❡r❧❛♣♣✐♥❣ ✇✐t❤ t❤❡ ❚❍③ ❜❡❛♠ ✇✐❧❧ s❡❡ ❛ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ ♣♦❧❛r✐③❛t✐♦♥
❛♥❞ t❤❡r❡❢♦r❡ ❛ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ ✐♥t❡♥s✐t② ✇❤✐❝❤ ✇✐❧❧ ❜❡ s♣❛t✐❛❧❧② ❞❡♣❡♥❞❡♥t✳ ❆♥❛❧②③✐♥❣
t❤✐s s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ✇✐❧❧ ❛❧❧♦✇ ✉s t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ s✐③❡ ♦❢ t❤❡ ❜❡❛♠✳ ❋✐❣ ✷✳✶✼ ✐s
r❡s✉♠✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❊❖❙✳

✷✳✺✳✶ ❊❧❡❝tr♦ ♦♣t✐❝❛❧ s❛♠♣❧✐♥❣ ■♠❛❣❡r② ❙❡t✲✉♣ ❛♥❞ r❡♣❡t✐t✐♦♥
r❛t❡

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✶✾✱ ♥♦t❡ t❤❛t ✇❡ ✉s❡❞ ❛ s❡t ♦❢ ❧❡♥s❡s t♦
❛✈♦✐❞ ❞✐✛r❛❝t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ t❤r♦✉❣❤ t❤❡ ❤♦❧❡ ♦❢ t❤❡ ♣❛r❛❜♦❧❛✳ ❚❤✐s ♠❛❣♥✐❢②✐♥❣ ❡✛❡❝t
♥❡❡❞ t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✇❤❡♥ ❛♥❛❧②③✐♥❣ t❤❡ ✐♠❛❣❡s✳ ■♥ ♦r❞❡r✱ t♦ q✉❛♥t✐❢② t❤❡
♠❛❣♥✐❢②✐♥❣✱ ❛ ❝❛❧✐❜r❛t✐♦♥ ♠✉st ❜❡ r❡❛❧✐③❡❞✳ ❆ ♣♦✐♥t ✇❛s t❛❦❡♥ ❛s ❛ r❡❢❡r❡♥❝❡ ♦♥ t❤❡
✐♠❛❣❡ ♦❢ t❤❡ ❝❛♠❡r❛ ✭✐♥ ♦✉r ❝❛s❡ t❤❡ ❡❞❣❡ ♦❢ t❤❡ ❝r②st❛❧✮ ❛♥❞ t❤❡♥ ♠♦✈❡❞ ❜② ❛ ♣r❡❝✐s❡
❞✐st❛♥❝❡✱ ✇❡ t❤❡♥ ❝♦♠♣❛r❡ ✐t t♦ t❤❡ ♦❜s❡r✈❡❞ ❞✐s♣❧❛❝❡♠❡♥t t♦ ❝♦♠♣✉t❡ t❤❡ ♠❛❣♥✐❢②✐♥❣
❡✛❡❝t✳

❯s✉❛❧❧②✱ ✇❡ ❛r❡ ✉s✐♥❣ ❛♥ ❤✐❣❤ r❡♣❡t✐t✐♦♥ r❛t❡ ♣r♦❜❡ t♦ ✐♥❝r❡❛s❡ t❤❡ s✐❣♥❛❧ t♦ ♥♦✐s❡
r❛t✐♦♥ ✇❤❡♥ ❞❡❛❧✐♥❣ ✇✐t❤ st❛♥❞❛r❞ ❊❖❙✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ✐♠❛❣❡r② t❤✐s ✐s ♥♦t ❛ ❣♦♦❞
♦♣t✐♦♥✳ ■♥❞❡❡❞ ❛s s❤♦✇ ✐♥ ❋✐❣✳ ✷✳✶✽ ♦♥❧② ✵✳✶✪ ♦❢ t❤❡ s❤♦ts ♦❢ t❤❡ ♣r♦❜❡ ❛r❡ s②♥❝❤r♦♥✐③❡❞

✻✵



✇✐t❤ t❤❡ ♣✉♠♣✳ ❯s✐♥❣ ❛♥ ♦s❝✐❧❧♦s❝♦♣❡ ❛s t❤❡ ❞❡t❡❝t♦r ✇✐❧❧ ♥♦t ❤❛✈❡ ❛♥② ✐♠♣❛❝t ♦❢ t❤❡
♠❡❛s✉r❡♠❡♥t ❜❡❝❛✉s❡ t❤❡ ✐♥t❡❣r❛t✐♦♥ ✇✐♥❞♦✇ ✐s r❡❛❧❧② s♠❛❧❧✳ ❍♦✇❡✈❡r✱ ✉s✐♥❣ ❛ ❝❛♠❡r❛
✇❤✐❝❤ ❤❛s ❛ ♠✉❝❤ ❜✐❣❣❡r ✐♥t❡❣r❛t✐♦♥ ✇✐♥❞♦✇ ✇✐❧❧ ❝❛✉s❡ ♣r♦❜❧❡♠✳ ❆s ✐♥t❡❣r❛t✐♦♥ ✐s
❜❛s✐❝❛❧❧② ❛ s✉♠✱ t❤❡ s✐❣♥❛❧ ✇✐❧❧ ❜❡ ❛✈❡r❛❣❡❞ ✐♥ t❤❡ ♥♦✐s❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡r❡ ✐s ❛ ♥❡❡❞ t♦
❤❛✈❡ t❤❡ r❡♣❡t✐t✐♦♥ r❛t❡ ♠❛t❝❤✐♥❣ ❢♦r ❜♦t❤ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ❜② ❡✐t❤❡r ✉s✐♥❣ ❛♥ ♦♣t✐❝❛❧
❝❤♦♣♣❡r ♦r t♦ ❝❤❛♥❣❡ t❤❡ ♣r♦❜❡ ❛♥❞ ✉s❡ ❛ ❧❡❛❦ ❢r♦♠ t❤❡ ♦♣t✐❝❛❧ ♣✉♠♣ ♦❢ t❤❡ ❚❍③✳

❋✐❣✉r❡ ✷✳✶✽✿ ❋✐❣✉r❡ s❤♦✇✐♥❣ t❤❡ t❡♠♣♦r❛❧ ♦✈❡r❧❛♣ ❜❡t✇❡❡♥ t❤❡ ♣✉♠♣ ❛♥❞ t❤❡ ♣r♦❜❡ ✐♥
❛ ❝❛s❡ ✇❤❡r❡ t❤❡ r❡♣❡t✐t✐♦♥ r❛t❡ ♦❢ t❤❡ ♣r♦❜❡ ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ ♦♥❡ ♦❢ t❤❡ ♣✉♠♣✳ ❚❤❡
❞♦t ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ t✐♠❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ❝❛♠❡r❛✳

✻✶



❋✐❣✉r❡ ✷✳✶✾✿ ❇❙ ✿ ❇❡❛♠ ❙♣❧✐tt❡r✱ ▲✶ ❛♥❞ ▲✷ ✿ ❝♦♥✈❡① ❧❡♥s❡s✱ ❲P✿ ❲♦❧❧❛st♦♥ Pr✐s♠✳
❚❤❡ ❢✉❧❧ ❜❡❛♠ ✐s ❣♦✐♥❣ t❤r♦✉❣❤ ❇❙ t♦ ❤❛✈❡ t✇♦ ❜r❛♥❝❤✱ t❤❡ ✜rst ♦♥❡ ✐s t♦ ❣❡♥❡r❛t❡ ❚❍③
✿ t❤❡ ♣✉♠♣✱ t❤❡ ♦t❤❡r ♦♥❡ s❡r✈❡s ❛s ♣r♦❜❡✳ ❚❍③ ❜❡❛♠ ✐s t❤❡♥ ❝♦❧❧✐♠❛t❡❞ ❛♥❞ r❡❢♦❝✉s❡❞
❜② P❛r❛❜♦❧✐❝ ♠✐rr♦rs ♦♥t♦ t❤❡ ❩♥❚❡ ✇❤✐❝❤ ✐s ♦✉r ❊❖❙ ❝r②st❛❧✳ ❚❤❡ ♣r♦❜❡ ❜❡❛♠ ❣♦❡s
t❤r♦✉❣❤ ❛ ❞❡❧❛② ❧✐♥❡ t♦ s❡❡ t❤❡ ❚❍③ ❜❡❛♠ ❛t ❞✐✛❡r❡♥t t✐♠✐♥❣s✳ ❍❡r❡✱ ✇❡ ✉s❡❞ ❛ s❡t
♦❢ ❧❡♥s❡s t♦ ❛✈♦✐❞ ❞✐✛r❛❝t✐♦♥ ♦❢ t❤❡ ❤♦❧❡ ♦❢ t❤❡ ♣❛r❛❜♦❧❛✳ ❋✐♥❛❧❧②✱ ♦♥❝❡ t❤❡ ❜❡❛♠ ✐s
❝♦❧❧✐♠❛t❡❞✱ t❤❡ ♣r♦❜❡ ✐s ❣♦✐♥❣ t❤r♦✉❣❤ ❛ q✉❛rt❡r✲✇❛✈❡ ❜❧❛❞❡ t❤❡♥ t❤r♦✉❣❤ ❛ ❲♦❧❧❛st♦♥
♣r✐s♠✳ ❖♥❧② ♦♥❡ ♣❛rt ♦❢ t❤❡ ❜❡❛♠ ✐s ❞❡t❡❝t❡❞ ❜② ❛ ❈❛♠❡r❛✳

✷✳✺✳✷ ❉❛t❛ ❆♥❛❧②s✐s

❚♦ ♦❜t❛✐♥ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡✱ ❡❛❝❤ ♣✐①❡❧ ♦❢ t❤❡ ❝❛♠❡r❛ ♠✉st ❜❡
tr❡❛t❡❞ ✐♥❞❡♣❡♥❞❛♥t❧② ❛s ❛ s✐♥❣❧❡ ❊❖❙ tr❛❝❡✳ ■♥❞❡❡❞✱ t❤❡ ✉s✉❛❧ ❊❖❙ ♠❡❛s✉r❡♠❡♥t ✐s
t❛❦✐♥❣ t❤❡ ♠♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ ❝❡♥tr❛❧ ♣✐①❡❧s✳ ❆s s✉❝❤ ❧♦♦❦✐♥❣ ❛t t❤❡ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❡✈❡r②
♣✐①❡❧ ✐s ❛ ❣♦♦❞ tr✐❝❦ t♦ r❡❝♦✈❡r t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡✳ ❇❡❝❛✉s❡ ♦❢ t❤❡
r❡♣❡t✐t✐♦♥ r❛t❡ ✉s❡❞✱ t❤❡ r❡❢❡r❡♥❝❡ ♠✉st ❜❡ t❛❦❡♥ ❛t ♥❡❣❛t✐✈❡ t✐♠❡ ❞❡❧❛② ❛s t❤❡ ♣✉❧s❡ ✐s
♥♦t ♠♦❞✐✜❡❞ ✐♥ t❤❛t ❝❛s❡✳ ❚❛❦✐♥❣ t❤❡ r❡❧❛t✐✈❡ ♠♦❞✉❧❛t✐♦♥ ♦✈❡r t❤✐s ✐♠❛❣❡ ❛t ❡❛❝❤ t✐♠❡
❞❡❧❛② ❛❧❧♦✇s t♦ s❡❡ t❤❡ ♣✐❝t✉r❡ ♦❢ t❤❡ ❚❍③ ❡✈♦❧✈✐♥❣ ✐♥ t✐♠❡✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ t✐♠❡
❛♥❞ s♣❛t✐❛❧ ❡✈♦❧✉t✐♦♥ ♦❜t❛✐♥ t❤r♦✉❣❤ ❊❖❙ ✐♠❛❣❡r② ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✷✵

❲❡ ❝❛♥ ♦❜s❡r✈❡ t❤❡ s♣❛t✐❛❧ ♠♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ ❚❍③ ❜❡❛♠✳ ❚❤❡ r✐♥❣ t❤❛t ❝❛♥ ❜❡
♦❜s❡r✈❡❞ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ✇❤❡♥ t❤❡ ❚❍③ ✜❡❧❞ ✐s ❤✐❣❤ ❡♥♦✉❣❤ t♦ ♠❛❦❡ t❤❡ ♠♦❞✉❧❛t✐♦♥
❤✐❣❤❡r t❤❛♥ ♦♥❡ ✐♥ t❤❡ ❊❧❡❝tr♦ ♦♣t✐❝ ❝r②st❛❧✳

✷✳✺✳✸ ❇❡❛♠✇❛✐st ❞❡t❡r♠✐♥❛t✐♦♥

❖♥❝❡ ❞❛t❛ ❤❛s ❜❡❡♥ tr❡❛t❡❞✱ ♦♥❡ ❝❛♥ ✜♥❞ t❤❡ ♣r♦✜❧❡ ♦❢ t❤❡ ❜❡❛♠✳ ❯s✉❛❧❧②✱ t❤❡ ❜❡❛♠
✇❛✐st ✐s ❞❡♣❡♥❞✐♥❣ ♦❢ t❤❡ ✐♥t❡♥s✐t②✳ ❲✐t❤ ❊❖❙✱ ♦♥❧② t❤❡ ✜❡❧❞ ✐s ♠❡❛s✉r❡❞✱ t❤❡r❡❢♦r❡ t❤❡
❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ sq✉❛r❡ ♦❢ t❤❡ ❜❡❛♠ ✐s ♥❡❡❞❡❞✳ ❚♦ ❝♦♠♣❛r❡ ✇✐t❤ ♦t❤❡r ✐♥str✉♠❡♥ts
✇❤✐❝❤ ✐♥t❡❣r❛t❡s ♦✈❡r t✐♠❡✱ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦✈❡r t❤❡ ✇❤♦❧❡ s❡t ♦❢ ✐♠❛❣❡ ✐s r❡q✉✐r❡❞✳
❘❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✷✶ ❛t ❜❡st ❢♦❝✉s ✉s✐♥❣ t❤❡ ❜❡❛♠ ❢r♦♠ t❤❡ ❯❙P✳

❇❡❛♠✇❛✐st ❤❛s ❜❡❡♥ ♠❡❛s✉r❡❞ ❛t ❞✐✛❡r❡♥t ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❩♥❚❡ t♦ ✜♥❞ t❤❡ ♣❧❛❝❡
✇❡r❡ t❤❡ ❚❍③ ❜❡❛♠✇❛✐st ✐s t❤❡ s♠❛❧❧❡st✳ ❋✐❣✳ ✷✳✷✷ ♣r❡s❡♥ts t❤❡ ♠❡❛s✉r❡❞ ❢✇❤♠ ❛t
❞✐✛❡r❡♥t ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❩♥❚❡✳ ❙♠❛❧❧❡st ❜❡❛♠✇❛✐st ♦❜t❛✐♥❡❞ ✐s ✵✳✻ ♠♠ ✐♥ ❜♦t❤ ❞✐r❡❝t✐♦♥s
✭t❤✐s ❚❍③ ❜❡❛♠ ✇❛s ❣❡♥❡r❛t❡❞ ✇✐t❤ t❤❡ ❯❙P✮✳

✻✷



❋✐❣✉r❡ ✷✳✷✵✿ ■♠❛❣❡s t❛❦❡♥ ❜② t❤❡ ❝❛♠❡r❛ ❛❢t❡r ❞✐✛❡r❡♥t ❞❡❧❛② ❜❡t✇❡❡♥ t❤❡ ♣r♦❜❡ ❛♥❞
t❤❡ ❚❍③ ♣✉❧s❡✳

❋✐❣✉r❡ ✷✳✷✶✿ ❚❤❡ ❝❡♥tr❛❧ ✐♠❛❣❡ ✐s ♦❜t❛✐♥❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ ♦✈❡r t✐♠❡ t❤❡ sq✉❛r❡ ♦❢ t❤❡
✜❡❧❞✳ ❚❤❡ t✇♦ ✶❉ ♣❧♦ts r❡♣r❡s❡♥ts t❤❡ ✜t ✉s✐♥❣ ❛ ❣❛✉ss✐❛♥ ♣r♦✜❧❡ ❛❧♦♥❣ ♦♥❡ ❛①✐s✳ ❋✉❧❧
✇✐❞t❤ ❛t ❍❛❧❢ ▼❛①✐♠✉♠ ✐s ❣✐✈❡♥ ✐♥ ♠♠✳

✷✳✻ ❚❍③ ❇❡❛♠ ❈❤❛r❛❝t❡r✐③❛t✐♦♥

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

♠❛♥❞❛t♦r②✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❚❡r❛❍❡rt③ s♦✉r❝❡
■ ❜✉✐❧t✳ ❆❧❧ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s s❡❝t✐♦♥ ✇❡r❡ ♠❡❛s✉r❡❞ ✉s✐♥❣ t❤❡
❊▲■❚❊ ✐♥ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥✿ ✹ ♠❏ ❛t ✶ ❦❍③ r❡♣❡t✐t✐♦♥ r❛t❡✱ ♣✉❧s❡ ❝❡♥t❡r❡❞ ❛t ✽✵✵ ♥♠
✇✐t❤ ✶✵✵ ❢s ♣✉❧s❡ ❞✉r❛t✐♦♥✳ ■ ✇✐❧❧ ✜rst ♣r❡s❡♥t t❤❡ s✐③❡ ♦❢ t❤❡ ❚❍③ s♣♦t ❛❢t❡r t❤❡ LiNbO3

❝r②st❛❧ ❛♥❞ ✐ts ❞✐✈❡r❣❡♥❝❡ ❛s ✇❡❧❧ ♦❢ ❤♦✇ ■ ♠❡❛s✉r❡❞ ✐t✳ ❚❤❡♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ ❢♦❝❛❧
s♣♦t ♦❜t❛✐♥❡❞ ❛❢t❡r t❤❡ ✸ ♣❛r❛❜♦❧✐❝ ♠✐rr♦rs ❛♥❞ ✜♥❛❧❧② ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞
♠❡❛s✉r❡❞ ✈✐❛ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ ❙❛♠♣❧✐♥❣✳

✻✸



❋✐❣✉r❡ ✷✳✷✷✿ ❋❲❍▼ ✐♥ ❜♦t❤ ❞✐r❡❝t✐♦♥s ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❩♥❚❡

■ ✉s❡❞ ❛ P②r♦❝❛♠ ■■■ ❢r♦♠ ❙♣✐r✐❝♦♥ t♦ ♠❡❛s✉r❡ t❤❡ s♣♦t s✐③❡ ❛t t❤❡ ❡①✐t ♦❢ t❤❡ ▲◆
❝r②st❛❧✳ ❚❤❡ ❝❛♠❡r❛ ✇❛s ✜①❡❞ ♦♥ ❛ t❤r❡❡ ❢♦❧❞ ❛①✐s ♠♦t♦r✐③❡❞ st❛❣❡✳ ❆ s❝❤❡♠❡ ♦❢ t❤❡
❡①♣❡r✐♠❡♥t ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✷✳✷✸✳ ❚❤❡ ❝❛♠❡r❛ ✐s ♠♦✈❡❞ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ♣r♦♣❛❣❛t✐♦♥
♦❢ t❤❡ ❚❍③ ❜❡❛♠✳

❋✐❣✉r❡ ✷✳✷✸✿ ■♥ ♦r❞❡r t♦ ♠♦♥✐t♦r t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥✱
t❤❡ ❝❛♠❡r❛ ✐s ♠♦✈✐♥❣ ❛❧♦♥❣ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ③ ❛①✐s✳

❆ ✜rst ♣✐❝t✉r❡ ❤❛s ❜❡❡♥ t❛❦❡♥ ✺ ♠♠ ❛❢t❡r t❤❡ ❣❡♥❡r❛t✐♥❣ ❝r②st❛❧ ❛s ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✷✳✷✹✳ ❚❤❡ ❚❍③ s♣♦t s✐③❡ ✐s ✷✳✶✴✷✳✵ ♠♠ ❛t t❤❡ ❡①✐t ♦❢ t❤❡ ❝r②st❛❧ ❢♦r ♦✉r s❡t✲✉♣✳

❇② ♠♦✈✐♥❣ t❤❡ ❝❛♠❡r❛ ❛❧♦♥❣ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❛①✐s✱ t❤❡ ❞✐✈❡r❣❡♥❝❡ ♦❢ t❤❡ ❜❡❛♠ ❝❛♥
❜❡ ❡①tr❛❝t❡❞✳ ❋✐rst✱ ■ ✇✐❧❧ ❞❡✜♥❡ t❤❡ ❞✐✈❡r❣❡♥❝❡ ♦❢ ❛ ❜❡❛♠✱ t❤✐s ✐s t❤❡ ❛♥❣❧❡ ❜❡❛♠
❜❡t✇❡❡♥ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥ ❝❤♦s❡♥✳ ❚❤❡r❡❢♦r❡ t❤❡r❡ ✐s t✇♦
❞✐✈❡r❣❡♥❝❡ ♦♥❡ ✐s ❤♦r✐③♦♥t❛❧ ❛♥❞ t❤❡ ♦t❤❡r ♦♥❡ ✐s ✈❡rt✐❝❛❧✳ ❚❤❡ ❋✐❣✳ ✷✳✷✺ r❡♣r❡s❡♥ts ♦♥❡
♦❢ t❤❡ ❞✐✈❡r❣❡♥❝❡ ✿

❲❡ ❝❛♥ ✇r✐t❡ t❤❡ ❞✐✈❡r❣❡♥❝❡ ❛s ✿

sinθ =
l

2z
✭✷✳✸✮

✻✹



❋✐❣✉r❡ ✷✳✷✹✿ P✐❝t✉r❡ ✉♥tr❡❛t❡❞ ♦❢ t❤❡ ❝❛♠❡r❛✳ ❈✉r✈❡s ♦♥ t♦♣ ❛♥❞ ♦♥ t❤❡ s✐❞❡s ❛r❡
r❡s♣❡❝t✐✈❡❧② ✈❡rt✐❝❛❧ ❛♥❞ ❤♦r✐③♦♥t❛❧ ♣r♦❥❡❝t✐♦♥s ♦❢ t❤❡ ❜❡❛♠✳ ❚❤❡ ❋❲❍▼ ♣r❡s❡♥t❡❞ ✐s
♦❜t❛✐♥❡❞ ❢r♦♠ ❛ ●❛✉ss✐❛♥ ✜t ♦❢ t❤❡ ❞❛t❛✳

❋✐❣✉r❡ ✷✳✷✺✿ ❚❤❡ ❞✐✈❡r❣❡♥❝❡ ✐s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❛①✐s ❛♥❞ t❤❡ r❡❛❧
❞✐r❡❝t✐♦♥ ♦❢ ♣r♦♣❛❣❛t✐♦♥✳

❧ ✐s t❤❡ ❋❲❍▼ ♦❢ t❤❡ ❜❡❛♠✳ ❋♦r ❧❛s❡r t❤❡ ❞✐✈❡r❣❡♥❝❡ ✐s s♠❛❧❧ ❡♥♦✉❣❤ t♦ ❛♣♣r♦①✐♠❛t❡
sinθ ✐♥ θ✳ ❚❤❡r❡❢♦r❡✱ ♦♥❡ ❝❛♥ ✇r✐t❡ ✿

✻✺



l(z) =
θ

2
z ✭✷✳✹✮

❊①tr❛❝t✐♥❣ t❤❡ s♣♦t s✐③❡ ❢♦r ♠✉❧t✐♣❧❡ ♣♦s✐t✐♦♥s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ③ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥
❝❛♠❡r❛ ❛♥❞ ❝r②st❛❧✱ ■ ❝❛♥ ♠❡❛s✉r❡ t❤❡ ❞✐✈❡r❣❡♥❝❡ ♦❢ t❤❡ ❜❡❛♠ ❢r♦♠ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳
❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❡①♣❡r✐♠❡♥t ❛r❡ ♣❧♦tt❡❞ ✐♥ ❋✐❣✳✷✳✷✻✳

❋✐❣✉r❡ ✷✳✷✻✿ ❊①tr❛❝t❡❞ ❞✐✈❡r❣❡♥❝❡ ❢r♦♠ t❤❡ ❞✐✛❡r❡♥t ✐♠❛❣❡s ❢♦r t❤❡ t✇♦ ❜❡❛♠s ❞✐♠❡♥✲
s✐♦♥✳

❚❤❡ ❞✐✈❡r❣❡♥❝❡ ♦❢ t❤❡ s♣♦t ✐s r♦✉❣❤❧② ✻✵ ♠r❛❞ ✐♥ ❜♦t❤ ❞✐r❡❝t✐♦♥✳ ■♥ ❝♦♠♣❛r✐s♦♥✱
t❤❡ ✈❛❧✉❡ ♦❜t❛✐♥❡❞ ❜② ❍✐r♦r✐ ❡t ❛❧✳❬✸✾❪ ✇❛s ♦❢ ✺✷ ♠r❛❞✳ ❙♦ t❤❡ ❞✐✈❡r❣❡♥❝❡ ♦❢ ♦✉r s♣♦t ✐s
✈❡r② ❝❧♦s❡ t♦ t❤❡✐r ✈❛❧✉❡✳

❖✉r ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✇❛s ❞❡s✐❣♥❡❞ t♦ ♦❜t❛✐♥❡❞ t❤❡ ♠♦st ✐♥t❡♥s❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❚❤❡r❡❢♦r❡ ♦❜t❛✐♥❡❞ t❤❡ s♠❛❧❧❡r ❚❍③ s♣♦t ✐s r❡q✉✐r❡❞✳ ■♥ ♦r❞❡r t♦ ❞♦ s♦✱ ✇❡ ✉s❡ ❛ s❡t ♦❢
✸ ♣❛r❛❜♦❧✐❝ ♠✐rr♦r✳ ❚❤❡ ❧♦✇ ❞✐✈❡r❣❡♥❝❡ ♦❢ ♦✉r ❜❡❛♠ ✐s ♠❛♥❞❛t♦r② ❢♦r s✉❝❤ ❛ s❡t✲✉♣ ❛s ✐t
✇✐❧❧ ✐♥❞✉❝❡ ♦♣t✐❝❛❧ ❛❜❡rr❛t✐♦♥ ♦♥ t❤❡ ❢♦❝❛❧ s♣♦t ❛❢t❡r t❤❡ s②st❡♠ ♦❢ ♣❛r❛❜♦❧❛✳ ❚❤❡ ✜rst
t✇♦ ♣❛r❛❜♦❧❛ ❛r❡ ✉s❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ❚❍③ s♣♦t ❜② ❛ ❢❛❝t♦r ✶✵✳ ■♥❞❡❡❞✱ t❤❡ s♣♦t s✐③❡ ✐s
✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❜❡❛♠ ❞✐❛♠❡t❡r✳ ❚❤✐s ❛❧❧♦✇s t♦ ❣♦ ❛s ❝❧♦s❡ ❛s ♣♦ss✐❜❧❡ t♦
t❤❡ ❞✐✛r❛❝t✐♦♥ ❧✐♠✐t✳ ❚♦ ❤❡❧♣ ❛❧✐❣♥ t❤❡ ♣❛r❛❜♦❧✐❝ ♠✐rr♦r✱ ❛ ♠❡t❛❧❧✐❝ ♣❧❛t❡ ✇❛s ❞❡s✐❣♥❡❞
✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ♦✉r ✇♦r❦s❤♦♣✳ ❆ ♣✐❝t✉r❡ ♦❢ t❤✐s ♣❧❛t❡ ✐s s❤♦✇ ✐♥ ❋✐❣✳✷✳✷✼✳ ❚❤✐s ♣❧❛t❡
❢r❡❡③❡ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❢r❡❡ ♣❛r❛♠❡t❡r✳ ❖♥❧② ♣♦s✐t✐♦♥✱ ❛♥❣❧❡ ❛♥❞ ❤❡✐❣❤t ❛r❡ ❛✈❛✐❧❛❜❧❡
❢♦r t❤❡ ❛❧✐❣♥♠❡♥t ❢♦r ❛♥ ❡❛s✐❡r ❛❧✐❣♥♠❡♥t✳

❚❤❡ ❚❍③ s♣♦t s✐③❡ ✇❛s ♠❡❛s✉r❡❞ ✉s✐♥❣ t❤❡ P②r♦❝❛♠ ■■■ ❢r♦♠ ❙♣✐r✐❝♦♥ ❛❢t❡r t❤❡
s②st❡♠ ♦❢ ✸ ♣❛r❛❜♦❧❛✳ ❚❤❡ s♣♦t s✐③❡ ✐s ✵✳✽ ① ✵✳✾ ♠♠ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✷✽✳

❚❤✐s ❡①♣❡r✐♠❡♥t ✇❛s ❛❧s♦ ❝♦♥❞✉❝t❡❞ ✉s✐♥❣ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ ❙❛♠♣❧✐♥❣ ■♠❛❣❡r② ❢♦r
✈❡r② ❝❧♦s❡ r❡s✉❧ts ✉s✐♥❣ ❜♦t❤ ●❛P ❛♥❞ ❩♥❚❡ ❝r②st❛❧✳

❈❧❛ss✐❝ ❊❖❙ ✇❛s ✉s❡❞ ❢♦r ♠❡❛s✉r✐♥❣ t❤❡ t✐♠❡✲❞♦♠❛✐♥ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❆ P❡❛❦ ✜❡❧❞
✈❛❧✉❡ ♦❢ ❛r♦✉♥❞ ✽✵✵❦❱✴❝♠ ✇❛s ♦❜t❛✐♥❡❞ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✷✾❛✮✳ ❚❤❡ ❊❖❙ ✇❛s
♠❡❛s✉r❡❞ ✇✐t❤ ❛ ✸✵✵ µm ●❛P ✭✸ ❙✐ ✇❛❢❡r ✇❡r❡ ♣✉t ♦♥t♦ t❤❡ ❜❡❛♠ ♣❛t❤✮ ❛♥❞ ✺✵✵ µm
❩♥❚❡ ✭✼ ❙✐ ♦♥t♦ t❤❡ ❜❡❛♠♣❛t❤✮✳ ❋♦r ❝❧❛r✐t②✱ ♦♥❧② t❤❡ ●❛P ♠❡❛s✉r❡ ✇❛s s❤♦✇♥ ❜✉t ❢♦r
✐t ✐s ❡①❛❝t❧② t❤❡ s❛♠❡ t❡♠♣♦r❛❧ tr❛❝❡ ✐♥ ❜♦t❤ ❝❛s❡s✳ ❚❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ✜❡❧❞ ✐s ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✷✳✷✾❜✮ ✐♥ ❧♦❣ s❝❛❧❡✳ ❚❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❛❝❝❡ss✐❜❧❡ ✐s ✵ ✲ ✷✳✺ ❚❍③ ❢♦r t❤✐s s♦✉r❝❡✳

✻✻



❋✐❣✉r❡ ✷✳✷✼✿ P✐❝t✉r❡ ♦❢ t❤❡ ♣❛r❛❜♦❧✐❝ ♣❧❛t❡ ✉s❡❞ ❢♦r ❚❍③ ❛❧✐❣♥♠❡♥t✳

❋✐❣✉r❡ ✷✳✷✽✿ ■♠❛❣❡ ♦❢ t❤❡ ❚❍③ s♣♦t ❛❢t❡r t❤❡ t❤✐r❞ ♣❛r❛❜♦❧❛✳

❋✐❣✉r❡ ✷✳✷✾✿ ❛✮ ❊❖❙ tr❛❝❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ❛ ✸✵✵ µm ●❛P ❝r②st❛❧✱ ✸ ❙✐ ✇❛❢❡r ✇❡r❡ ♣❧❛❝❡❞
♦♥ t❤❡ ♣❛t❤ ♦❢ t❤❡ ❚❍③ ❜❡❛♠✳ ❜✮ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ t❤❡ ❊❖❙ tr❛❝❡✳

❚❤❡ ❡♥❡r❣② ♦❢ t❤❡ ♣✉❧s❡ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ❞✐r❡❝t❧② ❢r♦♠ t❤❡ ♠❡❛s✉r❡ ♦❢ t❤❡ ❡❧❡❝tr✐❝
✜❡❧❞✳

U =

∫

1

2
ǫ0E

2(V )dV =

∫ ∫ ∫

1

2
ǫ0E

2(x, y, t) dx dy cdt ✭✷✳✺✮

❯ ✐s t❤❡ ❡♥❡r❣②✱ ǫ0 ✐s t❤❡ ❞✐❡❧❡❝tr✐❝ ♣❡r♠✐tt✐✈✐t② ❛♥❞ ❝ t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t✳ ❚❤❡ s♣❡❡❞
♦❢ ❧✐❣❤t ✐s ❤❡r❡ t♦ t❛❦❡ ❛ ✈♦❧✉♠❡ ✇✐t❤ ❧❛st ❞✐r❡❝t✐♦♥ ❜❡✐♥❣ ❝ t✐♠❡s t❤❡ t✐♠❡ ✐♥t❡r✈❛❧✳ ❲❡
❝♦♥s✐❞❡r t❤❛t t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❤❛s t❤❡ s❛♠❡ s❤❛♣❡ ❡✈❡r②✇❤❡r❡ ✐♥ t❤❡ s♣♦t s♦ ✇❡ ❝❛♥
s♣❧✐t t❤❡ ✐♥t❡❣r❛❧s ✐♥ t✇♦ ✿

✻✼



U =
1

2
ǫ0

∫

E(t)cdt

∫ ∫

S(x, y)dx dy ✭✷✳✻✮

❲✐t❤ ❙ ❜❡✐♥❣ t❤❡ ●❛✉ss✐❛♥ ❜❡❛♠ ♣r♦✜❧❡ ❛t t❤❡ ❢♦❝❛❧ s♣♦t✳ ❆♣♣❧②✐♥❣ t❤✐s ❡q✉❛t✐♦♥
♦♥ ♦✉r ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ ✇❡ ♦❜t❛✐♥❡❞ ✹✳✺ µJ ✳

✻✽



✷✳✼ ❚❍③ ♣✉❧s❡s ❣❡♥❡r❛t✐♦♥ ❡✣❝✐❡♥❝② ✇✐t❤ ❞✐✛❡r❡♥t ♣✉❧s❡

❞✉r❛t✐♦♥

■♥ t❤✐s s❡❝t✐♦♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❚❍③ ♣✉❧s❡s ❣❡♥❡r❛t❡❞ ❢r♦♠ ❞✐✛❡r❡♥t
♣✉❧s❡s ❞✉r❛t✐♦♥✳ ■t ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ ❜② ❇❧❛♥❝❤❛r❞ ❡t ❛❧✳ ❬✺✼❪ t❤❛t t❤❡ ♣✉❧s❡
❞✉r❛t✐♦♥ ♦❢ t❤❡ ❣❡♥❡r❛t✐♦♥ ❜❡❛♠ ✐s ♦❢ ✐♠♣♦rt❛♥❝❡ ✐♥ t❤❡ ❚❍③ ❣❡♥❡r❛t✐♦♥ ❡✣❝✐❡♥❝②✳ ■♥
t❤✐s ✇♦r❦✱ t❤❡② ♠❡❛s✉r❡ ♦♥❧② t❤❡ ❚❍③ ❡♥❡r❣② ❢♦r ❛ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✈❛r②✐♥❣ ❢r♦♠ ✶✵✵ t♦
✸✵✵ ❢s✱ t❤✐s ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✸✵ ✳

❋✐❣✉r❡ ✷✳✸✵✿ ❚❍③ ❡♥❡r❣② ❛♥❞ ❡✣❝✐❡♥❝② ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ P✉❧s❡ ❞✉r❛t✐♦♥ ❛❞❛♣t❡❞ ❢r♦♠
❬✺✼❪

❲❡ ❤❛✈❡ ❛❝❝❡ss t♦ ✸ ❞✐✛❡r❡♥t ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐♥ ♦✉r ❧❛❜♦r❛t♦r②✳ ❲❡ ✉s❡❞ t❤♦s❡ ✸
❞✐✛❡r❡♥t ♣✉❧s❡s ❞✉r❛t✐♦♥ t♦ st✉❞② t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ♣✉♠♣ ♦♥ t❤❡ ❚❍③
❣❡♥❡r❛t✐♦♥✳ ❆s ❡❛❝❤ ❝❛✈✐t② ♣♦ss❡s ❛ ❞✐✛❡r❡♥t ❞❡s✐❣♥ t❤❡ ❡♥❡r❣② ♦✉t♣✉t ♦❢ ❡❛❝❤ ❝❛✈✐t② ✐s
❞✐✛❡r❡♥t✱ t❤❡ ❯❙P ❝❛✈✐t② ❤❛s ❛♥ ❡♥❡r❣② ♦❢ ✷♠❏✴♣✉❧s❡✱ t❤❡ ❋❡♠t♦ ❈❛✈✐t② ❤❛s ❛♥ ❡♥❡r❣②
♦❢ ✸✳✺♠❏✴♣✉❧s❡ ❛♥❞ t❤❡ P✐❝♦ ❝❛✈✐t② ❤❛s ❛♥ ❡♥❡r❣② ♦❢ ✷✳✽♠❏✴♣✉❧s❡✳ ❚❤❡ ✇❛✈❡❢♦r♠ ✇❡r❡
♦❜t❛✐♥❡❞ ✉s✐♥❣ ❊❖❙ ❞❡t❡❝t✐♦♥✳ ❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✸✶

❚❤❡ ❚❍③ ✇❛✈❡❢♦r♠ ❛r❡ ✈❡r② ❞✐✛❡r❡♥t ❢♦r ❡❛❝❤ ♣✉❧s❡ ❞✉r❛t✐♦♥✳ ❚❤❡ ♣✉❧s❡ ❣❡♥❡r❛t❡❞
✇✐t❤ t❤❡ ❯❙P ❝❛✈✐t② ❤❛s ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ♦❢ ✶✺✵ ❦❱✴❝♠✱ t❤❡ ♣✉❧s❡ ❣❡♥❡r❛t❡❞
✇✐t❤ t❤❡ ❋❡♠t♦ ❝❛✈✐t② ✐s ✹✶✵ ❦❱✴❝♠ ❛♥❞ t❤❡ ♣✉❧s❡ ❣❡♥❡r❛t❡❞ ✇✐t❤ t❤❡ P✐❝♦ ❈❛✈✐t②
✐s ✸✶✵❦❱✴❝♠✳ ❲❤✐❧❡ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❋❡♠t♦ ❛♥❞ P✐❝♦ ❝❛✈✐t② ✐s ♠❛✐♥❧② ✐♥
t❤❡ s②♠♠❡tr② ♦❢ t❤❡ ♣✉❧s❡✱ ♦s❝✐❧❧❛t✐♦♥s ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ♣✉❧s❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡
❯❙P✭s❡❡ ❋✐❣✳ ✷✳✸✶❛ ❛♥❞ ❜✮✳ ❚❤❡ ♣✉❧s❡ ❡♥❡r❣② ❛♥❞ ❡✣❝✐❡♥❝② ❛r❡ r❡s♣❡❝t✐✈❡❧② ❢♦r t❤❡
❯❙P✱ ❋❡♠t♦ ❝❛✈✐t②✱ P✐❝♦ ❝❛✈✐t② ✿ ✾✵ ♥❏ ❛♥❞ ✵✳✵✵✹✪ ❡✣❝✐❡♥❝②✱ ✵✳✾✻ µJ ❛♥❞ ✵✳✵✸✪
❡✣❝✐❡♥❝②✱ ✶✳✶ µJ ❛♥❞ ✵✳✵✹✪ ❡✣❝✐❡♥❝② ✭s❡❡ ❋✐❣✳ ✷✳✸✶❝✮✳ ❚❤❡ ❡♥❡r❣② ✇❡r❡ ♦❜t❛✐♥❡❞ ❢r♦♠
t❤❡ ❚❍③ ✇❛✈❡❢♦r♠ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞ ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✳ ❚❤❡ ❜❡❛♠s✐③❡
✇❛s ♠❡❛s✉r❡❞ ✉s✐♥❣ t❤❡ P②r♦❝❛♠■■■ ❢♦r ❡❛❝❤ ♣✉❧s❡ ❣✐✈✐♥❣ s✐♠✐❧❛r s❤❛♣❡ ♦❢ ✽✵✵ µm ❢♦r
❡❛❝❤ ♣✉❧s❡✳

❚❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ✐s t❤❡ s♠❛❧❧❡st ✇✐t❤ ✶✺✵ ❦❱✴❝♠ ❢♦r t❤❡ ❯❙P ✭s❤♦rt❡st ♣✉❧s❡
❞✉r❛t✐♦♥✮ ❛s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡ r❡s✉❧ts ♦❢ ❇❧❛♥❝❤❛r❞ ❡t ❛❧✳ ❋♦r ♦♣t✐♠❛❧ ❚❍③ ❣❡♥❡r❛t✐♦♥✱

✻✾



❋✐❣✉r❡ ✷✳✸✶✿ ❛✮ ✸ ❚❍③ ✇❛✈❡❢♦r♠ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ❢♦r ✸ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✿ ✺✷❢s✱ ✶✷✻
❢s ❛♥❞ ✺✵✵❢s ❜✮ ❙❛♠❡ ❚❍③ ♣✉❧s❡s ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ❝✮ ❚❍③ ❡♥❡r❣② ❛♥❞ ❝♦♥✈❡rs✐♦♥
❡✣❝✐❡♥❝② ❛s ❢✉♥❝t✐♦♥ ♦❢ ♣✉❧s❡ ❞✉r❛t✐♦♥✳ ❞✮ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ t❤❡ ❚❍③ ✇❛✈❡❢♦r♠✳

t❤❡ ❚❍③ ❜❡❛♠ ❤❛s t♦ ❜❡ ❢♦❝✉s❡❞ ♦♥ t❤❡ LiNbO3✱ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ♣♦✇❡r ✐s ♠✉❝❤ ♠♦r❡
✐♠♣♦rt❛♥t ✇✐t❤ t❤❡ ❯❙P t❤❛♥ ✇✐t❤ t❤❡ ♦t❤❡r ❝❛✈✐t② ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥✳ ❯s✐♥❣
❯❙P ❞❛♠❛❣❡s ✇❡r❡ ♦❜s❡r✈❡❞ ♦♥ t❤❡ LiNbO3 ✇❤✐❝❤ ✐s ❡①♣❧❛✐♥❡❞ ❜② t❤✐s ✐♥st❛♥t❛♥❡♦✉s
♣♦✇❡r ❜❡✐♥❣ ❤✐❣❤❡r ❚❤❡r❡❢♦r❡✱ t❤✐s ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ s❡❡♠s t♦ ❜❡ ❛ ♠❛①✐♠✉♠ ❛❝❝❡ss✐❜❧❡
✇✐t❤ t❤✐s ♣✉❧s❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ❯❙P✳

❲❤✐❧❡ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ✐s ♠♦r❡ ✐♠♣♦rt❛♥t ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❋❡♠t♦ ❈❛✈✐t②
t❤❛♥ ❢♦r t❤❡ P✐❝♦ ❈❛✈✐t②✱ t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ♣✉❧s❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❋❡♠t♦ ❈❛✈✐t② ✐s
s♠❛❧❧❡r t❤❛♥ ❢♦r t❤❡ ♦♥❡ ❣❡♥❡r❛t❡❞ ✇✐t❤ t❤❡ P✐❝♦ ❝❛✈✐t②✳ ❚❤❡ ❡✣❝✐❡♥❝② ✐s ❛❧s♦ ❜❡tt❡r
❢♦r t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ♦❢ ✺✵✵ ❢s✳ ❚❤✐s ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ r❡s✉❧ts ♦❢ ❇❧❛♥❝❤❛r❞ ❡t
❛❧✳ ❛s t❤❡ ❝♦♥✈❡rs✐♦♥ ❡♥❡r❣② ✐s ❜❡tt❡r ✇✐t❤ ❛ ✺✵✵ ❢s ❣❡♥❡r❛t✐♦♥ ♣✉❧s❡ t❤❛♥ ❢♦r t❤❡ ♦♥❡
❣❡♥❡r❛t❡❞ ✇✐t❤ ❛ ✶✵✵ ❢s ♣✉❧s❡✳ ❖✉r r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞ t❤❡ s❤❛♣❡ ✐s
❜❡tt❡r s✉✐t❡❞ ❢♦r s✐♥❣❧❡ ❝②❝❧❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇✐t❤ ♣✉❧s❡ ♦❢ ✶✵✵ ❢s ❞✉r❛t✐♦♥✳

❚❤❡ ❡✣❝✐❡♥❝② ❛♥❞ ❡♥❡r❣② ♦❢ ♦✉r ♣✉❧s❡s ❛r❡ ❧♦✇❡r t❤❛♥ t❤❡ ♦♥❡s ❢r♦♠ ❇❧❛♥❝❤❛r❞ ❡t ❛❧✳
❖♥❡ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡✐r ✇♦r❦ ❛♥❞ ♦✉rs ✐s t❤❡ ✇❛② ♦❢ ♦❜t❛✐♥✐♥❣ t❤❡ ❡♥❡r❣②✳
❇❧❛♥❝❤❛r❞ ❡t ❛❧✳ ♠❡❛s✉r❡❞ t❤❡ ❡♥❡r❣② ❢r♦♠ ❛ ♣②r♦❡❧❡❝tr✐❝ ❞❡t❡❝t♦r ✇❤✐❧❡ ✇❡ ❝♦♠♣✉t❡❞
❞✐r❡❝t❧② t❤❡ ❡♥❡r❣② ❢r♦♠ t❤❡ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ s❛♠♣❧✐♥❣ tr❛❝❡✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥ ✇❛s
❞❡r✐✈❡❞ ❛s ❢♦❧❧♦✇s ✿

❍✐r♦r✐ ❡t ❛❧✳❬✹✻❪ ❝♦♠♣✉t❡❞ t❤❡ ❡♥❡r❣② ♦❢ t❤❡✐r ♣✉❧s❡ t♦ ❜❡ ✷ µJ ✉s✐♥❣ t❤❡ ❡q✉❛t✐♦♥
♦❢ ❘❡✐❞ ❡t ❛❧✳❬✺✽❪ ✇❤✐❝❤ ✐s ✿

WTHz =
τAǫ0

∣

∣

∣
Epk

THz

∣

∣

∣

2

2
✭✷✳✼✮

✼✵



τ ✐s t❤❡ ✶✴❡ ✭❡❧❡❝tr✐❝ ✜❡❧❞✮ ❚❍③ ♣✉❧s❡ ✇✐❞t❤✱ ❆ ✐s t❤❡ ❛r❡❛ ♦❢ t❤❡ ❚❍③ ❜❡❛♠✱ Epk
THz

✐s t❤❡ ♣❡❛❦ r❛❞✐❛t❡❞ ❚❍③ ✜❡❧❞✳ ❚❤✐s ❡q✉❛t✐♦♥ ✐s ♠♦st❧② ✈❛❧✐❞ ❢♦r s✐♥❣❧❡ ❝②❝❧❡ ❡❧❡❝tr✐❝
✜❡❧❞✳ ❲❡ ✉s❡❞ t❤✐s ❡q✉❛t✐♦♥ ♦♥ ♦✉r ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❢ t❤❡ ❢❡♠t♦ ❝❛✈✐t② ❛♥❞ ♦❜t❛✐♥
✶✳✸ µJ ✐♥st❡❛❞ ♦❢ ✵✳✾ µJ ✇❤✐❝❤ ✐s ❛♥ ♦✈❡r❡st✐♠❛t✐♦♥ ♦❢ ✹✹✪✳ ▼♦r❡♦✈❡r✱ ❍✐r♦r✐ ❡t ❛❧✳
❢♦✉♥❞ t❤❛t t❤❡ ❡♥❡r❣② ♠❡❛s✉r❡❞ ✉s✐♥❣ t❤❡✐r ♣②r♦❡❧❡❝tr✐❝ ✇❛s ❛r♦✉♥❞ ✸ µJ ✇❤✐❝❤ ✐s ❛❣❛✐♥
❛♥ ♦✈❡r❡st✐♠❛t✐♦♥✳ ❚❤✐s ❡①♣❧❛✐♥❡❞ t❤❡ ♦✈❡r❛❧❧ ❧♦✇❡r ❡♥❡r❣✐❡s ❛♥❞ ❡✣❝✐❡♥❝② ♦❜s❡r✈❡❞ ✐♥
❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ♦♥❡ ❢r♦♠ ❇❧❛♥❝❤❛r❞ ❡t ❛❧✳ ❍♦✇❡✈❡r✱ t❤❡ s❤❛♣❡ ♦❢ ♦✉r ❞❛t❛ ✐s ❝❧♦s❡ t♦
t❤❡ ♦♥❡ ♦❜t❛✐♥❡❞ ❜② ❇❧❛♥❝❤❛r❞ ❡t ❛❧✳

❚❤❡ ❛ss♦❝✐❛t❡❞ s♣❡❝tr❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✸✶ ❝✮✳ ❚❤❡ s♣❡❝tr❛ ✐s ❜r♦❛❞❡r ✐♥
t❤❡ ❝❛s❡ ♦❢ t❤❡ s❤♦rt ♣✉❧s❡ ❣❡♥❡r❛t❡❞ ✇✐t❤ t❤❡ ❯❙P✳ ❚❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ♦❢
t❤❡ s♣❡❝tr❛ ✐♥ t❤❡ ✵✳✼✲✶✳✺ ❚❍③ r❡❣✐♦♥ ✐♥ ❝♦♠♣❛r✐s♦♥ t❤❡ t✇♦ ♦t❤❡r ♣✉❧s❡s✳ ❚❤❡ s♣❡❝tr❛
♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ P✐❝♦ ❝❛✈✐t② ✐s ♥❛rr♦✇❡r ❛♥❞ r❡❞✲s❤✐❢t❡❞ t❤❛♥ t❤❡ ♦♥❡ ♦❢ t❤❡ ❋❡♠t♦
❝❛✈✐t②✳ ❆s s✉❝❤✱ ❢♦r ❛ ❚❍③✲❚❉❙ ♣✉r♣♦s❡ s❤♦rt ♣✉❧s❡s ❛r❡ t❤❡ ♦♥❡ t♦ ✉s❡❞✳

❚♦ ❝♦♥❝❧✉❞❡ t❤✐s st✉❞②✱ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s ✈❡r② ✐♠♣♦rt❛♥t t♦ ❞❡t❡r✲
♠✐♥❡ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❚❍③ ❣❡♥❡r❛t❡❞✳ ❆ s❤♦rt ♣✉❧s❡ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❜r♦❛❞❡r
s♣❡❝tr❛✳ ❆ ❧♦♥❣ ♣✉❧s❡ ✇✐❧❧ ✐♥❝r❡❛s❡ t❤❡ ❡♥❡r❣② ✐♥ ❡❛❝❤ ❚❍③ ♣✉❧s❡ ❢♦r ❛ ❧♦✇❡r ❡❧❡❝tr✐❝
✜❡❧❞✳ ❚❤❡ ♣✉❧s❡ ❢r♦♠ t❤❡ ❋❡♠t♦ ❝❛✈✐t② ✐s ✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ s❤♦✇s t❤❡ ❜❡tt❡r s✐♥❣❧❡ ❝②❝❧❡
❛s ✇❡❧❧ ❛s t❤❡ str♦♥❣❡st ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡✳ ❲❡ ❝❤♦♦s❡❞ t❤❡ ♣✉❧s❡ ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡
❋❡♠t♦ ❝❛✈✐t② ♦✈❡r t❤❡ ♦♥❡ ❢r♦♠ t❤❡ P✐❝♦ ❈❛✈✐t② ❢♦r t✇♦ r❡❛s♦♥✳ ❋✐rst✱ t❤❡ str♦♥❣ ❡❧❡❝tr✐❝
✜❡❧❞ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❋❡♠t♦ ❝❛✈✐t② ❛❧❧♦✇s t♦ ✐♥❞✉❝❡ ♥♦♥✲r❡s♦♥❛♥t ♥♦♥ ❧✐♥❡❛r ❡✛❡❝t✳
❙❡❝♦♥❞✱ t❤❡ ♣✉❧s❡ ❢r♦♠ t❤❡ ❋❡♠t♦ ❝❛✈✐t② ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ♣r♦❜❡ ❢♦r ❚❍③ ♣✉♠♣ ♣r♦❜❡
❡①♣❡r✐♠❡♥t ✇✐t❤ ❛ ❜❡tt❡r t✐♠❡ r❡s♦❧✉t✐♦♥ t❤❛♥ ✐❢ t❤❡ P✐❝♦ ❝❛✈✐t② ✇❛s ✉s❡❞✳

✷✳✽ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛ ♠❡t❛❧❧✐❝ ❣r✐❞ ❜❛s❡❞ s❡t ♦❢

❚❍③ ♣♦❧❛r✐③❡r

❚♦ ❝♦♥tr♦❧ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥ ❡①♣❡r✐♠❡♥ts ♦♣t✐❝s ❤❛✈❡ t♦ ❜❡ ✉s❡❞ s✐♠✐❧❛r❧② t♦
❡①♣❡r✐♠❡♥ts ✉s✐♥❣ ✈✐s✐❜❧❡ ✇❛✈❡❧❡♥❣t❤✳ ❍♦✇❡✈❡r✱ ✈✐s✐❜❧❡ ❧✐❣❤t ♦♣t✐❝s ❝❛♥♥♦t ❜❡ ✉s❡❞
❞✐r❡❝t❧② ❛t ❚❡r❛❍❡rt③ ✇❛✈❡❧❡♥❣t❤ ❛♥❞ s♣❡❝✐✜❝ ♦♣t✐❝s ❤❛✈❡ t♦ ❜❡ ❞❡s✐❣♥❡❞✳ ❲❡ ✉s❡❞
❛ s❡t ♦❢ ♠❡t❛❧❧✐❝ ❣r✐❞ ❚❡r❛❍❡rt③ ♣♦❧❛r✐③❡r ❢r♦♠ ❚②❞❡①✳ ■ ✇✐❧❧ ✜rst ❡①♣❧❛✐♥❡❞ ❤♦✇ t❤❡
♠❡t❛❧❧✐❝ ❣r✐❞ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ♣♦❧❛r✐③❡ ❢♦r ❚❍③ ✇❛✈❡❧❡♥❣t❤✳ ❚❤❡♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡
❝❤❛r❛❝t❡r✐③❛t✐♦♥ r❡❛❧✐③❡❞ ❛t ❘❡♥♥❡s ✉s✐♥❣ ♦✉r ❚❍③ s♦✉r❝❡✳

❚❤❡r❡ ❤❛s ❜❡❡♥ ❛ ❧♦t ♦❢ ✇♦r❦ ✐♥✈❡st❡❞ ✐♥t♦ t❤❡ s❡❛r❝❤ ♦❢ ❣♦♦❞ ❚❍③ ♣♦❧❛r✐③❡r✳ ❖♥❡
♦❢ t❤❡ ❜❡st t❡❝❤♥♦❧♦❣✐❡s ✐s ❜❛s❡❞ ♦♥ ♠❡t❛❧❧✐❝ ❣r✐❞ ✇✐r❡s✳❬✺✾❪✳ ❚❤❡ ♠❡t❛❧❧✐❝ ✇✐r❡s ❛r❡
❣r♦✇♥✱ ✉s✉❛❧❧② ❆❧✱ ♦♥ ❛ s✉❜str❛t❡ ✇❤✐❝❤ ✐s♥✬t ❛❜s♦r❜✐♥❣ t❤❡ ❚❍③✳ ❊❛❝❤ ✇✐r❡s ✐s ❣r♦✇♥
♣❛r❛❧❧❡❧ t♦ ❡❛❝❤ ♦t❤❡r ❛❧♦♥❣ ❛ ❝❤♦s❡♥ ❞✐r❡❝t✐♦♥✳ ❚❤❡ tr❛♥s♠✐tt❡❞ ♣❛rt ♦❢ t❤❡ ✐♥❝✐❞❡♥t
❚❡r❛❍❡rt③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♦♥❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ✇✐r❡s ❞✐r❡❝t✐♦♥✳
❋✐❣✳✷✳✸✷ ❛❞❛♣t❡❞ ❢r♦♠ ❬✺✾❪ ♣r❡s❡♥ts ❛ ✈✐❡✇ ♦❢ t❤❡ ♦♣t✐❝ ❛t t❤❡ ✇✐r❡ s❝❛❧❡ ✿

❆s ♦✉r ❚❍③ s♦✉r❝❡ ✐s ❧✐♥❡❛r❧② ♣♦❧❛r✐③❡❞✱ ✇❡ ✇❛♥t t♦ ✉s❡ ❛ ❝♦✉♣❧❡ ♦❢ ❚❍③ ♣♦❧❛r✐③❡r
t♦ ❝♦♥tr♦❧ t❤❡ ❚❍③ ✐♥t❡♥s✐t② ♦♥ ♦✉r s❛♠♣❧❡✳ ❚❤❡ ✜rst ♣♦❧❛r✐③❡ ✐s ♠♦✉♥t❡❞ ♦♥ ❛ ♣r❡❝✐s❡
r♦t❛t✐♥❣ ♠♦✉♥t t♦ ❝♦♥tr♦❧ t❤❡ ♣♦❧❛r✐③❛t✐♦♥✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡ ✐s ♣❧❛❝❡❞ ❛❢t❡r✇❛r❞ ✐♥ ❛
✜①❡❞ ❞✐r❡❝t✐♦♥ ✇❤✐❝❤ ✐s ♣❛r❛❧❧❡❧ t♦ t❤❡ t❛❜❧❡ ♣❧❛♥❡✳ ❇② t✇❡❛❦✐♥❣ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ✜rst
❚❍③ ♣♦❧❛r✐③❡r✱ t❤❡ ❚❍③ ✇✐❧❧ ❢♦❧❧♦✇ ❛ ▼❛❧✉s ▲❛✇✱ t❤✐s ✐♠♣❧✐❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡♣❡♥❞❡♥❝❡✿

I0(θ) = cos2(θ) ✭✷✳✽✮

✼✶



❋✐❣✉r❡ ✷✳✸✷✿ ▼❡t❛❧❧✐❝ ❣r✐❞ ❚❍③ ♣♦❧❛r✐③❡r s❡t✲✉♣✱ ✜❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠❬✺✾❪

❲❡ ✉s❡❞ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ ❙❛♠♣❧✐♥❣ t♦ ♠❡❛s✉r❡ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛t ❞✐✛❡r❡♥t
❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣♦❧❛r✐③❡rs✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✸✸

❋✐❣✉r❡ ✷✳✸✸✿ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛t ❞✐✛❡r❡♥t ❛♥❣❧❡s ❜❡t✇❡❡♥ t❤❡ t✇♦ ♠❡t❛❧❧✐❝ ❣r✐❞ ✇✐r❡s
♣♦❧❛r✐③❡✳ ❚❤❡ ♣♦✐♥ts ❛r❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇❤✐❧❡ t❤❡ ❢✉❧❧ ❧✐♥❡ ✐s ❛ cos2 ✜t✳

❚❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ❢♦❧❧♦✇✐♥❣ t❤❡ ▼❛❧✉s ▲❛✇ ❛s ❡①♣❡❝t❡❞ ✇✐t❤ t❤❡ ✉s❡ ♦❢ ✷
♣♦❧❛r✐③❡r✳ ❲❤✐❧❡ t❤♦s❡ ♣♦❧❛r✐③❡rs ❛r❡ ❢✉❧❧② ❢✉♥❝t✐♦♥❛❧✱ t❤❡ ✉s❡ ♦❢ t❤♦s❡ ♣♦❧❛r✐③❡rs ✐♠♣❧✐❡s
❛ ❧♦ss ♦❢ ❛r♦✉♥❞ ✶✵✪ ♦♥ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳

✼✷



✷✳✾ ❱❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ❚❍③ s♦✉r❝❡ ✇✐t❤ t✇♦ ❡①❛♠♣❧❡s

■♥ ♦r❞❡r t♦ ✈❛❧✐❞❛t❡ t❤❡ ❚❍③ s♦✉r❝❡ ❜✉✐❧t✱ t✇♦ ❡①♣❡r✐♠❡♥t ✇❡r❡ ❝♦♥❞✉❝t❡❞ t♦ r❡♣r♦❞✉❝❡
r❡s✉❧ts ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡✳ ❋✐rst✱ t❤❡ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ❜②
t❤❡ ❚❍③ ♣✉❧s❡ ❛♥❞ t❤❡♥ ❛♥ ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡
✐♥ V2O3 t❤✐♥ ✜❧♠✳ ❆s t❤♦s❡ r❡s✉❧ts ❛r❡ ♦♥❧② ❤❡r❡ t♦ ✈❛❧✐❞❛t❡ t❤❡ s♦✉r❝❡✱ ■ ✇✐❧❧ ♥♦t ❣❡t
✐♥t♦ ♠✉❝❤ ❞❡t❛✐❧s ♦❢ t❤❡ ♣❤②s✐❝ ❜❡♥❡❛t❤ ❡❛❝❤ r❡s✉❧ts ❛♥❞ ✇✐❧❧ ❣✐✈❡ ♠♦r❡ ♦❢ ❛♥ ❤❛♥❞
✇❛✈✐♥❣ ❛♣♣r♦❛❝❤✳

✷✳✾✳✶ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ❣❡♥❡r❛t✐♦♥ ♠♦❞✉❧❛t❡❞ ❜② t❤❡ ❚❍③ ❡❧❡❝✲
tr✐❝ ✜❡❧❞ ✐♥ β − BaryumBorate ♦r ❇❇❖

❈♦♥t❡①t ❛♥❞ s❛♠♣❧❡ ✐♥❢♦r♠❛t✐♦♥

❇❇❖ ✐s ❛ ❝r②st❛❧ ✇❤✐❝❤ ❝r②st❛❧❧✐③❡s ✐♥ t❤❡ ❘✸❝ s♣❛❝❡ ❣r♦✉♣✳ ❚❤♦s❡ ❝r②st❛❧s ❛r❡ ♥♦✇
✇✐❞❡❧② ✉s❡❞ ✐♥ ♥♦♥ ❧✐♥❡❛r ♦♣t✐❝ ❛♣♣❧✐❝❛t✐♦♥✳ ▼♦st ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ❣❡♥❡r❛t✐♦♥ ✐s
❣❡♥❡r❛t❡❞ ✉s✐♥❣ ❇❇❖ ❝r②st❛❧✳ ▼♦r❡♦✈❡r✱ ❛s ❚❡r❛❤❡rt③ ❣❡♥❡r❛t✐♦♥ t❤r♦✉❣❤ t✇♦ ❝♦❧♦r
♣❧❛s♠❛ ✐♥ ❛✐r ✐s ✉s✐♥❣ ❛ ❇❇❖✱ ❛ ❧♦t ♦❢ r❡s❡❛r❝❤ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ t❤❡ ❝r②st❛❧ ❜② t❤❡
❝♦♠♠✉♥✐t② ❬✺✱ ✻✵✱ ✻✶✱ ✻✷✱ ✻✸✱ ✻✹❪✳ ❚❤❡ ♣❛♣❡r t❤❛t ✇❛s t❤❡ ♠♦st ✐♥t❡r❡st✐♥❣ ❢♦r ✉s
✇❛s t❤❡ ♦♥❡ ❢r♦♠ ❈❤❡♥ ❡t ❛❧✳❬✺❪✳ ■♥ t❤✐s ♣❛♣❡r✱ t❤❡② ✉s❡❞ ❛ ❚❡r❛❤❡rt③ ❡❧❡❝tr✐❝ ✜❡❧❞ t♦
♠♦❞✉❧❛t❡ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ♦❢ t❤❡ ❝r②st❛❧✱ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❡❧❡❝tr✐❝
✜❡❧❞ ♦❢ ✶✻✵ ❦❱✴❝♠ ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ ❖♣t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥ ✐♥ LiNbO3 s❡❡ ❋✐❣✳✷✳✸✹✳
❚❤✐s ♠♦❞✉❧❛t✐♦♥ ✇❛s ❡①♣❧❛✐♥❡❞ t❤r♦✉❣❤ ❢♦✉r ✇❛✈❡ ♠✐①✐♥❣ ✐♥ t❤❡ s❛♠♣❧❡ ❛ t❤✐r❞ ♦r❞❡r
♥♦♥ ❧✐♥❡❛r ❡✛❡❝t✳

❋✐❣✉r❡ ✷✳✸✹✿ ▼♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ❜② ❛ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥ ❢✉♥❝t✐♦♥ t♦
❡①❝✐t❛t✐♦♥ ❛❞❛♣t❡❞ ❢r♦♠ ❬✺❪

■♥ t❤❡ ♣❛♣❡r✱ t❤❡② ♣r♦♣♦s❡ ❇❇❖ ❛s ❛ ♥❡✇ ❞❡t❡❝t♦r ❢♦r ✐♥t❡♥s❡ ❚❡r❛❤❡rt③ ❡❧❡❝tr✐❝ ✜❡❧❞
✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❊❖❙ ❝r②st❛❧✳ ■♥❞❡❡❞✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ ✇❤❡♥
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r❡❛❝❤✐♥❣ ❛♥ ❤✐❣❤ ❡♥♦✉❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞✱ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❜❡❝❛♠❡ t♦ r♦t❛t❡ ❛♥❞ ❛♣♣❡❛rs
❛ s♠❛❧❧❡r s✐❣♥❛❧ ✐♥❞✉❝✐♥❣ ❛ ❢❛❧s❡ s♣❡❝tr❛✳ ❍♦✇❡✈❡r✱ t❤✐s ❧✐♠✐t❛t✐♦♥ ✐s ♥♦t ♣r❡s❡♥t ❢♦r
❞❡t❡❝t✐♦♥ t❤r♦✉❣❤ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐♥ ❇❇❖✳

❚❤❡ ❛✐♠ ♦❢ t❤✐s ❡①♣❡r✐♠❡♥t ✇❛s t♦ r❡♣r♦❞✉❝❡ t❤❡ ❞❛t❛ ❢r♦♠ ❈❤❡♥ ❡t ❛❧✳ ❛♥❞ t♦
❡①tr❛♣♦❧❛t❡ t❤❡♠ ✉s✐♥❣ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ t❤❡ ❚❡r❛❤❡rt③ ❡❧❡❝tr✐❝ ✜❡❧❞✱ t♦ ❝❤❡❝❦ ✐❢ t❤❡r❡
✇❛s ❛♥② ♥♦♥✲❧✐♥❡❛r✐t✐❡s✳ ▼♦r❡♦✈❡r✱ t❤✐s ✇❛s ❛ ❣♦♦❞ st❛rt✐♥❣ ♣♦✐♥t t♦ ✉♥❞❡rst❛♥❞ t❤❡ s♦
❝❛❧❧❡❞ ❚❡r❛❤❡rt③ ❋✐❡❧❞ ■♥❞✉❝❡❞ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ♦r ❚❋■❙❍✳ ❚❤❡ ❝r②st❛❧ ■ ✉s❡❞ ✇❛s ✷✳✺
♠♠ t❤✐❝❦ ❇❇❖✳ ❚❤✐s ❇❇❖ ✇❛s ❢✉r♥✐s❤❡❞ ❜② ▲✐❣❤t ❝♦♥✈❡rs✐♦♥ t♦ ❜❡ ✉s❡❞ ✐♥ ❛ ❚❖P❆❙
❢♦r ❣❡♥❡r❛t✐♥❣ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝✳ ❚❤❡ ❢❛❝❡ ✇❡ ✉s❡❞ ✇❛s ✭✺ ✲✽✱ ✲✶✻✮ ❛♥❞ ✇❛s ❞❡t❡r♠✐♥❡❞
✉s✐♥❣ ❛♥ ❳✲❘❛② ❞✐✛r❛❝t♦♠❡t❡r✳

❊①♣❡r✐♠❡♥t❛❧ ❙❡t✲❯♣

❋✐❣✉r❡ ✷✳✸✺✿ ❊①♣❡r✐♠❡♥t❛❧ ❙❡t✲❯♣ ✇❡ ✉s❡❞✿ P▼ ❛r❡ ❢♦r ♣❛r❛❜♦❧✐❝ ▼✐rr♦r✳ ▲ ❛r❡ ❝♦♥❝❛✈❡
❧❡♥s ✿ ▲✶ ✐s ✶✺✵♠♠✱ ▲✷ ✶✵✵♠ ▲✸ ❛♥❞ ▲✹ ❛r❡ ✺✵♠♠ ❢♦❝❛❧ ❧❡♥❣t❤✳ ❉▼ ✐s ❢♦r ❉✐❝❤r♦✐❝
▼✐rr♦r✱ ❋✶ ❛♥❞ ❋✷ ❛r❡ ✜❧t❡rs✳ λ✴✷ ✐s ❛♥ ❤❛❧❢✇❛✈❡ ❜❧❛❞❡✳ P❉✶ ❛♥❞ P❉✷ ❛r❡ ♣❤♦t♦❞✐♦❞❡s✳
❚P✶ ❛♥❞ ❚P✷ ❛r❡ t✇♦ ❚❡r❛❍❡rt③ ♣♦❧❛r✐③❡r

❆ s❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✸✺✳ ❚❤❡ s❛♠♣❧❡ ✇❛s ♣✉t
♦♥t♦ t❤❡ s❛♠♣❧❡ ♣♦s✐t✐♦♥ ❙P ❛t t❤❡ ❢♦❝❛❧ s♣♦t ♦❢ t❤❡ ♣❛r❛❜♦❧✐❝ ♠✐rr♦r P▼✸✳ ■ ❢♦❝✉s❡❞
✽✵✵ ♥♠ ❧✐❣❤t t❛❦❡♥ ❢r♦♠ t❤❡ ❊❧✐t❡ ✭✶❦❍③ r❡♣ r❛t❡ ❛t ✽✵✵♥♠ ✇✐t❤ ✽✵ ❢s ♦❢ ❋❲❍▼✮ ♦♥t♦
t❤❡ s❛♠♣❧❡ t❤r♦✉❣❤ t❤❡ ♣❛r❛❜♦❧✐❝ ♠✐rr♦r ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❢♦❝❛❧ ❧❡♥❣t❤ ♦❢ ❜♦t❤ ♣✉♠♣
❛♥❞ ♣r♦❜❡ t♦ ❝♦✐♥❝✐❞❡ s♣❛t✐❛❧❧②✳

❆♥ ❤❛❧❢ ✇❛✈❡ ❜❧❛❞❡ ✇❛s ♣✉t ♦♥t♦ t❤❡ ♣r♦❜❡ ♣❛t❤ ✐♥ ♦r❞❡r t♦ ♠❛①✐♠✐③❡ t❤❡ ❣❡♥❡r❛t✐♦♥
♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ t❤r♦✉❣❤ t❤❡ s❛♠♣❧❡✳

❚❤❡ ❙❍ ✇❛s r❡✢❡❝t❡❞ ✇✐t❤ ❛ ❉✐❝❤r♦✐❝ ▼✐rr♦r ✭❉▼▲P✹✾✵ ❢r♦♠ ❚❤♦r❧❛❜s✮ ♦♥t♦ t✇♦
✜❧t❡rs ❛ ❋❊❙❍✵✹✺✵ ❛♥❞ ❋●❇✸✼ ❛❧s♦ ❢r♦♠ ❚❤♦r❧❛❜s ✐♥ ♦r❞❡r t♦ ✜❧t❡r r❡♠❛✐♥✐♥❣ ✽✵✵ ♥♠✳
❚❤❡ s✐❣♥❛❧ ✇❛s ❝♦❧❧❡❝t❡❞ ♦♥ ❛ ♣❤♦t♦ ❞✐♦❞❡ ❝♦♥♥❡❝t❡❞ t♦ ❛ ❧♦❝❦✐♥ ❛♠♣❧✐✜❡r✳ ❆♥ ♦♣t✐❝❛❧
❝❤♦♣♣❡r ✇❛s ✉s❡❞ ♦♥ t❤❡ ♣✉♠♣ ♣❛t❤ ❛t ✺✵✵ ❍③✳

❚❤❡ ❝r②st❛❧ ✇❛s ♣❧❛❝❡❞ ♦♥t♦ ❛♥ ❤♦♠❡♠❛❞❡ r♦t❛t✐♥❣ ❙❛♠♣❧❡ ❍♦❧❞❡r ✭s❡❡ ❋✐❣✳ ✷✳✸✻✮
❲❡ ❝❤❡❝❦❡❞ ❜❡❢♦r❡ st❛rt✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t t❤❛t t❤❡ ❝♦❧❧❡❝t❡❞ ❧✐❣❤t ♦♥ t❤❡ ♣❤♦t♦❞✐♦❞❡

✇❛s ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❇❇❖ ❝r②st❛❧✳ ❉❛t❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✸✼✳
❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ✐♥t❡♥s✐t② ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ sq✉❛r❡ ♦❢ t❤❡ ✐♥♣✉t ❡♥❡r❣② ✿

ISHG ∝ E2
800 ✭✷✳✾✮
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❋✐❣✉r❡ ✷✳✸✻✿ P❤♦t♦ ♦❢ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r

❋✐❣✉r❡ ✷✳✸✼✿ ❛✮ P♦✇❡r ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❙❍●✳ ❜✮ P♦❧❛r✐③❛t✐♦♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❙❍●✳

❲❤❡r❡ E800 ✐s t❤❡ ❡♥❡r❣② ♦❢ ✽✵✵ ♥♠ s❤✐♥❡ ✐♥t♦ t❤❡ s❛♠♣❧❡✳ ❚❤❡ s✐❣♥❛❧ ♦❜t❛✐♥❡❞ ✐♥
❋✐❣✳✷✳✸✼❛✮ ❤❛s ❜❡❡♥ ✜tt❡❞ ✇✐t❤ ❛ sq✉❛r❡ ❢✉♥❝t✐♦♥ ❛♥❞ ✐s t❤❡r❡❢♦r❡ ♣❡r❢❡❝t❧② q✉❛❞r❛t✐❝✳
▼♦r❡♦✈❡r✱ ♣❤❛s❡ ♠❛t❝❤✐♥❣ ❝♦♥❞✐t✐♦♥s ❛r❡ ✐♠♣♦s❡❞ ❜② t❤❡ ❛♥❣❧❡ θ ♦❢ t❤❡ ♣♦❧❛r✐③❛t✐♦♥
♦❢ ✐♥❝✐❞❡♥t ❧✐❣❤t ✇✐t❤ t❤❡ ❝r②st❛❧ ❛①✐s ❬✷✻❪✳ ❚❤❡ ♣❤❛s❡ ♠❛t❝❤✐♥❣ ❝♦♥❞✐t✐♦♥ ❡q✉❛t✐♦♥ ✐s
♣r❡s❡♥t❡❞ ❤❡r❡ ✿

sin2 θ =

1
n0(ω)2

− 1
n0(2ω)2

1
ne(2ω)2

− 1
n0(2ω)2

✭✷✳✶✵✮

❚❤❡r❡❢♦r❡✱ t❤❡ s✐❣♥❛❧ ✐s ♠♦❞✉❧❛t❡❞ ❜② ❛ sin2 ❢✉♥❝t✐♦♥✱ t❤✐s ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞
♦♥ ❋✐❣✳✷✳✸✼❜✮✳ ❲❡ ❝❛♥ t❤❡r❡❢♦r❡ ❛ss✉♠❡ t❤❛t t❤❡ ♣r♦❜❡ ❧✐❣❤t ♠❡❛s✉r❡❞ ✇❛s r✐❣❤t❢✉❧❧②
❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ ❇❇❖✳

✼✺



❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts

■ ✜rst ❞✐❞ ❛♥ ❡①♣❡r✐♠❡♥t ✉s✐♥❣ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛s ❛♥ ❡①t❡r♥❛❧ ♣❛r❛♠❡t❡r✳ ■ ✉s❡❞ ❛ s❡t ♦❢
❝r♦ss❡❞ ♠❡t❛❧❧✐❝ ✇✐r❡ ♣♦❧❛r✐③❡r✳ ❚❤❡ tr❛♥s♠✐tt❡❞ ❧✐❣❤t ❣♦✐♥❣ t❤r♦✉❣❤ t❤❡ t✇♦ ♣♦❧❛r✐③❡rs
❢♦❧❧♦✇ t❤❡ ▼❛❧✉s ▲❛✇ ❬✻✺❪ ✿

I = I0cos
2(θ) ✭✷✳✶✶✮

❲❤❡r❡ θ ✐s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣♦❧❛r✐③❡rs✳ ❈♦♥tr♦❧❧✐♥❣ θ ❛❧❧♦✇s t♦ ❝♦♥tr♦❧ t❤❡
✈❛❧✉❡ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤✐s s❡t ♦❢ ♣♦❧❛r✐③❡rs ❤❛✈❡ ❜❡❡♥ t❡st❡❞ ❜❡❢♦r❡ ✉s✐♥❣ ❊❧❡❝tr♦
❖♣t✐❝❛❧ s❛♠♣❧✐♥❣✱ t❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✸✽ ♣r❡s❡♥t✐♥❣ ❛ ❣♦♦❞ ❛❞❡q✉❛t✐♦♥ ✇✐t❤
▼❛❧✉s ❧❛✇✳ ❚❤✐s ❛❧❧♦✇❡❞ ♠❡ t♦ ✉s❡ t❤❡♠ t♦ ❝♦♥tr♦❧ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♠♣❧✐t✉❞❡ ❜②
s❡tt✐♥❣ t❤❡ ❧❛st ♣♦❧❛r✐③❡r ❛❧♦♥❣ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞ ❝❤❛♥❣✐♥❣ t❤❡ ✜rst ♦♥❡✳

❋✐❣✉r❡ ✷✳✸✽✿ ▼❛①✐♠✉♠ ❡❧❡❝tr✐❝ ✜❡❧❞ ♠❡❛s✉r❡ ✇✐t❤ ❊❧❡❝tr♦ ♦♣t✐❝❛❧ s❛♠♣❧✐♥❣ ❛t ❞✐✛❡r❡♥t
❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ♣♦❧❛r✐③❡rs✳ ❚❤❡ ✜t ❡q✉❛t✐♦♥ ✐s ❊q✳✷✳✶✶

■♥ ✜❣✉r❡ ✷✳✸✾ ✐s ♣❧♦tt❡❞ t❤❡ ❚❋■❙❍ s✐❣♥❛❧ ❢♦r ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤❡ s✐❣♥❛❧ ❞✐✲
♠✐♥✐s❤❡❞ ✇✐t❤ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✉♥t✐❧ t❤❡r❡ ✐s ♥♦ ♠♦r❡ s✐❣♥❛❧✳ ■♥ ✜❣✉r❡ ✷✳✹✵✐s r❡♣r❡s❡♥t❡❞
t❤❡ s✐❣♥❛❧ ❛t ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡s✳ ❚❤❡r❡ ✐s ❛ ❣♦♦❞ ❛❞❡q✉❛❝② ❜❡t✇❡❡♥ ♠② ❞❛t❛
❛♥❞ t❤❡ ❞❛t❛ ❢r♦♠ ❈❤❡♥ ❡t ❛❧✳❬✺❪✳ ❚❤❡ ✇❛✈❡❢♦r♠ ✐s t❤❡ s❛♠❡ ❛t ❤✐❣❤❡r ❡❧❡❝tr✐❝ ✜❡❧❞
✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡ s✐❣♥❛❧ st❛②s ❧✐♥❡❛r ❛t ❤✐❣❤❡r ❡❧❡❝tr✐❝ ✜❡❧❞s t❤❛t t❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞
❜② ❈❤❡♥ ❡t ❛❧✳

❚❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ♦❢ t❤❡ s✐❣♥❛❧ ❞❡♣❡♥❞✐♥❣ ♦❢ t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡
♣♦❧❛r✐③❡r ✐s ♣❧♦tt❡❞ ✐♥ ❋✐❣✳✷✳✹✶❛✮ ✳ ❚❤✐s s✐❣♥❛❧❡❞ ✐s ❢♦❧❧♦✇✐♥❣ ❛ ❝♦s✐♥❡ sq✉❛r❡❞ ❢✉♥❝t✐♦♥✳
❚❤❡r❡❢♦r❡✱ ✇❡ ❡①♣❡❝t t❤❛t t❤❡ s✐❣♥❛❧ ✐s ❧✐♥❡❛r ✇✐t❤ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✱ ✐♥❞❡❡❞✿

S(θ)α cos(θ)2)αE(θ) ✭✷✳✶✷✮

▼❛♣♣✐♥❣ t❤❡ ✈❛❧✉❡ ✐♥ ❛♥❣❧❡ ✐♥t♦ t❤❡ ✈❛❧✉❡ ✐♥ ❡❧❡❝tr✐❝ ✜❡❧❞✱ ✇❡ ❝❛♥ ♣❧♦t t❤❡ ❋✐❣✳ ✷✳✹✶❜✮✳
❚❤✐s ✜❣✉r❡ s❤♦✇s ❡✈✐❞❡♥❝❡ ♦❢ t❤❡ ❧✐♥❡❛r✐t② ♦❢ t❤❡ s✐❣♥❛❧✳ ▼♦r❡♦✈❡r✱ t❤✐s ❧✐♥❡❛r✐t② ✐s t❤❡
s❛♠❡ t❤❛t t❤❡ ♦♥❡ ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✇❤✐❝❤ ✈❛❧✐❞❛t❡s t❤❡ ❚❍③ P✉♠♣ s❡t✲✉♣✳ ❚❤❡
r❡♠❛✐♥✐♥❣ ♦❢ t❤✐s s❡❝t✐♦♥ ✇✐❧❧ ❝♦♥t✐♥✉❡ t❤✐s st✉❞② ❜❡②♦♥❞ t❤❡ ✇♦r❦ ♦❢ ❈❤❡♥ ❡t ❛❧✳

✼✻



❋✐❣✉r❡ ✷✳✸✾✿ ❚❋■❙❍ s✐❣♥❛❧ ❛t ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳

❋✐❣✉r❡ ✷✳✹✵✿ ◆♦r♠❛❧✐③❡❞ ✇❛✈❡❢♦r♠ ♦❢ t❤❡ s✐❣♥❛❧ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❉❛s❤❡❞ ❧✐♥❡ ❛r❡ r❡❢❡r❡♥❝❡s ❢r♦♠ ❈❤❡♥ ❡t ❛❧✳ ❙♦❧✐❞ ❧✐♥❡s ❛r❡ ♠② ✇♦r❦✳

P♦❧❛r✐③❛t✐♦♥ st✉❞②

❆t ❧♦♥❣❡r t✐♠❡ s❝❛❧❡ s❤♦✇❡❞ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❛♥♦t❤❡r ♣❡❛❦ ❛❢t❡r t❤❡ ♠❛✐♥ ♦♥❡ ❛s
s❤♦✇♥ ✐♥ ❋✐❣✳✷✳✹✷✳

■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤❡s❡ t✇♦ ♣❡❛❦s✱ ❛ ♣♦❧❛r✐③❛t✐♦♥ st✉❞② ❤❛s ❜❡❡♥ ❞♦♥❡ ✐♥
❛❞❞✐t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞s ♠❡❛s✉r❡♠❡♥t✳ ❇❡❝❛✉s❡✱ ♥♦ ❚❡r❛❍❡rt③ ❤❛❧❢✇❛✈❡ ❜❧❛❞❡ ✇❡r❡
❛✈❛✐❧❛❜❧❡ ✐♥ ♦✉r ❧❛❜✱ ✇❡ t✉r♥❡❞ t❤❡ ❝r②st❛❧ ✉s✐♥❣ t❤❡ r♦t❛t✐♥❣ s❛♠♣❧❡ ❤♦❧❞❡r✳ ❚♦ ♦♥❧②
♠❡❛s✉r❡ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❚❡r❛❍❡rt③ ♣♦❧❛r✐③❛t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❝r②st❛❧❧✐♥❡ ❛①✐s
✭t❤❡ ❛♥❣❧❡ φ✱ ❛♥ ♦♣t✐❝❛❧ ❤❛❧❢✇❛✈❡ ❜❧❛❞❡ ✇❛s ✉s❡❞ ♦♥ t❤❡ ♣r♦❜❡ s✐❞❡ t♦ ❛❧✇❛②s ❣❡♥❡r❛t❡

✼✼



❋✐❣✉r❡ ✷✳✹✶✿ ❛✮ ▼❛①✐♠✉♠ ✐♥t❡♥s✐t② ♦❢ t❤❡ s✐❣♥❛❧ ♣❧♦tt❡❞ ✈❡rs✉s t❤❡ ❛♥❣❧❡ ♦❢ t❤❡ ❝r②st❛❧✳
❚❤❡ ✜t ✐s ❛ ✿ Acos2(x)✳ ❜✮ ▼❛①✐♠✉♠ ♦❢ t❤❡ s✐❣♥❛❧ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❇❧✉❡ ❞♦ts ❛r❡ t❛❦❡♥ ❢r♦♠ ❈❤❡♥ ❡t ❛❧✳ ❖r❛♥❣❡ ❞✐❛♠♦♥❞s ❛r❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s ■
♦❜t❛✐♥❡❞✳ ■ ♥♦r♠❛❧✐③❡❞ ♠② ✈❛❧✉❡ s♦ t❤❛t t❤❡ ✈❛❧✉❡ ❛t ✶✻✵❦❱✴❝♠ ✐s ❡q✉✐✈❛❧❡♥t t♦ t❤❡
♦♥❡ ♦❢ ❈❤❡♥ ❡t ❛❧✳

❋✐❣✉r❡ ✷✳✹✷✿ ▲♦♥❣❡r t✐♠❡ s❝❛❧❡ s✐❣♥❛❧✳

t❤❡ ♠❛①✐♠✉♠ ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥✳ ❚❤❡ r❡s✉❧ts ❛r❡ s✉♠♠❛r✐③❡ ✐♥ ❋✐❣✳ ✷✳✹✸
❛✮✳

❆ ❛ ❢✉♥❝t✐♦♥ ♦❢ φ✱ t❤❡ s✐❣♥❛❧ ✐s ❧♦st ❢r♦♠ ♦♥❡ ♣❡❛❦ t♦ t❤❡ ♦t❤❡r ♦♥❡✳ ❚❤✐s ✐s r❡♣r❡✲
s❡♥t❡❞ ❜② t❤❡ ❛rr♦✇ ♦♥ ❋✐❣✳✷✳✹✸✳ ❚❤❡ s✐❣♥❛❧ ❛t t ❂ ✵ ✭♥❛♠❡❧② t❤❡ ♠❛①✐♠❛ ♦❢ t❤❡ ✜rst
♣❡❛❦✮ ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✹✹✳ ❚❤✐s s✐❣♥❛❧ ✐s ✜tt❡❞ ❜② ❛ ❝♦s✐♥❡ ❢✉♥❝t✐♦♥✳

■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤✐s ❝❤❛♥❣❡ ✐♥ t❤❡ s✐❣♥❛❧✱ ✇❡ ♣❡r❢♦r♠❡❞ ❚✐♠❡ ❞♦♠❛✐♥ ❙♣❡❝✲
tr♦s❝♦♣② ♦♥ ♦✉r s❛♠♣❧❡ ✉s✐♥❣ ♦✉r ❚❍③✲❚❉❙ s❡t✲✉♣ t❤❛t ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♥❡①t
❝❤❛♣t❡r✳ ❚❤❛t ✇❛② ✇❡ ✇❡r❡ ❛❜❧❡ t♦ ♠❡❛s✉r❡ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ♦✉r s❛♠♣❧❡✳ ❚❤✐s ✐s

✼✽



❋✐❣✉r❡ ✷✳✹✸✿ ❙✐❣♥❛❧ ❛t ❞✐✛❡r❡♥t ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ❝r②st❛❧ ❛①✐s ❛♥❞ t❤❡ ♣♦❧❛r✐③❛t✐♦♥✳
P❧♦ts ❛r❡ ❥✉st s❤✐❢t❡❞ ♦♥❡ ❢r♦♠ t❤❡ ♦t❤❡r ❢♦r ❜❡tt❡r ❝❧❛r✐t②✳ P❧♦ts ❛r❡ ♥♦t ♥♦r♠❛❧✐③❡❞✳
❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts t✐♠❡ ③❡r♦✳ ❆ s❡❧❡❝t❡❞ ♥✉♠❜❡r ♦❢ tr❛❝❡s ✭♦♥❡ ♦✈❡r t✇♦✮ ✇❡r❡
♣❧♦tt❡❞ ❢♦r ❝❧❛r✐t②✳ ❚❤❡ ❛rr♦✇s ✐s s❤♦✇✐♥❣ t❤❡ s❤✐❢t ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣❡❛❦s

✳

s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✹✺✳
❚❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①❡s ✇❡ ♦❜t❛✐♥❡❞ ❛r❡ ❛❞❡q✉❛t❡ ✇✐t❤ t❤❡ ❧✐t❡r❛t✉r❡ ❬✻✸❪ ❛♥❞ t❤❡②

❡①❤✐❜✐t ❛ str♦♥❣ ❜✐r❡❢r✐♥❣❡♥❝❡ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ♦❢ ∆n ≈ 0.4✳ ❋♦r ♦✉r s❛♠♣❧❡✱ t❤✐s
✐♥❞✉❝❡s ❛ s❤✐❢t ♦❢ ❛r♦✉♥❞ ✼ ♣s ❜❡t✇❡❡♥ ♦✉r ❝♦♠♣♦♥❡♥ts ✇❤✐❝❤ ✐s ❝❧♦s❡ t♦ t❤❡ ✶✵ ♣s
♦❜s❡r✈❡❞ ✐♥ ♦✉r s✐❣♥❛❧✳ ❆❧❧♦✇✐♥❣ ✉s t♦ ❛ss❡ss t❤❛t ✇❡ ♦❜s❡r✈❡❞ t❤❡ s♣❧✐t ♦❢ t❤❡ ♣✉❧s❡
✇✐t❤✐♥ t❤❡ t✇♦ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♦♣t✐❝❛❧ ❡❧❧✐♣s♦✐❞✳

✼✾



❋✐❣✉r❡ ✷✳✹✹✿ ❙✐❣♥❛❧ ❛t t ❂ ✵ ❢♦r ❞✐✛❡r❡♥t ❛♥❣❧❡s ❜❡t✇❡❡♥ ❚❡r❛❍❡rt③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞
❝r②st❛❧❧✐♥❡ ❛①✐s✳ ❚❤❡ ❞❛t❛ ❤❛✈❡ ❜❡❡♥ ✜tt❡❞ ❜② ❛ s✐♠♣❧❡ ❆❝♦s✭① ✰ φ✮

❋✐❣✉r❡ ✷✳✹✺✿ ❘❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ❇❇❖ ❢♦r ❞✐✛❡r❡♥t ❛♥❣❧❡ ❜❡t✇❡❡♥ ❝r②st❛❧ ❛①✐s ❛♥❞
❚❡r❛❍❡rt③ ❡❧❡❝tr✐❝ ✜❡❧❞✳

❋✐♥❛❧❧②✱ ❛s t❤❡ t✇♦ ❝♦♠♣♦♥❡♥ts ❛r❡ ❞✐✛❡r❡♥t✱ t❤❡✐r ❋♦✉r✐❡r ❛♥❛❧②s✐s ❤❛✈❡ t♦ ❜❡ ❞♦♥❡
s❡♣❛r❛t❡❧②✳ ❚❤✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✳✷✳✹✻✳ ❲❡ ♦❜s❡r✈❡❞ ❤✐❣❤ ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥t ✐♥ t❤❡
❋♦✉r✐❡r ❙♣❡❝tr❛ ♦❢ t❤❡ ✜rst ♣❡❛❦ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ✜rst ♦♥❡✳ ❚❤✐s ✐s ❛♥ ❤✐♥t ❢♦r
❙❡❝♦♥❞ ♦r ❤✐❣❤❡r ❤❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ♦❢ ❚❡r❛❍❡rt③ ✇✐t❤✐♥ t❤❡ ❇❇❖✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s
♥♦t ❝♦♥❝❧✉s✐✈❡ ❡♥♦✉❣❤ ❞❛t❛ ❛♥❞ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥s ♥❡❡❞s t♦ ❜❡ ❞♦♥❡✳

❚♦ ❝♦♥❝❧✉❞❡ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❛t ♦✉r ❚❍③ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✐s
✈❛❧✐❞ ❜② r❡♣r♦❞✉❝✐♥❣ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❧✐t❡r❛t✉r❡✳ ▼♦r❡♦✈❡r✱ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ✐♥t❡♥s✐t②

✽✵



❋✐❣✉r❡ ✷✳✹✻✿ ❛✮ ❚❡♠♣♦r❛❧ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝✱ t❤❡ ❤♦r✐③♦♥t❛❧ ❧✐♥❡s s❤♦✇s
t❤❡ ❞♦♠❛✐♥ ✉s❡❞ ❢♦r ❞♦✐♥❣ t❤❡ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✳ ❜✮ ❆ss♦❝✐❛t❡❞ ❙♣❡❝tr❛ ✉s❡❞ ✇✐t❤ t❤❡
t✇♦ ❞♦♠❛✐♥s✳

♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✱ ✇❡ ♦❜s❡r✈❡❞ ♠♦r❡ ♥♦♥ ❧✐♥❡❛r ❡✛❡❝ts t❤❛t s❡❡♠s t♦ ❜❡ ❧✐♥❦❡❞ t♦ ❍✐❣❤
❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐♥ t❤❡ ❚❍③ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ✉s✐♥❣ ❇❇❖✳

✽✶



✷✳✾✳✷ ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ ✐♥ ❱✷❖✸ t❤✐♥ ✜❧♠ ❛t r♦♦♠ t❡♠✲
♣❡r❛t✉r❡

❙❛♠♣❧❡ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ V2O3 ✐s ❛ ❝♦♠♣♦✉♥❞ ✇❤✐❝❤ ❝r②st❛❧❧✐③❡s ✐♥ t❤❡ R3̄c s♣❛❝❡ ❣r♦✉♣❬✻✻❪✳ ❚❤✐s ❝r②st❛❧
✐s ❛ t②♣✐❝❛❧ ▼♦tt ✐♥s✉❧❛t♦r✳ ❯♥❧✐❦❡ ✉s✉❛❧ ❜❛♥❞ ✐♥s✉❧❛t♦r✱ ▼♦tt ✐♥s✉❧❛t♦r ❛r❡ r❡❧❛t❡❞ t♦
t❤❡ ❝♦rr❡❧❛t✐♦♥ ♦❢ ❡❧❡❝tr♦♥s✳ ❊❧❡❝tr♦♥s ❝❛♥ ❤♦♣❡ ❢r♦♠ ♦♥❡ s✐t❡ t♦ ❛♥♦t❤❡r ✇✐t❤ ❛ ❝❡rt❛✐♥
♣r♦❜❛❜✐❧✐t②✱ ✐❢ t❤❡ ❝♦rr❡❧❛t✐♦♥ ✐s t♦♦ str♦♥❣ ✭t❤❡ ❈♦✉❧♦♠❜ r❡♣✉❧s✐♦♥✮ t❤❡♥ t❤❡r❡ ✐s ♥♦
❤♦♣♣✐♥❣ ♣♦ss✐❜❧❡ ❛♥❞ s♦ ♥♦ ❝♦♥❞✉❝t✐♦♥✳ ❚❤❡ ♣❤❛s❡ ❞✐❛❣r❛♠ ♦❢ V2O3 ✐s ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳✷✳✹✼ ❛❞❛♣t❡❞ ❢r♦♠ ❬✻✼❪✳ ❆t ❧♦✇ t❡♠♣❡r❛t✉r❡✱ t❤❡ s②st❡♠ ✐s ✐♥ ❛♥ ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝
✐♥s✉❧❛t♦r ♣❤❛s❡✳ ❆t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❤✐❣❤ ♣r❡ss✉r❡✱ t❤❡ s②st❡♠ ✐s ✐♥ ❛ ♣❛r❛♠❛❣♥❡t✐❝
♠❡t❛❧ ♣❤❛s❡✳ ❆t ❧♦✇ t❡♠♣❡r❛t✉r❡ ❧♦✇ ♣r❡ss✉r❡ t❤❡ s②st❡♠ ✐s ✐♥ ❛ ♣❛r❛♠❛❣♥❡t✐❝ ✐♥s✉✲
❧❛t✐♥❣ ♣❤❛s❡✳ ❚❤❡ ♣r❡ss✉r❡ ✐♥ t❤✐s s❛♠♣❧❡ ❝❛♥ ❜❡ t✉♥❡❞ ❜② s✉❜st✐t✉t✐♥❣ ❈r ❛t♦♠ t♦ ❱
❛t♦♠ ✐♥ t❤❡ str✉❝t✉r❡✳ ■♥ t❤✐s ❝♦♠♣♦✉♥❞✱ t❤❡ ▼♦tt ✐♥s✉❧❛t♦r tr❛♥s✐t✐♦♥ ✐s ❝❛✉s❡❞ ❜② t❤❡
♣r❡ss✉r❡✱ ✇❤❡♥ t❤❡ ♣r❡ss✉r❡ ✐s ❤✐❣❤ ❡♥♦✉❣❤ t❤❡ ❤♦♣♣✐♥❣ ✐s ❡❛s✐❡r ❛♥❞ ❛❧❧♦✇s t❤❡ ♠❡t❛❧❧✐❝
tr❛♥s✐t✐♦♥✳

❋✐❣✉r❡ ✷✳✹✼✿ P❤❛s❡ ❉✐❛❣r❛♠ ♦❢ V2O3 ❛❞❛♣t❡❞ ❢r♦♠ ❬✻✼❪✳

❲❤❡♥ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ❛♣♣❧✐❡❞ ♦♥ V2O3✱ ❛♥ ✐♥s✉❧❛t✐♥❣ t♦ ♠❡t❛❧ tr❛♥s✐t✐♦♥ ❝❛♥ ❜❡
❣❡♥❡r❛t❡❞ ❬❄❪✳ ❆s s✉❝❤✱ t❤✐s ❝♦♠♣♦✉♥❞ ❤❛s ❛ttr❛❝t❡❞ ✐♥t❡r❡st t♦ ❝r❡❛t❡ ♠❡♠♦r② ❞❡✈✐❝❡s✳
❚❤❡ st✉❞② ♦❢ t❤✐s ❝♦♠♣♦✉♥❞ ✉♥❞❡r ❧✐❣❤t ✐rr❛❞✐❛t✐♦♥ ✐s ✈❡r② ❞✐✈❡rs❡ ❢r♦♠ ♦♣t✐❝❛❧ ♠❡❛✲
s✉r❡♠❡♥t t♦ ✐♥❢r❛r❡❞ ❛♥❞ ❡✈❡♥ ❚❍③ ♠❡❛✉sr❡♠❡♥ts ❬✻✽✱ ✻✾✱ ✼✵✱ ✼✶✱ ✼✷❪✳ ❖♥❡ ✐♥t❡r❡st✐♥❣
✐❞❡❛ ✇✐t❤ t❤✐s ❝♦♠♣♦✉♥❞ ✐s t♦ ✉s❡ t❤❡ s✐♥❣❧❡ ❝②❝❧❡ ❛♥❞ ✐♥t❡♥s❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❢ t❤❡ ❚❍③
♣✉❧s❡ t♦ ✐♥❞✉❝❡ t❤❡ ■♥s✉❧❛t♦r t♦ ▼❡t❛❧ P❤❛s❡ tr❛♥s✐t✐♦♥✳ ❚♦ ✉♥❞❡rst❛♥❞✱ t❤❡ ♣r♦♣❡rt②
♦❢ t❤❡ ❚❍③ ❧✐❣❤t ♦♥ t❤✐s ❝♦♠♣♦✉♥❞ ❛ ✜rst st✉❞② ✇❛s r❡❛❧✐s❡❞ ✐♥ t❤❡ P❛r❛♠❛❣♥❡t✐❝ ♠❡t❛❧
P❤❛s❡ ✭P▼✮✳ ❚❤✐s st✉❞② ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳

❊①♣❡r✐♠❡♥t❛❧ ❙❡t✲❯♣

❚❤❡ ❡①♣❡r✐♠❡♥t ✇❛s ❞♦♥❡ ♦♥ ❛ ✷✵✵ ♥♠ t❤✐❝❦ t❤✐♥ ✜❧♠ ❞❡♣♦s✐t❡❞ ♦♥ ❛ ❙❛♣♣❤✐r❡ ♣❧❛t❡
✶❝♠ ① ✶❝♠✳ ❚❤❡ s❛♠♣❧❡ ✇❡ ✉s❡❞ ✇❛s ✉♥❞♦♣❡❞ ❛♥❞ st✉❞✐❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ s♦ ❞❡❡♣
✐♥ t❤❡ P❛r♠❛❣♥❡t✐❝ ▼❡t❛❧ ✐♥s✉❧❛t✐♥❣ ✭s❡❡ ❋✐❣✳✷✳✹✼✳ ❚❤✐s s❛♠♣❧❡ ✇❛s ♣r♦✈✐❞❡❞ t♦ ✉s ❜②
t❤❡ ■♥st✐t✉t ❞❡s ▼❛tér✐❛✉① ❏❡❛♥ ❘♦✉①❡❧ ✐♥ ◆❛♥t❡s✳ ❲❡ r❡❛❧✐③❡❞ ❛♥ ❚❍③ P✉♠♣ ❖♣t✐❝❛❧
Pr♦❜❡ ✐♥ ❛ tr❛♥s♠✐ss✐♦♥ s❡t✲✉♣ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ✇❛✈❡❧❡♥❣t❤ ✉s❡❞ ❢♦r t❤❡ ♣r♦❜❡
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✇❛s ✼✹✵♥♠✳ ❚❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ ✇❛s ❖❉✶ ❢♦r t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡✳ ❚❤❡ ♣✉♠♣
❛♥❞ ♣r♦❜❡ ❛r❡ ❝♦❧❧✐♥❡❛r✱ t❤❡ s♣❛t✐❛❧ ♦✈❡r❧❛♣ ✐s r❡❛❧✐③❡❞ ✉s✐♥❣ ❛ P②r♦❝❛♠■■■✳ ❋✐♥❛❧❧②✱
t❤❡ t❡♠♣♦r❛❧ ♦✈❡r❧❛♣ ✐s r❡❛❧✐③❡❞ ❜❡❢♦r❡❤❛♥❞ ✉s✐♥❣ ❛♥ ❊❖❙ s❡t✲✉♣✳ ❚❤❡ ♣r♦❜❡ ❧✐❣❤t
✐s ❝♦❧❧❡❝t❡❞ ♦♥t♦ ❛ ♣❤♦t♦❞✐♦❞❡ ❝♦♥♥❡❝t❡❞ t♦ ❛ ❧♦❝❦✐♥✲❛♠♣❧✐✜❡r✳ ❆♥ ♦♣t✐❝❛❧ ❝❤♦♣♣❡r ✐s
♣❧❛❝❡❞ ♦♥ t❤❡ ♣✉♠♣ ♣❛t❤ ❛t t❤❡ ❢r❡q✉❡♥❝② ✺✵✵❍③✳ ❆ ♣❛rt ♦❢ t❤❡ ♣r♦❜❡ ❧✐❣❤t ✇❛s r❡❝♦r❞❡❞
♦✉ts✐❞❡ t❤❡ ❜♦① t♦ ✉s❡ ❛s ❛ r❡❢❡r❡♥❝❡ ❢♦r ❛ ♣r♦♣❡r ❜❛❧❛♥❝❡ ❞❡t❡❝t✐♦♥✳ ✼✺✵♥♠ ❙❤♦rt♣❛ss
✜❧t❡rs ✇❡r❡ ♣✉t ✐♥ ❢r♦♥t ♦❢ t❤❡ ❞❡t❡❝t✐♦♥ ♣❤♦t♦❞✐♦❞❡ t♦ ❞✐s❝❛r❞ ❛♥② ✽✵✵♥♠ r❡♠❛✐♥✐♥❣
❢r♦♠ t❤❡ ♣✉♠♣ ✇✐t❤✐♥ t❤❡ ❜♦①✳ ❚❤✐s s❡t✲✉♣ ✐s ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡
♣r❡✈✐♦✉s s❡❝t✐♦♥ ✭s❡❡ ❋✐❣✳✷✳✸✺✮✳

❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛♥❞ ✐♥t❡r♣r❡t❛t✐♦♥

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✇❡ ♦❜t❛✐♥❡❞ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✷✳✹✽✿

❋✐❣✉r❡ ✷✳✹✽✿ ❱❛r✐❛t✐♦♥ ♦❢ ✼✹✵ ♥♠ ❧✐❣❤t tr❛♥s♠✐tt❡❞ t❤r♦✉❣❤ V2O3 t❤✐♥ ✜❧♠ ♦✈❡r t✐♠❡✳
❚❤♦s❡ ❛r❡ ✉♥♣✉❜❧✐s❤❡❞ ❞❛t❛✳ ❱❡rt✐❝❛❧ ❜❧❛❝❦ ❧✐♥❡s ❞❡❧✐♠✐ts t❤❡ t✐♠❡ s❝❛❧❡s ♦❢ t❤❡ s❛♠♣❧❡✳

❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ✼✹✵ ♥♠ ❢♦❧❧♦✇s ✸ t✐♠❡ s❝❛❧❡s✳ ❋✐rst ♣❡r✐♦❞ ✐s ❢r♦♠ ✵ t♦ ✷✺♣s✱ t❤❡
s✐❣♥❛❧ ✐s ✐♥❝r❡❛s✐♥❣ ❧✐♥❡❛r❧② ✇✐t❤ t✐♠❡✳ ❚❤❡♥✱ ❢r♦♠ ✷✺ t♦ ✾✵ ♣s✱ t❤❡ s✐❣♥❛❧ ✐s r❡❧❛①✐♥❣✱
✜♥❛❧❧② ✐t r❡❛❝❤❡s ❛ ♣❧❛t❡❛✉✳ ❆s ❚❍③ ❡①❝✐t❛t✐♦♥ ✐s ♥♦t ❧♦♥❣❡r t❤❛♥ ✶♣s✱ t❤✐s ❝❛♥♥♦t ❜❡
♦♥❧② ❡❧❡❝tr✐❝❛❧ ❛s♣❡❝t✳ ❙♦✉♥❞ ✈❡❧♦❝✐t② ✐♥ V2O3 ✐s ✽✵✵✵♠✴s✱ ❢♦r ❛ ✷✵✵♥♠ t❤✐❝❦ ✜❧♠✱ ❛♥
❛❝♦✉st✐❝ ✇❛✈❡ ✇✐❧❧ t❛❦❡ ✷✺♣s t♦ tr❛✈❡❧ ✐♥ t❤❡ s❛♠♣❧❡✱ t❤❡r❡❢♦r❡ ❛❝♦✉st✐❝ t✐♠❡ s❝❛❧❡ ✐s t❤❡
❣♦♦❞ t✐♠❡ s❝❛❧❡ t♦ ❧♦♦❦ ❛t ❢♦r t❤✐s ✜rst ♣❡r✐♦❞✳

▲❡✈❝❤✉t ❡t ❛❧✳ ❬✼✸❪ ♠❡❛s✉r❡❞ ❛♥ ✉❧tr❛❢❛st ❏♦✉❧❡ ❊✛❡❝ts ❣❡♥❡r❛t❡❞ ❜② ❚❍③ ❡❧❡❝tr✐❝
❋✐❡❧❞ ✐♥ Bi2Te3✳ ❚❤❡ ❚❍③ ♣✉♠♣ ❤❡❛ts t❤❡ ❡❧❡❝tr♦♥ ❣❡♥❡r❛t✐♥❣ ❛ str❛✐♥ ✇❛✈❡ ✐♥t♦ t❤❡
s❛♠♣❧❡✳ ❚❤✐s str❛✐♥ ✇❛✈❡ tr❛✈❡❧s ❛t t❤❡ s♣❡❡❞ ♦❢ s♦✉♥❞ ❛♥❞ ❝❤❛♥❣❡s t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①
✐♥ t❤❡ ✜❧♠ ✈✐❛ t❤❡r♠♦❡❧❛st✐❝ ❝♦✉♣❧✐♥❣✳ ❆s t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ ❚❍③ ✐s ❜✐❣❣❡r t❤❛♥ t❤❡
t❤✐❝❦♥❡ss ♦❢ t❤❡ ✜❧♠✱ ❛ str❛✐♥ ✇❛✈❡ ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ ✜❧♠✳ ❲❤❡♥ t❤❡
t✇♦ str❛✐♥s ❤❛✈❡ ✜♥✐s❤❡❞ t❤❡✐r tr❛✈❡❧s✱ t❤❡ str❛✐♥ ♥❡❡❞s t♦ ❤♦♠♦❣❡♥✐③❡❞ ❛♥❞ r❡❧❛① ✐♥ t❤❡
✜❧♠ r❡❛❝❤✐♥❣ ❛ ♣❧❛t❡❛✉✳ ❚❤♦s❡ st✉❞✐❡s ❤❛✈❡ ❜❡❡♥ ♠♦r❡ ❞❡❡♣❧② ❝♦♥❞✉❝t❡❞ ❜② ●✉❡♥♦❧❡
❍✉✐tr✐❝✳ ❚❤❡ ❢✉❧❧ ❡①♣❧❛♥❛t✐♦♥ ✐♥❝❧✉❞✐♥❣ ✜t ♦❢ t❤❡ ❞❛t❛ ❛♥❞ t❤❡♦r❡t✐❝❛❧ ❡①♣❧❛♥❛t✐♦♥ ♠✐❣❤t
❜❡ ❢♦✉♥❞ ✐♥ ❤✐s P❤❉ ▼❛♥✉s❝r✐♣t✳

❍♦✇❡✈❡r✱ ✇❡ ❝❛♥ ❝♦♥❝❧✉❞❡ ❛t t❤✐s st❛❣❡ t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐♥❞✉❝❡ t❤❡r♠♦❡❧❛st✐❝
❡✛❡❝ts ✐♥ V2O3 t❤✐♥ ✜❧♠s✳ ❚❤✐s ✐s ❝❧♦s❡ t♦ r❡s✉❧ts ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡ ❛♥❞ s♦ ✈❛❧✐❞❛t❡s
t❤❡ ✉s❡ ♦❢ t❤❡ ❚❍③ t♦ ♣✉♠♣ ❡✛❡❝ts ♦♥ ♠❡t❛❧s✳ ❚❤✐s s❤♦✇s t❤❛t ♦✉r ❚❍③ s❡t✲✉♣ ❝❛♥
❛❧s♦ ❜❡ ✉s❡❞ ✐♥ ❝❛s❡s ✇❤❡r❡ t❤❡ s✐❣♥❛❧ ✐s ♥♦t ❧✐♥❡❛r ✇✐t❤ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞ t♦ tr✐❣❣❡r
♣❤❡♥♦♠❡♥❛ ♦♥ ♠✉❝❤ ❧♦♥❣❡r t✐♠❡s❝❛❧❡s t❤❛t t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐ts❡❧❢✳
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✷✳✶✵ ❈♦♥❝❧✉s✐♦♥

❚❤✐s ❝❤❛♣t❡r ✇❛s ❞❡❞✐❝❛t❡❞ t♦ ❡①♣❧❛✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ❡♥ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❚❍③
❙♦✉r❝❡ ■ ❜✉✐❧t ❞✉r✐♥❣ ♠② P❤❉ ❚❤❡s✐s✳ ❚❤✐s s♦✉r❝❡ r❡♣r❡s❡♥ts ♠♦st ♦❢ ♠② t✐♠❡ ❞✉r✐♥❣
t❤✐s P❤❉ t❛❦✐♥❣ ❛r♦✉♥❞ ✷ ②❡❛rs ♦❢ ✇♦r❦✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤✐s s♦✉r❝❡ ❛r❡ ♦♥❡ ♦❢ t❤❡
♠♦st ♣❡r❢♦r♠✐♥❣ ✐♥ t❤❡ ✇♦r❧❞ ♥♦✇❛❞❛②s ✉s✐♥❣ t❤❡ LiNbO3 ❝r②st❛❧✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢
t❤✐s s♦✉r❝❡ ❛r❡ r❡s✉♠❡❞ ✐♥ ✐♥ ❚❛❜❧❡ ✷✳✶✿

P❡❛❦ ❊❧❡❝tr✐❝ ✜❡❧❞ ❊♥❡r❣② ❇❡❛♠s✐③❡
✽✵✵ ❦❱✴❝♠ ✹✳✺ µJ ✽✵✵ µm

❚❛❜❧❡ ✷✳✶✿ ❘❡❝❛♣✐t✉❧❛t✐✈❡ t❛❜❧❡ ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ s♦✉r❝❡✳

❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤✐s s♦✉r❝❡ ❜✉t ❛❧s♦ t❤❡ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ✉s❡ ❧❛s❡r s♦✉r❝❡s
✇❤✐❝❤ ♣✉❧s❡ ❞✉r❛t✐♦♥ ✐s r❡q✉✐r❡❞ t♦ ❜❡ ✐♥ t❤❡ ❢❡♠t♦s❡❝♦♥❞ t✐♠❡s❝❛❧❡✳ ❚❤♦s❡ ❧❛s❡rs ❛r❡
❣❡♥❡r❛t❡❞ ✉s✐♥❣ ❈❤✐r❡♣❡❞ P✉❧s❡ ❆♠♣❧✐✜❝❛t✐♦♥ ✭❈P❆✮ ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s
❝❤❛♣t❡r✳ ▼♦st ♦❢ t❤❡ ❧✐❣❤t s♦✉r❝❡s ✉s❡❞ ✐♥ t❤♦s❡ ❡①♣❡r✐♠❡♥t ❛r❡ ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ s❛♠❡
♣✉❧s❡ ❛♥❞ ♥♦♥ ❧✐♥❡❛r ♦♣t✐❝ ✐s ✉s❡❞ t♦ ❝❤♦♦s❡ t❤❡ ✇❛✈❡❧❡♥❣t❤✳

❚❤❡ ❛❧✐❣♥♠❡♥t ♣r♦❝❡❞✉r❡ ❢♦r ♦♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✐♥ LiNbO3 ❤❛s ❜❡❡♥ ❞❡t❛✐❧❡❞✳ ❚❤✐s
♣r♦❝❡❞✉r❡ s❤♦✉❧❞ ❜❡ ❤❡❧♣❢✉❧ ❢♦r ❢✉t✉r❡ ✉s❡r ♦r ♣❡rs♦♥ ✇❤♦ ✇♦✉❧❞ ✇❛♥t t♦ st❛rt ❛ ♥❡✇
❚❍③ s♦✉r❝❡ ❜❛s❡❞ ♦♥ t❤✐s t❡❝❤♥✐q✉❡✳

❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ s♦✉r❝❡ r❛✐s❡❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ s❛♠♣❧✐♥❣✳
❚❤❡ ❞❛t❛ tr❡❛t♠❡♥t ♦❢ ❊❧❡❝tr♦ ❖♣t✐❝❛❧ ❙❛♠♣❧✐♥❣ ❤❛s ❜❡❡♥ ❞❡t❛✐❧❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ❡✛❡❝ts
♦❢ ❜r♦❛❞❜❛♥❞ s♦✉r❝❡s ♦♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ■♥❞❡❡❞✱ t♦ ❞♦ ❛ ♣r♦♣❡r ❊❧❡❝tr♦ ❖♣t✐❝❛❧
❙❛♠♣❧✐♥❣✱ t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ♥❡❡❞s t♦ ❜❡ ❧❡ss t❤❛♥ ✶✵✵ ❢s✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ♣r♦❜❡ ♣✉❧s❡ ✐s ♥❛t✉r❛❧❧② ❜r♦❛❞❜❛♥❞✳ ▼♦r❡♦✈❡r✱ ✇❡ ✉s❡ ❊❧❡❝tr♦ ♦♣t✐❝❛❧ s❛♠♣❧✐♥❣ ✐♥
❛ ♥♦♥✲st❛♥❞❛r❞ ✇❛② t♦ ♠❡❛s✉r❡ t❤❡ ❜❡❛♠ ✇❛✐st ♦❢ ♦✉r ❚❍③ ♣✉❧s❡✳ ❲❡ ✇❡r❡ ❛❜❧❡ t♦
❝♦♠♣❛r❡ t❤✐s ♠❡❛s✉r❡ ✇✐t❤ ✐♠❛❣❡s t❛❦❡♥ ✇✐t❤ t❤❡ P②r♦❝❛♠ ■■■ ❢♦r s✐♠✐❧❛r r❡s✉❧ts✳

❚❤✐s s♦✉r❝❡ ❤❛s ❜❡❡♥ ✈❛❧✐❞❛t❡❞ ✇✐t❤ t✇♦ ❡①♣❡r✐♠❡♥ts ✿ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ▼♦❞✉❧❛t✐♦♥
✇✐t❤ ❚❍③ ✐♥ ❇❇❖ ❝r②st❛❧ ❛♥❞ ❚❍③ ♣✉♠♣ ❖♣t✐❝❛❧ Pr♦❜❡ ✐♥ V2O3 t❤✐♥ ✜❧♠✳ ❚❤❡ ✜rst
❡①♣❡r✐♠❡♥t r❡♣r♦❞✉❝❡s t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❧✐t❡r❛t✉r❡ ❛♥❞ ❡✈❡♥ ✐♠♣r♦✈❡ t❤❡ r❡s✉❧ts ❜②
♦❜s❡r✈✐♥❣ ♥❡✇ ♣❤❡♥♦♠❡♥❛ t❤❛♥❦s t♦ t❤❡ ♠♦r❡ ✐♥t❡♥s❡ ❚❍③ s♦✉r❝❡ ❛♥❞ t❤✐❝❦❡r ❝r②st❛❧✳
❚❤❡ s❡❝♦♥❞ ❡①♣❡r✐♠❡♥t ♣r❡s❡♥ts r❡s✉❧ts ✈❡r② s✐♠✐❧❛r t♦ ✇❤❛t ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥
♦t❤❡r ❝♦♠♣♦✉♥❞s ✉s✐♥❣ ❚❍③ ♣✉♠♣ Pr♦❜❡ ❡①♣❡r✐♠❡♥t✳ ❚❤♦s❡ t✇♦ r❡s✉❧ts ✈❛❧✐❞❛t❡ t❤❡
✉s❡ ♦❢ t❤❡ s♦✉r❝❡ ✇❤✐❝❤ ❝❛♥ t❤❡♥ ❜❡ ✉s❡❞ ❢♦r ♥❡✇ ♣❤②s✐❝s✳

❚❤❡ ♠❛✐♥ ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s P❤❉ t❤❡s✐s ✇❛s t♦ ❞❡✈❡❧♦♣ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡ ❛♥ ✐♥t❡♥s❡
❚❍③ s♦✉r❝❡✳ ❚❤✐s ♦❜❥❡❝t✐✈❡ ✐s ♥♦✇ ❢✉❧✜❧❧❡❞✳ ❚❤✐s s♦✉r❝❡ ❝❛♥ ♥♦✇ ❜❡ ✉s❡❞ ❢♦r ♠♦r❡
❝❤❛❧❧❡♥❣✐♥❣ ❡①♣❡r✐♠❡♥ts✳ ❙♣✐♥ ❈r♦ss♦✈❡r ♠❛t❡r✐❛❧s ❤❛✈❡ ❜❡❡♥ ✇✐❞❡❧② st✉❞✐❡❞ ❜✉t ♥♦t
♠✉❝❤ ✉s✐♥❣ ❚❍③ ❧✐❣❤t✳ ▼♦r❡♦✈❡r✱ t❤❡ st✉❞② ♦❢ ❙♣✐♥ ❈r♦ss♦✈❡r ♠❛t❡r✐❛❧s ✉s✐♥❣ ❚❍③ ❧✐❣❤t
✇❛s ❞♦♥❡ ♠♦st❧② ✉s✐♥❣ ❚❍③ ❛s ♣r♦❜❡ ❬✼✹✱ ✼✺❪✳ ❲❡ ✇❛♥t t♦ ❛♣♣❧② ♦✉r s♦✉r❝❡ t♦ t❤♦s❡
♠❛t❡r✐❛❧s t♦ ❞♦ P✉♠♣ Pr♦❜❡ ❡①♣❡r✐♠❡♥t ✇❤✐❝❤ ❤❛s ♥♦t ❜❡❡♥ ❞♦♥❡ ✉s✐♥❣ ❚❍③ ❛s ❛ ♣✉♠♣✳
❲❡ ❞❡✈❡❧♦♣❡❞ ❛ ❚❍③✲❚❉❙ s❡t✲✉♣ t❤❛t ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ✸ ❛♥❞ ❝❤❛♣t❡r ✹ ✇✐❧❧
s✉♠♠❛r✐③❡ ❛❧❧ ♦✉r st✉❞✐❡s ♦♥ ❙♣✐♥ ❈r♦ss♦✈❡r ♠❛t❡r✐❛❧s✳

✽✹



❈❤❛♣t❡r ✸

❚❤❡♦r② ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ❚❍③

❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ❙❡t✲✉♣

✸✳✶ ❚❤❡♦r② ♦❢ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣②

✸✳✶✳✶ ■♥tr♦❞✉❝t✐♦♥

❖♥❡ ✐♠♣♦rt❛♥t q✉❛♥t✐t② ✐♥ ❧✐❣❤t ♠❛tt❡r ✐♥t❡r❛❝t✐♦♥ ✐s t❤❡ ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡①✳
❲❤❡♥ ❧✐❣❤t tr❛✈❡❧s t❤r♦✉❣❤ ❛ ♠❡❞✐❛ t❤❡r❡ ❛r❡ t❤r❡❡ ♣♦ss✐❜✐❧✐t✐❡s ✿ r❡✢❡❝t✐♦♥✱ tr❛♥s♠✐ss✐♦♥
❛♥❞ ❛❜s♦r♣t✐♦♥✳ ❚❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✐♥✐t✐❛❧ ✇❛✈❡ ✐s ❞✐✈✐❞❡❞ ❜❡t✇❡❡♥ t❤❡ r❡✢❡❝t❡❞✱
tr❛♥s♠✐tt❡❞ ❛♥❞ ❛❜s♦r❜❡❞ ✿

A+R + T = 1 ✭✸✳✶✮

❚❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤✐s s♦rt✐♥❣ ✐s t❤❡ ✜❡❧❞ ♦❢ ❧✐♥❡❛r ♦♣t✐❝ ❛s ❛❧r❡❛❞② ♣r❡s❡♥t❡❞
✐♥ t❤❡ s❡❝♦♥❞ ❝❤❛♣t❡r ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t✳ ❚❤❡s❡ q✉❛♥t✐t✐❡s ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ❝♦♠♣❧❡①
r❡❢r❛❝t✐✈❡ ♦❢ t❤❡ ♠❛t❡r✐❛❧ ✿

ñ(ω) = n(ω)− iκ(ω) ✭✸✳✷✮

ñ ✐s ✇❛✈❡❧❡♥❣t❤ ❞❡♣❡♥❞❡♥t ❛♥❞ ❛s s✉❝❤ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ❛r❡ r❡q✉✐r❡❞
t♦ ❞❡t❡r♠✐♥❡ ✐t✳ ❋♦r ✈✐s✐❜❧❡ ❧✐❣❤t✱ ❡❧❧✐♣s♦♠❡tr② ✐s ❛ t❡❝❤♥✐q✉❡ ♦❢ ❝❤♦✐❝❡✳ ❚❤✐s t❡❝❤♥✐q✉❡
r❡❧✐❡s ♦♥ t❤❡ r❡✢❡❝t❡❞ ❧✐❣❤t ❛t t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ s❛♠♣❧❡ ❛♥❞ ❛ ♣r❡❝✐s❡ ❝♦♥tr♦❧ ♦❢ t❤❡ ❛♥❣❧❡
♦❢ r❡✢❡❝t✐♦♥ ❛t t❤❡ s✉r❢❛❝❡✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ❞❡❛❧✐♥❣ ✇✐t❤ ❚❍③ ✇❛✈❡❧❡♥❣t❤ ❡❧❧✐♣s♦♠❡tr②
❝❛♥♥♦t ❜❡ ✉s❡❞ ❛♥❞ ♥❡✇ ♠❡t❤♦❞ ❛r❡ r❡q✉✐r❡❞✳

❚❤❡ ♠♦st ✇✐❞❡❧② ✉s❡❞ t❡❝❤♥✐q✉❡ t♦ ♠❡❛s✉r❡ t❤❡ ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐♥ t❤❡ ❚❍③
r❛♥❣❡ ✐s t❤❡ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣②✳ ❚❤✐s t❡❝❤♥✐q✉❡ r❡❧✐❡s ♦♥ ❝♦❤❡r❡♥t ♠❡❛s✉r❡✲
♠❡♥ts ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✉s✐♥❣ ❡✐t❤❡r ❊❖❙ ♦r ❆❇❈❉ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡✳

❚❤❡♦r② t♦ ❡①tr❛❝t t❤❡ ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❤❛✈❡ ❜❡❡♥ t❤❡♦r❡t✐❝❛❧❧② ❞❡r✐✈❡❞ ❜②
❉✉✈✐❧❛r❡t ❡t ❛❧✳ ❬✼✻❪ ❛♥❞ ❬✼✼❪✳ ■ ✇✐❧❧ ♣r❡s❡♥t ♥♦✇ t❤❡ t❤❡♦r② ♦❢ ❚❉❙ ❜❛s❡❞ ♦♥ t❤❡✐r ✇♦r❦✳
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✸✳✶✳✷ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ❤②♣♦t❤❡s✐s

❚❤❡ ❛✐♠ ♦❢ ❚✐♠❡ ❞♦♠❛✐♥ s♣❡❝tr♦s❝♦♣② ✐s t♦ ❡①tr❛❝t t❤❡ ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢
❛ ♠❛t❡r✐❛❧✳ ❊❖❙ ♦r ❆❇❈❉ ❞❡t❡❝t✐♦♥ ♠❡❛s✉r❡s t❤❡ ❚❍③ ✜❡❧❞ ❛t ❞✐✛❡r❡♥t ♣♦s✐t✐♦♥ ✐♥
t✐♠❡✳ ❚❤r♦✉❣❤ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✇❛✈❡❢♦r♠✱ t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ❚❍③
♣✉❧s❡ ✐s ♦❜t❛✐♥❛❜❧❡✳ ❚❤❡ s♣❡❝tr❛ ✐s ❝❤❛♥❣❡❞ t❤r♦✉❣❤ ❛ ♠❡❞✐✉♠ ❛♥❞ t❤❡r❡❢♦r❡ ✇❡ ❝❛♥
❡①tr❛❝t t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡①✳ ❚❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✇❤✐❝❤
♠❡❛s✉r❡s t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ t✇♦ s♣❡❝tr❛ ✐s ❤❡♥❝❡ ♠❛♥❞❛t♦r② t♦ ❤❛✈❡ ❛❝❝❡ss t♦
t❤❡ ✐♥❢♦r♠❛t✐♦♥ s♦✉❣❤t✳

H(ω) =
Esample(ω)

Eref (ω)
✭✸✳✸✮

Esample(ω) ❛♥❞ Eref (ω) ❛r❡ t❤❡ s♣❡❝tr❛ ♦❜s❡r✈❡❞ r❡s♣❡❝t✐✈❡❧② ✉♥❞❡r t❤r♦✉❣❤ t❤❡
♠❛t❡r✐❛❧s ❛♥❞ ❛♥❞ ❛✐r✳

❚❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❝❛♥ ❜❡ ❞♦♥❡ ✉♥❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣ ❤②♣♦t❤❡s✐s
✿

• ❋♦r t❤❡ s❛♠♣❧❡ ✿

✕ ❍♦♠♦❣❡♥❡♦✉s✱ ♣❧❛♥ ✇✐t❤ ♣❛r❛❧❧❡❧ ❢❛❝❡s❀

✕ ■s♦tr♦♣✐❝ ❛♥❞ ✇✐t❤ ♥♦ s✉r❢❛❝❡ ❝❤❛r❣❡s ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ✉♥❡①♣❡❝t❡❞ r❡✢❡❝t✐♦♥s❀

✕ P♦ss❡ss✐♥❣ ❛♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❧✐♥❡❛r r❡s♣♦♥s❡❀

• ❋♦r ❚❍③ ❜❡❛♠ ✿

✕ P❧❛♥❡ ✇❛✈❡ ❢r♦♥t ♦♥ t❤❡ s❛♠♣❧❡❀

✕ ◆♦r♠❛❧ ✐♥❝✐❞❡♥❝❡❀

✸✳✶✳✸ ❚❤❡ t❤❡♦r❡t✐❝❛❧ tr❛♥s❢❡r ❢✉♥❝t✐♦♥

❉❡✜♥✐t✐♦♥s ♦❢ ❡q✉❛t✐♦♥s ✉s❡❞

❋♦r t❤❡ ❢♦❧❧♦✇✐♥❣✱ t❤✐s ❝♦♥✈❡♥t✐♦♥ ✇✐❧❧ ❜❡ ❛❞♦♣t❡❞ ✿

ñ(ω) = n(ω) − iκ(ω) ✭✸✳✹✮

♥ ✐s t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ t❤❡ ♠❡❞✐✉♠ ❛♥❞ κ ✐t✬s ❡①t✐♥❝t✐♦♥ ❝♦❡✣❝✐❡♥t✳ ❚❤♦s❡ ❛r❡
t❤❡ ♣❛r❛♠❡t❡rs ✇❡ s❡❡❦ t♦ ✜♥❞ t❤r♦✉❣❤ t❤❡ ❛❧❣♦r✐t❤♠✳

❚❤❡ ❋r❡s♥❡❧ ✐♥❞❡① r❡♣r❡s❡♥ts t❤❡ r❡✢❡❝t✐♦♥ ❛♥❞ tr❛♥s♠✐ss✐♦♥ ❜❡t✇❡❡♥ t✇♦ ♠❡❞✐✉♠s✳
■❢ t❤❡ ❧✐❣❤t ✐s tr❛✈❡❧✐♥❣ ❢r♦♠ ❛ ♠❡❞✐✉♠ ✶ t♦ ❛ ♠❡❞✐✉♠ ✷✱ t❤❡② ❛r❡ ✇r✐tt❡♥ ✿

r12 =
ñ2 − ñ1

ñ2 + ñ1

✭✸✳✺✮

t12 =
2ñ2

ñ2 + ñ1

✭✸✳✻✮

❲❤❡♥ ❞❡❛❧✐♥❣ ✇✐t❤ ♠♦♥♦ ❝r②st❛❧✱ t❤❡ ♠❡❞✐✉♠ ✶ ✐s ♦❢t❡♥ ❛✐r ❛s ❝r②st❛❧s ❛r❡ ✉s✉❛❧❧②
♠♦✉♥t❡❞ ♦♥ ❣♦♥✐♦♠❡t❡r ❤❡❛❞ ✇✐t❤♦✉t ❛♥② s✉❜str❛t❡✳

❋✐♥❛❧❧②✱ ❧❡t✬s ✇r✐t❡ ❞♦✇♥ t❤❡ ❞✐ss✐♣❛t✐♦♥ ♦❢ ❧✐❣❤t t❤r♦✉❣❤ ❛ ♠❡❞✐✉♠✳

✽✻



P (ω, z) = e
−iñωz

c ✭✸✳✼✮

❲❤❡♥ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐s r❡❛❧ t❤✐s ✐s ❥✉st ❛ ♣❧❛♥❡ ✇❛✈❡✳ ❚❤❡ ✐♠❛❣✐♥❛r② ♣❛rt
tr❛♥s❧❛t❡s ✐♥t♦ ❛ ❡①t✐♥❝t✐♦♥ ❝♦❡✣❝✐❡♥t✳

❉❡r✐✈❛t✐♦♥ ♦❢ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥

▲❡t ♠❡❞✐✉♠ ✵ ❜❡ ✈❛❝✉✉♠✱ ♠❡❞✐✉♠ ✶ t❤❡ s❛♠♣❧❡✱ Einit t❤❡ ✐♥✐t✐❛❧ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✜❡❧❞
❛♥❞ ✜♥❛❧❧② ① t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ s♦✉r❝❡ ♦❢ t❤❡ ✇❛✈❡ ❛♥❞ t❤❡ ❞❡t❡❝t♦r✳ ❍❡♥❝❡✱ t❤❡
r❡❢❡r❡♥❝❡ ✜❡❧❞ ✐s ✿

Eref = EinitP0(x) ✭✸✳✽✮

❋♦r ❛ s❛♠♣❧❡ ♦❢ ❧❡♥❣t❤ ❧✱ t❤❡ s❛♠♣❧❡ ✜❡❧❞ ✐s ✿

Esamp = EinitP0(x− l)T01P1(l)T10 ✭✸✳✾✮

❚❤❡r❡❢♦r❡ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✐s ✿

H th =
Esamp

Eref

= P0(−l)T01P1(l)T10 ✭✸✳✶✵✮

❲❤✐❝❤ tr❛♥s❧❛t❡s t♦ ✿

H th =
4ñ

(ñ+ 1)2
e−i

(ñ−1)lω
c ✭✸✳✶✶✮

❚❤❡ ✜❣✉r❡ ✸✳✶ ✐s r❡s✉♠✐♥❣ t❤❡ ❞❡r✐✈❛t✐♦♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛✐r✳

❋✐❣✉r❡ ✸✳✶✿ ❙✉♠♠❛r② ♦❢ t❤❡ ❝❛❧❝✉❧❛t✐♦♥

✸✳✶✳✹ ❙✐♠✉❧❛t✐♦♥ ♦❢ ❛ ❚❍③ ✇❛✈❡❢♦r♠ tr❛✈❡❧✐♥❣ t❤r♦✉❣❤ ❛ ♠❡❞✐❛

❚♦ ❛❧❧♦✇ ❛♥❛❧②t✐❝ ❞❡r✐✈❛t✐♦♥s✱ ✇❡ ✇✐❧❧ ❛ss✉♠❡ t❤❛t t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐s ❢r❡q✉❡♥❝②
✐♥❞❡♣❡♥❞❡♥t✳ ▼♦r❡♦✈❡r ♦✉r ✇❛✈❡ ♣❛❝❦❡t ✐s ❝❡♥t❡r❡❞ ♦♥ ③❡r♦ ✐♥ t✐♠❡✳

✽✼



❘❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡①

❋✐rst✱ t❤❡ r❡❛❧ ❝❛s❡ ✇❤✐❝❤ ✐s ❡❛s✐❡r t♦ ❞❡r✐✈❡✳ ❚❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✐s ❛♥❛❧②t✐❝ ✐♥ ❢r❡✲
q✉❡♥❝② s♣❛❝❡✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ ❢r❡q✉❡♥❝② ❛♥❞ ✐s t❤❡r❡❢♦r❡ ❛ ❧♦ss ✐♥
t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✜❡❧❞ ❞✉❡ t♦ t❤❡ ♣❛rt ✇❤✐❝❤ ✐s r❡✢❡❝t❡❞✳ ●♦✐♥❣ ❜❛❝❦ t♦ t✐♠❡

ψ(t) = T

∫

e−ω2/2e−i
(n−1)lω

c e+iωtdω ✭✸✳✶✷✮

❚❤✐s ✐s ♦♥❧② ❛ t❡♠♣♦r❛❧ tr❛♥s❧❛t✐♦♥ ❛♥❞ ❛ ❧♦ss ♦❢ ❛♠♣❧✐t✉❞❡✳

❈♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡①

❘❡♣❧❛❝✐♥❣ ♥ ❜② ♥ ✲ ✐❦ ✐♥ t❤❡ ♣r❡❝❡❞❡♥t ❡q✉❛t✐♦♥ ❣✐✈❡s ✿

ψ(ω) =
4(n− iκ)

(n+ 1− iκ)2 e
−κωl/ce−inωl/c ✭✸✳✶✸✮

❚❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✇✐❧❧ ❥✉st ❤❛✈❡ ❛ tr❛♥s❧❛t✐♦♥ ❡✛❡❝t ❛s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✳ ❚❤❡
tr❛♥s♠✐ss✐♦♥ ✐s ♥♦t ❝❤❛♥❣✐♥❣ t❤❡ ❢♦r♠✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❡①t✐♥❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐♠♣❛❝t t❤❡
❢♦r♠ ❛♥❞ t❤❡ ❛♠♣❧✐t✉❞❡✳

❲❡ ❤❛✈❡ ❝♦♥s✐❞❡r❡❞ t❤❛t ❋❛❜r②✲P❡r♦t ❡✛❡❝t ✐s r❡❞✉❝❡❞ t♦ ♦♥❡ ✇❤✐❝❤ s❤♦✉❧❞ ❜❡ t❛❦❡
✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ ✐❢ t❤❡ s❛♠♣❧❡ ✐s ♥♦t t❤✐❝❦ ❡♥♦✉❣❤✳

❋✐❣✉r❡ ✸✳✷✿ ❲❛✈❡ ♣❛❝❦❡t ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❣♦✐♥❣ t❤r♦✉❣❤ ❛ ♠❡❞✐✉♠ ✇✐t❤ ♥♦ ❡①t✐♥❝t✐♦♥
❝♦❡✣❝✐❡♥t ❛♥❞ ✇✐t❤✳ ❚❤❡ r❡❛❧ ♣❛rt ✐♠♣❛❝t ❜♦t❤ t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ ❛ t✐♠❡ tr❛♥s❧❛t✐♦♥✳
❚❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦♥❧② t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ t❤❡ s❤❛♣❡✳

✽✽



❋r♦♠ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ ♦♥❡ ❝❛♥ ❡①tr❛❝t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♥❛♠❡❧②
✿

Hexp =
Esamp

Eref

✭✸✳✶✹✮

❯s✐♥❣ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❞❡r✐✈❡❞ ❡❛r❧✐❡r ✇❡ ❝❛♥ ✇r✐t❡ ✿

φ(Hexp) =
(n− 1)lω

c
✭✸✳✶✺✮

❖♥❡ ❝r✉❝✐❛❧ ♣♦✐♥t ❛t t❤✐s st❛❣❡ ✐s t❤❡ ✉♥✇r❛♣♣✐♥❣ ♦❢ t❤❡ ♣❤❛s❡✳ ❚❤❡ ♣❤❛s❡ ✐s ❣♦✐♥❣
❛❧♠♦st ❧✐♥❡❛r❧② ✇✐t❤ t❤❡ ♣❤❛s❡ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ♣❤❛s❡ ✇✐❧❧ ❥✉♠♣ ❢r♦♠ π t♦ −π✳ ❲❡
t❤❡r❡❢♦r❡ ♥❡❡❞ t♦ r❡❝♦♥str✉❝t t❤❡ ♣❤❛s❡ t♦ ❞✐s❝❛r❞ t❤♦s❡ ❥✉♠♣s s❡❡ ❋✐❣ ✸✳✸✳

❋✐❣✉r❡ ✸✳✸✿ ❊✛❡❝ts ♦❢ t❤❡ ✉♥✇r❛♣♣✐♥❣ ♦❢ t❤❡ ♣❤❛s❡✳

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

❚❤❡ ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡① κ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♠❛❣♥✐t✉❞❡ ✿

|Hexp| = | 4(n− iκ)
(n+ 1− iκ)2 |e

−κωl/c ✭✸✳✶✻✮

✽✾



❚♦ ♦❜t❛✐♥ t❤❡ r❡❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡① κ✱ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ r❡❛❧
r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐s r❡q✉✐r❡❞✳ ❍♦✇❡✈❡r✱ ♦❢t❡♥ ✇❡ ❛r❡ ♦♥❧② ✐♥t❡r❡st❡❞ ✐♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡
❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✇❤✐❝❤ ✇✐❧❧ ✐♥❞✐❝❛t❡s t❤❡ ❛❜s♦r♣t✐♦♥ ♣❡❛❦s✳ ❚❤❡r❡❢♦r❡ ✇❡ ❝❛♥
❛♣♣r♦①✐♠❛t❡ ❛s ❢♦❧❧♦✇s ✿

κ ∝ c

ωl
log|Hexp| ✭✸✳✶✼✮

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

✸✳✷ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ❙❡t✲❯♣ ❝❤❛r❛❝t❡r✐③❛✲

t✐♦♥ ✉s✐♥❣ ❇✐✲❈❤❧♦r♦♣❤❡♥②❧s✉❧♣❤♦♥❡ ✭❇❈P❙✮

✸✳✷✳✶ ❙❝✐❡♥t✐✜❝ ❈♦♥t❡①t

❋✐❣✉r❡ ✸✳✹✿ ❙❡t✲❯♣ ✉s❡❞ ❢♦r ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣②✳

❆ ❚❍③ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② s❡t✲✉♣ ✇❛s ❜✉✐❧t ✐♥ ❘❡♥♥❡s t♦ ♣❡r❢♦r♠ ❧♦✇ ❢r❡✲
q✉❡♥❝② s♣❡❝tr♦s❝♦♣② s❡❡ ❋✐❣✳✸✳✹✳ ❚✇♦ ♣❛r❛❜♦❧✐❝ ♠✐rr♦rs ✇❡r❡ ♣❧❛❝❡❞ ❛❢t❡r t❤❡ t❤✐r❞
♣❛r❛❜♦❧❛ P▼✸ ✭❛❢t❡r t❤❡ s❛♠♣❧❡ ♣♦s✐t✐♦♥✮✳ ❚❤❡ ✜rst ♣❛r❛❜♦❧❛ ✐s ✉s❡❞ t♦ r❡❝♦❧❧✐♠❛t❡
t❤❡ ❜❡❛♠✳ ❚❤❡ ✜rst ♣❛r❛❜♦❧❛ ❢♦❝❛❧ ❧❡♥❣t❤ ✐s t❤❡ s❛♠❡ ❛s t❤❡ t❤✐r❞ ♣❛r❛❜♦❧❛ ✐♥ ♦r❞❡r t♦
❦❡❡♣ t❤❡ s❛♠❡ ❜❡❛♠ ✇❛✐st✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡ ✐s ✉s❡❞ t♦ ❢♦❝✉s t❤❡ ❜❡❛♠ ♦♥ t❤❡ ❞❡t❡❝t✐♦♥
❝r②st❛❧✳ ❚❤❡ s❡❝♦♥❞ ♣❛r❛❜♦❧❛ ❢♦❝❛❧ ❧❡♥❣t❤ ✐s ❝❤♦s❡♥ t♦ ❜❡ ❧♦♥❣❡r t❤❛♥ t❤❡ ♣❛r❛❜♦❧❛ ✉s❡❞
t♦ ❢♦❝✉s ❛t t❤❡ s❛♠♣❧❡ ♣♦s✐t✐♦♥ t♦ ❛✈♦✐❞ ❛♥② ♥♦♥ ❧✐♥❡❛r✐t② ✐♥ t❤❡ ❞❡t❡❝t✐♦♥ ❝r②st❛❧✳

❚❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❚❍③✲❚❉❙ s❡t✲✉♣ ✐s r❡q✉✐r❡❞ ❜❡❢♦r❡ ✉s❛❣❡✳ ❲❡ ❝❤♦♦s❡❞
t❤❡ ❜✐s ✭✹✲❝❤❧♦r♦♣❤❡♥②❧✮ s✉❧♣❤♦♥❡ ♦r ❇❈P❙✳ ❚❤❡ ❝r②st❛❧ s♣❛❝❡ ❣r♦✉♣ ✐s ■✷✴❛ ✭♥✉♠❜❡r
✶✺✮✳ ❚❤✐s ✐s ❛ ♠♦♥♦❝❧✐♥✐❝ ❝r②st❛❧ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✇✐t❤ ❝❡❧❧ ♣❛r❛♠❡t❡rs ✿ ❛ ❂ ✷✵✳✷✵✹
❆❀ ❜❂✺✳✵✵✽❀ ❝ ❂ ✶✷✳✷✺✾✳ ❬✼✽❪ ❇❡❧♦✇ ✶✺✵❑ t❤❡ ❝r②st❛❧ tr❛♥s✐ts t♦ ❛♥ ✐♥❝♦♠♠❡♥s✉r❛t❡
♣❤❛s❡✳ ❚❤✐s ❝r②st❛❧ ❤❛s ❜❡❡♥ ✇✐❞❡❧② st✉❞✐❡❞ ❜② ♦✉r ❣r♦✉♣ ✐♥ t❤❡ ♣❛st ❢♦r ✐ts s♦❢t
♠♦❞❡ ♣r♦♣❡rt✐❡s✳ ❆ s♦❢t ♠♦❞❡ ✐s ❛ ♠♦❞❡ ✇❤✐❝❤ ❢r❡q✉❡♥❝② ✐s ❣♦✐♥❣ t♦ ③❡r♦ ✇❤❡♥ t❤❡
t❡♠♣❡r❛t✉r❡ ✐s ❝❧♦s❡ t❤❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡✳ ❚❤✐s ❤❛s ❜❡❡♥ st✉❞✐❡❞ ✉s✐♥❣ ♥❡✉tr♦♥
❞✐✛r❛❝t✐♦♥ ❛♥❞ ❇r✐❧❧♦✉✐♥ s❝❛tt❡r✐♥❣✳ ❆s t❤❡ ❢r❡q✉❡♥❝② ♦❢ s✉❝❤ ♠♦❞❡ ✐s ✈❡r② ❧♦✇✱ ❛

✾✵



❢❛r ✐♥❢r❛r❡❞ ♠❡❛s✉r❡♠❡♥t ✇❛s ♣❡r❢♦r♠❡❞ ❛t t❤❡ t✐♠❡✳ ❙✉❝❤ s❡t✲✉♣ ✇❛s ❤♦♠❡♠❛❞❡ ❛t
❘❡♥♥❡s ✐♥ t❤❡ ♣❛st ❛♥❞ ❞✐s♠❛♥t❧❡ s✐♥❝❡✱ ✐t ❝♦♥s✐sts ♦❢ ❛ ❜♦❧♦♠❡t❡r ❛♥❞ ✐♥t❡r❢❡r♦♠❡tr②
♦❢ ❛♥ ✐♥❢r❛r❡❞ s♦✉r❝❡✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✸✳✺ ❛❞❛♣t❡❞ ❢r♦♠ ❬✼✾❪✳

❋✐❣✉r❡ ✸✳✺✿ ❋❛r ✐♥❢r❛r❡❞ s♣❡❝tr♦s❝♦♣② ♦❢ t❤❡ ❇❈P❙ ❛❞❛♣t❡❞ ❢r♦♠ ❬✼✾❪

❲❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ t❤❡ ✈❡r② ❧♦✇ ❢r❡q✉❡♥❝② ✭✹✵✲✻✵ cm−1✮ ♦❢ t❤❡ s♣❡❝tr❛ ♦❢ ❋✐❣✳✸✳✺✳
❚❤✐s ❢r❡q✉❡♥❝② r❛♥❣❡ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✶✲✷ ❚❍③✳ ❉❡♣❡♥❞✐♥❣ ♦❢ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❞✐r❡❝✲
t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❝r②st❛❧ ❛①✐s✱ t❤❡ s♣❡❝tr❛ ❛r❡ ❞✐✛❡r❡♥t✳ ❚❤❡ s♣❡❝tr❛ s❤♦✇♥ ❛r❡
❛❧♦♥❣ ❜ ❞✐r❡❝t✐♦♥ ❛♥❞ ❝ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ❛ ❞✐r❡❝t✐♦♥ ✐s ♥♦t ♣r❡s❡♥t❡❞ ❤❡r❡ ❛s t❤❡ r❡s✉❧ts
✇♦✉❧❞ ❜❡ t❤❡ s❛♠❡ ❛s t❤❡ ❝ ❞✐r❡❝t✐♦♥ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝r②st❛❧ s②♠♠❡tr②✳ ■♥ ❜♦t❤ ❞✐r❡❝✲
t✐♦♥s✱ t❤❡ ❝r②st❛❧ ♣r❡s❡♥ts t✇♦ ❛❜s♦r♣t✐♦♥ ♠♦❞❡s ❛r♦✉♥❞ ❜❡t✇❡❡♥ ✺✵ cm−1 ✭✶✳✺ ❚❍③✮
❛♥❞ ✻✵ cm−1 ✭✶✳✽❚❍③✮✳ ❚❤♦s❡ ♠♦❞❡s ✇✐❧❧ ❜❡ ✉s❡❞ ❛s ❛ ❜❡♥❝❤♠❛r❦ ❢♦r ♦✉r ❚❉❙ ❙❡t✲❯♣✳
❆s t❤❡ ❝r②st❛❧ str✉❝t✉r❡ ✐s ❜✐✲❛①✐❛❧✱ t❤❡r❡ ✐s ✸ ❞✐st✐♥❝t r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐♥ ❛❧❧ t❤❡ ❝r②st❛❧
❞✐r❡❝t✐♦♥✱ t❤❡② ✇❡r❡ r❡❝♦r❞❡❞ t♦ ❜❡ r❡s♣❡❝t✐✈❡❧② ✐♥ t❤❡ ❛✱❝✱❜ ❞✐r❡❝t✐♦♥ ✿ nx ❂ ✶✳✻✵✸✱ ny

❂ ✶✳✻✺✸✱ nz ❂ ✶✳✼✽✺ ❬✼✾❪ ❛t ✺✼✽ ♥♠✳ ❚❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐♥ t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡ ✇✐❧❧ ❜❡
❝♦♠♣❛r❡❞ t♦ t❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❚❉❙ ✐♥ t❤❡ ❚❍③ r❛♥❣❡✳

❚❤❡ ❚❍③ ❚❉❙ s❡t✲✉♣ ✇❛s ❝♦✉♣❧❡❞ t♦ ❛ ❝r②♦❣❡♥✐❝ s②st❡♠✳ ❚❤✐s s②st❡♠ ✐s ❛ ❛ ♥✐tr♦❣❡♥
❧✐q✉✐❞ ❣✉♥✳ ❚❤❡ ♥✐tr♦❣❡♥ ✢♦✇ ✐s ❞❡♣♦s✐t❡❞ ♦♥ t❤❡ ❝r②st❛❧ t♦ ❝♦♦❧ ✐t ✇✐t❤♦✉t ❝♦♥t❛❝t✳
❆ ❝❧♦s❡ ❝r②♦st❛t ✇♦✉❧❞ ♥❡❡❞ s♣❡❝✐✜❝ ✇✐♥❞♦✇s t♦ ❜❡ ✉s❡❞ ✐♥ ❛ ❚❉❙ s❡t✲✉♣✳ ■♥❞❡❡❞✱
t❤❡ ✇✐♥❞♦✇s ✇✐❧❧ ❛❞❞ r❡✢❡❝t✐♦♥ ✐♥ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ r❡❝♦r❞❡❞ ❛♥❞ ♠✐❣❤t ✐♥❞✉❝❡
❛rt✐❢❛❝ts ✐♥ t❤❡ ♠❡❛s✉r❡✳ ❚❤❡r❡❢♦r❡✱ ❛ ❝r②♦❣✉♥ ✐s t❤❡ ♣r❡❢❡r❡♥t✐❛❧ ❝❤♦✐❝❡ ✇❤❡♥ ♥♦t t♦♦
❧♦✇ t❡♠♣❡r❛t✉r❡ ❛r❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ♠❡❛s✉r❡✳

✾✶



✸✳✷✳✷ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts

❋✐❣✉r❡ ✸✳✻✿ ❇❈P❙ ❝r②st❛❧ ✉s❡❞ ❢♦r t❤❡ ♠❡❛s✉r❡✱ t❤❡ ❜ ❛①✐s ♦❢ t❤❡ ❝r②st❛❧ ✐s ♣r❡s❡♥t❡❞
✇✐t❤ ❛ r❡❞ ❛rr♦✇✳

❚❤❡ ❝r②st❛❧ ✉s❡❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✸✳✻✳ ❚❤❡ ❝r②st❛❧ ✇❛s ❣❧✉❡❞ ♦♥ t♦♣ ♦❢ ❛ ❝❛❝t✉s
♥❡❡❞❧❡✳ ❚❤❡ ❝r②st❛❧ ✇❛s ♦r✐❡♥t❡❞ ✉s✐♥❣ ❛ ❳✲r❛② ❞✐✛r❛❝t♦♠❡t❡r ❜❡❢♦r❡❤❛♥❞✳ ❚❤❡ ❇❈P❙
❛❜s♦r❜s ♠♦r❡ ✐♥ t❤❡ ❛✲❝ ♣❧❛♥❡ t❤❛♥ ✐♥ t❤❡ ❜ ❞✐r❡❝t✐♦♥✱ t♦ ❛✈♦✐❞ ❛❜s♦r♣t✐♦♥ s❛t✉r❛t✐♦♥
t❤❡ ❜ ❞✐r❡❝t✐♦♥ ✇❛s ❝❤♦s❡♥✳ ❚❤❡ ❝r②st❛❧ t❤✐❝❦♥❡ss ✇❛s ✽✵✵ µm ❛♥❞ ✇❛s ♠❡❛s✉r❡❞ ✇✐t❤
❛ ♠✐❝r♦s❝♦♣❡✳

❙♣❡❝tr❛ ✇❡r❡ r❡❝♦r❞❡❞ ✐♥ ❛ r❛♥❣❡ ✾✵❑ t♦ r♦♦♠ t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s✐♥❣ t❤❡ t❡♠♣❡r❛✲
t✉r❡✳ ❊❛❝❤ s♣❡❝tr❛ ✇❛s r❡❝♦r❞❡❞ ❛t st❛t✐❝ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ r❡❢❡r❡♥❝❡ s❝❛♥ ✇❛s r❡❝♦r❞❡❞
❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ■♥ ❋✐❣✳✸✳✼✱ ✸ t✐♠❡ ❞♦♠❛✐♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛r❡ ♣❧♦tt❡❞✳ ❚❤❡ ❜❧❛❝❦
s❝❛♥ ✐s t❤❡ r❡❢❡r❡♥❝❡✱ t❤❡ r❡❞ s❝❛♥ ✐s r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡ ♣✉r♣❧❡ ♦♥❡ ✾✵❑✳

❚❤❡ s♣❡❝tr❛ ❛t ✾✵❑ ❛♥❞ r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛r❡ ❞❡❧❛②❡❞ ✐♥ t✐♠❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡
r❡❢❡r❡♥❝❡ ❜② ✶✳✼ ♣s✳ ❯s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛✱ ❛ ✜rst ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ r❡❛❧ ♣❛rt
♦❢ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ✿

∆t =
(n− 1)l

c
✭✸✳✶✽✮

❲❤❡r❡ ❧ ✐s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ s❛♠♣❧❡ ❛♥❞ ❝ ✐s t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t ✐♥ t❤❡ ✈♦✐❞✳ ❋♦r ❛
❞❡❧❛② ♦❢ ✶✳✼✱♣s ❛♥❞ t❤✐❝❦♥❡ss ✽✵✵ µm ❛ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ✶✳✼ ✐s ❡①♣❡❝t❡❞✳ ❚❤❡ s❤❛♣❡ ♦❢
t❤❡ ♠❛✐♥ ♣❡❛❦ ✐s ❛❧t❡r❡❞ ❢r♦♠ t❤❡ r❡❢❡r❡♥❝❡✳ ❖s❝✐❧❧❛t✐♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ❛❢t❡r t❤❡ ♠❛✐♥
♣❡❛❦ ❛s ✇❡❧❧ ❛♥❞ ❞✐✛❡rs ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✾✵ ❑✳ ❆s t❤❡r❡ ✐s ♥♦ ❡❧❡❝tr✐❝ ✜❡❧❞
❛t t✐♠❡ ③❡r♦ ♦❢ t❤❡ r❡❢❡r❡♥❝❡✱ ❛❧❧ ❧✐❣❤t ✐s ❣♦✐♥❣ t❤r♦✉❣❤ t❤❡ ❝r②st❛❧ ❛♥❞ t❤❡r❡ ✐s ♥♦ ♠✐①
❜❡t✇❡❡♥ ✇❛✈❡ ❢r♦♠ ❛ r❡❢❡r❡♥❝❡ ❛♥❞ ❝r②st❛❧✳

■ ✇✐❧❧ ❜r✐❡✢② r❡❝❛❧❧ t♦ t❤❡ r❡❛❞❡r t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❞❡r✐✈❡❞ ✐♥ t❤❡ ❧❛st s❡❝t✐♦♥
✇✐t❤ ❛✐r ❛s t❤❡ s❡❝♦♥❞ ♠❡❞✐❛ ✿

H =
Esamp

Eref

= ekωl/cei(n−1)ωl/c ✭✸✳✶✾✮

❆s s✉❝❤ t❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐s t❤❡ ♣❤❛s❡ ♦❢ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✇❤✐❧❡ t❤❡
♠♦❞✉❧✉s ✐s t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt✳ ❚❤❡ ❞❛t❛ tr❡❛t♠❡♥t ♦❢ t❤❡ ♣❤❛s❡ ✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡
r❡❢❡r❡♥❝❡ ❛♥❞ ♦♥ t❤❡ s❛♠♣❧❡✳ ❚❤❡♥✱ t❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ✉s✐♥❣ t❤❡
❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛✿

✾✷



❋✐❣✉r❡ ✸✳✼✿ ❊❧❡❝tr✐❝ ✜❡❧❞ ♠❡❛s✉r❡❞ ♦✉ts✐❞❡ ♦❢ t❤❡ s❛♠♣❧❡ ❢♦r t❤❡ r❡❢❡r❡♥❝❡ ✭❜❧❛❝❦✮✱ ❛t
❘♦♦♠ ❚❡♠♣❡r❛t✉r❡ ✭✷✾✵❑ r❡❞✮ ❛♥❞ ❛t ✾✵❑ ✭✈✐♦❧❡t✮✳

n(ω) =
c

2πlω
(φsample − φref ) + 1 ✭✸✳✷✵✮

❲✐t❤ ❧ t❤❡ t❤✐❝❦♥❡ss✱ ❝ t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t ❛♥❞ ω t❤❡ ❢r❡q✉❡♥❝② ✭ t❤❡ 2π ❢❛❝t♦r ✐s
❤❡r❡ t♦ s✇✐t❝❤ t♦ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝②✮✱ φsample ❛♥❞ φref ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ♣❤❛s❡ ♦❢ t❤❡
s❛♠♣❧❡ ❛♥❞ t❤❡ r❡❢❡r❡♥❝❡✳ ❚❤❡ ❛❜s♦r♣t✐♦♥ ♦r ❖♣t✐❝❛❧ ❉❡♥s✐t② ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ✉s✐♥❣ ✿

OD = −log |Esample|
|Eref |

✭✸✳✷✶✮

❲✐t❤ |Esample| ❛♥❞ |Eref | ❜❡✐♥❣ t❤❡ ♠♦❞✉❧✉s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ s♣❡❝tr❛✳ ■♥ ❋✐❣✉r❡
✸✳✽✱ t❤❡ ❖❉ ♦❢ t❤❡ ❇❈P❙ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❛r❡ ♣❧♦tt❡❞ ✐♥ ❋✐❣✳✸✳✽✳

■♥ ❋✐❣✳✸✳✽✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✷ ♠♦❞❡s ✐s ❛❧s♦ ♠❡❛s✉r❡❞ ❢♦r ❡❛❝❤ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ✜rst
♦♥❡✱ ✐♥ t❤❡ r❛♥❣❡ ✶✳✷ ✲ ✶✳✹ ❚❍③ ❛♥❞ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐♥ t❤❡ r❛♥❣❡ ✶✳✼ ✲ ✶✳✾ ❚❍③✳ ❚❤❡
t✇♦ ♠❡❛s✉r❡❞ ♣❡❛❦s ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣❡❛❦ ♠❡❛s✉r❡ ❜② ❙♦✉❣♦t✐ ❬✼✾❪ ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳✸✳✺✳

❚❤❡ ❝❡♥tr❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ✜rst ♠♦❞❡ ❢♦r ❛❧❧ t❡♠♣❡r❛t✉r❡ ✐s ♣❧♦t ✐♥ ❋✐❣✳✸✳✷✳✷✳ ❚❤❡ ❞❛t❛
s❡t ✐s ✜tt❡❞ ❜② ❛ ❧✐♥❡❛r ❢✉♥❝t✐♦♥✳ ❚❤✐s ❧✐♥❡❛r s❤✐❢t ♦❢ t❤❡ ♠♦❞❡ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡
❤❛r❞❡♥✐♥❣ ♦❢ ♠♦❞❡s ✇✐t❤ t❤❡ t❡♠♣❡r❛t✉r❡✳ P❤♦♥♦♥s ❛r❡ ❡①♣❧❛✐♥❡❞ ✐♥ ✜rst ❛♣♣r♦①✐♠❛t✐♦♥
❜② ❛ ❝❧❛ss✐❝❛❧ ❤❛r♠♦♥✐❝ ♦s❝✐❧❧❛t♦r ❛♥❞ s❤♦✉❧❞ ❜❡ t❡♠♣❡r❛t✉r❡ ✐♥❞❡♣❡♥❞❡♥t✳ ■♥ r❡❛❧✐t②✱
♥♦♥ ❧✐♥❡❛r✐t② ❤❛✈❡ t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❆s t❤❡ ❧❛tt✐❝❡ ✐s ❝♦♠♣r❡ss❡❞ ❛t ❧♦✇❡r
t❡♠♣❡r❛t✉r❡✱ t❤❡ ❢r❡q✉❡♥❝② ♦❢ ♣❤♦♥♦♥ ✇✐❧❧ ✐♥❝r❡❛s❡✱ t❤✐s ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✈✐❜r❛t✐♦♥❛❧
❢r❡q✉❡♥❝② ✐s ❝❛❧❧❡❞ ❤❛r❞❡♥✐♥❣✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❡ ❝♦♦❧✐♥❣ ❤❛s ❜❡❡♥ s✉❝❝❡ss❢✉❧ ❛♥❞ ✐s
❝❧❡❛r ✐♥❞✐❝❛t✐♦♥ ♦❢ t❤❡ ♣❤♦♥♦♥✐❝ ♥❛t✉r❡ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ♣❡❛❦✳

✾✸



❋✐❣✉r❡ ✸✳✽✿ ❖♣t✐❝❛❧ ❉❡♥s✐t② ✭❖❉✮ ♠❡❛s✉r❡❞ ❛t ✾✵❑✱ ✶✶✵❑✱ ✶✺✵❑✱ ✷✵✵❑ ❛♥❞ ✷✺✵❑✳ ❚❤❡
❛rr♦✇s s❤♦✇s t❤❡ ❤❛r❞❡♥✐♥❣ ♦❢ t❤❡ ♠♦❞❡ ✇✐t❤ t❤❡ t❡♠♣❡r❛t✉r❡✳

❚❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ❇❈P❙ ✐s ♣❧♦tt❡❞ ✐♥ ❋✐❣✳✸✳✾✳ ❚❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢
❇❈P❙ ✐♥ t❤❡ ❜ ❞✐r❡❝t✐♦♥ ✐s ♠❡❛s✉r❡❞ ❛t ✶✳✺✻ ✭❋✐❣✳✸✳✽❛✱ ✇❤✐❝❤ ✐s ❝❧♦s❡ t♦ t❤❡ ❛♣♣r♦①✐♠❛t❡

✾✹



❋✐❣✉r❡ ✸✳✾✿ ❘❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ t❤❡ ❇❈P❙ ♠❡❛s✉r❡❞ ❛t ✾✵❑✳

✈❛❧✉❡ ♦❢ ✶✳✼ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ❚❤✐s ✐♥s✉r❡s t❤❡ s❡❧❢ ❝♦♥s✐st❡♥❝❡ ♦❢ ❞❛t❛
❛♥❛❧②s✐s✳ ❚❤✐s ✈❛❧✉❡ ✐s ❧♦✇❡r t❤❛♥ t❤❡ ✈❛❧✉❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡✳ ❚❤✐s ✐s ✐♥
❛❞❡q✉❛t✐♦♥ ✇✐t❤ t❤❡ t❤❡♦r② ❛s t❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✐s ❡①tr❛♣♦❧❛t❡❞ t♦ ✶✴λ2✳❆t ✾✵❑✱
t❤❡ ❥✉♠♣s ❛r❡ ❤✐❣❤❡r ✐♥ ❢r❡q✉❡♥❝② ✿ ✶✳✹ ❛♥❞ ✶✳✾ ❚❍③✳ ❖♥❧② ✶ t❡♠♣❡r❛t✉r❡ ✐s ♣r❡s❡♥t❡❞
❢♦r ❝❧❛r✐t②✳ ❇♦t❤ t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❛r❡ r❡❧❛t❡❞ t♦ ❡❛❝❤ ♦t❤❡r
t❤r♦✉❣❤ ❑r❛♠❡rs ❑r♦♥✐❣ r❡❧❛t✐♦♥s❤✐♣✳ ❚❤✐s ❡①♣❧❛✐♥s t❤❛t ✇❤❡r❡ t❤❡r❡ ✐s ❛♥ ❛❜s♦r♣t✐♦♥
♣❡❛❦✱ t❤❡ ♣❤❛s❡ ✐s ❛✛❡❝t❡❞✳ ❚r❡❛t✐♥❣ ❜♦t❤ ♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ♠❡❛s✉r❡ s♣❡❝tr❛
✐s ❛ s❡❧❢ ❝♦♥s✐st❡♥t ✇❛② t♦ ✐♥s✉r❡ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛♥ ❛❜s♦r♣t✐♦♥ ♣❡❛❦✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ t❤❡ ♠♦❞❡ ♠❡❛s✉r❡❞ ✉s✐♥❣ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ✐s ❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ ❢❛r ✐♥❢r❛r❡❞ ♠❡❛s✉r❡♠❡♥ts ✇❤✐❝❤ ✈❛❧✐❞❛t❡s ♦✉r ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞ ❛♥❞ s❡t✲
✉♣✳ ▼♦r❡♦✈❡r✱ t❤❡ ❚❉❙ s❡t✲✉♣ ❛❧❧♦✇s t♦ ❤❛✈❡ ❛❝❝❡ss t♦ ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ t❤❛♥ t❤❡ ❢❛r
✐♥❢r❛r❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ♣❤❛s❡ ❛♥❞ s♦ t❤❡ r❡❛❧ r❡❢r❛❝t✐✈❡ ✐♥❞❡①✳ ❋✐♥❛❧❧②✱ t❤❡ ❝r②♦❣❡♥✐❝
s❡t✲✉♣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇❛s ❛ s✉❝❝❡ss ❛♥❞ ❛❧❧♦✇s t♦ ♦❜s❡r✈❡ t❤❡ ❤❛r❞❡♥✐♥❣ ♦❢ t❤❡ ♠♦❞❡s
✇✐t❤ t❤❡ t❡♠♣❡r❛t✉r❡✳ ❲❤✐❧❡ t❤♦s❡ ♠♦❞❡s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❡①♣❡r✐♠❡♥t❛❧❧②✱ ❝❛❧❝✉❧❛t✐♦♥s
❤❛✈❡ t♦ ❜❡ ❞❡r✐✈❡❞ t♦ ✉♥❞❡rst❛♥❞ t❤❡ r❡❛❧ ♥❛t✉r❡ ♦❢ s✉❝❤ ♠♦❞❡s✳

✾✺



✸✳✸ ❈♦♥❝❧✉s✐♦♥

❚♦ ❝♦♥❝❧✉❞❡✱ ✇❡ ❡①♣❧❛✐♥❡❞ t❤❡ t❤❡♦r② ♦❢ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣②✳ ❚❤✐s t❡❝❤♥✐q✉❡
r❡❧✐❡s ♦♥ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ❝♦♠♣❧❡① r❡❢r❛❝t✐✈❡ ✐♥❞❡①✳ ❚❤✐s ❡①tr❛❝t✐♦♥ ✐s ♣♦ss✐❜❧❡ ❛s
♠♦st ❚❍③ ♠❡❛s✉r❡s ❛r❡ ❞♦♥❡ ✇✐t❤ ❝♦❤❡r❡♥t ❞❡t❡❝t✐♦♥✳ ❚❤❡ ❝♦❤❡r❡♥t ♠❡❛s✉r❡s ❛❧❧♦✇s t♦
♠❡❛s✉r❡ ❜♦t❤ t❤❡ ♣❤❛s❡ ❛♥❞ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤♦s❡ t✇♦ ❝♦♠♣♦♥❡♥ts
❛❧❧♦✇s t♦ r❡❝♦✈❡r ❜♦t❤ r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② ♣❛rts ♦❢ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①✳

❲❡ ✐♠♣❧❡♠❡♥t t❤❡ ❚❍③✲❚❉❙ s❡t✲✉♣ ❜② ❛❞❞✐♥❣ t✇♦ ♣❛r❛❜♦❧✐❝ ♠✐rr♦rs ❛❢t❡r t❤❡ s❡t✲
✉♣ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✳ ■♥ ♦r❞❡r t♦ ✈❛❧✐❞❛t❡ ♦✉r ❞❛t❛ tr❡❛t♠❡♥t ❛s ✇❡❧❧
❛s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦❝❡❞✉r❡✱ ✇❡ r❡❛❧✐③❡❞ ❚❍③✲❚❉❙ ♦❢ t❤❡ ❇❈P❙ ❝♦♠♣♦✉♥❞✳ ❚❤✐s
❝♦♠♣♦✉♥❞ ✇❛s ♣r❡✈✐♦✉s❧② st✉❞② ❜② ♦✉r ❣r♦✉♣ ✐♥ t❤❡ ❢❛r ✐♥❢r❛r❡❞ r❡❣✐♦♥✳ ❆s s✉❝❤ ✇❡
✇❡r❡ ❛❜❧❡ t♦ ❝♦♠♣❛r❡ t❤❡ ❛❜s♦r♣t✐♦♥ ♣❡❛❦ ❛♥❞ s♦ ✈❛❧✐❞❛t❡ ♦✉r t❡❝❤♥✐q✉❡✳ ▼♦r❡♦✈❡r✱ ✇❡
✇❡r❡ ❛❜❧❡ t♦ ❢♦❧❧♦✇ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❡♠♣❡r❛t✉r❡ ♦♥ t❤❡ ❛❜s♦r♣t✐♦♥ ♠♦❞❡ ❛♥❞ s♦ ✈❛❧✐❞❛t❡
❛s ✇❡❧❧ ♦✉r ❝r②♦❣❡♥✐❝ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✳

❚❤✐s ❚❍③✲❚❉❙ ❜r❛♥❝❤ ✇✐❧❧ ❜❡ ✉s❡❞ t♦ ❡✐t❤❡r ♣❡r❢♦r♠ ♥♦♥ ❧✐♥❡❛r ❚❍③✲❚❉❙ ♦r ❧✐♥❡❛r
❚❉❙ t♦ st✉❞② ❞✐✛❡r❡♥t ❡✛❡❝ts✳ ❚❤❛♥❦s t♦ t❤✐s ❚❍③✲❚❉❙ ❜r❛♥❝❤✱ t❤❡ ❚❍③ s❡t✲✉♣ ❜✉✐❧t
✐♥ t❤✐s P❤❉ ♣r♦❥❡❝t ✐s ✈❡r② ✈❡rs❛t✐❧❡ ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ ❡✐t❤❡r ❛s ❛ ♣✉♠♣ ❛s s❤♦✇♥ ✐♥ t❤❡
♣r❡✈✐♦✉s ❝❤❛♣t❡r ♦r ❛s ❛ ♣r♦❜❡✳ ❆s s✉❝❤✱ t❤✐s ✇✐❧❧ ♣r♦✈❡ t♦ ❜❡ ❛ r❡❧✐❛♥t t♦♦❧ ❢♦r t❤❡
❢✉t✉r❡ ♦❢ t❤❡ ❧❛❜♦r❛t♦r②✳ ❋✐♥❛❧❧②✱ t❤❡ ❝r②♦❣❡♥✐❝ s❡t✲✉♣ ✇✐❧❧ ❜❡ ✉s❡❞ ❡✐t❤❡r ❢♦r ❚❍③ ♣✉♠♣
♦r ❚❍③✲❚❉❙ ❡①♣❡r✐♠❡♥t✳

✾✻



❈❤❛♣t❡r ✹

❙♣❡❝tr♦s❝♦♣② ♦❢ ❙♣✐♥ ❈r♦ss♦✈❡r

❝♦♠♣♦✉♥❞s ✿ ❘❛♠❛♥ ❛♥❞ ❚✐♠❡

❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣②

✹✳✶ ■♥tr♦❞✉❝t✐♦♥

✹✳✶✳✶ ■♥tr♦❞✉❝t✐♦♥ t♦ ❙♣✐♥ ❈r♦ss♦✈❡r ❝♦♠♣♦✉♥❞

❙♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞s ❛r❡ ♣r♦t♦t②♣❡s ♦❢ ❜✐✲st❛❜❧❡ ♠♦❧❡❝✉❧❛r s②st❡♠s✳ ❚❤❡ ♠♦❧❡❝✉❧❡s
❝♦♥t❛✐♥ ❛ tr❛♥s✐t✐♦♥ ♠❡t❛❧ ✐♦♥s s✉❝❤ ❛s ❋❡✱ ◆✐ ♦r ❈♦ ✇✐t❤ ♦r❣❛♥✐❝ ❧✐❣❛♥❞✳ ❚❤♦s❡ ❝♦♠✲
♣♦✉♥❞s ❛r❡ s✇✐t❝❤✐♥❣ ❢r♦♠ ❛♥ ❍✐❣❤ ❙♣✐♥ ✭❍❙✮ ❡❧❡❝tr♦♥✐❝ st❛t❡✱ st❛❜❧❡ ❛t ❤✐❣❤ t❡♠♣❡r✲
❛t✉r❡✱ t♦ ❛ ▲♦✇s ❙♣✐♥ ✭▲❙✮ ❡❧❡❝tr♦♥✐❝ st❛t❡✱ st❛❜❧❡ ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡✳ ❚❤✐s ♣r♦❝❡ss ✐s
❡♥tr♦♣② ❞r✐✈❡♥ ❛s t❤❡ ❡♥tr♦♣② ♦❢ t❤❡ ❍❙ st❛t❡ ✐s ❤✐❣❤❡r t❤❛♥ t❤❡ ♦♥❡ ♦❢ t❤❡ ▲❙ st❛t❡
❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥t ♦❢ s♣✐♥ ♠✉❧t✐♣❧✐❝✐t② ❛♥❞ t♦ t❤❡ ❝❤❛♥❣❡ ✐♥ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝✐❡s✳
❬✽✵✱ ✽✱ ✽✶✱ ✻✱ ✽✷✱ ✽✸✱ ✽✹✱ ✽✺✱ ✽✻✱ ✽✼❪ ❚❤❡ ❝❤❛♥❣❡ ♦❢ s♣✐♥ ✭♦r ❡❧❡❝tr♦♥✐❝ st❛t❡✮ ✐s ♦❢t❡♥
❛❝❝♦♠♣❛♥✐❡❞ ❜② str♦♥❣ ♠♦❧❡❝✉❧❛r ❣❡♦♠❡tr② r❡❛rr❛♥❣❡♠❡♥t✳ ❚❤❡ ♠♦❧❡❝✉❧❛r ❣❡♦♠❡tr②
r❡❛rr❛♥❣❡♠❡♥t ✇✐❧❧ ✐♥❞✉❝❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡✳

❚❤❡ ❝❤❛♥❣❡ ♦❢ s♣✐♥ st❛t❡ ✐♥ ❙♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ✇✐t❤ ❧✐❣❛♥❞
✜❡❧❞ t❤❡♦r②✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ♠❛t❡r✐❛❧s ❜❛s❡❞ ♦♥ ❋❡✷✰ t❤❡ ✸ ❡❧❡❝tr♦♥s ❛r❡ ♦♥ t❤❡ ✸❞
♦r❜✐t❛❧s ♦❢ t❤❡ ❋❡✳ ❋♦r ❛ ♣❡r❢❡❝t❧② ♦❝t❛❤❡❞r❛❧ ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ ❧✐❣❛♥❞ ✜❡❧❞ ✇✐❧❧ s♣❧✐t
t❤❡ ♦r❜✐t❛❧s ✐♥ eg ❛♥❞ t2g✳ ❚❤❡ dz2 ❛♥❞ dx2−y2 ♦r❜✐t❛❧s ♦✈❡r❧❛♣♣❡❞ ✇✐t❤ t❤❡ ❧✐❣❛♥❞ ✇❤✐❝❤
❞❡st❛❜✐❧✐③❡ t❤♦s❡ ♦r❜✐t❛❧s✱ t❤❡② ❛r❡ t❤❡ eg✳ ❚❤❡ dxy✱dxz ❛♥❞ dyz ❛r❡ ✐♥ ♣❧❛♥❡ ❛♥❞ ♥♦t
❞✐st✉r❜❡❞ ❜② t❤❡ ❧✐❣❛♥❞✱ t❤❡② ❛r❡ t❤❡ t2g✳ ❚❤❡ s♣❧✐tt✐♥❣ ✐♥❞✉❝❡❞ ❜② t❤❡ ❧✐❣❛♥❞ ✜❡❧❞
✇✐❧❧ ♣❛✐r ✉♣ t❤❡ ❡❧❡❝tr♦♥s ✐♥ t❤❡ t2g ♦r❜✐t❛❧s✳ ❚❤✐s ✇✐❧❧ r❡❞✉❝❡ t❤❡ s♣✐♥ ♠✉❧t✐♣❧✐❝✐t② t♦
✵ ✐♥ t❤✐s ❝❛s❡ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✶✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❋❡ ❛♥❞ ✐ts ❧✐❣❛♥❞ ✭❜②
❡①❛♠♣❧❡ ◆✐tr♦❣❡♥ ◆✮ ✇✐❧❧ ❝❤❛♥❣❡ t❤❡ ❡♥❡r❣② ❜❛♥❞ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ t2g ❛♥❞ eg ♦r❜✐t❛❧s✳
❲❤❡♥ t❤❡ ❞✐st❛♥❝❡ ✐s ❧❛r❣❡ ❡♥♦✉❣❤ ✭❜❛♥❞ ❣❛♣ ✇✐❧❧ ❞❡❝r❡❛s❡✮ t❤❡ ❡❧❡❝tr♦♥s ❝❛♥ ❥✉♠♣
❜❛❝❦ ✐♥ t❤❡ eg ♦r❜✐t❛❧s✳ ❲❤❡♥ t❤❡ ❞✐st❛♥❝❡ ✐s s❤♦rt❡r✱ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ❢r❡q✉❡♥❝② ✇✐❧❧
✐♥❝r❡❛s❡✱ t❤❡r❡❢♦r❡✱ t❤❡ ♣♦t❡♥t✐❛❧ ❧❛♥❞s❝❛♣❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡ ✇✐❧❧ ❛❧s♦ ❜❡ st✐✛❡r ✐♥ t❤❡ ▲❙
st❛t❡ t❤❛♥ ✐♥ t❤❡ ❍❙ st❛t❡✳

✾✼



❋✐❣✉r❡ ✹✳✶✿ ❊❧❡❝tr♦♥✐❝ ❝♦♥✜❣✉r❛t✐♦♥ ✐♥ ▲❙ ❛♥❞ ❍❙ st❛t❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✽✼❪✳ ❋♦r ❡❛❝❤
❝♦♥✜❣✉r❛t✐♦♥ t❤❡ ❡❧❡❝tr♦♥s ❛r❡ ❡✐t❤❡r ♦♥ t❤❡ st❛❜✐❧✐③❡❞ t2g ♦r ✉♥st❛❜✐❧✐③❡❞ eg ♦r❜✐t❛❧s✳
❚❤❡ s♣✐♥ ❝r♦ss♦✈❡r ♣♦t❡♥t✐❛❧ ❡♥❡r❣② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞✐st❛♥❝❡ ❋❡✲◆ ✐s ♣❧♦tt❡❞ t♦
♣r❡s❡♥ts t❤❡ ❞✐✛❡r❡♥t ❡♥❡r❣② ❜❛rr✐❡r ❛ss♦❝✐❛t❡❞✳

❆♥ ✐♠♣♦rt❛♥t ❛s♣❡❝t ♦❢ t❤❡ ❙❈❖ ❝♦♠♣♦✉♥❞ ✐s t❤❛t t❤❡ tr❛♥s✐t✐♦♥ ▲❙ t♦ ❍❙ ✐s
♥♦t ♦♥❧② tr✐❣❣❡r❡❞ ❜② t❡♠♣❡r❛t✉r❡ ♦r ♣r❡ss✉r❡✳ ❯♥❞❡r ✈✐s✐❜❧❡ ❧✐❣❤t ✐rr❛❞✐❛t✐♦♥✱ t❤❡
❝♦♠♣♦✉♥❞ ❝❛♥ s✇✐t❝❤ ❢r♦♠ t❤❡ ▲❙ t♦ t❤❡ ❍❙ st❛t❡✳ ❚❤❡ ✸❞ ❡❧❡❝tr♦♥s ♦❢ t❤❡ tr❛♥s✐t✐♦♥
♠❡t❛❧ ❛r❡ ♣r♦♠♦t❡❞ t♦ t❤❡ ❧✐❣❛♥❞ ✭✐♥ t❤❡ ▼❡t❛❧ t♦ ▲✐❣❛♥❞ ❈❤❛r❣❡ ❚r❛♥s❢❡r ▼▲❈❚ ❜❛♥❞✮✳
❚❤❡♥✱ t❤❡ s②st❡♠ r❡❧❛① ✐♥t♦ t❤❡ ❍✐❣❤ ❙♣✐♥ st❛t❡ ❜② ♣❛ss✐♥❣ t❤r♦✉❣❤ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✳
❚❤✐s ♣r♦❝❡ss ✐♥✈♦❧✈❡s ✈✐❜r❛t✐♦♥❛❧ ❝♦♦❧✐♥❣ ✇❤✐❝❤ tr✐❣❣❡rs ❝♦❤❡r❡♥t ♣❤♦♥♦♥✳

❚❤❡ ❡①❡♠♣❧❡ ♦❢ [Fe(bpy)3]2+ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✷✳ ❋✐❣✳ ✹✳✷ ❛✮ ♣r❡s❡♥ts ❛ s❝❤❡♠❛t✐❝
♣❛t❤ ❢♦r t❤❡ ♠♦❧❡❝✉❧❡✳ ❚❤❡ ♣✉♠♣ ♣❤♦t♦♥ tr❛♥s❢❡rs t❤❡ ❡❧❡❝tr♦♥ ❢r♦♠ t❤❡ t2g ✸❞ ♦r❜✐t❛❧
♦❢ t❤❡ ❋❡ t♦ ❛♥ ❛♥t✐ ❜♦✉♥❞✐♥❣ ♦r❜✐t❛❧ ♦❢ t❤❡ ❧✐❣❛♥❞ ▲✭π∗✮✳ ❚❤❡ s②st❡♠ ❞❡❝❛②s t❤❡♥ t♦ t❤❡
❍❙ st❛t❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡ ✇❡r❡ ✷ ❡❧❡❝tr♦♥s ♣♦♣✉❧❛t❡ t❤❡ eg ♦r❜✐t❛❧ ❛♥❞ s♣✐♥ ♠✉❧t✐♣❧✐❝✐t②
✐s ✷✳ ❚❤❡ t✐♠❡ s❝❛❧❡ ✐♥✈♦❧✈❡❞ ✐♥ t❤✐s ♣r♦❝❡ss ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✷ ❜✮✳ ❚❤❡ ❡❧❡❝tr♦♥
✐s ♣r♦♠♦t❡❞ ❛❧♠♦st ✐♥st❛♥t❛♥❡♦✉s❧② ✐♥ t❤❡ ▼▲❈❚ ❜❛♥❞✳ ❚❤❡ ♣❤♦t♦✲❡①❝✐t❡❞ r❡❧❛① t♦ t❤❡
❍❙ st❛t❡ t❤r♦✉❣❤ ❛♥ ✐♥t❡r♠❡❞✐❛r② 3T st❛t❡✭t52ge

1
gL

0✮ ✇✐t❤✐♥ ✶✷✵ ❢s✳ ❚❤✐s ❞r✐✈❡s ❝♦❤❡r❡♥t
♣❤♦♥♦♥ ✇❤✐❝❤ ♦s❝✐❧❧❛t✐♦♥s ❛r❡ ✷✻✺ ❢s ♣❡r✐♦❞✳ P❤♦♥♦♥ ❛r❡ ❞✐s♣❡rs❡❞ ❛❢t❡r ✸✸✵ ❢s ❜❡❝❛✉s❡
♦❢ ❞❡♣❤❛s✐♥❣✳ ▲❡♠❦❡ ❡t ❛❧✳ s✉❣❣❡sts t❤❛t t❤❡ 3T ✐♥t❡r♠❡❞✐❛t❡ st❛t❡ ✐s ❛t t❤❡ ♦r✐❣✐♥ ♦❢
t❤✐s ❞❡♣❤❛s✐♥❣✳ ❚❤❡ s②st❡♠ r❡❧❛①❡s ✈✐❛ ❛♥ ✐♥❝♦❤❡r❡♥t ✈✐❜r❛t✐♦♥❛❧ ❝♦♦❧✐♥❣ ♣❤❛s❡ ❞✉r✐♥❣
✶✳✻ ♣s✳ ▼♦r❡ ❣❡♥❡r❛❧❧②✱ t❤✐s ♣❤♦t♦✲❡①❝✐t❡❞ ❍❙ st❛t❡ ✐s ♠❡t❛st❛❜❧❡ ❛♥❞ ✈❡r② ❧♦♥❣ ❧✐✈❡❞
❛t ❧♦✇ t❡♠♣❡r❛t✉r❡ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✸ t❛❦❡♥ ❢r♦♠ ❬✽✽❪✳

❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s ❝❛❧❧❡❞ ▲✐❣❤t ■♥❞✉❝❡❞ ❊①❝✐t❡❞ ❙♣✐♥ ❙t❛t❡ ❚r❛♣♣✐♥❣ ▲■❊❙❙❚✳ ❚❤❡
♣❤♦t♦ ❡①❝✐t❡❞ ❍❙ st❛t❡ ✐s ♠❡t❛st❛❜❧❡ ✉♣ t♦ ❛ ❝❡rt❛✐♥ t❡♠♣❡r❛t✉r❡ ✇❤❡r❡ t❤❡ r❡❧❛①❛t✐♦♥
❜❡❝♦♠❡s t♦♦ ❢❛st✱ t❤✐s t❡♠♣❡r❛t✉r❡ ✐s ❝❛❧❧❡❞ ❚✭▲■❊❙❙❚✮✳ ❚❤❡ ❚✭▲■❊❙❙❚✮ ✐s ♠❡❛s✉r❡❞

✾✽



❋✐❣✉r❡ ✹✳✷✿ ❛✮ ❙❝❤❡♠❛t✐❝ ❧✐❣❤t✲✐♥❞✉❝❡❞ ❡①❝✐t❡❞ s♣✐♥✲st❛t❡ tr❛♣♣✐♥❣ ❢♦r [Fe(bpy)3]
2+✱

✇❤❡r❡ t❤❡ ❋❡ ✭r❡❞✮ ✐s ❜♦♥❞❡❞ t♦ s✐① ◆ ✭❜❧✉❡✮ ♦❢ t❤❡ ❜♣② ❧✐❣❛♥❞s ❜✮❙❝❤❡♠❛t✐❝ r❡♣r❡✲
s❡♥t❛t✐♦♥ ♦❢ t❤❡ str✉❝t✉r❛❧ tr❛♣♣✐♥❣ ❞✉r✐♥❣ t❤❡ ❧✐❣❤t✲✐♥❞✉❝❡❞ s♣✐♥✲st❛t❡ ❝♦♥✈❡rs✐♦♥ ✐♥
[Fe(bpy)3]2

+ ❢r♦♠ ▲❙ t♦ ❍❙ st❛t❡ ❛❧♦♥❣ t❤❡ ❋❡✲◆ ❞✐st❛♥❝❡ r❡❛❝t✐♦♥ ❝♦♦r❞✐♥❛t❡ r✳ ❚❤❡
♣❤♦t♦❡①❝✐t❡❞ ▼▲❈❚ ✭♠❛♥✐❢♦❧❞✮ ❞❡❝❛②s✱ t❤r♦✉❣❤ t❤❡ 3T st❛t❡ ✭t52ge

1
gL

0✮✱ t♦✇❛r❞s t❤❡
❍❙ st❛t❡ ✇✐t❤✐♥ ✭✶✷✵✭✶✵✮ ❢s✮ ❛♥❞ ❛ ❧❛r❣❡ ❢r❛❝t✐♦♥ ♦❢ ❡♥❡r❣② ✐s ❞✐ss✐♣❛t❡❞✳ ■t ❡①♣❛♥❞s
❛♥❞ ❝♦❤❡r❡♥t❧② ♦s❝✐❧❧❛t❡s ✭❜r❡❛t❤✐♥❣ ♠♦❞❡✱ ✷✻✺ ❢s ♣❡r✐♦❞✮ ❛r♦✉♥❞ t❤❡ ❍❙ ❡q✉✐❧✐❜r✐✉♠
str✉❝t✉r❡ ✇❤✐❧❡ ❧♦s✐♥❣ ❡♥❡r❣②✳ ❚❤❡ ✇❛✈❡ ♣❛❝❦❡t ❞✐s♣❡rs❡s ❛t ✸✸✵ ❢s t✐♠❡ ❝♦♥st❛♥t ❛♥❞
✈✐❜r❛t✐♦♥❛❧❧② ❝♦♦❧s ✐♥s✐❞❡ t❤❡ ❍❙ st❛t❡ ♣♦t❡♥t✐❛❧ ✇✐t❤✐♥ ✶✳✻ ♣s✳ ❇♦t❤ ✜❣✉r❡s ❛r❡ ❛❞❛♣t❡❞
❢r♦♠ ❬✽✵❪

❞②♥❛♠✐❝❛❧❧② ❣❡♥❡r❛❧❧② ✉s✐♥❣ ❙◗❯■❉ t❡❝❤♥✐q✉❡✱ t❤❡ ♠❛❣♥❡t✐❝ s✉s❝❡♣t✐❜✐❧✐t② ♦❢ t❤❡ ❝♦♠✲
♣♦✉♥❞ ✐s ♠❡❛s✉r❡❞ ✇❤✐❧❡ ❤❡❛t✐♥❣ ✉♣ t❤❡ s❛♠♣❧❡ ❢r♦♠ ✵❑ ❛t t❤❡ r❛t❡ ♦❢ ✵✳✸❑✴♠✐♥✳❬✽✶❪✳
❚❤❡r❡ ❡①✐sts ❛ r❡✈❡rs❡ ♣❤❡♥♦♠❡♥♦♥ ✇❤✐❝❤ ✐s t❤❡ r❡✈❡rs❡✭▲■❊❙❙❚✮✳ ■♥ t❤✐s ❝❛s❡✱ ❧✐❣❤t
✐s s❤✐♥❡❞ ♦♥t♦ t❤❡ ♣❤♦t♦✲❡①❝✐t❡❞ ❍❙ st❛t❡ ❛♥❞ t❤❡ ♠♦❧❡❝✉❧❡ r❡❧❛①❡s ✐♥t♦ t❤❡ ▲❙ st❛t❡✳
▼❛r✐♥♦ ❡t ❛❧✳❬✽✾❪ st✉❞✐❡❞ t❤❡ r❡✈❡rs❡ ▲■❊❙❙❚ ❡✛❡❝t ♦♥ [Fe(ptz)6](BF4)2 ❝♦♠♣♦✉♥❞✳

✾✾



❋✐❣✉r❡ ✹✳✸✿ ❍✐❣❤ s♣✐♥ ❢r❛❝t✐♦♥ ✐♥ t❤❡ [Fe(ptz)6](BF4)2 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✳ ❋✐❣✉r❡
❛❞❛♣t❡❞ ❢r♦♠ ❬✽✽❪

❇♦t❤ ♦♣t✐❝❛❧ ♣❛t❤✇❛②s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✹✳ ❋♦r t❤❡ ▲■❊❙❙❚✱ t❤❡ ▲❙ st❛t❡ ✐s
♣✉♠♣❡❞ ✐♥t♦ t❤❡ ▼▲❈❚ ✇✐t❤ ❛ ✸✵✺ ♥♠ ❧✐❣❤t✳ ■t r❡❧❛①❡s ✐♥t♦ t❤❡ ❍❙ st❛t❡ t❤r♦✉❣❤ t❤❡
3T1 ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✳ ❋♦r t❤❡ r❡✈❡rs❡ ▲■❊❙❙❚ ❡✛❡❝t✱ t❤❡ ❍❙ st❛t❡ ✐s ♣✉♠♣❡❞ ✐♥t♦ t❤❡
5E st❛t❡ ✇✐t❤ ✽✸✵ ♥♠ ❧✐❣❤t✳ ❚❤❡ s②st❡♠ r❡❧❛①❡s t❤❡♥ ✐♥ t❤❡ ▲❙ st❛t❡ t❤r♦✉❣❤ t❤❡ s❛♠❡
3T1 ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✳

✶✵✵



❋✐❣✉r❡ ✹✳✹✿ ❖♣t✐❝❛❧ ♣❛t❤✇❛② ♦❢ ▲■❊❙❙❚ ❛♥❞ r❡✈❡rs❡ ▲■❊❙❙❚ ❡✛❡❝t ❢♦r t❤❡
[Fe(ptz)6](BF4)2✳ ❋♦r t❤❡ ▲■❊❙❙❚✱ t❤❡ ▲❙ st❛t❡ ✐s ♣✉♠♣❡❞ ✐♥t♦ t❤❡ ▼▲❈❚ ✇✐t❤ ❛
✸✵✺ ♥♠ ❧✐❣❤t✳ ■t r❡❧❛① ✐♥t♦ t❤❡ ❍❙ st❛t❡ t❤r♦✉❣❤ t❤❡ 3T1 ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✳ ❋♦r t❤❡
r❡✈❡rs❡ ▲■❊❙❙❚ ❡✛❡❝t✱ t❤❡ ❍❙ st❛t❡ ✐s ♣✉♠♣❡❞ ✐♥t♦ t❤❡ 5E st❛t❡ ✇✐t❤ ✽✸✵ ♥♠ ❧✐❣❤t✳
❚❤❡ s②st❡♠ r❡❧❛① t❤❡♥ ✐♥ t❤❡ ▲❙ st❛t❡ t❤r♦✉❣❤ t❤❡ s❛♠❡ 3T1 ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✳ ❋✐❣✉r❡
❛❞❛♣t❡❞ ❢r♦♠ ❬✽✾❪

✹✳✶✳✷ P❤♦♥♦♥ ♠♦❞❡s ❛♥❞ s②♠♠❡tr②

P❤♦♥♦♥ ❛r❡ ❝♦❧❧❡❝t✐✈❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ✐♥ t❤❡ s♦❧✐❞ st❛t❡ ❛♥❞ t❤❡② ❤❛✈❡ t❤❡ s②♠♠❡tr✐❡s
♦❢ t❤❡ ❞✐✛❡r❡♥t ✐rr❡❞✉❝✐❜❧❡ r❡♣r❡s❡♥t❛t✐♦♥s ♦❢ t❤❡ s②♠♠❡tr② ❣r♦✉♣✳ ❚❤❡ ❝❤❛♥❣❡ ✐♥
❢r❡q✉❡♥❝② ❛❝❝♦♠♣❛♥②✐♥❣ t❤❡ ❙❈❖ ❝♦♥tr✐❜✉t❡s t♦ ❛♥ ✐♠♣♦rt❛♥t ✈✐❜r❛t✐♦♥❛❧ ❡♥tr♦♣② ❬✾✵❪✳
❆s s✉❝❤✱ t❤♦s❡ ♣❛rt✐❝❧❡s ❛r❡ ✈❡r② s❡♥s✐t✐✈❡ t♦ s②♠♠❡tr② ♦❢ t❤❡ ❝♦♠♣♦✉♥❞✳ ❚♦ ✉♥❞❡rst❛♥❞
t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ♠❛tt❡r ✐♥ t❤❡ s♦❧✐❞ st❛t❡✱ ❛ ❣♦♦❞ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ✈✐❜r❛t✐♦♥ ♠♦❞❡s ✐s
♠❛♥❞❛t♦r②✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ♣r❡s❡♥❝❡ ♦r ❧❛❝❦ ♦❢ ✐♥✈❡rs✐♦♥ s②♠♠❡tr② ✐♥ t❤❡ ❝♦♠♣♦✉♥❞
❛❧❧♦✇s t♦ ❞✐✈✐❞❡ t❤❡ ♠♦❞❡s ✐♥ t✇♦ ❝❛t❡❣♦r✐❡s✳ ■❢ t❤❡ ♠♦✈❡♠❡♥t ✐♥❞✉❝❡❞ ❜② t❤❡ ✈✐❜r❛t✐♦♥
❦❡❡♣s t❤❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②✱ t❤♦s❡ ♠♦❞❡s ❛r❡ ❝❛❧❧❡❞ ❣❡r❛❞❡✳ ❚❤❡ ✈✐❜r❛t✐♦♥ ♠♦❞❡s
✇❤✐❝❤ ✈✐♦❧❛t❡s t❤❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr② ❛r❡ ❝❛❧❧❡❞ ✉♥❣❡r❛❞❡✳ ✉ ♠♦❞❡s ❛r❡ ■❘ ♦r ❚❍③
❛❝t✐✈❡ ✇❤✐❧❡ ❣ ❛r❡ ❘❛♠❛♥ ❛❝t✐✈❡✳ ■❢ t❤❡ ❝r②st❛❧ ❞♦❡s♥✬t ♣♦ss❡ss ❛♥ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②
t❤❡♥ t❤❡r❡ ✐s ♥♦ s✉❝❤ ❞✐st✐♥❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡s✳

❚❤❡ s②♠♠❡tr② ♦❢ ❛ ❝r②st❛❧ ✐s r❡s✉♠❡❞ ❜② t❤❡ s♣❛❝❡ ❣r♦✉♣ ✇❤✐❝❤ ❝♦♥t❛✐♥s ❛❧❧ t❤❡
s②♠♠❡tr② ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ❝r②st❛❧✳ ❘❛♠❛♥✱ ■❘ ♦r ❚❍③ t❡❝❤♥✐q✉❡s ❝❛♥ ♦♥❧② ♣r♦❜❡
♠♦❞❡s ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❇r✐❧❧♦✉✐♥ ③♦♥❡ ❛♥❞ t❤❡r❡❢♦r❡ ✐t ✐s s✉✣❝✐❡♥t t♦ ❝♦♥s✐❞❡r t❤❡
♣♦✐♥t ❣r♦✉♣ ♦❢ t❤❡ s♣❛❝❡ ❣r♦✉♣✳ ❚❤❡ ❞✐✛❡r❡♥t ✐rr❡❞✉❝✐❜❧❡ r❡♣r❡s❡♥t❛t✐♦♥s ♦❢ t❤❡ ♣♦✐♥t
❣r♦✉♣ ❛r❡ ❧✐st❡❞ ✐♥ ❛ ❝❤❛r❛❝t❡r t❛❜❧❡✳ ❆❧❧ ③♦♥❡✲❝❡♥t❡r ♣❤♦♥♦♥s ✐♥ ❛ ❝r②st❛❧ ❜❡❧♦♥❣ t♦ ♦♥❡
❛♥❞ ✉♥✐q✉❡ r❡♣r❡s❡♥t❛t✐♦♥✳ ❊❛❝❤ r❡♣r❡s❡♥t❛t✐♦♥ ♣r❡s❡r✈❡s ❞✐✛❡r❡♥t s②♠♠❡tr✐❡s✳ ❚❤❡
❝❤❛r❛❝t❡r t❛❜❧❡ ♦❢ Fe(phen)2(NCS)2 ❝r②st❛❧ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✺ ❛❞❛♣t❡❞ ❢r♦♠ ❬✾✶❪✳
❚❤❡ ♣♦✐♥t ❣r♦✉♣ ♦❢ t❤❡ Fe(phen)2(NCS)2 ❝r②st❛❧ ✐s ♠♠♠✳

✶✵✶



❋✐❣✉r❡ ✹✳✺✿ ❈❤❛r❛❝t❡r ❚❛❜❧❡ ♦❢ t❤❡ Fe(phen)2(NCS)2 s♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞ ❛❞❛♣t❡❞
❢r♦♠ ❬✾✶❪

❉❡♥s✐t② ❢✉♥❝t✐♦♥ t❤❡♦r② ✭❉❋❚✮ ❛❧❧♦✇s ♣r❡❞✐❝t✐♥❣ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ ♠❛tt❡r✳
❆t t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❤❡ Au r❡♣r❡s❡♥t❛t✐♦♥✱ ❛❧❧ ♠♦❞❡s ❝❛♥ ❜❡ ♣r♦❜❡❞ ✉s✐♥❣ ❘❛♠❛♥✱
■❘ ❛♥❞ ❚❍③ s♣❡❝tr♦s❝♦♣②✳ ❚❤❡ ❝❤❛r❛❝t❡r t❛❜❧❡ ✐♥❞✐❝❛t❡s ❛❧s♦ ❤♦✇ t❤❡ r❡♣r❡s❡♥t❛t✐♦♥
tr❛♥s❢♦r♠s ✐ts❡❧❢✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ B1u✱ B2u ❛♥❞ B3u ❛r❡ ■❘ ♦r ❚❍③ ❛❝t✐✈❡s ❛♥❞ ❛r❡
♣r♦❜❡❞ ❜② ❧✐❣❤t ✇❤✐❝❤ ♣♦❧❛r✐③❛t✐♦♥ ✐♥ t❤❡ ③✱② ❛♥❞ ① ❞✐r❡❝t✐♦♥ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ Ag✱
B1g✱B2g ❛♥❞ B3g tr❛♥s❢♦r♠s ❧✐❦❡ X2✱Y 2✱Z2 ✭❢♦r t❤❡ Ag r❡♣r❡s❡♥t❛t✐♦♥✮✱ ❳❨ ❢♦r t❤❡ B1g✱
❳❩ ❢♦r t❤❡ B2g ❛♥❞ ❨❩ ❢♦r B3g✳ ❯s✐♥❣ ❘❛♠❛♥ ❙♣❡❝tr♦s❝♦♣② ✇✐t❤ ❧✐♥❡❛r❧② ♣♦❧❛r✐③❡❞ ❧✐❣❤t
❛t t❤❡ ❡♥tr❛♥❝❡ ❝♦✉♣❧❡❞ t♦ ❛♥ ❛♥❛❧②③❡r ❛t t❤❡ ♦✉t♣✉t ❛❧❧♦✇s t♦ s❡❧❡❝t t❤❡ ✈✐❜r❛t✐♦♥❛❧
♠♦❞❡s✳

❋♦r t❤❡ r❡st ♦❢ t❤❡ ❝❤❛♣t❡r✱ ✇❡ ✇✐❧❧ ❢♦❝✉s ♦♥ s♣❡❝tr♦s❝♦♣✐❝ st✉❞② ♦❢ t❤❡ Fe(phen)2(NCS)2
s♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞✳ ❲❡ ✜rst ✇✐❧❧ ❢♦❝✉s ♦♥ t❤❡ st✉❞② ♦❢ ▲■❊❙❙❚ ❡✛❡❝t ✉s✐♥❣ ❘❛✲
♠❛♥ ❙♣❡❝tr♦s❝♦♣②✳ ❚❤❡♥✱ ✇❡ ✇✐❧❧ ❧♦♦❦ ❛t t❤❡ ❚✐♠❡ ❉♦♠❛✐♥ s♣❡❝tr♦s❝♦♣② ❚❉❙ ✇❤✐❝❤
❛❧❧♦✇s t♦ ♠❡❛s✉r❡ t❤❡ ♣❤♦♥♦♥s ✐♥ t❤❡ ❚❍③ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳ ❚❤❡ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝✲
tr♦s❝♦♣② ✭❚❉❙✮ s❡t✲✉♣ ✐♥ ❘❡♥♥❡s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞✳ ❋✐♥❛❧❧②✱ r❡s✉❧ts
♦❢ ❚❉❙ ♦♥ Fe(phen)2(NCS)2 ♦❜t❛✐♥❡❞ ✐♥ ❘❡♥♥❡s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳

✶✵✷



✹✳✷ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② ♦❢ Fe(phen)2(NCS)2

✹✳✷✳✶ ❈♦♠♣♦✉♥❞ ❝❤❛r❛❝t❡r✐st✐❝s

❋✐❣✉r❡ ✹✳✻✿ ▼♦❧❡❝✉❧❡ ♦❢ Fe(phen)2(NCS)2

❋✐rst✱ ✇❡ ✇✐❧❧ ♣r❡s❡♥t t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ Fe(phen)2(NCS)2✭♣❤❡♥ ❂✶✱✶✵ ♣❤❡♥❛♥tr♦✲
❧✐♥❡✮ ❝♦♠♣♦✉♥❞✳ ❚❤✐s ❝♦♠♣♦✉♥❞ ❤❛s ❜❡❡♥ ❛♥❞ ✐s ✇✐❞❡❧② st✉❞✐❡❞ ❛s ❛ ♣r♦t♦t②♣❡ ❢♦r t❤❡
s♣✐♥ tr❛♥s✐t✐♦♥ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ❧✐t❡r❛t✉r❡ ❛ss♦❝✐❛t❡❞ t♦ t❤✐s ❝♦♠♣♦✉♥❞ ✐s ❡①t❡♥s✐✈❡
❬✾✷✱ ✾✸✱ ✾✹✱ ✻✱ ✽✱ ✾✹✱ ✾✺✱ ✾✻❪✳ ❚❤✐s ♠♦❧❡❝✉❧❡ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛♥ Fe2+ ❝♦r❡ ✇❤✐❝❤ ✐s
❜♦✉♥❞ t♦ ✻ ◆✳ ❚✇♦ ♦❢ t❤❡♠ ❛r❡ ♣❛rt ♦❢ ❛ ✭NCS−✮ ✇❤✐❧❡ t❤❡ ❢♦✉r ♦t❤❡rs ❛r❡ ♣❛rt ♦❢
t✇♦ ♣❤❡♥❛♥tr♦❧✐♥❡ ❣r♦✉♣✭❋✐❣✳✹✳✻✳ ❚❤❡ ❝r②st❛❧❧✐♥❡ s♣❛❝❡ ❣r♦✉♣ ✐s P❜❝♥ ✭♦rt❤♦r♦♠❜✐❝✮✳
▼♦❧❡❝✉❧❡s ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡ ✷ ❢♦❧❞ ❛①✐s✱ ❤❡❛❞ t♦ t❛✐❧✳ ❚❤❡ ❝r②st❛❧ ❤❛s ❛ s❤❛♣❡ ♦❢ ❛
❞✐❛♠♦♥❞ ✇❤✐❝❤ ❧♦♥❣ ❛①✐s ✐s t❤❡ ❜ ❛①✐s ❛♥❞ s❤♦rt ❛①✐s t❤❡ ❛✱ s❡❡ ❋✐❣✳✹✳✼✳

❋✐❣✉r❡ ✹✳✼✿ ❈r②st❛❧ ♦❢ Fe(phen)2(NCS)2✱ ❝r②st❛❧ ❛①✐s ❛ ❛♥❞ ❜ ❛r❡ s❤♦✇♥✳

❚❤❡ Fe(phen)2(NCS)2 ✉♥❞❡r❣♦❡s ❛ s♣✐♥ tr❛♥s✐t✐♦♥ ❢r♦♠ ❛ ▲❙ ✭❙❂✵✮ st❛t❡ t♦ ❛♥❞
❍❙ ✭❙❂✷✮ st❛t❡✳ ❚❤✐s tr❛♥s✐t✐♦♥ ❤❛♣♣❡♥s ❛r♦✉♥❞ ✶✼✵❑ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✽ ❛❞❛♣t❡❞
❢r♦♠ ❬✾✼❪❛✳ ❖♥ t❤❡ s❛♠❡ ✜❣✉r❡ ❚✭▲■❊❙❙❚✮ ✐s ❛❧s♦ ♠❡❛s✉r❡❞ t♦ ❜❡ ✻✷❑✳ ❆❜♦✈❡ ✻✷❑ t❤❡

✶✵✸



r❡❧❛①❛t✐♦♥ r❛t❡ ♦❢ t❤❡ ♣❤♦t♦ ❡①❝✐t❡❞ ❍❙ st❛t❡ ❜❡❝♦♠❡s ✈❡r② ❢❛st✳ ❆ ❝❤❛♥❣❡ ♦❢ ✈♦❧✉♠❡
♦❢ ❛r♦✉♥❞ ✶✵✪ ❛❝❝♦♠♣❛♥✐❡s t❤❡ tr❛♥s✐t✐♦♥ ❛♥❞ ✐s ❧♦❝❛❧✐③❡❞ ♦♥ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡
❋❡ ❛♥❞ t❤❡ ◆ ❬✾✽❪ ✭s❡❡ ❛❧s♦ ❋✐❣✳✹✳✽❜ ❛❞❛♣t❡❞ ❢r♦♠ ❙✉♣♣❧❡♠❡♥t❛r② ▼❛t❡r✐❛❧ ♦❢ ❬✽❪✳

❋✐❣✉r❡ ✹✳✽✿ ❛✮▼❛❣♥❡t✐❝ s✉s❝❡♣t✐❜✐❧✐t② ♦❢ Fe(phen)2(NCS)2 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❡♠♣❡r❛✲
t✉r❡✳ ❇♦t❤ t❤❡r♠❛❧ tr❛♥s✐t✐♦♥ ❛♥❞ ▲■❊❙❙❚ ❛r❡ s❤♦✇♥ ♦♥ t❤✐s ✜❣✉r❡✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞
❢r♦♠ ❬✾✼❪✳ ❉✐st❛♥❝❡ ❁❋❡✲◆❃ ✐♥ t❤❡ Fe(phen)2(NCS)2 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❡♠♣❡r❛t✉r❡✳
❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❙✉♣♣❧❡♠❡♥t❛r② ▼❛t❡r✐❛❧s ♦❢ ❬✽❪

✹✳✷✳✷ Pr♦❜✐♥❣ ❙♣✐♥ tr❛♥s✐t✐♦♥ ✇✐t❤ ❘❛♠❛♥ ❙♣❡❝tr♦s❝♦♣②

❲❡ ♣❡r❢♦r♠❡❞ ❘❛♠❛♥ ❙♣❡❝tr♦s❝♦♣② ✇✐t❤ ❛♥ ■♥✈✐❛ ❙♣❡❝tr♦♠❡t❡r ❢r♦♠ ❘❡♥✐s❤❛✇ ✭❋✐❣✳✹✳✾✳
❲❡ ✉s❡❞ t✇♦ ❞✐✛❡r❡♥t ❧❛s❡r ✇❛✈❡❧❡♥❣t❤s✿ ✻✸✸ ♥♠ ♦❜t❛✐♥❡❞ ❢r♦♠ ❛ ❍❡◆❡ ❧❛s❡r ❛♥❞ ✼✽✺
♥♠ ✇✐t❤ ❛ ❧❛s❡r ❞✐♦❞❡✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ ✇❛s ❝♦♥tr♦❧❧❡❞ ❜② ❛ ❍❋❙✻✵✵❊✲P❇✹ ♣❧❛t✐♥❡
❢r♦♠ ▲✐♥❦❛♠✳ ▲✐❣❤t ✇❛s ❧✐♥❡❛r❧② ♣♦❧❛r✐③❡❞ ❛❧♦♥❣ t❤❡ ❜ ❛①✐s ♦❢ t❤❡ ❝r②st❛❧ ❛♥❞ ♦♥❧②
♣❛r❛❧❧❡❧ ♣♦❧❛r✐③❛t✐♦♥ ✇❛s r❡❝♦✈❡r❡❞ ✉s✐♥❣ ❛ ❧✐♥❡❛r ♣♦❧❛r✐③❡r✳ ❙✐♥❝❡ t❤❡ ✉♥✐t ❝❡❧❧ ✐♥ t❤❡

✶✵✹



❋✐❣✉r❡ ✹✳✾✿ ▼✐❝r♦ ❘❛♠❛♥ ✉s❡❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥ts✳

❝r②st❛❧ ❝♦♥t❛✐♥s ✹ ♠♦❧❡❝✉❧❡s✱ t❤❡r❡ ❛r❡ ✽ ◆✲❈❙ str❡t❝❤✐♥❣ ♠♦❞❡s ♦❢ s②♠♠❡tr② Ag✱ Au✱
B1g✱ B2g✱ B3g✱ B1u✱ B2u ♦r B3u✱ s❡❡ ❋✐❣✳✹✳✺✳ ❖♥❧② t❤❡ ❣ ♠♦❞❡s ❛r❡ ❘❛♠❛♥✲❛❝t✐✈❡
❛♥❞ t❤❡ ❧❛s❡r ♣♦❧❛r✐③❛t✐♦♥ ✉s❡❞ ❛❧❧♦✇s ❢♦r ♣r♦❜✐♥❣ t❤❡ ❆❣ ♠♦❞❡ ♦♥❧②✱ ✇❤✐❝❤ ❛❧❧♦✇s
❛✈♦✐❞✐♥❣ t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ s✐❣♥❛❧s ❢r♦♠ ♦t❤❡r ♠♦❞❡s ♦❢ ❞✐✛❡r❡♥t s②♠♠❡tr✐❡s✳ ❋♦r
❜♦t❤ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ❛t ✻✸✸ ♥♠ ❛♥❞ ✼✽✺ ♥♠ ✇❡ ✉s❡❞ ❛ ♠✐❝r♦s❝♦♣❡ ♦❜❥❡❝t✐✈❡
t♦ ❢♦❝✉s t❤❡ ❧❛s❡r ♦♥ ❛♥ ❛r♦✉♥❞ ✹ µm s♣♦t ♦♥ ❛ s✐♥❣❧❡ ❝r②st❛❧✳

❚❤❡ t❤❡r♠❛❧ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ ❬Fe(phen)2(NCS)2❪ ❤❛s ❛❧r❡❛❞②
❜❡❡♥ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ❬✾✾✱ ✽✹✱ ✾✶❪ ❛♥❞ t❤❡r❡ ❛r❡ ♠❛♥② ♠♦❞❡s ❡①❤✐❜✐t✐♥❣
❢r❡q✉❡♥❝② s❤✐❢ts ❜❡t✇❡❡♥ ▲❙ ❛♥❞ ❍❙ st❛t❡s✳ ❍❡r❡ ✇❡ ❢♦❝✉s ♦✉r ❛tt❡♥t✐♦♥ ♦♥ t❤❡ ❤✐❣❤
❢r❡q✉❡♥❝② r❛♥❣❡ ✭✶✾✵✵✲✷✷✵✵ cm−1✮ ✐♥ ♦r❞❡r t♦ ♣r♦❜❡ ♠♦❞❡s ✐♥✈♦❧✈✐♥❣ ❡ss❡♥t✐❛❧❧② t❤❡
C ≡ N ❜♦♥❞✐♥❣✳ ▼♦r❡♦✈❡r✱ ✇❡ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❧✐❣❤t ♣♦❧❛r✐③❛t✐♦♥ ❢♦r ♣r♦❜✐♥❣ t❤❡
s✐♥❣❧❡ ◆✲❈❙ str❡t❝❤✐♥❣ ♠♦❞❡ ♦❢ ❆❣ s②♠♠❡tr②✳ ❋✐❣✳✹✳✶✵ ❞✐s♣❧❛②s ❘❛♠❛♥ s♣❡❝tr❛ r❡❝♦r❞❡❞
❢♦r Ag s②♠♠❡tr② ✭❜❜ ♣♦❧❛r✐③❛t✐♦♥✮ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ t❤❡ s♣✐♥
tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡✳ ❆t ✷✾✸ ❑✱ t❤❡ s②st❡♠ ✐s ❢✉❧❧② ✐♥ t❤❡ ❍❙ st❛t❡✱ ❛s ❝❤❛r❛❝t❡r✐③❡❞
❜② t❤❡ Ag ◆✲❈❙ str❡t❝❤✐♥❣ ♠♦❞❡ ❛r♦✉♥❞ ✷✵✼✵ cm−1✳ ❆t ✶✸✸ ❑✱ t❤❡ s②st❡♠ ✐s ❢✉❧❧②
✐♥ t❤❡ ▲❙ st❛t❡✱ ❛s ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❆❣ ◆✲❈❙ str❡t❝❤✐♥❣ ♠♦❞❡ ❛r♦✉♥❞ ✷✶✶✹ cm−1✳
❏✉st ❛❜♦✈❡ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥✱ ❛t ✶✾✸ ❑ ❛♥❞ ✶✼✸ ❑✱ ❛ s♠❛❧❧ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡s
❝♦♥✈❡rts t♦ t❤❡ ▲❙ st❛t❡✱ ✇❤✐❧❡ ❛t ✶✻✸ ❑ ❛ ✇❡❛❦ s✐❣♥❛❧ ♦❢ ❍❙ ♠♦❧❡❝✉❧❡s ✐s ❛❧s♦ ♦❜s❡r✈❡❞✳
❆❧❧ t❤❡s❡ ❢❡❛t✉r❡s ❛r❡ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ ♠❛❣♥❡t✐❝ s✉s❝❡♣t✐❜✐❧✐t② ❞❛t❛ ♣r♦✈✐❞✐♥❣
❛ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ T1/2 ✶✼✸ ❑ ✇✐t❤ ♣❛rt✐❛❧ ❝♦♥✈❡rs✐♦♥ ♦♥ ❡❛❝❤ s✐❞❡✳ ❚❤✐s
❝♦♥✜r♠s t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② t♦ ♣r♦❜❡ t❤❡ s♣✐♥ st❛t❡ r❡♣♦rt❡❞ ✐♥
✈❛r✐♦✉s s②st❡♠s✱ ❡✈❡♥ t❤♦✉❣❤ t❤❡ ♠❡❛s✉r❡♠❡♥t ♠❛② ❜❡ ❛✛❡❝t❡❞ ❜② ❛ ✇❡❛❦ ❤❡❛t✐♥❣ ❢r♦♠
t❤❡ ❧❛s❡r✱ ❧♦✇❡r t❤❛♥ ✺ ❑✳
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❋✐❣✉r❡ ✹✳✶✵✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ Ag ❘❛♠❛♥ ◆✲❈❙ str❡t❝❤✲
✐♥❣ ♠♦❞❡s ❜❡t✇❡❡♥ t❤❡ ❍❙ ❛♥❞ ▲❙ ♣❤❛s❡✳

✹✳✷✳✸ ▲■❊❙❙❚ ❛❜♦✈❡ ❚✭▲■❊❙❙❚✮ ✉s✐♥❣ ❘❛♠❛♥ ❙♣❡❝tr♦s❝♦♣②

❋✐❣✉r❡ ✹✳✶✶ s❤♦✇s s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ❢♦r ✻✸✸ ♥♠ ❡①❝✐t❛t✐♦♥ ❛t 100W/cm2 ❛♥❞ 200W/cm2

✐♥ t❤❡ ❧♦✇❡r t❡♠♣❡r❛t✉r❡ r❛♥❣❡✳ ❋♦r ❜♦t❤ ✢✉❡♥❝❡s✱ ❛ s✐♥❣❧❡ ❘❛♠❛♥ ♣❡❛❦ ✐s ♦❜s❡r✈❡❞
❛r♦✉♥❞ ✷✶✶✹ cm−1 ❛t ✶✷✸ ❑✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ▲❙ ♠♦❞❡✳ ❆t ✶✶✸ ❑✱ ✇❤✐❧❡ t❤❡
♠❛✐♥ ♣❡❛❦ ✐s st✐❧❧ ❝❡♥t❡r❡❞ ❛t ✷✶✶✹ cm−1✱ ❛ ✇❡❛❦ ♣❡❛❦ ❛♣♣❡❛rs ❛t ✷✵✼✵ cm−1✱ ✇❤✐❝❤
❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❍❙ st❛t❡✳ ❆s t❡♠♣❡r❛t✉r❡ ✐s ❧♦✇❡r❡❞ t♦ ✶✵✸ ❑ ❛♥❞ ✾✸ ❑✱ t❤❡r❡ ✐s ❛
s♣❡❝tr❛❧ ✇❡✐❣❤t tr❛♥s❢❡r ❢r♦♠ t❤❡ ▲❙ ♣❡❛❦ t♦ t❤❡ ❍❙ ♣❡❛❦✳ ❆t ✽✽ ❑✱ t❤❡ ❧♦✇ s♣✐♥ ♣❡❛❦
❤❛s ❛❧♠♦st ❞✐s❛♣♣❡❛r❡❞ ❢♦r ❛ ✢✉❡♥❝❡ ♦❢ 200W/cm2✱ ✇❤✐❧❡ ✐t ✐s st✐❧❧ ♣r❡s❡♥t ❛t 100W/cm2✳
❆t ✽✸ ❑ ❢♦r ❜♦t❤ ❧❛s❡r ✢✉❡♥❝❡s t❤❡ s②st❡♠ ✐s ♠❛✐♥❧② ✐♥ t❤❡ ❍❙ st❛t❡ ✉♥❞❡r t❤❡ ✻✸✸ ♥♠
❡①❝✐t❛t✐♦♥ ♦❢ t❤❡ ❘❛♠❛♥ s❡t✲✉♣✳

❚❤❡ ❜♦tt♦♠ ❝✉r✈❡s ✐♥ ❋✐❣ ✹✳✶✶ s❤♦✇s s✐♠✐❧❛r ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ✇✐t❤ ✼✽✺ ♥♠
❡①❝✐t❛t✐♦♥ ❢♦r t❤❡ s❛♠❡ s✐♠✐❧❛r ❧❛s❡r ✢✉❡♥❝❡s ❛s ✻✸✸ ♥♠ ❡①❝✐t❛t✐♦♥✳ ❚❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡
♣❡❛❦s ✇❛s r❡s❝❛❧❡❞ t♦ ♠❛t❝❤ t❤❡ s❝❛❧❡ ♦❢ ✻✸✸ ♥♠ ❜❡❝❛✉s❡ t❤❡ s✐❣♥❛❧ ❛♠♦✉♥t ❞✐✛❡rs ✐♥
❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ✇❛✈❡❧❡♥❣t❤✳ ❍♦✇❡✈❡r✱ ❢♦r ✼✽✺ ♥♠ ❡①❝✐t❛t✐♦♥ ♦♥❧② t❤❡ ▲❙ ♣❡❛❦ ✐s
♣r❡s❡♥t ❛t ✽✸ ❑✱ ❛♥❞ t❤❡r❡ ✐s ♥♦ ❝♦♥✈❡rs✐♦♥ t♦✇❛r❞s t❤❡ ❍❙ st❛t❡✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡
❍❙ st❛t❡ ♦❜s❡r✈❡❞ ❢♦r ✻✸✸ ♥♠ ❡①❝✐t❛t✐♦♥ ✐s ♣❤♦t♦✐♥❞✉❝❡❞✳ ■♥❞❡❡❞✱ t❤❡ ❞✲❞ ❛♥❞ ▼▲❈❚
❜❛♥❞s ❞r✐✈✐♥❣ ▲■❊❙❙❚ ❢♦r ❬Fe(phen)2(NCS)2❪ ❛r❡ ❛r♦✉♥❞ ✻✺✵ ♥♠✳ ❍♦✇❡✈❡r✱ ✼✽✺ ♥♠
❡①❝✐t❛t✐♦♥ ❝❛♥✬t ✐♥❞✉❝❡ ❡❧❡❝tr♦♥✐❝ tr❛♥s✐t✐♦♥ ❛s t❤❡ ♣❤♦t♦♥ ❡♥❡r❣② ✐s ❧♦✇❡r t❤❛♥ t❤❡ ❣❛♣
♦❢ t❤❡ ▲❙ st❛t❡✱ ❛s ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❧❛❝❦ ♦❢ ❛❜s♦r♣t✐♦♥ ❛❜♦✈❡ ✼✺✵ ♥♠✳ ❲❡ ✉♥❞❡r❧✐♥❡
t❤❛t t❤❡ ♣❤♦t♦✐♥❞✉❝❡❞ ❍❙ st❛t❡ ✉♣♦♥ ✻✸✸ ♥♠ ❡①❝✐t❛t✐♦♥ ✐s ♥♦t ❞✉❡ t♦ ❧❛s❡r ❤❡❛t✐♥❣
❜❡❝❛✉s❡ t❤❡ ❡✛❡❝t ❞❡❝r❡❛s❡s ❛s t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡s✳ ❆t ❧❛st✱ s✐♥❝❡ t❤❡ ♦❜s❡r✈❡❞ ❡✛❡❝t
❞❡❝r❡❛s❡s ❛s t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡s ✭❋✐❣✳ ✹✳✶✶✮ ✇❡ ❝❛♥ ✉♥❞❡r❧✐♥❡ t❤❛t t❤❡ ♣❤♦t♦✐♥❞✉❝❡❞
❍❙ st❛t❡ ♦❜s❡r✈❡❞ ❤❡r❡ ✉♣♦♥ ✻✸✸ ♥♠ ❡①❝✐t❛t✐♦♥ ✐s ♥♦t ❞✉❡ t♦ ❧❛s❡r ❤❡❛t✐♥❣✳ ❑❛t♦ ❡t ❛❧

✶✵✻



❋✐❣✉r❡ ✹✳✶✶✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ Ag ❘❛♠❛♥ ◆✲❈❙ str❡t❝❤✲
✐♥❣ ♦♥ ❛♣♣r♦❛❝❤✐♥❣ ❚✭▲■❊❙❙❚✮ ♠❡❛s✉r❡❞ ❛t ✻✸✸ ♥♠ ✭❝♦❧♦r❡❞✮ ❛♥❞ ✼✽✺ ♥♠ ✭❜❧❛❝❦✮✳

r❡♣♦rt❡❞ s✐♠✐❧❛r ♣❤❡♥♦♠❡♥❛ ❜② ✉s✐♥❣ ①✲r❛② ❞✐✛r❛❝t✐♦♥ ❢♦r ♠♦♥✐t♦r✐♥❣ t❤❡ ❡✛❡❝t ♦❢ ❧✐❣❤t
❡①❝✐t❛t✐♦♥✳ ❚❤❡② ❞❡♠♦♥str❛t❡❞ t❤❡ ♦♥✲♦✛ ♦♣t✐❝❛❧ ❝♦♥tr♦❧ ♦❢ s♣✐♥✲st❛t❡ s✇✐t❝❤✐♥❣ ❛♥❞
❡①❝❧✉❞❡❞ ❧❛s❡r ❤❡❛t✐♥❣ ❡✛❡❝t✳❬✶✵✵❪

❆s t❤❡ ✐♠♣❛❝t ♦❢ ❧✐❣❤t ✢✉❡♥❝❡ ♦♥ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ✇❛s ✐♠♣♦rt❛♥t✱ ✇❡ ❝♦♥❞✉❝t❡❞
❙◗❯■❉ ♠❡❛s✉r❡♠❡♥ts ✉♥❞❡r ❧✐❣❤t ❢♦r ❞✐✛❡r❡♥t ✢✉❡♥❝❡s✳❚❤❡ ♣❤♦t♦♠❛❣♥❡t✐❝ ♠❡❛s✉r❡✲
♠❡♥ts ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ♦♥ ❛ t❤✐♥ ❧❛②❡r ♦❢ ♣♦❧②❝r②st❛❧s ♦❢ [Fe(phen)2(NCS)2]✱ ✉s✐♥❣ ❛
❧❛s❡r ❞✐♦❞❡ ❝♦✉♣❧❡❞ t♦ ❛♥ ♦♣t✐❝❛❧ ✜❜❡r t❤r♦✉❣❤ t❤❡ ❝❛✈✐t② ♦❢ ❛ ▼P▼❙✲✺ ◗✉❛♥t✉♠ ❉❡✲
s✐❣♥ ❙◗❯■❉ ♠❛❣♥❡t♦♠❡t❡r✳ ❚❤❡ st❛♥❞❛r❞✐③❡❞ ♣r♦❝❡❞✉r❡ ❢♦r r❡❣✐st❡r✐♥❣ t❤❡ ❚✭▲■❊❙❙❚✮
♣r♦♣❡rt✐❡s ✇❛s ❛s ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞✳ ❆❢t❡r s❧♦✇ ❝♦♦❧✐♥❣ t♦ ✷✵ ❑ ✭✐♥ t❤❡ ▲❙ st❛t❡✮✱
t❤❡ s❛♠♣❧❡ ✇❛s ✐rr❛❞✐❛t❡❞ ❛t ✻✺✵ ♥♠✱ ❛t ✈❛r✐♦✉s ✢✉❡♥❝❡s ✭❢r♦♠ ✶✵ t♦ ✽✵ mW/cm2✮✳ ❚❤❡
♠❛❣♥❡t✐③❛t✐♦♥ ❝❤❛♥❣❡ ✇❛s ❢♦❧❧♦✇❡❞ ✉♥t✐❧ t❤❡ ♣❤♦t♦✲s❛t✉r❛t✐♦♥ ♣♦✐♥t ✇❛s r❡❛❝❤❡❞✳ ❚❤❡
t❡♠♣❡r❛t✉r❡ ✇❛s t❤❡♥ ✐♥❝r❡❛s❡❞ ❛t ❛ t❡♠♣❡r❛t✉r❡ s❝❛♥ r❛t❡ ♦❢ ✵✳✺ ❑✴♠✐♥✱ ❦❡❡♣✐♥❣ t❤❡
❧✐❣❤t ✐rr❛❞✐❛t✐♦♥ ♦♥✱ ✉♥t✐❧ t❤❡ ❝♦♠♣♦✉♥❞ ❢✉❧❧② r❡❧❛①❡s t♦ t❤❡ ▲❙ st❛t❡✳ ■♥ t❤❡ ❛❜s❡♥❝❡
♦❢ ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ✇❛s ❛❧s♦ ♠❡❛s✉r❡❞ ❢r♦♠ ✶✵ t♦ ✸✵✵ ❑ t♦ ❢♦❧❧♦✇ t❤❡
t❤❡r♠❛❧ s♣✐♥ tr❛♥s✐t✐♦♥ ❛♥❞ ♦❜t❛✐♥ ❛ r❡❢❡r❡♥❝❡ ❝✉r✈❡✳

❋✐❣✳ ✹✳✶✷ s❤♦✇s t❤❡ ❡✈♦❧✉t✐♦♥ ✇✐t❤ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✉♥❞❡r ❝♦♥t✐♥✉♦✉s ❧✐❣❤t ❡①❝✐t❛✲
t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✐♦♥ γ ♦❢ ♠♦❧❡❝✉❧❡s ✐♥ ❍❙ st❛t❡✱ ❡①tr❛❝t❡❞ ❢r♦♠ ♠❛❣♥❡t✐❝ s✉s❝❡♣t✐❜✐❧✐t②✳
❊✈❡♥ t❤♦✉❣❤ t❤❡ ❧❛s❡r ✢✉❡♥❝❡ ✐s ♠✉❝❤ ❧♦✇❡r t❤❛♥ ❢♦r ♠✐❝r♦✲❘❛♠❛♥✱ ✐t ✐s ❝❧❡❛r t❤❛t t❤❡
♣❤♦t♦st❛t✐♦♥❛r② ❍❙ ❢r❛❝t✐♦♥ ✐s st❛❜✐❧✐③❡❞ t♦✇❛r❞s ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡ ❛s ❧❛s❡r ✢✉❡♥❝❡
✐♥❝r❡❛s❡s✳ ❚❤❡ ♣❤♦t♦st❛t✐♦♥❛r② ❤❛❧❢ ❝♦♥✈❡rs✐♦♥ t❡♠♣❡r❛t✉r❡ T hν

1/2✱ ✇❤❡r❡ γ❂✶✴✷ ✉♥❞❡r
❧✐❣❤t ✐rr❛❞✐❛t✐♦♥✱ s❤✐❢ts ❢r♦♠ ✺✾ ❑ ✭✵✳✵✶ W/cm2✮ t♦ ✻✷ ❑ ✭✵✳✵✽ W/cm2✮✳

❚❤❡ ♦❜s❡r✈❡❞ ♣❤♦t♦st❛t✐♦♥❛r② ♣♦♣✉❧❛t✐♦♥ ♦❢ t❤❡ ❍❙ st❛t❡ ✐s ❞✉❡ t♦ t❤❡ ✇❡❧❧✲❦♥♦✇♥
❝♦♠♣❡t✐t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♣❤♦t♦✐♥❞✉❝❡❞ LS → HS ❝♦♥✈❡rs✐♦♥ ❛♥❞ t❤❡r♠❛❧❧②✲❛❝t✐✈❛t❡❞

✶✵✼



❋✐❣✉r❡ ✹✳✶✷✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♣❤♦t♦st❛t✐♦♥❛r② ❍❙ ❢r❛❝t✐♦♥ ♠❡❛s✉r❡❞
✇✐t❤ ❙◗❯■❉✳

HS → LS r❡❧❛①❛t✐♦♥✳ ■♥ ♦r❞❡r t♦ ❞✐s❝✉ss t❤✐s ♣❤❡♥♦♠❡♥❛✱ ✇❡ ✉s❡ ❛ s✐♠♣❧✐✜❡❞ ✈❡rs✐♦♥
♦❢ t❤❡ ♠♦❞❡❧ ✐♥tr♦❞✉❝❡❞ ❜② ❉❡s❛✐① ❡t ❛❧ ❬✶✵✶❪ ✇❤✐❝❤ ❞❡s❝r✐❜❡s t❤❡ ❝♦♠♣❡t✐t✐♦♥ ❜❡t✇❡❡♥
♣❤♦t♦❡①❝✐t❛t✐♦♥ ❞r✐✈❡♥ ❜② ♣❡r♠❛♥❡♥t ❧✐❣❤t ✐rr❛❞✐❛t✐♦♥ ❛♥❞ r❡❧❛①❛t✐♦♥ t♦✇❛r❞s t❤❡ ♥♦♥✲
❡①❝✐t❡❞ st❛t❡✳ ❚❤❡s❡ ❛✉t❤♦rs ❝♦♥s✐❞❡r❡❞ ❛ r❡❧❛①❛t✐♦♥ r❛t❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❍❙ ❢r❛❝t✐♦♥
γ✱ ❞✉❡ t♦ ❝♦♦♣❡r❛t✐✈❡ ✐♥t❡r❛❝t✐♦♥s✱ ✇❤✐❝❤ ♠♦❞✉❧❛t❡ t❤❡ ❡♥❡r❣② ❜❛rr✐❡r✳ ❚❤❡ ❢♦❧❧♦✇✲
✐♥❣ ♠❛st❡r ❡q✉❛t✐♦♥ ❢r♦♠ ❉❡s❛✐① ❡t ❛❧✱ ❞❡s❝r✐❜❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ γ ✉♥❞❡r ❝♦♠♣❡t✐♥❣
♣❤♦t♦✐♥❞✉❝❡❞ LS → HS ❝♦♥✈❡rs✐♦♥ ❛♥❞ t❤❡r♠❛❧❧②✲❛❝t✐✈❛t❡❞ HS → LS r❡❧❛①❛t✐♦♥✿

dγ

dt
= φLS→HS − φHS→LS = I0ω(1− γ)− γk∞e−

Ea(0)
kT e−αγ ✭✹✳✶✮

❲❤❡r❡ I0ω ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② ♣❡r t✐♠❡ ✉♥✐t ❢♦r ❛ ▲❙ ♠♦❧❡❝✉❧❡ t♦ s✇✐t❝❤ t♦ t❤❡ ❍❙ st❛t❡✱
✇✐t❤ I0 t❤❡ ❜❡❛♠ ✢✉❡♥❝❡ ✭✐♥ photons/s/cm2✮ ❛♥❞ ω ❛ ♣r♦♣♦rt✐♦♥❛❧✐t② ❢❛❝t♦r ✇❤✐❝❤ ✐♥✲
❝❧✉❞❡s t❤❡ ❛❜s♦r♣t✐♦♥ ❝r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ ♦♣t✐❝❛❧ tr❛♥s✐t✐♦♥ ❞r✐✈✐♥❣ ▲■❊❙❙❚✳ α ✐s t❤❡
s❡❧❢✲❛❝❝❡❧❡r❛t✐♦♥ ❢❛❝t♦r✱ ✇❤✐❝❤ ✐s ✐♠♣♦rt❛♥t ❢♦r ❞❡s❝r✐❜✐♥❣ ♥♦♥✲❡①♣♦♥❡♥t✐❛❧ r❡❧❛①❛t✐♦♥s✳
■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❬Fe(phen)2(NCS)2❪ s②st❡♠ ✐♥✈❡st✐❣❛t❡❞ ❤❡r❡✱ t❤❡ ❝♦♦♣❡r❛t✐✈❡ ✐♥t❡r✲
❛❝t✐♦♥s ❛r❡ ♥♦t s♦ str♦♥❣✿ t❤❡ t❤❡r♠❛❧ ❝♦♥✈❡rs✐♦♥ ❡①❤✐❜✐ts ♣r❡tr❛♥s✐t✐♦♥❛❧ ❝♦♥✈❡rs✐♦♥
❛♥❞ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ t❤❡ r❡❧❛①❛t✐♦♥ ❝✉r✈❡s ❢r♦♠ t❤❡ ♣❤♦t♦✐♥❞✉❝❡❞ ❍❙ st❛t❡ ❛r❡
❝❧♦s❡ t♦ ❡①♣♦♥❡♥t✐❛❧✳❬✾✼❪ ■♥ t❤✐s ❝❛s❡✱ ✇❡ ❝❛♥ s✐♠♣❧✐❢② ❉❡s❛✐①✬s ♠♦❞❡❧ ❛♥❞ ♥❡❣❧❡❝t t❤❡
s❡❧❢✲❛❝❝❡❧❡r❛t✐♦♥ ❢❛❝t♦r ✐♥ ❛ ✜rst ❛♣♣r♦①✐♠❛t✐♦♥ ❛♥❞ ❢♦r ❛ ♥♦♥✲❝♦♦♣❡r❛t✐✈❡ s②st❡♠✱ t❤❡
❡q✉❛t✐♦♥ ❝❛♥ ❜❡ r❡❞✉❝❡❞ t♦ ✿

dγ

dt
= I0ω(1− γ)− γk∞e−

Ea

kT ✭✹✳✷✮

❚❤❡ ♣❤♦t♦st❛t✐♦♥❛r② st❛t❡ ✐s ❢♦✉♥❞ ❢♦r ✿

dγ

dt
= 0 ✭✹✳✸✮

I0ω(1− γ) = γk∞e
−Ea

kT = γk(T ) ✭✹✳✹✮

❲❤❡r❡ ❦✭❚✮ ✐s t❤❡ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ HS → LS r❡❧❛①❛t✐♦♥ r❛t❡ ❢♦r
❛♥ ❡①♣♦♥❡♥t✐❛❧ ❞❡❝❛②✳ ❚❤✐s ✐s r❡❛s♦♥❛❜❧❡ s✐♥❝❡ ❇❛❧❞❡ ❡t ❛❧ ❤❛✈❡ r❡♣♦rt❡❞ ❛♥ ❛❧♠♦st

✶✵✽



❧✐♥❡❛r ❡✈♦❧✉t✐♦♥ ♦❢ ❧♥✭❦✭❚✮✮ ✇✐t❤ t❡♠♣❡r❛t✉r❡✳❬✾✼❪ ■♥ t❤✐s ✇❛②✱ t❤❡ ♣❤♦t♦st❛t✐♦♥❛r② ❍❙
❢r❛❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ t❤❡r♠❛❧ r❡❧❛①❛t✐♦♥ r❛t❡ ❛♥❞ ♦♥ t❤❡ ❧❛s❡r ✢✉❡♥❝❡✱ ✇❤✐❝❤ r❡s❝❛❧❡s
❦✭❚✮ t♦ r✭❚✮

γ(T ) =
1

1 + k(T )
I0ω

=
1

1 + r(T )
✭✹✳✺✮

❚❤❡ ❤❛❧❢✲❝♦♥✈❡rs✐♦♥ ♣❤♦t♦✲st❛t✐♦♥❛r② ❡q✉✐❧✐❜r✐✉♠✱ γ = 1
2
✱ ♦❝❝✉rs ✇❤❡♥ ❦✭❚✮ ❂ I0ω✱

✐✳❡✳ ✇❤❡♥ t❤❡ LS → HS ❝♦♥✈❡rs✐♦♥ ❛♥❞ HS → LS r❡❧❛①❛t✐♦♥ r❛t❡s ❛r❡ ❡q✉❛❧✳ ❲❡
❞❡✜♥❡ T hν

1
2

(I0ω) ❛s t❤❡ t❡♠♣❡r❛t✉r❡ ❢♦r ✇❤✐❝❤ ❤❛❧❢✲❝♦♥✈❡rs✐♦♥ ✐s r❡❛❝❤❡❞ ✉♥❞❡r ❧❛s❡r

✢✉❡♥❝❡ I0 ❢♦r ❛ ♥♦♥✲❝♦♦♣❡r❛t✐✈❡ s②st❡♠✱ ✇✐t❤ ❦♥♦✇♥ ❦✭❚✮ ❛♥❞ ω✳ ■♥ t❤✐s ✇❛②✱ t❤❡ ❧✐❣❤t
✢✉❡♥❝❡ I0 ✐s t❤❡ ❝♦♥tr♦❧ ♣❛r❛♠❡t❡r ❢♦r r❡❛❝❤✐♥❣ ♣❤♦t♦st❛t✐♦♥❛r② ❡q✉✐❧✐❜r✐✉♠✳ ❋✐❣✳ ✹✳✶✹❛
s❤♦✇s t❤❡ ❝❛❧❝✉❧❛t❡❞ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♣❤♦t♦✲st❛t✐♦♥❛r② ❍❙ ❢r❛❝t✐♦♥ ✇✐t❤ t❡♠♣❡r❛t✉r❡✱
✉s✐♥❣ t❤❡ ❦✭❚✮ ✈❛❧✉❡s r❡♣♦rt❡❞ ❜② ❇❛❧❞❡ ❡t ❛❧❬✾✼❪ ❛♥❞ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✶✸ t♦ ❤❡❧♣ t❤❡
r❡❛❞❡r✳

❋✐❣✉r❡ ✹✳✶✸✿ ❍✐❣❤ ❢r❛❝t✐♦♥ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡ ❢♦r ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡✳ ❚❤❡ r❡❧❛①❛t✐♦♥
r❛t❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ✐s ♣❧♦tt❡❞ ❞♦✇♥ r✐❣❤t ♦❢ t❤❡ ✜❣✉r❡✳ ❚❤✐s ✜❣✉r❡ ✐s
❛❞❛♣t❡❞ ❢r♦♠ ❬✾✼❪

❙✐♥❝❡ t❤❡ r❡❧❛①❛t✐♦♥ r❛t❡ ✐♥ ❙❈❖ ♠❛t❡r✐❛❧s ✐s ❦♥♦✇♥ t♦ ❝❤❛♥❣❡ ❜② ✶✷ ♦r❞❡rs ♦❢ ♠❛❣✲
♥✐t✉❞❡ ✇✐t❤ t❡♠♣❡r❛t✉r❡✱ t❤❡ ❧❛s❡r ✢✉❡♥❝❡ ❛❧s♦ ❤❛s t♦ ❝❤❛♥❣❡ ❜② ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡s
t♦ s❤✐❢t T hν

1
2

✳ ❋♦r ❡①❛♠♣❧❡✱ ❇❛❧❞❡ ❡t ❛❧ ♠❡❛s✉r❡❞ ❦✭✽✺ ❑✮ ❂ ✶✳ P❤♦t♦✲st❛t✐♦♥❛r② ❤❛❧❢

❝♦♥✈❡rs✐♦♥ ❛t T hν
1
2

❂ ✽✺ ❑ ✐s t❤❡♥ ♣♦ss✐❜❧❡ ✇❤❡♥ I0ω ❂ ✶✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ✶ ♣❤♦t♦♥
❛❜s♦r❜❡❞ ♣❡r ♠♦❧❡❝✉❧❡ ❛♥❞ ♣❡r s❡❝♦♥❞✱ ❛s t❤❡ q✉❛♥t✉♠ ❡✣❝✐❡♥❝② ♦❢ ▲❙ → ❍❙ ♣❤♦t♦✲
❝♦♥✈❡rs✐♦♥ ✐s ❝❧♦s❡ t♦ ✶✳ ❋♦r r❡❛❝❤✐♥❣ ♣❤♦t♦✲st❛t✐♦♥❛r② ❤❛❧❢ ❝♦♥✈❡rs✐♦♥ ❛t T hν

1
2

❂✻✵ ❑✱

✇❤❡r❡ ❦✭✻✵❑✮ ❂ ✵✳✵✵✵✷✱ t❤❡ ❧❛s❡r ✢✉❡♥❝❡ s❤♦✉❧❞ t❤❡r❡❢♦r❡ ❜❡ r❡❞✉❝❡❞ ❜② ❛❧♠♦st ✹ ♦r✲
❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❝♦♠♣❛r❡❞ t♦ ✽✺ ❑✳ ❚❤✐s ❛❣r❡❡s ✇✐t❤ ❧✐❣❤t ✢✉❡♥❝❡ ✉s❡❞ ❢♦r ❘❛♠❛♥
❡①♣❡r✐♠❡♥ts ✭✶✵✵ W/cm2✮ ✇❤❡r❡ γ = 1

2
❛t T hν

1
2

❂✾✵ ❑ ❛♥❞ ❙◗❯■❉ ❡①♣❡r✐♠❡♥t✭✵✳✵✶

W/cm2✮ ✇❤❡r❡ γ = 1
2
❛t T hν

1
2

❂ ✻✵ ❑✳ ❚❤❡ ♠♦❞❡❧✱ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❦✭❚✮ ❞❛t❛ r❡♣♦rt❡❞

✶✵✾



❢♦r ❬❋❡✭♣❤❡♥✮✷✭◆❈❙✮✷❪✱ ♣r❡❞✐❝ts ❛ s❤✐❢t ♦❢ T hν
1
2

❢r♦♠ ≈ ✺✺ t♦ ≈ ✾✵ ❑ ✐❢ t❤❡ ❧✐❣❤t ✢✉❡♥❝❡

✐♥❝r❡❛s❡s ❜② ✹ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ✭❋✐❣✳ ✹✳✶✹❜✮✳ ❉✉r✐♥❣ t❤❡ ❙◗❯■❉ ❡①♣❡r✐♠❡♥t✱ t❤❡
❧✐♠✐t❡❞ ✐♥❝r❡❛s❡ ✐♥ ❧✐❣❤t ✢✉❡♥❝❡ ❢r♦♠ ✵✳✵✶ t♦ ✵✳✵✽ ❲✴❝♠✷ ❛❧❧♦✇s ❢♦r ❛ s♠❛❧❧ s❤✐❢t ♦❢ T hν

1
2

♦❢ ❛❜♦✉t ✸ ❑✳

❋✐❣✉r❡ ✹✳✶✹✿ ❛✮ ❈❛❧❝✉❧❛t❡❞ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♣❤♦t♦st❛t✐♦♥❛r② ❍❙ ❢r❛❝t✐♦♥✳
❜✮ ❊✈♦❧✉t✐♦♥ ♦❢ T hν

1/2 ✇✐t❤ I0ω✳

❋✐❣✳✹✳✶✺ s✉♠♠❛r✐③❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ t❤❡♦r❡t✐❝❛❧ r❡s✉❧ts✳ ■♥ ❛❞❞✐t✐♦♥ t♦ ❘❛♠❛♥
❛♥❞ ❙◗❯■❉ ❞❛t❛✱ ✇❡ ✐♥❝❧✉❞❡ r❡✢❡❝t✐✈✐t② ♠❡❛s✉r❡♠❡♥ts ♣✉❜❧✐s❤❡❞ ❜② ❇❡rt♦♥✐ ❡t ❛❧✳ ❬✻❪
✇✐t❤ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ✢✉❡♥❝❡✱ ♠♦r❡ ❞✐✣❝✉❧t t♦ ❡st✐♠❛t❡ s✐♥❝❡ r❡✢❡❝t✐✈✐t② ♠❛✐♥❧② ♣r♦❜❡s
❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜② ❛ ✇❤✐t❡ ❧✐❣❤t ❡①❝✐t❛t✐♦♥ ❝❧♦s❡ t♦ s✉r❢❛❝❡✱ ✇❤❡r❡ ♦♣t✐❝❛❧ ❡①❝✐t❛t✐♦♥ ✐s
❤✐❣❤❡r t❤❛♥ ✐♥ t❤❡ ❜✉❧❦✳ ❚❤❡ ✜t ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇✐t❤ t❤❡ ♠♦❞❡❧✱ ♣r♦✈✐❞❡s s♦♠❡
I0ω ✈❛❧✉❡s ✭I0ω ❂ ✶ ❢♦r ❘❛♠❛♥ I0ω ❂ ✵✳✵✵✶ ❢♦r ❙◗❯■❉ ❞❛t❛✮ ✇❤✐❝❤ ❝♦♥✜r♠s t❤❛t ❢♦r
❬❋❡✭♣❤❡♥✮✷✭◆❈❙✮✷❪ ✐t ✐s ♥❡❝❡ss❛r② t♦ ✐♥❝r❡❛s❡ t❤❡ ❧❛s❡r ✢✉❡♥❝❡ ❜② ✹ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡
t♦ s❤✐❢t T hν

1
2

✸✵ ❑ ❛❜♦✈❡ ❚✭▲■❊❙❙❚✮✳ ❚❤❡ ❞✐✛❡r❡♥t s❤❛♣❡s ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛

❝♦♠♣❛r❡❞ t♦ t❤❡ ✜t ♠❛② ❝♦♠❡ ❢r♦♠ t❤❡ ❛♣♣r♦①✐♠❛t✐♦♥ t❤❛t ❬❋❡✭♣❤❡♥✮✷✭◆❈❙✮✷❪ ✐s ❛
♥♦♥✲❝♦♦♣❡r❛t✐✈❡ s②st❡♠✳ ❍♦✇❡✈❡r✱ t❤❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ s❤✐❢t ♦❢ T hν

1
2

✇✐t❤ I0ω
✐s ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳

❆♥♦t❤❡r st✉❞② ❜② ❑❛t♦ ❡t ❛❧❬✶✵✵❪ ❡✈✐❞❡♥❝❡❞ t❤❛t t❤❡ ♣❤♦t♦r❡s♣♦♥s❡ ♦❢ t❤✐s ♠❛t❡r✐❛❧s
✐s ♠♦r❡ ✐♠♣♦rt❛♥t ✉♥❞❡r ❡①❝✐t❛t✐♦♥ ❛t ✺✸✷ ♥♠✱ ✇❤✐❝❤ ❛❧❧♦✇s ❛ ✽✽✪ ❝♦♥✈❡rs✐♦♥ ❛t ✾✷

✶✶✵



❋✐❣✉r❡ ✹✳✶✺✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♣❤♦t♦st❛t✐♦♥❛r② ❍❙ ❢r❛❝t✐♦♥ ❢r♦♠ ❙◗❯■❉
✭❜❧❛❝❦✮✱ r❡✢❡❝t✐✈✐t② ✭❜❧✉❡✮ ❛♥❞ ♠✐❝r♦✲❘❛♠❛♥ ✭r❡❞✮ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ❝♦♥t✐♥✉♦✉s ❧✐♥❡s
❛r❡ ❛ ✜t ♦❢ t❤❡ ❞❛t❛ ✇✐t❤ I0ω ❛s ❢r❡❡ ♣❛r❛♠❡t❡r✳

❑ ✇✐t❤ I0 ❂ ✷ W/cm2✳ ❚❤❡ ❤✐❣❤❡st ❛❜s♦r♣t✐♦♥ ❛t ✺✸✷ ♥♠ tr❛♥s❧❛t❡s ✐♥ ❤✐❣❤❡r ω✱
❝♦♠♣❛r❡❞ t♦ ✻✸✸ ♥♠ ✐♥ ♦✉r ❡①♣❡r✐♠❡♥t✱ ❛♥❞ ✜♥❛❧❧② t❤❡ ♣r♦❞✉❝ts I0ω ❛r❡ ❝♦♠♣❛r❛❜❧❡ ✐♥
❜♦t❤ ❡①♣❡r✐♠❡♥ts✳

❲❡ ❞✐s❝✉ss❡❞ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ▲■❊❙❙❚ ♣r♦❝❡ss❡s ✐♥ ❙❈❖ ♠❛t❡r✐❛❧s
✇❡❧❧ ❛❜♦✈❡ ❚✭▲■❊❙❙❚✮ ✉♥❞❡r ❤✐❣❤ ❧✐❣❤t ✢✉❡♥❝❡✳ ❆ s✐♠♣❧❡ ♠♦❞❡❧ ❡①♣❧❛✐♥s t❤❛t✱ ❢♦r ♥♦ ♦r
✇❡❛❦❧② ❝♦♦♣❡r❛t✐✈❡ s②st❡♠s✱ ❛ ♣❤♦t♦✲st❛t✐♦♥❛r② ❤❛❧❢ ♣❤♦t♦✲❝♦♥✈❡rs✐♦♥ ✐s ♦❜s❡r✈❡❞ ✇❤❡♥
t❤❡ ✇❤❡♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛❜s♦r❜❡❞ ♣❤♦t♦♥s ♣❡r s❡❝♦♥❞ ❡q✉❛❧s t❤❡ r❡❧❛①❛t✐♦♥ r❛t❡✳ ❲✐t❤
t❤✐s r❡s♣❡❝t✱ µ✲❘❛♠❛♥ t❡❝❤♥✐q✉❡ ❛❧❧♦✇s ♦❜s❡r✈✐♥❣ ▲■❊❙❙❚ ❛t ❧♦✇❡r ❝♦st ❜② ✉s✐♥❣ ❧✐q✉✐❞✲
♥✐tr♦❣❡♥ ♦♣❡r❛t✐♥❣ ❝r②♦st❛t ✐♥st❡❛❞ ♦❢ ❍❡✲♦♣❡r❛t✐♥❣ ♦♥❡s✱ ✇✐t❤♦✉t ✉s✐♥❣ s♦♣❤✐st✐❝❛t❡❞
t✐♠❡✲r❡s♦❧✈❡❞ t❡❝❤♥✐q✉❡ ❛♥❞ ✇✐t❤ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ✐♥✈❡st✐❣❛t❡ ♠✐❝r♦✲❝r②st❛❧s✳ ❚r❛❝❦✐♥❣
❤♦✇ ♣❤♦t♦✲st❛t✐♦♥❛r② ❤❛❧❢✲❝♦♥✈❡rs✐♦♥ ❡✈♦❧✈❡s ✇✐t❤ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❧✐❣❤t ✢✉❡♥❝❡ ✐s t❤❡♥
❛♥♦t❤❡r ❛♣♣r♦❛❝❤ ❢♦r ♠❡❛s✉r✐♥❣ HS ← LS t❤❡r♠❛❧ r❡❧❛①❛t✐♦♥ r❛t❡s✳ ❚❤✐s ✇♦r❦ ❧❡❛❞ t♦
❛ ♣✉❜❧✐❝❛t✐♦♥ t❤❛t ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❛♣♣❡♥❞✐① ♦❢ t❤✐s ❞♦❝✉♠❡♥t✳

✹✳✸ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ♦❢ Fe(phen)2(NCS)2

✹✳✸✳✶ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ♦❢ Fe(phen)2(NCS)2 ✉s✐♥❣ ❛
❚❍③ ❛✐r✲♣❧❛s♠❛ s♦✉r❝❡✳

❲❡ ✉s❡❞ ❛ ❚❍③ ❛✐r✲♣❧❛s♠❛ ❜r♦❛❞❜❛♥❞ s♦✉r❝❡ ❢r♦♠ ❚❛♥❛❦❛ ▲❛❜ ✐♥ ❑②♦t♦✳ ❆ ♣✐❝t✉r❡ ♦❢
t❤❡✐r s❡t✲✉♣ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✶✻

■♥ t❤❡✐r s❡t✲✉♣ t❤❡ ❧✐❣❤t ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❇❇❖ ✈✐❛ ❛ ♣❛r❛❜♦❧✐❝ ♠✐rr♦r✳ ▲✐❣❤t ✐s ❣♦✐♥❣
t❤r♦✉❣❤ ❛ ♣♦❧❛r✐③❡r t♦ ❡♥s✉r❡ t❤❡ ❚❍③ ❝❤♦s❡♥ ♣♦❧❛r✐③❛t✐♦♥✳ ❚❤✐s s♦✉r❝❡ ❤❛s ♠❛✐♥❧② ❜❡❡♥
✉s❡❞ t♦ ❞♦ ❚❍③✲❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣②✳ ❆ ❙✐ ✇❛❢❡r ✇❛s ♣✉t ♦♥ t❤❡ ❚❍③ ❡❧❡❝tr✐❝
✜❡❧❞ t♦ r❡♠♦✈❡❞ t❤❡ tr❛❝❡s ♦❢ ✹✵✵♥♠ ❛♥❞ ✽✵✵♥♠ t❤❛t ✇❡r❡ ✉s❡❞ ❢♦r ❚❍③ ❣❡♥❡r❛t✐♦♥✳
❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ✇❛s ♣❡r❢♦r♠❡❞ ♦♥ Fe(phen)2(NCS)2 ✉s✐♥❣ t❤✐s s❡t✲✉♣ ❬✾✶❪✳
❚❤❡ ❞❡t❡❝t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ❆❇❈❉ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡✳ ❋✐❣✳ ✹✳✶✼ ♣r❡s❡♥ts
❛ r❡❢❡r❡♥❝❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✉s❡❞ ❢♦r ♦✉r ♠❡❛s✉r❡♠❡♥ts✳

✶✶✶



❋✐❣✉r❡ ✹✳✶✻✿ P✐❝t✉r❡ ♦❢ t❤❡ t✇♦ ❝♦❧♦r ❛✐r ♣❧❛s♠❛ s❡t✲✉♣ ❛t ❚❛♥❛❦❛ ▲❛❜✳

❋✐❣✉r❡ ✹✳✶✼✿ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❜t❛✐♥❡❞ ❢r♦♠ ❛ ♣❧❛s♠❛ s♦✉r❝❡ ❛♥❞ ✐ts ❛ss♦❝✐❛t❡❞ ❋♦✉rr✐❡r
❚r❛♥s❢♦r♠

❚❤❡ s♣❡❝tr❛ ✐s ❜r♦❛❞❜❛♥❞ ❢r♦♠ ✵✲✶✵❚❍③✳ ❚❤❡ t✐♠❡ ❞♦♠❛✐♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t✐♥❣
❢❛st ♦s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡ ✜rst ♣s ✭❛r♦✉♥❞ ✶✵✵❢s✮✳ ❆ r❡✢❡❝t✐♦♥ ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❙✐ ✇❛❢❡r ❝❛♥
❜❡ ♦❜s❡r✈❡❞ ❛❢t❡r ✶✵ ♣s✳ ❚❤❡ r❡s✉❧ts ■ ♣r❡s❡♥t ❤❡r❡ ✇❡r❡ ♣✉❜❧✐s❤❡❞ ❜② ❈♦❧❧❡t ❡t ❛❧✳❬✾✶❪✳
❚❤❡ ❚❍③✲❚❉❙ ✇❛s ❝♦♥❞✉❝t❡❞ ♦♥ t❤❡ t✇♦ ❝r②st❛❧s ❣❧✉❡❞ ✇✐t❤ t✇♦ ❞✐✛❡r❡♥t ♦r✐❡♥t❛t✐♦♥s
❛ ✭s❤♦rt ❛①✐s✮ ❛♥❞ ❜ ✭❧♦♥❣ ❛①✐s✮✳ ❚❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❝❤♦✐❝❡ ❛❧❧♦✇s t♦ s❡❧❡❝t t❤❡ ♠♦❞❡s
s②♠♠❡tr②✱ ❛❧♦♥❣ ❜ t❤❡ ♠♦❞❡s ❜❡❧♦♥❣ t♦ t❤❡ B2u r❡♣r❡s❡♥t❛t✐♦♥ ✇❤✐❧❡ ❛❧♦♥❣ ❛ t♦ t❤❡
B3u✳ ❚❤❡ r❡s✉❧t ♦❢ t❤✐s ❡①♣❡r✐♠❡♥t ✇❛s ✷ ❞✐st✐♥❝t s♣❡❝tr❛ ❛♥❞ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✶✽✳

■♥ t❤✐s ✜❣✉r❡✱ ✇❡ ♦❜s❡r✈❡ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♣❡❛❦s✳ ❚❤❡ ♠♦st ❛❜s♦r❜✐♥❣ ♠♦❞❡s ❛r❡ ❛t
✷✳✽ ❚❍③ ❢♦r t❤❡ B2u r❡♣r❡s❡♥t❛t✐♦♥ ❛♥❞ ✸ ❚❍③ ❢♦r t❤❡ B3u r❡♣r❡s❡♥t❛t✐♦♥✳ ❚❤❡ B2u ♠♦❞❡
✐s ❛♥ ❛♥t✐s②♠♠❡tr✐❝ ❜r❡❛t❤✐♥❣ ♠♦❞❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡✳ ❚❤❡ B3u ♠♦❞❡ ❝♦rr❡s♣♦♥❞s t♦ ❛♥
❛s②♠♠❡tr✐❝ str❡t❝❤✐♥❣ ♦❢ t❤❡ Fe−Nphen ❜♦♥❞✐♥❣ ❛♥❞ t♦rs✐♦♥ ♦❢ t❤❡ ❋❡✲◆❈❙ ❜♦♥❞✐♥❣✳
❲❤✐❧❡ ■ ✉s❡❞ t❤♦s❡ r❡s✉❧ts ✐♥ t❤✐s r❡s✉❧t ■ ❞✐❞♥✬t ♣❛rt✐❝✐♣❛t❡ ✐♥ t❤✐s ❡①♣❡r✐♠❡♥t✳

✶✶✷



❋✐❣✉r❡ ✹✳✶✽✿ ❆❜s♦r♣t✐♦♥ s♣❡❝tr❛ ♦❢ Fe(phen)2(NCS)2✱ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♣❛r❛❧❧❡❧ t♦ ❜
❝♦rr❡s♣♦♥❞s t♦ t❤❡ B2u r❡♣r❡s❡♥t❛t✐♦♥ ✇❤✐❧❡ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♣❛r❛❧❧❡❧ t♦ ❛ ❝♦rr❡s♣♦♥❞s
t♦ t❤❡ B3u✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✾✶❪✳ ❚❤❡ ♥✉♠❜❡rs ❛r❡ t❤❡ ♠♦❞❡s ♥✉♠❜❡r ✇❤✐❝❤
❞❡s❝r✐♣t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜❧❡ ✷ ♦❢ r❡❢❡r❡♥❝❡ ❬✾✶❪

✹✳✸✳✷ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ♦❢ Fe(phen)2(NCS)2 ✉s✐♥❣ ❖♣✲
t✐❝❛❧ ❘❡❝t✐✜❝❛t✐♦♥

■♥ ❘❡♥♥❡s✱ ✇❡ ♣❡r❢♦r♠❡❞ ❛♥♦t❤❡r ❚❉❙ ♠❡❛s✉r❡♠❡♥ts ❢♦❝✉s❡❞ ♦♥ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝②
r❡❣✐♦♥ t❤❛t ✇❛s ♥♦t ♦❜s❡r✈❛❜❧❡ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❞❛t❛✳ ❲❡ ♣❡r❢♦r♠❡❞ ♦♥❧② ♠❡❛s✉r❡♠❡♥ts
❢♦r t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❝r②st❛❧ ❜ ❞✐r❡❝t✐♦♥✳ ❚❤❡ t✐♠❡ ❞♦♠❛✐♥ ❡❧❡❝tr✐❝ ✜❡❧❞s
❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳✹✳✶✾✳

❚❤❡ ❝r②st❛❧ t❤✐❝❦♥❡ss ✇❛s ❡✈❛❧✉❛t❡❞ t♦ ❛r♦✉♥❞ ✶✵ µm✱ t❤✐s ❡①♣❧❛✐♥s ✇❤② t❤❡ ❡❧❡❝tr✐❝
✜❡❧❞ t❤r♦✉❣❤ t❤❡ Fe(phen)2(NCS)2 ✐s ❞❡❧❛②❡❞ ❢❛r ❧❡ss t❤❛♥ ❢♦r t❤❡ ❇❈P❙✳ ❍♦✇❡✈❡r✱
t❤❡ ♠❛✐♥ ♣❡❛❦ ✐s str♦♥❣❧② ❛❧t❡r❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ♦s❝✐❧❧❛t✐♦♥s✳

■♥ ❋✐❣✳ ✹✳✷✵ ✐s ♣r❡s❡♥t❡❞ t❤❡ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ t❤❡ ✇❛✈❡❢♦r♠ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳
✹✳✶✾✳ ❆♥ ❍❛♥♥✐♥❣ ✇✐♥❞♦✇ ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ❝❛♥❝❡❧ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ r❡✢❡❝t✐♦♥✳ ❋♦r ❜♦t❤
❝✉r✈❡s✱ t❤❡ s♦❧✐❞ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ ♣❛❞❞❡❞ ✇❛✈❡❢♦r♠✱ t❤❡ ❞♦ts
♣♦✐♥ts ❛r❡ t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ t❤❡ ❞❛t❛ ✇✐t❤✐♥ t❤❡ ✇✐♥❞♦✇✳ ❚❤❡ r❡❞ ❝✉r✈❡s ❛r❡ t❤❡
r❡❢❡r❡♥❝❡✳ ❚❤❡ ❜❧✉❡ ❝✉r✈❡s ❛r❡ t❤❡ ✜❡❧❞ ♦❜s❡r✈❡❞ t❤r♦✉❣❤ t❤❡ Fe(phen)2(NCS)2 ✇✐t❤
t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❜ ❛①✐s ♦❢ t❤❡ ❝r②st❛❧✳ ❆s t❤❡ ♣✉❧s❡ ❞✉r❛t✐♦♥ ♦❢ ♦✉r ♣r♦❜❡
✐s ✸✺ ❢s✱ ✇❡ ❝❤♦♦s❡❞ ❛ ✺✵ ❢s st❡♣ s✐③❡ ❢♦r t❤❡ t❡♠♣♦r❛❧ ✇❛✈❡❢♦r♠✳ ❚❤✐s tr❛♥s❧❛t❡s t♦ ❛
❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ ✶✵ ❚❍③ ❢♦r ♦✉r ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✳ ❚❤❡ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ❝❛♥ ❜❡
♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✉♥♣❛❞❞❡❞ ❞❛t❛✳ ❲❡ ♦❜t❛✐♥ ❛ ✵✳✶ ❚❍③ ❢r❡q✉❡♥❝② r❡s♦❧✉t✐♦♥✳ ❚❤❡ ♠❛✐♥
❧✐♠✐t❛t✐♦♥ ❢♦r t❤❡ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ✐s t❤❡ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❩♥❚❡✳ ❲❡ ❝❛♥ ♦❜s❡r✈❡ ❛
str♦♥❣ ❛❜s♦r♣t✐♦♥ ♣❡❛❦ ❛r♦✉♥❞ ✶ ❚❍③ ✐♥ t❤✐s ❝✉r✈❡s✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦✐♥❝✐❞❡♥❝❡ ❜❡t✇❡❡♥
♣❛❞❞❡❞ ❛♥❞ ✉♥♣❛❞❞❡❞ ❞❛t❛ ❝♦♥✜r♠s t❤❡ ❡①✐st❡♥❝❡ ♦❢ t❤✐s ♠♦❞❡ ❛♥❞ t❤❛t ✐t ✐s ♥♦t ❛♥
❛rt✐❢❛❝t ❢r♦♠ ❉❛t❛ ❚r❡❛t♠❡♥t✳

■♥ ❋✐❣✳✹✳✷✶✱ t❤❡ ❖♣t✐❝❛❧ ❞❡♥s✐t② ✐s ♣r❡s❡♥t❡❞✳ ❚❤✐s ❖♣t✐❝❛❧ ❉❡♥s✐t② ✇❛s t❛❦❡♥ ✉s✐♥❣
t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ✿

✶✶✸



❋✐❣✉r❡ ✹✳✶✾✿ ❘❡❢❡r❡♥❝❡ s❝❛♥ ✭❜❧✉❡✮ ❛♥❞ s❝❛♥ ♦♥ Fe(phen)2(NCS)2 ✭r❡❞✮✳

❋✐❣✉r❡ ✹✳✷✵✿ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ♦❢ t❤❡ t✐♠❡ tr❛❝❡s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✶✾✳

OD = −log10
Esample

Eref

✭✹✳✻✮

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ♠♦❞❡ ❛r♦✉♥❞ ✶✳✼ ❚❍③ r❡♣♦rt❡❞ ❜② ❈♦❧❧❡t ❡t ❛❧✱ ♦✉r ❚❍③ s♦✉r❝❡

✶✶✹



✇✐t❤ ✐♥t❡♥s❡ s✐❣♥❛❧ ❛r♦✉♥❞ ✶ ❚❍③ ❛❧❧♦✇s ♦❜s❡r✈✐♥❣ t✇♦ ❛❞❞✐t✐♦♥❛❧ ♠♦❞❡s ❛t ✵✳✽ ❚❍③
❛♥❞ ✶✳✷ ❚❍③✳ ❚❤✐s ✇♦r❦ ❤❛s ❜❡❡♥ ❞♦♥❡ ✐♥ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ❚❡r❛❋❡r♠✐ ❊①♣❡r✐♠❡♥t
t❤❛t ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥✳

❋✐❣✉r❡ ✹✳✷✶✿ ❖♣t✐❝❛❧ ❞❡♥s✐t② ♦❢ t❤❡ Fe(phen)2(NCS)2 ❢♦r t❤❡ B2u r❡♣r❡s❡♥t❛t✐♦♥ ✐♥ t❤❡
❧♦✇ ❚❍③ ❢r❡q✉❡♥❝② r❛♥❣❡✳

✶✶✺



✹✳✹ ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ ♦♥ Fe(phen)2(NCS)2

✹✳✹✳✶ P❤♦t♦ ✐♥❞✉❝❡❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ✐♥ Fe(phen)2(NCS)2

❚❤❡ Fe(phen)2(NCS)2 ✐s ❛ ❝♦♠♣♦✉♥❞ ✇❤✐❝❤ ♣❤♦t♦✐♥❞✉❝❡❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❤❛✈❡ ❜❡❡♥
✇✐❞❡❧② st✉❞✐❡❞ ✐♥ t❤❡ ♣❛st ❬✽✱ ✼✱ ✻❪✳ ▼♦st ♦❢ t❤❡s❡ ❡①♣❡r✐♠❡♥ts ✇❡r❡ r❡❛❧✐③❡❞ ✉s✐♥❣ ✈✐s✐❜❧❡
❧✐❣❤t ❛s ❛ ♣✉♠♣✳ ❚❤❡ ❝♦♠♣♦✉♥❞ ✐s ✐♥✐t✐❛❧❧② ✐♥ t❤❡ ▲♦✇ ❙♣✐♥ st❛t❡ t❤❡♥ ✉s✐♥❣ ✉❧tr❛✲❢❛st
t❡❝❤♥✐q✉❡s✱ t❤❡ ♠♦✈✐❡ ♦❢ t❤❡ tr❛♥s✐t✐♦♥ ❝❛♥ ❜❡ r❡❝♦r❞❡❞✳ ■t ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ t❤❛t
❢♦r t❤✐s ❝♦♠♣♦✉♥❞ t❤❡ ❡❧❡❝tr♦♥ ❢r♦♠ t❤❡ ♠❡t❛❧ ✐s ♣r♦♠♦t❡❞ t♦ t❤❡ ❧✐❣❛♥❞ ♦r❜✐t❛❧s✱ t❤✐s ✐s
t❤❡ ▼❡t❛❧ t♦ ▲✐❣❛♥❞ ❈❤❛r❣❡ ❚r❛♥s❢❡r ✭▼▲❈❚✮✳ ❋♦r t❤❡ Fe(phen)2(NCS)2✱ t❤✐s ❡♥❡r❣②
✐s ❛r♦✉♥❞ ✺✵✵♥♠✳ ❚❤❡♥✱ t❤❡ s②st❡♠ r❡❧❛① t♦ ♠✉❧t✐♣❧❡ ✐♥t❡r♠❡❞✐❛t❡s ❜❡❢♦r❡ r❡❛❝❤✐♥❣ t❤❡
❍✐❣❤ ❙♣✐♥ st❛t❡✳ ❚❤❡ ♣❛t❤ t❤❛t ❢♦❧❧♦✇s t❤❡ s②st❡♠ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✷✷✳

❋✐❣✉r❡ ✹✳✷✷✿ P❛t❤ ♦❢ t❤❡ Fe(phen)2(NCS)2 ❝♦♠♣♦✉♥❞ ❛❢t❡r ❧✐❣❤t ✐rr❛❞✐❛t✐♦♥ ❛❞❛♣t❡❞
❢r♦♠ ❬✽❪

❲❤❡♥ t❤❡ s②st❡♠ r❡❛❝❤❡s t❤❡ ❍✐❣❤ ❙♣✐♥ st❛t❡✱ t❤✐s ✐s ❛♥ ❤✐❣❤❧② ❡①❝✐t❡❞ st❛t❡ ✇❤✐❝❤
✐♥❝r❡❛s❡s t❤❡ ♣❤♦♥♦♥ ♠♦❞❡s ♣♦♣✉❧❛t✐♦♥s✳ ❖♥❝❡ t❤❡ ♣❤♦♥♦♥ ♠♦❞❡s ❛r❡ ♣♦♣✉❧❛t❡❞✱ t❤❡
✈✐❜r❛t✐♦♥❛❧ ❝♦♦❧✐♥❣ t❛❦❡s ♣❧❛❝❡✳ ❚❤❡ ♣❤♦♥♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ❝♦❤❡r❡♥t❧②✱ t❤✐s ✇✐❧❧ r❛✐s❡
♦s❝✐❧❧❛t✐♦♥s ✇❤✐❝❤ ❢r❡q✉❡♥❝② ✐s t❤❡ ♦♥❡ ♦❢ t❤❡ ♣♦♣✉❧❛t❡❞ ♠♦❞❡❬✽❪✳ ❚❤✐s ❝❛♥ ❜❡ s❡❡♥ ✐♥
❋✐❣✳✹✳✷✸✳ ❚❤❡ ♦s❝✐❧❧❛t✐♦♥s ♦❜s❡r✈❡❞ ❛r❡ ❛r♦✉♥❞ ✸✾✵ ❢s✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢r❡q✉❡♥❝② ✐s
❛r♦✉♥❞ ✷✳✺ ❚❍③✳ ❚❤✐s ♠♦❞❡ ❤❛s ❜❡❡♥ ❛ss✐❣♥❡❞ t♦ t❤❡ s②♠♠❡tr✐❝ t♦rs✐♦♥ ♠♦❞❡✳

❚❤❡ Fe(phen)2(NCS)2 ♠♦❧❡❝✉❧❡ ♣♦ss❡ss ❛ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ✇❤✐❝❤ ♦r✐❣✐♥❛t❡s ❢r♦♠
t❤❡ (NCS)− ❣r♦✉♣ ❛♥❞ t❤❡ Fe2+✳ ❚❤✐s ❝r❡❛t❡s ❛ ❞✐♣♦❧❡ ❛❧♦♥❣ t❤❡ ❜ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
❝❡❧❧✱ ✇❤✐❝❤ ✐s ❛❧s♦ t❤❡ C2 ❛①✐s ♦❢ t❤❡ ♠♦❧❡❝✉❧❡✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛♥ ❡①t❡r♥❛❧ ❡❧❡❝tr✐❝
✜❡❧❞ ♦♥ t❤❡ ♠♦❧❡❝✉❧❡ ✇✐❧❧ ❛❝ts ♦♥ ✐ts ❞✐♣♦❧❡✳ ❆s t❤❡ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ✐s ❞✐r❡❝t❧② ❧✐♥❦❡❞
t♦ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❋❡ ❛♥❞ t❤❡ ◆ t❤✐s ✇✐❧❧ ❜❡ ❛s ❛❝t✐♥❣ ❞✐r❡❝t❧② ♦♥ t❤❡ r❡❛❝t✐♦♥
❝♦♦r❞✐♥❛t❡ ♦❢ t❤✐s tr❛♥s✐t✐♦♥✳ ❚✇♦ ♣♦ss✐❜✐❧✐t✐❡s ❝❛♥ ❜❡ ✉s❡❞ ❢♦r t❤❡ ❡①t❡r♥❛❧ ❡❧❡❝tr✐❝ ✜❡❧❞✱

✶✶✻



❋✐❣✉r❡ ✹✳✷✸✿ ❈❤❛♥❣❡ ✐♥ ❖♣t✐❝❛❧ ❚r❛♥s♠✐ss✐♦♥ ♦r ❖♣t✐❝❛❧ r❡✢❡❝t✐✈✐t② ❛t ❞✐✛❡r❡♥t ✇❛✈❡✲
❧❡♥❣t❤ ❛❞❛♣t❡❞ ❢r♦♠ ❬✽❪✳

❛♥ ♦s❝✐❧❧❛t♦r② ❡❧❡❝tr✐❝ ✜❡❧❞ ✇❤✐❝❤ ❢r❡q✉❡♥❝② ✐s ✐♥ r❡s♦♥❛♥❝❡ ✇✐t❤ t❤❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧ ❛♥❞
❛♥ ✐♥t❡♥s❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦✉t ♦❢ r❡s♦♥❛♥❝❡✳ ■♥ ❜♦t❤ ❝❛s❡s t❤❡ ❚❍③ ❛r❡ t❤❡ r✐❣❤t t♦♦❧ t♦
❛♣♣❧② t❤✐s ❡❧❡❝tr✐❝ ✜❡❧❞ ❜② ✉s✐♥❣ ❡✐t❤❡r ♥❛rr♦✇ ❜❛♥❞ ❚❍③ ♦r ✐♥t❡♥s❡ s✐♥❣❧❡ ❝②❝❧❡ ❡❧❡❝tr✐❝
✜❡❧❞✳

■♥ t❤✐s s❡❝t✐♦♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t ✜rst ♣r❡❧✐♠✐♥❛r② ♥✉♠❡r✐❝❛❧ ✇♦r❦ ✉s❡❞ ❛s ❛ ♣r♦♦❢ ♦❢ ❝♦♥✲
❝❡♣t ❢♦r t❤❡ ❚❍③ ♣✉♠♣ ❡①♣❡r✐♠❡♥t✳ ❚❤❡♥✱ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ♦♥ ❛ ♥♦♥
❝❡♥tr♦ s②♠♠❡tr✐❝ s♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞✱ t❤❡ [Fe(TPA)(TCC)]PF6✳ ❚♦ ❝♦♥❝❧✉❞❡
t❤✐s s❡❝t✐♦♥✱ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛t t❤❡ ❚❡r❛❋❡r♠✐ ❇❡❛♠❧✐♥❡ ♦♥ t❤❡ Fe(phen)2(NCS)2 ❛♥❞
r❡s✉❧ts ✉s✐♥❣ ❛ ❚❍③ P✉♠♣ Pr♦❜❡ ❡①♣❡r✐♠❡♥t ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ❛♥❞ ❞✐s❝✉ss❡❞✳

✹✳✹✳✷ Pr❡❧✐♠✐♥❛r② ✇♦r❦ ✿ ◆✉♠❡r✐❝❛❧ ❙✐♠✉❧❛t✐♦♥

■♥ ♦r❞❡r t♦ t❡st t❤❡ ❡✛❡❝t ♦❢ ❛♥ ✐♥t❡♥s❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦♥ t❤❡ Fe(phen)2(NCS)2✱
♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞✳ ❚❤❡ ❝r②st❛❧ s②♠♠❡tr② ✐♥❝❧✉❞❡s ❛♥ ✐♥✈❡r✲
s✐♦♥ s②♠♠❡tr②✳ ❚❤❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr② ❢♦r❝❡s t✇♦ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥s ❢♦r t❤❡ ❞✐♣♦❧❛r
♠♦♠❡♥t✉♠✳ ❚❤✐s ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✷✹✳

❇② ❛♣♣❧②✐♥❣ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛❧♦♥❣ t❤❡ ❜ ❛①✐s✱ t❤❡r❡ ✇✐❧❧ t✇♦ ♦♣♣♦s✐t❡s ♠♦✈❡♠❡♥ts
❢♦r t❤❡ ♠♦❧❡❝✉❧❡s ❛s t❤❡r❡ ❛r❡ t✇♦ ♦♣♣♦s✐t❡ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠✳

mẍ = −∇V ± E(t)x ✭✹✳✼✮

① r❡♣r❡s❡♥ts t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❡t❛❧ ❛♥❞ ✐ts ❧✐❣❛♥❞✳ ❱ ✐s t❤❡ ♣♦t❡♥t✐❛❧
❧❛♥❞s❝❛♣❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡ ❛♥❞ ❊ ✐s t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤❡ ± s✐❣♥ ✐s ❤❡r❡ t♦ t❛❦❡
✐♥t♦ ❛❝❝♦✉♥t t❤❡ t✇♦ ♦♣♣♦s✐t❡ r❡s♣♦♥s❡ ♦❢ t❤❡ ❞✐♣♦❧❡ t♦ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ■♥ t❤✐s s❡❝t✐♦♥✱
t✇♦ ♣♦t❡♥t✐❛❧ ❧❛♥❞s❝❛♣❡ ✇✐❧❧ ❜❡ st✉❞✐❡❞ ✿ ✜rst t❤❡ s✐♠♣❧❡ ❝❛s❡ ♦❢ ❛♥ ❤❛r♠♦♥✐❝ ♣♦t❡♥t✐❛❧✱
s❡❝♦♥❞ t❤❡ ❝❛s❡ ♦❢ ❛ ❞♦✉❜❧❡ ✇❡❧❧ ♣♦t❡♥t✐❛❧ ✇❤✐❝❤ ✐s t❤❡ ❝❛s❡ ♦❢ t❤❡ Fe(phen)2(NCS)2✳

✶✶✼



❋✐❣✉r❡ ✹✳✷✹✿ P✐❝t✉r❡ ♦❢ t❤❡ ✉♥✐t ❝❡❧❧ ♦❢ t❤❡ Fe(phen)2 −NCS)2 ❝r②st❛❧✳ ❚❤❡ ♣✐❝t✉r❡ ✐s
s❤♦✇♥ ✐♥ t❤❡ ❛❜ ♣❧❛♥❡✳ ❙②♠♠❡tr② ❡❧❡♠❡♥ts ❛r❡ r❡♣r❡s❡♥t❡❞✳ ❚❤❡ r❡❞ ❛rr♦✇s r❡♣r❡s❡♥ts
t❤❡ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡✳ ❚❤✐s ✜❣✉r❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ✜❣✉r❡ ❢r♦♠ ❈♦❧❧❡t
❡t ❛❧✳❬✾✶❪

❙✐♥❣❧❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧

❚❤❡ ❝❛s❡ ♦❢ t❤❡ s✐♥❣❧❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♠♦❧❡❝✉❧❡ ❞❡❡♣❧② ✐♥ ♦♥❡ ♦❢ t❤❡
st❛t❡s✳ ❚❤❡ ♣♦t❡♥t✐❛❧ ❡♥❡r❣② ✉s❡❞ ✐♥ t❤✐s ❝❛s❡ ✐s ❛ s✐♠♣❧❡ ❤❛r♠♦♥✐❝ ✇❡❧❧ ✿

V =
1

2
kx2 ✭✹✳✽✮

❋✐rst✱ ❧❡t✬s t❛❦❡ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ ❛ ❝♦♥st❛♥t ❡❧❡❝tr✐❝ ✜❡❧❞ st❛rt✐♥❣ ❛t t✐♠❡ ✵ ❛♣♣❧✐❡❞
♦♥ t❤❡ s❛♠♣❧❡✳ ❚❤✐s ❝❛♥ ❜❡ s❡❡♥ ❛s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛t ❡❛❝❤ t✐♠❡ t✳ ❚❤❡
❡✛❡❝t ♦♥ ❜♦t❤ t②♣❡s ♦❢ ♠♦❧❡❝✉❧❡s ✉♣ ❛♥❞ ❞♦✇♥ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✷✺

■♥ t❤✐s ❝❛s❡✱ t❤❡ ♠♦❧❡❝✉❧❡s ❛r❡ ❡✐t❤❡r ❝♦♠♣r❡ss❡❞ ♦r ❡①♣❛♥❞❡❞ ❜② t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞
❞❡♣❡♥❞✐♥❣ ✐❢ t❤❡ ♠♦❧❡❝✉❧❡ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ✐s ❛❧♦♥❣ ♦r ♦♣♣♦s✐t❡ t♦ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❡✛❡❝t ♦♥ t❤❡ ♠♦❧❡❝✉❧❡ r❡s✉❧ts ✐♥ ❛ ❝♦♠♣r❡ss✐♦♥ ♦r ❞✐❧❛t❛t✐♦♥
♦❢ t❤❡ ♠♦❧❡❝✉❧❡✳

❚❤❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧ ❝✉r✈❛t✉r❡ ✐s ❣✐✈❡♥ ❜② t❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② ♦❢ t❤✐s ✇❡❧❧✳ ❚❤✐s
❢r❡q✉❡♥❝② ✐s t❛❦❡♥ ❛s t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❜r❡❛t❤✐♥❣ ♠♦❞❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡✳ ❚❤✐s ✐s tr✉❡
✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❍✐❣❤ ❙♣✐♥ ♣♦t❡♥t✐❛❧✳ ❲❡ r❡♣❡❛t t❤❡ s✐♠✉❧❛t✐♦♥ ❢♦r t✇♦ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❚❤❡ ✜rst ♦♥❡ ✐s ✐♥ r❡s♦♥❛♥❝❡ ✇✐t❤ t❤❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧✱ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s ❢❛r ❢r♦♠ t❤❡
r❡s♦♥❛♥❝❡ ♦❢ t❤❡ ✇❡❧❧✳ ❚❤❡ ❡✛❡❝ts ♦❢ s✉❝❤ ❡❧❡❝tr✐❝ ✜❡❧❞s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✷✻✳

❋♦r ❜♦t❤ ❝❛s❡s✱ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ✐s ❢♦❧❧♦✇✐♥❣ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❍♦✇❡✈❡r✱ t❤❡ ❛♠✲
♣❧✐t✉❞❡ ♦❢ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ✐s ♠♦r❡ ✐♠♣♦rt❛♥t ✐♥ t❤❡ ❝❛s❡ ♦❢ r❡s♦♥❛♥t ♣✉❧s❡ ✭❋✐❣✳✹✳✷✻❛✮
t❤❛♥ ❢♦r t❤❡ ❛❜♦✈❡ r❡s♦♥❛♥❝❡ ♣✉❧s❡ ✭❋✐❣✳✹✳✷✻❜✮✳ ❚❤✐s ✐s t❤❡ ♥❛t✉r❛❧ ❛♥s✇❡r ♦❢ ❛♥② ❤❛r✲

✶✶✽



❋✐❣✉r❡ ✹✳✷✺✿ ❊✛❡❝t ♦❢ ❛ ❝♦♥st❛♥t ❡❧❡❝tr✐❝ ✜❡❧❞ ✭❣r❡❡♥✮ ♦♥ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❋❡✲◆ ❢♦r
t❤❡ ❝❛s❡ ♦❢ ♠♦❧❡❝✉❧❡s ❯♣ ✭❜❧✉❡✮ ♦r ❉♦✇♥ ✭♦r❛♥❣❡✮

❋✐❣✉r❡ ✹✳✷✻✿ ❛✮ ❈❛s❡ ♦❢ t❤❡ ♣✉❧s❡ ✐♥ ❘❡s♦♥❛♥❝❡ ✇✐t❤ t❤❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧✳ ❜✮ ❈❛s❡ ♦❢ t❤❡
♣✉❧s❡ ♦✉t ♦❢ r❡s♦♥❛♥❝❡ ✇✐t❤ t❤❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧✳

✶✶✾



♠♦♥✐❝ ♦s❝✐❧❧❛t♦r t♦ ❛♥② ❡①t❡r♥❛❧ ✜❡❧❞✳ ◆♦✇ t❤❛t t❤❡ ❜❛s✐s ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❛r❡ ♣❧❛❝❡❞✱
❛ ♠♦r❡ r❡❛❧✐st✐❝ ♣♦t❡♥t✐❛❧ ✇❡❧❧ ❝❛♥ ❜❡ ✉s❡❞✳

❉♦✉❜❧❡ ♣♦t❡♥t✐❛❧ ✇❡❧❧

❲❡ ❝♦♥s✐❞❡r t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ Fe(phen)2(NCS)2 ❝♦♠♣♦✉♥❞ ❛s ❛ ❞♦✉❜❧❡ ✇❡❧❧ ♣♦t❡♥t✐❛❧
❛❧♦♥❣ t❤❡ ❁❋❡✲◆❃ ❞✐st❛♥❝❡✳ ❲❡ ♣r❡s❡♥t t❤❡ ♣♦t❡♥t✐❛❧ ✉s❡❞ ✐♥ ❋✐❣✳✹✳✷✼✳ ❚❤❡ ✜rst ✇❡❧❧
✐s ❝❡♥t❡r❡❞ ❛t ✷✳✵ ➴ ❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ▲♦✇ ❙♣✐♥ ❙t❛t❡✱ t❤❡ s❡❝♦♥❞ ✇❡❧❧ ✐s ❝❡♥t❡r❡❞
❛t ✷✳✷ ➴ ❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❍✐❣❤ ❙♣✐♥ ❙t❛t❡✳ t❤❡ ❝✉r✈❛t✉r❡ ♦❢ t❤❡ ❍✐❣❤ ❙♣✐♥ ✇❡❧❧ ✐s
❝❤♦s❡♥ t♦ ❝♦rr❡s♣♦♥❞s t♦ ❢r❡q✉❡♥❝② ♦❢ ✷✳✽ ❚❍③ ✇❤✐❝❤ ✐s t❤❡ ❛♥t✐✲s②♠♠❡tr✐❝ ❜r❡❛t❤✐♥❣
♠♦❞❡ ✇❤✐❝❤ ❝❛♥ ❜❡ ❡①❝✐t❡❞ ❜② t❤❡ ❚❍③ ♣✉❧s❡✳ ❚❤❡ ❝✉r✈❛t✉r❡ ♦❢ t❤❡ ▲♦✇ ❙♣✐♥ st❛t❡ ✐s
❝❤♦s❡♥ t♦ ❜❡ st✐✛❡r ✭❤❛r❞❡♥✐♥❣ ♦❢ t❤❡ ♠♦❞❡✮ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♠♣r❡ss✐♦♥ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡✳
❚❤✐s ✐s ❜❛❝❦❡❞✲✉♣ ❜② ❘♦♥❛②♥❡ ❡t ❛❧ t❤❛t ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❛t ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡
t❤❡r❡ ✐s ❛ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❢♦r ♠♦st ♦❢ t❤❡ ♠♦❞❡s✳❬✾✾❪ ■♥ t❤✐s s✉❜s❡❝t✐♦♥✱ ✇❡
✇✐❧❧ ❝❛❧❧ t❤❡ ♠♦❧❡❝✉❧❡s ✇❤✐❝❤ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ✐s ♣❛r❛❧❧❡❧ ✇✐t❤ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞
✉♣ ❛♥❞ t❤❡ ♠♦❧❡❝✉❧❡s ✇❤✐❝❤ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ✐s ❛♥t✐ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞
❞♦✇♥✳

❋✐❣✉r❡ ✹✳✷✼✿ ❉♦✉❜❧❡ ❲❡❧❧ ♣♦t❡♥t✐❛❧ ✉s❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥✳

❚❤❡ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥ ✇❡ ❝❤♦♦s❡ ❢♦r t❤✐s s✐♠✉❧❛t✐♦♥ ✐s t❤❛t ♠♦❧❡❝✉❧❡s ❛r❡ ✐♥✐t✐❛❧❧② ❛t
r❡st ✐♥ t❤❡ ❍❙ ✇❡❧❧✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❁❋❡✲◆❃ ✐s ❛t ✷✳✷ ➴✳ ❲❡ ❝♦♥s✐❞❡r
t✇♦ ❞✐✛❡r❡♥t ❦✐♥❞s ♦❢ ❚❍③ ♣✉❧s❡s✿ ♥❛rr♦✇ ❜❛♥❞ ❚❍③ ♣✉❧s❡s ✇❤✐❝❤ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✐♥
❋❊▲ ✉s✐♥❣ ✉♥❞✉❧❛t♦r✱ s✐♥❣❧❡ ❝②❝❧❡ ❜r♦❛❞❜❛♥❞ ♣✉❧s❡s ❛s t❤❡ ♦♥❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❖♣t✐❝❛❧
❘❡❝t✐✜❝❛t✐♦♥ ✐♥ LiNbO3✳ ❲❡ ✇✐❧❧ ✜rst tr❡❛t t❤❡ ❝❛s❡ ♦❢ t❤❡ ♥❛rr♦✇ ❜❛♥❞ ♣✉❧s❡✳ ❲❡
❝♦♥s✐❞❡r t✇♦ ♣✉❧s❡s✱ ♦♥❡ ♣✉❧s❡ ❝❡♥t❡r❡❞ ❛t t❤❡ r❡s♦♥❛♥❝❡ ♦❢ t❤❡ ❍✐❣❤ ❙♣✐♥ ✇❡❧❧ ✷✳✽
❚❍③✳ ❚❤❡ ♦t❤❡r ♣✉❧s❡ ❢r❡q✉❡♥❝② ✐s ❝❤♦s❡♥ ❛t ✺✳✻ ❚❍③ ❢❛r ❢r♦♠ t❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝②✳
❘❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✷✽✳

■♥ t❤❡ ❝❛s❡ ♦❢ r❡s♦♥❛♥t ❚❍③ ♣✉❧s❡✱ ❁❋❡✲◆❃ ✐s ♦s❝✐❧❧❛t✐♥❣ ❢♦❧❧♦✇✐♥❣ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞
✇✐t❤ ❧❛r❣❡ ❛♠♣❧✐t✉❞❡✳ ❚❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ♠♦✈❡♠❡♥t ✐s ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ❜r✐♥❣ t❤❡
♠♦❧❡❝✉❧❡ ❢r♦♠ t❤❡ ❍❙ ✇❡❧❧ ❛♥❞ tr❛♣♣❡❞ t❤❡♠ ✐♥t♦ t❤❡ ▲❙ ✇❡❧❧✳ ❆r♦✉♥❞ t❂✵ t❤❡ ❞✐✛❡r❡♥❝❡
✐♥ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠♦❧❡❝✉❧❡s ❯♣ ❛♥❞ ❞♦✇♥ ✐s ♠❛①✐♠✉♠✳ ❚❤✐s ♠❡❛♥s t❤❛t ❛r♦✉♥❞
t✐♠❡ ③❡r♦✱ t❤❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr② ✐s ❜r♦❦❡♥ ❛♥❞ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❜② t❤❡ ♣♦❧❛r ♠♦❞❡s✳

✶✷✵



❋✐❣✉r❡ ✹✳✷✽✿ ❛✮ ❈❛s❡ ♦❢ ❘❡s♦♥❛♥t ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❜✮ ❈❛s❡ ♦❢ ♥♦♥ r❡s♦♥❛♥t ❚❍③ ❡❧❡❝tr✐❝
✜❡❧❞✳ ❋♦r ❜♦t❤ ✜❣✉r❡s✱ t❤❡ ✉s❡❞ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ r❡❞ ❛❜♦✈❡ t❤❡ ♠♦❞✉❧❛t✐♦♥ ❢♦r
❜♦t❤ ♠♦❧❡❝✉❧❡s ✉♣ ❛♥❞ ❞♦✇♥✳ ❚❤❡ sq✉❛r❡❞ ❞✐✛❡r❡♥❝❡ ♦❢ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠♦❧❡❝✉❧❡s
✐s ♣❧♦tt❡❞ ❜❡❧♦✇✳

❋♦r ❛♥ ❛❜♦✈❡ r❡s♦♥❛♥❝❡ ❚❍③ ♣✉❧s❡✱ t❤❡ ❡✛❡❝t ✐s ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ❝❛s❡ ♦❢ ❛ s✐♥❣❧❡ ✇❡❧❧
♣♦t❡♥t✐❛❧ ❛♥❞ t❤❡ ♠♦❧❡❝✉❧❡s st❛② tr❛♣♣❡❞ ✐♥ t❤❡ ❍✐❣❤ ❙♣✐♥ ✇❡❧❧✳ ❚❤❡ ♠♦❧❡❝✉❧❡s ♠♦t✐♦♥
❝❛♥✬t ❢♦❧❧♦✇ t❤❡ ✜❡❧❞✳ ❚❤❡ ♣♦❧❛r✐③❛t✐♦♥ ✭ t❤❡ sq✉❛r❡❞ ❞✐✛❡r❡♥❝❡ ♦❢ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡
♠♦❧❡❝✉❧❡s✮ ✐s ♥♦♥ ③❡r♦ ❞✉r✐♥❣ t❤❡ ♣✉❧s❡✳ ❚❤❡ ❡✛❡❝ts ♦❢ ♥❛rr♦✇❜❛♥❞ ❚❍③ ♣✉❧s❡ ❝❛♥ ❜❡
♣r♦❜❡❞ ✐♥ t✇♦ ✇❛②s✳ ❋✐rst✱ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♣r♦❜❡❞ t❤❡
t❡♠♣♦r❛r② ❜r❡❛❦ ♦❢ t❤❡ ✐♥✈❡rs✐♦♥ ♦❢ s②♠♠❡tr② ❝❛✉s❡❞ ❜② t❤❡ ♣✉❧s❡✳ ❇❡❝❛✉s❡ ♠♦❧❡❝✉❧❡s
❛r❡ tr❛♣♣❡❞ ✐♥ t❤❡ ▲❙ st❛t❡✱ ❳✲r❛②s ❝❛♥ ❜❡ ✉s❡❞ t♦ ♣r♦❜❡ ❛ ❝❤❛♥❣❡ ♦❢ ✈♦❧✉♠❡ ✐♥ t❤❡
✇❤♦❧❡ ❝r②st❛❧✳

❚❤❡ ❝❛s❡ ♦❢ ❜r♦❛❞❜❛♥❞ ❚❍③ ♣✉❧s❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✷✾✳ ❍❡r❡ ❛❣❛✐♥✱ t❤❡ ♠♦❧❡❝✉❧❡s
❛r❡ ❢♦❧❧♦✇✐♥❣ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞s ✐♥ ♦♣♣♦s✐t❡ ✇❛②s✳ ❚❤❡ ❯♣ ♠♦❧❡❝✉❧❡s ❛r❡ tr❛♣♣❡❞ ✐♥s✐❞❡
t❤❡ ▲♦✇ ❙♣✐♥ ✇❡❧❧ ✇❤✐❧❡ t❤❡ ❉♦✇♥ ♠♦❧❡❝✉❧❡s ❛r❡ tr❛♣♣❡❞ ✐♥s✐❞❡ t❤❡ ❍✐❣❤ ❙♣✐♥ ✇❡❧❧✳
■♥ t❤✐s ❝❛s❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❞✐st❛♥❝❡ ✐s ✇❛② ♠♦r❡ ✐♠♣♦rt❛♥t ✐♥❞✉❝✐♥❣ ❛♥ ✐♠♣♦rt❛♥t
♣♦❧❛r✐③❛t✐♦♥ ✐♥ t❤❡ ❝r②st❛❧✳ ▼♦r❡♦✈❡r✱ t❤✐s ♦✉t ♦❢ ❡q✉✐❧✐❜r✐✉♠ ♣♦❧❛r✐③❛t✐♦♥ ✐s ✐♥❞✉❝❡❞
❢♦r ❛ t✐♠❡ ✇❤✐❝❤ ✐s ❧♦♥❣❡r t❤❛♥ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ❡①t❡r♥❛❧ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❚❤✐s
♣❤❡♥♦♠❡♥♦♥ ❝❛♥ ❜❡ ♣r♦❜❡❞ ♦♣t✐❝❛❧❧② ✇✐t❤ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐♥ t❤❡ s❛♠❡
✇❛② t❤❛♥ ❢♦r ♥❛rr♦✇❜❛♥❞✳ ❯♥❧✐❦❡ t❤❡ ♥❛rr♦✇❜❛♥❞ ❝❛s❡✱ t❤❡ ❜r❡❛❦ ♦❢ s②♠♠❡tr② s❤♦✉❧❞
❜❡ ❧♦♥❣❡r t❤❛♥ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❞✉r❛t✐♦♥✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝
●❡♥❡r❛t✐♦♥ s❤♦✉❧❞ ❜❡ ♣r♦❜❡❞ ❢♦r ❛ ❧♦♥❣❡r t✐♠❡ t❤❛♥ t❤❡ ♥❛rr♦✇❜❛♥❞ ❝❛s❡ ❇❡❝❛✉s❡ ♦❢
t❤❡ ❧♦ss ♦❢ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②✱ t❤❡ ❝r②st❛❧ s②♠♠❡tr② ❣r♦✉♣ ❝❤❛♥❣❡ ❢r♦♠ P❜❝♥ t♦ P❜✷♥✳
❚❤✐s ✇✐❧❧ ❛❧❧♦✇s t❤❡ ❡♠❡r❣❡♥❝❡ ♦❢ ❇r❛❣❣ ♣❡❛❦s✱ ✭❤✵❧✮ ❧ ❂ ✷♥✰✶ ❛♥❞ ✭❤✵✵✮ ❤❂✷♥✰✶✳

❚❤❡ ♦♥❧② ✇❛② t♦ ✉s❡ ❳✲r❛②s t♦ ♣r♦❜❡ s✉❝❤ ❝❤❛♥❣❡s ✐s t❤❡ ✉s❡ ♦❢ ❢s ❳✲❘❛②✳ ■♥❞❡❡❞✱ ✐♥
t❤♦s❡ s✐♠✉❧❛t✐♦♥s ✇❡ ❤❛✈❡♥✬t t❛❦❡ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥s t❤❡ t✐♠❡ r❡q✉✐r❡❞ t♦ r❡❧❛① t♦ t❤❡
r❡❛❧ ❣r♦✉♥❞ st❛t❡✳ ❆❧s♦✱ ❛s t❤❡ ♠♦st ❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜② t❤❡ ❚❍③ ♣✉❧s❡ ❛r❡ ❝❡♥t❡r❡❞ ✐♥ ❛
❢❡✇ ♣s✱ ✉s✐♥❣ s✉❜ ♣s ♣✉❧s❡s ❛s ♣r♦❜❡ ✐s ♠❛♥❞❛t♦r②✳ ❳✲❋❊▲ ❛r❡ t❤❡ ♦♥❧② ♣❧❛❝❡ ✐♥ t❤❡ ✇♦r❧❞
✇❤❡r❡ s✉❝❤ ❳✲❘❛②s ❝❛♥ ❜❡ ❢♦✉♥t✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐s
❛ t❡❝❤♥✐q✉❡ ♦❢ ❝❤♦✐❝❡ t♦ ♦❜s❡r✈❡ t❤❡ ❡✛❡❝t ♦❢ ❛ ❚❍③ ♣✉❧s❡ ♦♥ t❤❡ Fe(phen)2(NCS)2
❝♦♠♣♦✉♥❞ ❛♥❞ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ ❧❛❜♦r❛t♦r② ❛s ✉❧tr❛✲❢❛st ♦♣t✐❝❛❧ ❧❛s❡r ❛r❡ ♠♦r❡
❝♦♠♠♦♥ ♥♦✇❛❞❛②s✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ♣r♦❜✐♥❣ ✇❛s ♠❛❞❡ t♦
♦❜t❛✐♥ ✜rst r❡s✉❧ts ❜❡❢♦r❡ ❣♦✐♥❣ t♦ ▲❛r❣❡ ❙❝❛❧❡ ❋❛❝✐❧✐t✐❡s✳ ❋✐rst✱ ✇❡ st✉❞② t❤❡ ❙❡❝♦♥❞

✶✷✶



❋✐❣✉r❡ ✹✳✷✾✿ ❈❛s❡ ♦❢ ❇r♦❛❞❜❛♥❞ ❚❍③ ♣✉❧s❡✳

❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐♥ ❛ s♣✐♥ ❈r♦ss♦✈❡r ❝♦♠♣♦✉♥❞ ✇❤✐❝❤ ♥♦ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②✱ t❤❡
Fe(TPA)(TCC)PF6✳ ❚❤❡♥✱ ✇❡ r❡❛❧✐③❡❞ ❚❍③ ✲ P✉♠♣ ❖♣t✐❝❛❧ Pr♦❜❡ ❡①♣❡r✐♠❡♥t ♦♥ t❤❡
Fe(phen)2(NCS)2 ❝♦♠♣♦✉♥❞✳

✹✳✹✳✸ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐♥ [Fe(TPA)(TCC)]PF6

❈r②st❛❧ str✉❝t✉r❡

❚❤❡ [Fe(TPA)(TCC)]PF6 ✐s ❛ Fe3+ s♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞✳ ❚❤❡ t❤❡r♠❛❧ s♣✐♥ tr❛♥✲
s✐t✐♦♥ ♦❢ t❤✐s s❛♠♣❧❡ ✐s ❢r♦♠ ❛ ▲❙ st❛t❡ ❙ ❂ ✶✴✷ t♦ ❛♥ ❍❙ st❛t❡ ❙ ❂ ✺✴✷✳ ❚❤✐s s②st❡♠
❝❛♥ ❢♦r♠ t✇♦ ❞✐✛❡r❡♥t ♣♦❧②♠♦r♣❤ ✿ ❛ ♠♦♥♦❝❧✐♥✐❝ ✭P21/a✮ ❛♥❞ ❛ ♦rt❤♦r♦♠❜✐❝ ✭Pna21✮✳
❚❤❡ s♣✐♥ ❝r♦ss♦✈❡r t❡♠♣❡r❛t✉r❡s ♦❢ t❤❡ t✇♦ ♣♦❧②♠♦r♣❤✐s♠ ❞✐✛❡r✱ ❚ ❂ ✷✵✸❑ ❢♦r t❤❡ ♦r✲
t❤♦r♦♠❜✐❝ s❛♠♣❧❡ ❛♥❞ ❚ ❂ ✷✶✹❑ ❢♦r t❤❡ ♠♦♥♦❝❧✐♥✐❝✳❬✶✵✷❪ ❚❤❡ ❝r②st❛❧ ❝♦♥s✐sts ♦❢ ❝❛t✐♦♥
❧❛②❡rs ✇❤✐❝❤ ❛❧t❡r♥❛t❡s ✇✐t❤ ❛♥ ❛♥✐♦♥ PF6 ❧❛②❡r✳ ❚❤❡ ♦rt❤♦r♦♠❜✐❝ ✇❤✐❝❤ ♣♦✐♥t ❣r♦✉♣ ✐s
Pna21 ♣r❡s❡♥ts ❛ ❧❛❝❦ ♦❢ ✐♥✈❡rs✐♦♥ s②♠♠❡tr② ✇❤✐❝❤ ❛❧❧♦✇s ❛ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ❛❧♦♥❣
t❤❡ ❝ ❛①✐s ✐♥ t❤❡ ❝r②st❛❧✳ ❆ ♣✐❝t✉r❡ ♦❢ t❤❡ ❝r②st❛❧ ✐♥ t❤❡ ❜❝ ♣❧❛♥❡ ♦❢ t❤❡ ✉♥✐t ❝❡❧❧ ✐s
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✸✵✳

❚❤❛♥❦s t♦ t❤❡ str✉❝t✉r❛❧ ❢❡❛t✉r❡ ♦❢ t❤❡ [Fe(TPA)(TCC)]PF6 ❝♦♠♣♦✉♥❞✱ t❤✐s ❝♦♠✲
♣♦✉♥❞ ✇❛s ❝❤♦s❡♥ t♦ ❣❡♥❡r❛t❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ❛s ❛ t❡st ❡①♣❡r✐♠❡♥t✳ ❚❤❡ [Fe(TPA)(TCC)]PF6

♦rt❤♦r♦♠❜✐❝ ♣♦❧②♠♦r♣❤ ❧♦♦❦s ❧✐❦❡ ❛ s♠❛❧❧ ♣❧❛t❡ ✇❤✐❝❤ ❧♦♥❣ ❛①✐s ✐s ❛ ❛♥❞ s❤♦rt ❛①✐s ✐s
❜✳ ❆ ♣✐❝t✉r❡ ♦❢ t❤❡ ❝r②st❛❧ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✸✶✳

❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ▼❡❛s✉r❡♠❡♥ts

❲❡ ✉s❡❞ ✽✵✵ ♥♠ ❧✐❣❤t t♦ ♠❡❛s✉r❡ t❤❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ✐♥ t❤✐s ❝♦♠♣♦✉♥❞✱ t❤✐s ✐♠✲
♣❧✐❡s t❤❛t ✇❡ ✇❛♥t t♦ ♠❡❛s✉r❡ ✹✵✵ ♥♠ ❧✐❣❤t✳ ❙✐♠✐❧❛r❧② t♦ Fe(phen)2(NCS)2✱ t❤❡

✶✷✷



❋✐❣✉r❡ ✹✳✸✵✿ [Fe(TPA)(TCC)]PF6 ✉♥✐t ❝❡❧❧ ✐♥ t❤❡ ❜❝ ♣❧❛♥❡✳ ❚❤❡ PF6 ❛♥✐♦♥s ❛r❡ t❤❡
②❡❧❧♦✇ ❝r♦ss❡s ✇❤✐❧❡ t❤❡ ❝❛t✐♦♥ ✐s t❤❡ ❬❋❡✭❚P❆✮✭❚❈❈✮❪ ♣❛rt✳❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✵✷❪

❋✐❣✉r❡ ✹✳✸✶✿ P✐❝t✉r❡ ♦❢ ❛ [Fe(TPA)(TCC)]PF6 ♦rt❤♦r♦♠❜✐❝ ♣♦❧②♠♦r♣❤ ❝r②st❛❧✳ ❚❤❡
❝r②st❛❧ ❛s♣❡❝t ❞❡♣❡♥❞s ♦♥ t❤❡ ❧✐❣❤t ♣♦❧❛r✐③❛t✐♦♥✳ ❚❤❡ ❛ ❛①✐s ✐s t❤❡ ❧♦♥❣ ❛①✐s ❛♥❞ t❤❡ ❝
❛①✐s ✐s t❤❡ s❤♦rt ♦♥❡✳ ❋✐❣✉r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✵✷❪

[Fe(TPA)(TCC)]PF6 ❝♦♠♣♦✉♥❞ ❛❜s♦r❜s ❧✐❣❤t ❛r♦✉♥❞ ✹✵✵ ♥♠ t❤❛t ✐♥❝❧✉❞❡s ♣❤♦t♦♥
❣❡♥❡r❛t❡❞ ❢r♦♠ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝✳ ❚❤❡r❡❢♦r❡✱ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ❝❛♥♥♦t ❜❡

✶✷✸



❞❡t❡❝t❡❞ ✐♥ tr❛♥s♠✐ss✐♦♥ ❛s ♠♦st ♦❢ t❤❡ ♣❤♦t♦♥s ✇✐❧❧ ❜❡ ❛❜s♦r❜❡❞ ❛s s♦♦♥ ❛s t❤❡② ❛r❡
❣❡♥❡r❛t❡❞✳ ❆s s✉❝❤✱ r❡✢❡❝t✐♦♥ ✐s t❤❡ ♦♥❧② ♣♦ss✐❜✐❧✐t② t♦ ♦❜s❡r✈❡ ✐♥ t❤✐s ❝♦♠♣♦✉♥❞ ❙❡❝♦♥❞
❍❛r♠♦♥✐❝ ❢r♦♠ ✽✵✵ ♥♠✳ ❍♦✇❡✈❡r✱ ❛s ✇❡ ❡①♣❡❝t t❤❡ ♥✉♠❜❡r ♦❢ ♣❤♦t♦♥s ❣❡♥❡r❛t❡❞ ❜②
❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ t♦ ❜❡ q✉✐t❡ ❧♦✇ ❡✈❡♥ ✐♥ r❡✢❡❝t✐✈✐t②✱ ❛ P❤♦t♦✲▼✉❧t✐♣❧✐❡r ❚✉❜❡ ✭P▼❚✮
✇❛s ✉s❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ s✐❣♥❛❧ ❡✈❡♥ ✐❢ ❛ ❢❡✇ ♣❤♦t♦♥s ♦♥❧② r❡❛❝❤ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡
❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✸✷

❋✐❣✉r❡ ✹✳✸✷✿ ❙❝❤❡♠❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✉s❡❞ ❢♦r t❡st✐♥❣ ❙❍● ✐♥
[Fe(TPA)(TCC)]PF6✳ ▲✶ ❛♥❞ ▲✷ ❛r❡ t✇♦ ❝♦♥✈❡① ❧❡♥s ♦❢ ✺ ❝♠ ❢♦❝❛❧ ❧❡♥❣t❤✳ P▼❚ ✐s t❤❡
♣❤♦t♦✲♠✉❧t✐♣❧✐❡r t✉❜❡✳ ❚❤❡ r❡❞ ❞❛s❤❡❞ ❧✐♥❡ ✐s t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❧✐❣❤t✱ t❤❡ θ
✐s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ ❧✐❣❤t ❛♥❞ t❤❡ ❝ ❛①✐s ♦❢ t❤❡ [Fe(TPA)(TCC)]PF6

❲❡ ✉s❡❞ ❛♥ ❤❛❧❢✇❛✈❡ ❜❧❛❞❡ t♦ ❝♦♥tr♦❧ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❛♥❞ ❛♥ ❖❉ ✇❤❡❡❧ t♦ ❝♦♥tr♦❧
t❤❡ ♣♦✇❡r ♦❢ t❤❡ ✽✵✵ ♥♠ ❧✐❣❤t✳ ❆ s❡t ♦❢ ✜❧t❡rs ✇❛s ♣❧❛❝❡❞ ✐♥ ❢r♦♥t ♦❢ t❤❡ P▼❚ ✐♥ ♦r❞❡r
t♦ ♦♥❧② ❧❡t t❤r♦✉❣❤ ✹✵✵ ♥♠ ❧✐❣❤t✳ ❚❤❡ P▼❚ ✇❛s ❛❧s♦ s❤✐❡❧❞ t♦ ❛✈♦✐❞ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢
♣❛r❛s✐t✐❝ ❧✐❣❤t✳ ❋✐♥❛❧❧②✱ ❛❧❧ t❤❡ ❡①♣❡r✐♠❡♥t ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛s ❧✐tt❧❡ ❧✐❣❤t ❛s ♣♦ss✐❜❧❡
❢♦r t❤❡ s❛♠❡ r❡❛s♦♥✳ ❚❤❡ ❝r②st❛❧ ✇❛s ❣❧✉❡❞ ♦♥ ❛ ❣❧❛ss ♣❧❛t❡✳ ❆ ❝❛♠❡r❛ ✇❛s ✉s❡❞ t♦
❡♥s✉r❡ t❤❡ ❛❧✐❣♥♠❡♥t ❜❡t✇❡❡♥ t❤❡ ❝r②st❛❧ ❛♥❞ t❤❡ ❧❛s❡r✳ ❚❤❡ ❣❧❛ss ♣❧❛t❡ ✇❛s ✉s❡❞ t♦
✜♥❞ ❛♥❞ ❛❧✐❣♥ t❤❡ r❡✢❡❝t✐♦♥ ♦♥ t❤❡ P▼❚✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ♣r♦❝❡❞✉r❡ ✐s t❤❡♥ t❤❡ s❛♠❡
t❤❛♥ ❢♦r t❤❡ ♦♥❡ ❡①♣♦s❡❞ ✐♥ t❤❡ ❇❇❖ s❡❝t✐♦♥✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳✹✳✸✸✳

❲❡ ♦❜s❡r✈❡ ✐♥ ❋✐❣✳✹✳✸✸ t❤❡ s❛♠❡ ❜❡❤❛✈✐♦r ❛s ❢♦r ❇❇❖✳ ❚❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ s✐❣♥❛❧ ✐s
q✉❛❞r❛t✐❝ ✇✐t❤ t❤❡ ❡♥❡r❣② ✇❤✐❧❡ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ s✐❣♥❛❧ ❞❡♣❡♥❞✐♥❣ ♦❢ t❤❡ ♣♦❧❛r✐③❛t✐♦♥
✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ ❛ sin2✳ ▼♦r❡♦✈❡r✱ t❤❡ s✐❣♥❛❧ ✐s ♠❛①✐♠✉♠ ✇❤❡♥ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ✐s
❛❧♦♥❣ t❤❡ ❝ ❛①✐s ♦❢ t❤❡ ❝r②st❛❧ ❛s ❡①♣❡❝t❡❞✳ ❚❤✐s ✐s ❜❛❝❦❡❞ ✉♣ ❜② t❤❡ ✜t ♦❢ t❤❡ ❞❛t❛✳
❚❤✐s ❞❡♠♦♥str❛t❡s t❤❛♥ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐s ♣♦ss✐❜❧❡ ✐♥ ❙♣✐♥ ❈r♦ss♦✈❡r

✶✷✹



❋✐❣✉r❡ ✹✳✸✸✿ ▲✐♥❡❛r ♣❧♦t ✿ ■♥t❡♥s✐t② ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❙❍ s✐❣♥❛❧ ♦♥ t❤❡ P▼❚✳ ❚❤❡
❞❛s❤❡❞ ❧✐♥❡ ✐s ❛ ✜t ♦❢ t❤❡ ❞❛t❛✳ P♦❧❛r ♣❧♦t ✿ ■♥t❡♥s✐t② ♦❢ ❙❍ s✐❣♥❛❧ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
❛♥❣❧❡ ❜❡t✇❡❡♥ ♣♦❧❛r✐③❛t✐♦♥ ❛♥❞ ❝r②st❛❧ ❛①✐s✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ✐s ❛ ✜t ♦❢ t❤❡ ❞❛t❛✳ ❚❤❡
❝ ❛①✐s ♦❢ t❤❡ ❝r②st❛❧ ✐s s❤♦✇♥ ✐♥ ❜❧❛❝❦

❝♦♠♣♦✉♥❞ ❡✈❡♥ ✐❢ ❞✐✣❝✉❧t t♦ ♠❡❛s✉r❡✳
❚❤✐s ❡①♣❡r✐♠❡♥t ❤❛s ❜❡❡♥ r❡♣r♦❞✉❝❡❞ ❛t ❚❛♥❛❦❛ ▲❛❜ ✐♥ ❑②♦t♦ ♦♥ ❛♥♦t❤❡r ❡①♣❡r✲

✐♠❡♥t❛❧ s❡t✲✉♣✳ ❚❤❡ r❡s✉❧ts ✇❡r❡ t❤❡ s❛♠❡ ♦♥ t❤♦s❡ ❞❛t❛ ✇❤✐❝❤ s✉♣♣♦rts t❤❡ ❡❛r❧✐❡r
❛r❣✉♠❡♥t✳ ❲❡ ✉s❡❞ t❤❡ ❚❍③ ❆✐r ♣❧❛s♠❛ s♦✉r❝❡ ✭s❡❡ ❋✐❣✳✹✳✶✼✮ t♦ tr② ❛ ❚❍③ P✉♠♣
❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ✐❞❡❛ ✇❛s t♦ ♠♦❞✉❧❛t❡ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝
❣❡♥❡r❛t✐♦♥ ♦❢ [Fe(TPA)(TCC)]PF6 ✉s✐♥❣ ❚❍③ ❧✐❣❤t✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❡①♣❡r✐♠❡♥t
✇❛s ✉♥s✉❝❝❡ss❢✉❧✳ ❲❡ t❤✐♥❦ t❤❛t t❤❡ ❝❛✉s❡ ♠✐❣❤t ❜❡ t♦ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❚❍③ ❛✐r ♣❧❛s♠❛✳
■♥❞❡❡❞✱ t❤❡ ❢❛st ♦s❝✐❧❧❛t✐♦♥s✭❧❡ss t❤❛♥ ✶✵✵ ❢s✮ ❧✐♥❦❡❞ t♦ t❤❡ ❍✐❣❤ ❢r❡q✉❡♥❝② ♦❢ t❤❡ s♣❡❝tr❛
❛r❡ t♦♦ s❤♦rt ❢♦r t❤❡ ❛t♦♠✐❝ ♠♦t✐♦♥s t♦ ❤❛✈❡ t❤❡ t✐♠❡ t♦ r❡s♣♦♥❞✳ ❚❤✐s ✐♥t❡❣r❛t❡s t❤❡✐r
♠♦✈❡♠❡♥ts t♦ ❜❡ ❝❧♦s❡ t♦ ③❡r♦ ✇❤✐❝❤ ♠✐❣❤t ❡①♣❧❛✐♥s ✇❤② ✇❡ ❞✐❞♥✬t ❣❡t ❛♥② s✐❣♥❛❧✳

❚❤❡ ♣r❡❧✐♠✐♥❛r② ✇♦r❦s ❜❡✐♥❣ s✉❝❝❡ss❢✉❧✱ ■ ❞✐❞ t✇♦ ❡①♣❡r✐♠❡♥t ♦♥ t❤❡ Fe(phen)2(NCS)2✱
t❤❡ ✜rst ✇❛s ❝♦♥❞✉❝t❡❞ ❛t t❤❡ ❚❡r❛❋❡r♠✐ ❇❡❛♠❧✐♥❡ ❛♥❞ t❤❡ s❡❝♦♥❞ ✐♥ ❘❡♥♥❡s✳

✹✳✹✳✹ ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ❛♥❞ ♣❡rs♣❡❝t✐✈❡s

❚❤❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐♥ t❤❡ Fe(phen)2(NCS)2 ❝♦♠♣♦✉♥❞ ✐s ❛♥ ❡①♣❡r✐♠❡♥t
t❤❛t r❡q✉✐r❡s ❛♥ ❤❡❛✈② s❡t✲✉♣✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ❚❍③ ❣❡♥❡r❛t✐♦♥
t❡❝❤♥✐q✉❡ t❤❛t ✇❡ ❤❛✈❡ ✐♥ ❘❡♥♥❡s✱ ❛ ❧♦t ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ♦❢ t❤❡ ❖♣t✐❝❛❧ ♣✉♠♣ ❢♦r
t❤❡ ❚❍③ ✐s s❤✐♥❡❞ ✐♥ t❤❡ ❜♦①✳ ❚❤❡r❡❢♦r❡✱ ❛ ❧♦t ♦❢ ✹✵✵ ♥♠ ❧✐❣❤t ❝♦✉❧❞ ❜❡ ❞❡t❡❝t❡❞ ❜② t❤❡
P❤♦t♦✲▼✉❧t✐♣❧✐❡r ❚✉❜❡✳ ❆s s✉❝❤ ✇❛✈❡❧❡♥❣t❤ ✇✐t❤✐♥ ❛ r❛♥❣❡ ♦❢ ✹✵✵ t♦ ✶✻✵✵ ♥♠ ❛s t♦ ❜❡
✉s❡❞ t♦ ❣❡♥❡r❛t❡ ♣❤♦t♦♥ ✐♥ t❤❡ ✹✵✵ ✲ ✽✵✵ ✇❛✈❡❧❡♥❣t❤✳ ❆s t❤❡ st❛❜✐❧✐t② ♦❢ ♦✉r ❚❖P❆❙
✐s ❧♦✇❡r ✐♥ t❤✐s ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ❛♥❞ t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ r❡✢❡❝t✐♦♥ ❝r②st❛❧ ✐♥ t❤❡ ✐♥❢r❛r❡❞
✐s ❞❡❧✐❝❛t❡✱ ❛ ✜rst ❚❍③ P✉♠♣ ❖♣t✐❝❛❧ ❚r❛♥s♠✐ss✐♦♥ ✇❛s ✜rst ❞❡❝✐❞❡❞ t♦ ❜❡ ❝♦♥❞✉❝t❡❞✳
❚❤❡ ❝r②st❛❧ s②♠♠❡tr② ✐♥❞✉❝❡s t✇♦ ❞✐♣♦❧❡ ♦r✐❡♥t❛t✐♦♥s✱ t❤❡r❡❢♦r❡ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞
✇✐❧❧ ✐♥❞✉❝❡ t✇♦ ♦♣♣♦s✐t❡ ♠♦✈❡♠❡♥ts ♦❢ ♠♦❧❡❝✉❧❡s✳ ❚❤❡ ♠♦❧❡❝✉❧❡s ✇✐❧❧ ❤❛✈❡ ♦♣♣♦s✐t❡

✶✷✺



❞✐r❡❝t✐♦♥s ✐♥ t❤❡ ♣♦t❡♥t✐❛❧✳ ❖♥❡ s❡t ♦❢ ♠♦❧❡❝✉❧❡s ✇✐❧❧ ❛❜s♦r❜ ♠♦r❡✱ ✇❤✐❧❡ t❤❡ ♦t❤❡r
s❡t ✇✐❧❧ ❛❜s♦r❜s ❧❡ss✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ♥♦♥ ❧✐♥❡❛r✐t② ♦❢ t❤❡ ♣♦t❡♥t✐❛❧✱ t❤❡② ✇✐❧❧ ❜❡ ♥♦t
❞✐s♣❧❛❝❡❞ ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❛♠♦✉♥t ❛♥❞ ❛s s✉❝❤ t❤❡ ❡♥❡r❣② s♣❧✐t ✇✐❧❧ ❞✐✛❡rs ✇❤✐❝❤ ✇✐❧❧
❛❧❧♦✇s ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥ ✐♥ t❤✐s ❝♦♠♣♦✉♥❞✳ ❚❤✐s ❛r❣✉♠❡♥t ✐s r❡s✉♠❡❞
✐♥ ❋✐❣✳✹✳✸✹✳

❋✐❣✉r❡ ✹✳✸✹✿ ❊♥❡r❣② ♣r♦✜❧❡ ♦❢ t❤❡ Fe(phen)2(NCS)2✱ ✸ t②♣❡s ♦❢ ♠♦❧❡❝✉❧❡s ❛r❡ ♣r❡✲
s❡♥t❡❞✳ ❚❤❡ ❜❧❛❝❦ ♠♦❧❡❝✉❧❡ ✐s t❤❡ ♠♦❧❡❝✉❧❡ ❛t r❡st ✇✐t❤♦✉t ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♣♣❧✐❡❞✱ t❤❡ r❡❞
♠♦❧❡❝✉❧❡ ✐s t❤❡ ♠♦❧❡❝✉❧❡ ✇❤✐❝❤ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ✐s ♣❛r❛❧❧❡❧ t♦ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✱ t❤❡
❜❧✉❡ ♠♦❧❡❝✉❧❡ ✐s t❤❡ ♠♦❧❡❝✉❧❡ ✇❤✐❝❤ ❞✐♣♦❧❛r ♠♦♠❡♥t✉♠ ✐s ❛♥t✐✲♣❛r❛❧❧❡❧ t♦ t❤❡ ❡❧❡❝tr✐❝
✜❡❧❞✳

❇❡❝❛✉s❡ ♦❢ t❤❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr② ♦❢ t❤❡ ♠♦❧❡❝✉❧❡✱ ♦♥❧② t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ♦❢ t❤❡
✜❡❧❞ ✇✐❧❧ ♠❛tt❡r ✐♥ t❤❡ s✐❣♥❛❧✳❙❡t ETHz t♦ ❜❡ ❛♥ ❛r❜✐tr❛r② ✈❛❧✉❡ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
▲❡t✬s ❛ss✉♠❡ ETHz t♦ ❜❡ ♣♦s✐t✐✈❡✱ t❤❡♥ t❤❡ ✜rst ❤❛❧❢ S1 ♦❢ t❤❡ ♠♦❧❡❝✉❧❡ ✇✐❧❧ ❛❜s♦r❜
♠♦r❡ ✇❤✐❧❡ t❤❡ ♦t❤❡r ❤❛❧❢ S2 ✇✐❧❧ ❛❜s♦r❜ ❧❡ss✳ ■❢ ETHz ✐s ♥❡❣❛t✐✈❡✱ S1 s❡t ♦❢ ♠♦❧❡❝✉❧❡s
✇✐❧❧ ❛❜s♦r❜ ❧❡ss ✇❤✐❧❡ S2 ✇✐❧❧ ❛❜s♦r❜ ♠♦r❡✳ ❚❤♦s❡ s✐t✉❛t✐♦♥s ❛r❡ ♦♥❡ ❛♥❞ t❤❡ s❛♠❡ ❛s
S1 ❛♥❞ S2 ❝♦♥t❛✐♥s t❤❡ s❛♠❡ ♥✉♠❜❡r ♦❢ ♠♦❧❡❝✉❧❡s ❜② s②♠♠❡tr②✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s✐❣♥❛❧
❡①♣❡❝t❡❞ ❢r♦♠ t❤✐s ❡①♣❡r✐♠❡♥t ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝
✜❡❧❞ ♦r t❤❡ sq✉❛r❡ ♦❢ t❤❡ ❊❧❡❝tr✐❝ ✜❡❧❞✳

❲❡ r❡❛❧✐③❡❞ t❤✐s ❡①♣❡r✐♠❡♥t ✇✐t❤ ❛ ♣r♦❜❡ ❧✐❣❤t ✇❛✈❡❧❡♥❣t❤ ♦❢ ✼✹✵ ♥♠✳ ❚❤❡ ❚❍③
❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ✇❛s ♦❢ ✸✵✵ ❦❱✴❝♠ ❢♦r t❤✐s ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ❊①♣❡r✐♠❡♥t❛❧ ❙❡t✲❯♣
✐s t❤❡ s❛♠❡ t❤❛t ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t ✇✐t❤ t❤❡ V2O3 ❝♦♠♣♦✉♥❞✳ ❚❤❡ P✉♠♣ ❛♥❞ Pr♦❜❡
♣♦❧❛r✐③❛t✐♦♥ ✇❡r❡ ❛❧✐❣♥❡❞ ♣❛r❛❧❧❡❧ t♦ ❡❛❝❤ ♦t❤❡r ❛❧♦♥❣ t❤❡ ❜ ❛①✐s ♦❢ t❤❡ ❝r②st❛❧✳ ❚❤❡
r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳❄❄✳ ❚❤❡ ❚❍③ ♣✉♠♣ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ♣❧♦tt❡❞ ❛s
r❡❢❡r❡♥❝❡ ♦♥ t❤❡ ✜❣✉r❡✳ ❚❤❡ ♠❡❛s✉r❡❞ s✐❣♥❛❧ ✐s ❝♦♠♣❧❡t❡❧② ❢♦❧❧♦✇✐♥❣ t❤❡ ❚❍③ ❡❧❡❝tr✐❝
✜❡❧❞ ❛♥❞ ❛s s✉❝❤ t❤❡ ♠❡❛s✉r❡❞ s✐❣♥❛❧ ✐s ❧✐♥❡❛r ✇✐t❤ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞✳
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❋✐❣✉r❡ ✹✳✸✺✿ ▼❡❛s✉r❡❞ s✐❣♥❛❧ ❛t ✼✹✵ ♥♠ ✐♥ ❜❧✉❡✱ ❚❍③ ♣✉♠♣ ♦❢ t❤✐s ❡①♣❡r✐♠❡♥t ♠❡❛s✉r❡❞
✇✐t❤ ❊❖❙ ✐♥ ♦r❛♥❣❡ ♣❧♦tt❡❞ ❛s ❛ r❡❢❡r❡♥❝❡✳

❚❤✐s ✐s ✐♥ ❝♦♠♣❧❡t❡ ❝♦♥tr❛❞✐❝t✐♦♥ ✇✐t❤ t❤❡ ♦r✐❣✐♥❛❧ ✐❞❡❛ ♦❢ t❤✐s ❡①♣❡r✐♠❡♥t✳ ❚❤✐s
❡①♣❡r✐♠❡♥t r❡♣r❡s❡♥ts t❤♦✉❣❤ t❤❡ ✜rst r❡s✉❧t ♦❜t❛✐♥❡❞ ♦♥ ❛ ❙♣✐♥ ❈r♦ss♦✈❡r ❝♦♠♣♦✉♥❞
✉s✐♥❣ ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t✴

◆♦ ❙❍● ❡①♣❡r✐♠❡♥t ❤❛✈❡ ❜❡❡♥ ❞♦♥❡ ♦♥ t❤✐s ❝♦♠♣♦✉♥❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛❝❦ ♦❢ r❡✲
♠❛✐♥✐♥❣ t✐♠❡ ♦❢ t❤✐s P❤❉ t❤❡s✐s✳

✹✳✺ ❈♦♥❝❧✉s✐♦♥

❚♦ ❝♦♥❝❧✉❞❡ t❤✐s ❝❤❛♣t❡r✱ t❤❡ s②♠♠❡tr② ❛♥❞ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ ❛ ❙♣✐♥ ❝r♦ss♦✈❡r ❝♦♠✲
♣♦✉♥❞✱ t❤❡ Fe(phen)2(NCS)2 ✇❡r❡ ❞✐s❝✉ss❡❞✳ ❋✐rst✱ ✇❡ st✉❞✐❡❞ t❤✐s ❝♦♠♣♦✉♥❞ ✉s✐♥❣
❘❛♠❛♥ ❙♣❡❝tr♦s❝♦♣②✱ t❤✐s ❛❧❧♦✇❡❞ ✉s t♦ st✉❞② ✐♥ ❛ ♥❡✇ ✇❛② t❤❡ ▲✐❣❤t ■♥❞✉❝❡❞ ❊①✐t❡❞
❙♣✐♥ ❙t❛t❡ ❚r❛♣♣✐♥❣ ✭▲■❊❙❙❚✮ ❡✛❡❝t✳ P♦ss✐❜✐❧✐t② t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ▲■❊❙❙❚ ♣r♦❝❡ss❡s ✐♥
❙❈❖ ♠❛t❡r✐❛❧s ✇❡❧❧ ❛❜♦✈❡ ❚✭▲■❊❙❙❚✮ ✉♥❞❡r ❤✐❣❤ ❧✐❣❤t ✢✉❡♥❝❡✳ ❆ s✐♠♣❧❡ ♠♦❞❡❧ ❡①♣❧❛✐♥s
t❤❛t✱ ❢♦r ♥♦ ♦r ✇❡❛❦❧② ❝♦♦♣❡r❛t✐✈❡ s②st❡♠s✱ ❛ ♣❤♦t♦✲st❛t✐♦♥❛r② ❤❛❧❢ ♣❤♦t♦✲❝♦♥✈❡rs✐♦♥
✐s ♦❜s❡r✈❡❞ ✇❤❡♥ t❤❡ ✇❤❡♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛❜s♦r❜❡❞ ♣❤♦t♦♥s ♣❡r s❡❝♦♥❞ ❡q✉❛❧s t❤❡
r❡❧❛①❛t✐♦♥ r❛t❡✳ ❲✐t❤ t❤✐s r❡s♣❡❝t✱ µ✲❘❛♠❛♥ t❡❝❤♥✐q✉❡ ❛❧❧♦✇s ♦❜s❡r✈✐♥❣ ▲■❊❙❙❚ ❛t
❧♦✇❡r ❝♦st ❜② ✉s✐♥❣ ❧✐q✉✐❞✲♥✐tr♦❣❡♥ ♦♣❡r❛t✐♥❣ ❝r②♦st❛ts ✐♥st❡❛❞ ♦❢ ❍❡✲♦♣❡r❛t✐♥❣ ♦♥❡s✱
✇✐t❤♦✉t ✉s✐♥❣ s♦♣❤✐st✐❝❛t❡❞ t✐♠❡✲r❡s♦❧✈❡❞ t❡❝❤♥✐q✉❡ ❛♥❞ ✇✐t❤ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ✐♥✈❡s✲
t✐❣❛t❡ ♠✐❝r♦✲❝r②st❛❧s✳ ❚r❛❝❦✐♥❣ ❤♦✇ ♣❤♦t♦✲st❛t✐♦♥❛r② ❤❛❧❢✲❝♦♥✈❡rs✐♦♥ ❡✈♦❧✈❡s ✇✐t❤ t❡♠✲
♣❡r❛t✉r❡ ❛♥❞ ❧✐❣❤t ✢✉❡♥❝❡ ✐s t❤❡♥ ❛♥♦t❤❡r ❛♣♣r♦❛❝❤ ❢♦r ♠❡❛s✉r✐♥❣ ❍❙ → ▲❙ t❤❡r♠❛❧
r❡❧❛①❛t✐♦♥ r❛t❡s✳

❚❤❡ ❚✐♠❡ ❉♦♠❛✐♥ ❙♣❡❝tr♦s❝♦♣② ✐♥ t❤❡ ❚❍③ r❡❣✐♦♥ ✇❛s ❡①♣❧❛✐♥❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ❞❛t❛
tr❡❛t♠❡♥t ✇❡ ✉s❡❞ ❛♥❞ s❤♦✇❡❞ t❤❛t t❤❡ ✉s❡ ♦❢ t✇♦ ❞✐✛❡r❡♥t ❚❍③ ❧✐❣❤t s♦✉r❝❡s ❛❧❧♦✇s t♦
❝♦✈❡r ❛ ❧❛r❣❡r ♣❛rt ♦❢ t❤❡ ❚❍③ s♣❡❝tr❛✳

❆ ✜rst ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ✇❛s r❡❛❧✐③❡❞ ♦♥ t❤❡ Fe(phen)2(NCS)2
❝♦♠♣♦✉♥❞✳ ❲❡ ✜rst r❡❛❧✐③❡❞ s♦♠❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡✛❡❝t ♦❢ ❛

✶✷✼



❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦♥ t❤❡ ❝♦♠♣♦✉♥❞✳ ❲❡ ✇❡r❡ ❛❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❛t t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞
s❤♦✉❧❞ ❜r❡❛❦ t❤❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr② ❛♥❞ ❝❤❛♥❣❡ tr❛♥s✐❡♥t❧② t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❋❡
❛♥❞ t❤❡ ❧✐❣❛♥❞✳ ❚♦ ♣r❡♣❛r❡ t❤✐s ❡①♣❡r✐♠❡♥t✱ ✇❡ r❡❛❧✐③❡❞ ❛ ♠❡❛s✉r❡ ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝
●❡♥❡r❛t✐♦♥ ♦♥ t❤❡ Fe(TPA)(TCC)PF6 ❝♦♠♣♦✉♥❞ ✇❤✐❝❤ ❤❛s ♥♦ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②✳
❲❡ ✇❡r❡ ❛❜❧❡ t♦ ♠❡❛s✉r❡ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ✐♥ t❤✐s ❝♦♠♣♦✉♥❞ ❜② ✉s✐♥❣ ❛
P❤♦t♦ ▼✉❧t✐♣❧✐❡r ❚✉❜❡ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ❙❍● ♣❤♦t♦♥ ✐s s♠❛❧❧✳ ❲❡ ✇❡♥t t♦ t❤❡ ❚❡r✲
❛❋❡r♠✐ ❇❡❛♠❧✐♥❡ t♦ tr② ♠❡❛s✉r❡ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ❚❍③ ❙♣❡❝tr❛ ♦❢ t❤❡ Fe(phen)2(NCS)2
❝♦♠♣♦✉♥❞ ✉♥❞❡r ✐♥t❡♥s❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ❜✉t ✇❡r❡ ♥♦t ❛❜❧❡ t♦ ❜❡❝❛✉s❡ ♦❢ ❥✐tt❡r ✐ss✉❡s✳
❋✐♥❛❧❧②✱ ✇❡ ♦❜s❡r✈❡❞ t❤❡ ✜rst ❚❍③ ♣✉♠♣ ♦♣t✐❝❛❧ ♣r♦❜❡ s✐❣♥❛❧ ♦♥ t❤❡ Fe(phen)2(NCS)2
❝♦♠♣♦✉♥❞✳ ❚❤✐s r❡s✉❧t ✐s ♣r♦♠✐s✐♥❣ ❜✉t t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ✐s ❤❛r❞✳ ■♥❞❡❡❞✱ t❤❡ s✐❣♥❛❧ ✐s
❧✐♥❡❛r ✇✐t❤ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇❤✐❝❤ ✐s ✐♥ ❝♦♥tr❛❞✐❝t✐♦♥ ✇✐t❤ t❤❡ ✐♥✈❡rs✐♦♥ s②♠♠❡tr②
♦❢ t❤❡ ❝r②st❛❧✳

✶✷✽



●❡♥❡r❛❧ ❝♦♥❝❧✉s✐♦♥ ❛♥❞ P❡rs♣❡❝t✐✈❡s

❚❤✐s P❤❉ ♣r♦❥❡❝t ✇❛s ✜rst ❢♦❝✉s❡❞ ♦♥ t❤❡ ❜✉✐❧❞✐♥❣ ♦❢ ❛♥ ✐♥t❡♥s❡ ❚❍③ s♦✉r❝❡✳ ❚❤❡
❝❤♦✐❝❡ ♦❢ ❖♣t✐❝❛❧ r❡❝t✐✜❝❛t✐♦♥ ✐♥ LiNbO3 ✉s✐♥❣ t❤❡ t✐❧t❡❞ ♣✉❧s❡ ❢r♦♥t t❡❝❤♥✐q✉❡✳ ❚❤✐s
t❡❝❤♥✐q✉❡ ♣r❡s❡♥ts t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❤❛✈✐♥❣ ❛♥ ✐♥t❡♥s❡ s✐♥❣❧❡ ❝②❝❧❡ ❡❧❡❝tr✐❝ ✜❡❧❞ t❤❛t
❝❛♥ r❡❛❝❤ ✉♣ t♦ ✶✳✷▼❱✴❝♠ ❛♥❞ ❛♥ ❛ss♦❝✐❛t❡❞ ❜r♦❛❞❛♥❞ s♣❡❝tr❛ t❤❛t ✐s s✉✐t❛❜❧❡ ❢♦r
❚❍③✲❚❉❙ ✐♥ t❤❡ r❛♥❣❡ ✵✲✷ ❚❍③✳ ❚❤✐s ❝❤♦✐❝❡ ✇❛s ♠❛❞❡ ♦✈❡r ♦r❣❛♥✐❝ ❝r②st❛❧ s✉❝❤ ❛s
❉❙❚▼❙ ♦r ❉❆❙❚ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛s❡r ❝❤❛r❛❝t❡r✐st✐❝s ❛✈❛✐❧❛❜❧❡ ✐♥ ♦✉r ❧❛❜♦r❛t♦r②✳ ❲❡
❝❤♦♦s❡❞ t❤❡ ❊❧❡❝tr♦✲❖♣t✐❝❛❧ s❛♠♣❧✐♥❣ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡ ❢♦r ❛♥ ❡❛s✐❡r ✐♠♣❧❡♠❡♥t❛t✐♦♥
♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✳

❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❚❍③ s♦✉r❝❡ ✇❛s ❛ s✉❝❝❡ss✳ ❆♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✈❛❧✉❡ ♦❢
✽✵✵❦❱✴❝♠ ✇❛s ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤✐s s♦✉r❝❡✳ ❚❤❡ ❜❡❛♠ ✇❛s ❢♦❝✉s❡❞ ♦♥ ❛ ✽✵✵ µm s♣♦t
✇❤✐❝❤ ✇❛s ❝❧♦s❡ t♦ t❤❡ s♠❛❧❧❡st ♣♦ss✐❜❧❡ s♣♦t t❤❛t ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♦✉r ❡①♣❡r✐♠❡♥t❛❧
❝♦♥❞✐t✐♦♥✳ ❆ ❚❍③✲❚❉❙ s❡t✲✉♣ ✇❛s ❜✉✐❧t ❛♥❞ ❝❛r❛❝t❡r✐③❡❞ ✉s✐♥❣ t❤❡ ❜✐ ❝❤❧♦r♦♣❤❡♥②❧❡s✉❧✲
♣❤♦♥❡ ✭❇❈P❙✮ ❝r②st❛❧✳ ❚❤❡ ❚❍③ s❡t✲✉♣ ✇❛s ❛❧s♦ ❝♦✉♣❧❡❞ t♦ ❛ ❝r②♦❣❡♥✐❝ s②st❡♠ ✇❤✐❝❤
❤❡❧♣❡❞ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❚❍③✲❚❉❙ ❜r❛♥❝❤✳ ❆s s✉❝❤ t❤❡ ♣r✐♠❛r② ♦❜❥❡❝t✐✈❡ ♦❢
t❤✐s P❤❉ ♣r♦❥❡❝t ✇❛s ❢✉❧✜❧❧❡❞✳

❚❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ♠♦❞❡s ♦❢ t❤❡ Fe(phen)2(NCS)2 s♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞ ❧❡❞ ✉s
t♦ t❤❡ st✉❞② ♦❢ t❤❡ ▲■❊❙❙❚ ❡✛❡❝t ✐♥ t❤❡ s❛♠❡ ❝♦♠♣♦✉♥❞✳ ❲❡ ✉♥❞❡rst♦♦❞ t❤❛t ▲■❊❙❙❚
❝❛♥ ❜❡ st✉❞✐❡❞ ❛❜♦✈❡ t❤❡ st❛♥❞❛r❞ ❚✭▲■❊❙❙❚✮ t❡♠♣❡r❛t✉r❡ ✇✐t❤ s✉✣❝✐❡♥t ❧❛s❡r ✢✉❡♥❝❡
❢♦r t❤❡ ♠❡❛s✉r❡✳ ❚❤✐s r❡s✉❧t ✇✐❧❧ ♣r♦✈❡ t♦ ❜❡ ✉s❡❢✉❧ t♦ st✉❞② ▲■❊❙❙❚ ❛s st✉❞② ✉s✐♥❣ ❍❡
❛r❡ ❡①♣❛♥s✐✈❡ ❛♥❞ ✉❧tr❛ ❢❛st t❡❝❤♥✐q✉❡s ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ✐♥ ♠♦st ❧❛❜♦r❛t♦r✐❡s✳

❚❤❡ st✉❞② ♦❢ t❤❡ β−BaryumBorate ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ ✈❡r② ✐♥t❡♥s❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳
❚❤❡ r❡s✉❧ts ✇❡r❡ ❝♦♠♣❛r❛❜❧❡ ✇✐t❤ t❤❡ ♦♥❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❇② ❛❧❧②✐♥❣ t❤❡
st✉❞② ♦❢ t❤❡ ❝r②st❛❧ ✉s✐♥❣ ❚❍③✲❚❉❙ ❛♥❞ ❚❍③ ♣✉♠♣ ♣r♦❜❡ ❡①♣❡r✐♠❡♥t ✇❡ ✇❡r❡ ❛❜❧❡ t♦
❡①♣❧❛✐♥❡❞ t❤❡ s♣❧✐tt✐♥❣ ♦❢ t❤❡ ❚❍③ ♣✉❧s❡ ✐♥ t✇♦✳ ▼♦r❡♦✈❡r✱ ❛ ❧❡❛❞ t♦✇❛r❞s ❤✐❣❤ ❤❛r♠♦♥✐❝
❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❚❍③ ❢r❡q✉❡♥❝② ✉s✐♥❣ ❇❇❖ ✇❛s ♦❜s❡r✈❡❞✳ ❚❤✐s st✉❞② ❛❧❧♦✇❡❞ ✉s t♦
❛❧❧② ❜♦t❤ ❚❍③✲❚❉❙ t❡❝❤♥✐q✉❡ ❛♥❞ ❚❍③ ♣✉♠♣ ♣r♦❜❡ t❡❝❤♥✐q✉❡ t♦ ✉♥❞❡rst❛♥❞ P■P❚
✐♥ t❤✐s s②st❡♠✳ ❚❤♦s❡ r❡s✉❧ts ♣r♦✈❡s t❤❡ ❝♦♠♣❧❡♠❡♥t❛r② ♦❢ t❤❡ t✇♦ t❡❝❤♥✐q✉❡s ❛♥❞
❞❡♠♦♥str❛t❡ t❤❡ ♥❡❡❞ t♦ ❤❛✈❡ ❜♦t❤ t❡❝❤♥✐q✉❡s ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❧❛❜♦r❛t♦r②✳

❚❤❡ ♣❤♦t♦✲✐♥❞✉❝❡❞ s✐❣♥❛❧ ♦❜s❡r✈❡❞ ✐♥ V2O3 ✐s ♦❜s❡r✈❡❞ ♦♥ ❛ ❞✐✛❡r❡♥t t✐♠❡ s❝❛❧❡
t❤❛♥ ❇❇❖✳ ❇❇❖ ✐s ❛ ♥♦♥ r❡s♦♥❛♥t r❡s♣♦♥s❡ t❤❛t ✐s ♦♥❧② ❢♦❧❧♦✇✐♥❣ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞
✐♥ ❛ ❢❡✇ ♣s✳ ■♥ V2O3 t❤❡ t✐♠❡ s❝❛❧❡ ✐s t✇♦ ❞❡❝❛❞❡s ✉♣ ✇✐t❤ s✐❣♥❛❧ ❧❛st✐♥❣ ❢♦r ✷✵✵ ♣s✳
❚❤✐s r❡s✉❧t ✇❛s ❡①♣❧❛✐♥❡❞ ❜② str❛✐♥ ✇❛✈❡s ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ ❏♦✉❧❡ ❤❡❛t✐♥❣ ❣❡♥❡r❛t❡❞
❜② t❤❡ ❚❍③ ♣✉❧s❡✳ ❋✉rt❤❡r st✉❞✐❡s ♦♥ t❤✐s ❝♦♠♣♦✉♥❞ ❤❛s ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ❜② ●✉❡♥♦❧❡
❍✉✐tr✐❝ ❛♥❞ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ✐ts P❤❉ ❚❤❡s✐s✳ ❚❤♦s❡ st✉❞✐❡s ✐♥❝❧✉❞❡ ❚❍③ ✐♥t❡♥s✐t②
♠❡❛s✉r❡♠❡♥t✱ ❝❤❛♥❣❡ ♦❢ s❛♠♣❧❡ ❛♥❞ s✉❜str❛t❡ ❛♥❞ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧s✳

❚❤♦s❡ t✇♦ ❡①♣❡r✐♠❡♥ts ❛❧❧♦✇❡❞ t♦ ✈❛❧✐❞❛t❡ t❤❡ ✉s❡ ♦❢ t❤❡ ❚❍③ s♦✉r❝❡ ❜✉✐❧t ✐♥ t❤✐s
✇♦r❦ t♦ ♣❡r❢♦r♠ ❡①♣❡r✐♠❡♥ts ♦♥ ❝♦♠♣♦✉♥❞s t❤❛t ✇❡r❡ ♥♦t st✉❞✐❡❞ ②❡t ✉s✐♥❣ ❚❍③ ❡✐t❤❡r

✶✷✾



❛s ❛ ♣✉♠♣ ♦r ❛s ❛ ♣r♦❜❡✳ ❚♦ ✜♥✐s❤ t❤✐s ♣r♦❥❡❝t✱ t❤❡ ❢♦❝✉s ✇❛s ♠❛❞❡ ♦♥ ❛ s♣✐♥ ❝r♦ss♦✈❡r
❝♦♠♣♦✉♥❞ ✿ t❤❡ Fe(phen)2(NCS)2✳

❚❍③✲❚❉❙ ✇❛s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ Fe(phen)2(NCS)2 s♣✐♥ ❝r♦ss♦✈❡r ❝♦♠♣♦✉♥❞ ✉s✐♥❣
❜♦t❤ ❛♥ ❆✐r✲♣❧❛s♠❛ s♦✉r❝❡ ❛♥❞ t❤❡ ❚❍③✲❚❉❙ s❡t✲✉♣ ■ ❜✉✐❧t ✐♥ ❘❡♥♥❡s✳ ❚❤❡ ❆✐r✲♣❧❛s♠❛
s♦✉r❝❡ ✇❤✐❝❤ ✐s ✈❡r② ❜r♦❛❞❜❛♥❞ ❛❧❧♦✇s t♦ ♠❡❛s✉r❡ ❛ ❧♦t ♦❢ ✈✐❜r❛t✐♦♥ ♠♦❞❡✳ ❍♦✇❡✈❡r✱ ✐t
✐s ♥♦t s✉✐t❡❞ ❢♦r t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❚❍③ r❡❣✐♦♥ ♥❛♠❡❧② s✉❜ ✶✳✺ ❚❍③✳ ❚✇♦ ✈✐❜r❛t✐♦♥❛❧
♠♦❞❡s ✇❡r❡ ♦❜s❡r✈❡❞ ✉s✐♥❣ t❤❡ ❙❡t✲❯P ✐♥ ❘❡♥♥❡s ✇❤✐❝❤ ✇❡r❡ ♥♦t ♦❜s❡r✈❡❞ ✉s✐♥❣ t❤❡
❚❍③✲❆✐r P❧❛s♠❛✳ ❚❤✐s s❤♦✇s t❤❡ ❝♦♠♣❧❡♠❡♥t❛r② ❜❡t✇❡❡♥ ❣❡♥❡r❛t✐♦♥ t❡❝❤♥✐q✉❡s t❤❛t
❤❛✈❡ t♦ ❜❡ ✉s❡❞ ❢♦r ❛ ❢✉❧❧ st✉❞② ♦❢ t❤❡ ❚❍③ ♠♦❞❡s✳

❋✐♥❛❧❧②✱ ♥✉♠❡r✐❝❛❧ st✉❞② ❛♥❞ ❡①♣❡r✐♠❡♥t ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ Fe(phen)2(NCS)2
❝♦♠♣♦✉♥❞ t♦ ♣r❡❞✐❝t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts t❤❛t ✇❡ ✇♦✉❧❞ ♦❜t❛✐♥❡❞✳ ❍♦✇❡✈❡r✱ t❤❡
r❡s✉❧ts t❤❛t ✇❡ ♦❜t❛✐♥❡❞ ✇❡r❡ ♥♦t ✐♥ ❝♦♥❝♦r❞❛♥❝❡ ✇✐t❤ ♦✉r ♣r❡❞✐❝t✐♦♥s✳ ❚❤✐s ✐♠♣❧✐❡s
t❤❛t t❤❡ st✉❞② ♦❢ t❤✐s ❝♦♠♣♦✉♥❞ ✐s ♦♥❧② ❛t ✐ts ❜❡❣✐♥♥✐♥❣✳ ❚♦ ❝♦♠♣❧❡t❡ t❤❡ st✉❞② ♦❢
t❤✐s ❝♦♠♣♦✉♥❞✱ ❚❍③ ♣✉♠♣ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ Pr♦❜❡ s❤♦✉❧❞ ❜❡ r❡❛❧✐③❡❞✳ ❙✉❝❤ r❡s✉❧ts
❝♦✉❧❞ ❜❡ ❝♦♠♣❛r❡ ✇✐t❤ t❤❡ s❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ♠❡❛s✉r❡❞ ✐♥ t❤❡ Fe[TPA −
TCC]PF6✳ ■♥ ❛♥ ♦t❤❡r ❤❛♥❞✱ t❤❡ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❙❡❝♦♥❞ ❍❛r♠♦♥✐❝ ●❡♥❡r❛t✐♦♥ ♦❢ t❤❡
s❛♠❡ ❝♦♠♣♦✉♥❞ ✇✐t❤ t❤❡ ❚❍③ ❝♦✉❧❞ ❜❡ ♠❡❛s✉r❡❞ t♦ ❤❛✈❡ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢
t❤❡ ♣❤❡♥♦♠❡♥♦♥ ✐♥ ❙♣✐♥ ❈r♦ss♦✈❡r s②st❡♠✳ ❚❤❡ ✉❧t✐♠❛t❡ ❣♦❛❧ ♦❢ t❤❡ st✉❞② ✐♥ t❤♦s❡
❝♦♠♣♦✉♥❞ ✇♦✉❧❞ ❜❡ t❤❡ ✉s❡ ♦❢ ❳✲❘❛② ♦❜t❛✐♥❡❞ ❛t ▲❈▲❙ ♦r ❙✇✐ss❋❡❧ ❝♦✉♣❧❡❞ t♦ ❛ ❚❍③
♣✉♠♣✳ ❯s✐♥❣ ❳✲r❛② ♠✐❣❤t ❜❡ ❛ ❜❡tt❡r t♦♦❧ t♦ ♦❜s❡r✈❡ t❤❡ ✇❛♥t✐♥❣ ♣❤❡♥♦♠❡♥♦♥✳

❆ ✇❛② t♦ ❝♦♥t✐♥✉❡ t❤✐s P❤❉ ✇♦r❦ ✇♦✉❧❞ ❜❡ t♦ ❝❤❛♥❣❡ ❝♦♠♣❧❡t❡❧② t❤❡ ❢❛♠✐❧② ♦❢
❝♦♠♣♦✉♥❞ st✉❞✐❡❞✳ ❆s st❛t❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝t✐♦♥✱ ❢❡rr♦♠❛❣♥❡t ❛♥❞ ❛♥t✐✲❢❡rr♦♠❛❣♥❡t
❤❛✈❡ ♣r♦♣❡rt✐❡s t❤❛t ❝❛♥ ❜❡ ♣r♦❜❡❞ ✇✐t❤ ❚❍③✳ ❚❤❡ ♠✉❧t✐✲❢❡rr♦✐❝ ❝♦♠♣♦✉♥❞s ❛r❡ q✉✐t❡
✐♥t❡r❡st✐♥❣ ❢♦r t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡✐r ♣r♦♣❡rt✐❡s✳ ❚❤❡ BiFeO3 ❝♦♠♣♦✉♥❞ ♣r❡s❡♥ts
❜♦t❤ ❢❡rr♦❡❧❡❝tr✐❝✐t② ❛♥❞ ♠❛❣♥❡t✐❝ ♦r❞❡r✐♥❣✳ ❆♥ ✐❞❡❛ ✐s t♦ tr✐❣❣❡r ♠❛❣♥❡t✐❝ ❡✈❡♥ts ✉s✐♥❣
♦♥❧② t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤✐s ❝♦♠♣♦✉♥❞✳ ❲❡ ♣❡r❢♦r♠❡❞ ♥♦♥ ❧✐♥❡❛r ❚❍③✲❚❉❙ ❛s ❛ ✜rst
❡①♣❡r✐♠❡♥t t♦ ♦❜s❡r✈❡ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦♥ t❤❡ s♣❡❝tr❛✳ ❚❤❡ r❡s✉❧ts
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳✹✳✸✻✳
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❋✐❣✉r❡ ✹✳✸✻✿ ❙♣❡❝tr❛ ♦❢ t❤❡ BiFeO3 ❝♦♠♣♦✉♥❞ t❛❦❡♥ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ t❤❡ ❚❍③
❡❧❡❝tr✐❝ ✜❡❧❞✳

❲❡ ♦❜s❡r✈❡ t❤r❡❡ ♠♦❞❡s✱ t❤❡ ✜rst ❛t ✵✳✸ ❚❍③✱ t❤❡ s❡❝♦♥❞ ❛t ✵✳✻✺ ❚❍③ ❛♥❞ t❤❡ ❧❛st
❛t ✶✳✷✺ ❚❍③✳ ❲❡ ♦❜s❡r✈❡❞ ❛ str♦♥❣ ♥♦♥ ❧✐♥❡❛r✐t② ♦♥ t❤❡ ♠♦❞❡ ❛t ✵✳✻✺ ✇❤✐❝❤ ✐s ♥❛rr♦✇❡r
❛♥❞ s❤✐❢t❡❞ t♦✇❛r❞s ❧♦✇❡r ❢r❡q✉❡♥❝②✳ ❚❤♦s❡ r❡s✉❧ts ❤❛✈❡ ♥♦t ❜❡❡♥ ❢✉❧❧② st✉❞✐❡❞ ②❡t✳
❍♦✇❡✈❡r✱ t❤❡② ❛r❡ t❤❡ ✜rst st❡♣ ❢♦r ❛ ❢✉rt❤❡r st✉❞② ♦♥ s✉❝❤ ❝♦♠♣♦✉♥❞ ✉s✐♥❣ t❤❡ ❚❍③
s♦✉r❝❡ ❜✉✐❧t ❞✉r✐♥❣ t❤✐s P❤❉ s♦✉r❝❡✳

❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ t❤✐s P❤❉ ✇♦r❦ ❛r❡ ✈❡r② ❞✐✈❡rs❡ ❛♥❞ ♣r♦✈❡ t❤❛t t❤❡ ❚❍③
❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❛ ❧❛r❣❡ s❝♦♣❡ ♦❢ ♠❛t❡r✐❛❧s ♦r ♣❤②s✐❝s✳ ❚❤❡ ✉s❡ ♦❢ ❚❍③ ✐♥ ❛❧❧ t❤❡ ✜❡❧❞ ♦❢
♣❤②s✐❝s ✇✐❧❧ ❝♦♥t✐♥✉❡ t♦ ❣r♦✇ ♦✈❡r t❤❡ ②❡❛rs ✉♥t✐❧ ❚❍③ ❜❡❝♦♠❡s ❛♥ ❛s ❝♦♠♠♦♥ t❡❝❤♥✐q✉❡
✐♥ ♣❤♦t♦ ✐♥❞✉❝❡❞ ♣❤❡♥♦♠❡♥❛ ❛s ❛♥② ♦t❤❡rs✳
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❆♣♣❡♥❞✐① ❆

❊❖❙ ❞❡r✐✈❛t✐♦♥

❆✳✶ ❚❤❡ ❧✐♥❡❛r ❡❧❡❝tr♦ ♦♣t✐❝ ❡✛❡❝t

❙♦ ❢❛r✱ ❡q✉❛t✐♦♥s ✇❡r❡ ✇r✐tt❡♥ ❛s s❝❛❧❛r q✉❛♥t✐t✐❡s✳ ❇✉t✱ ✇❤❡♥ ❣♦✐♥❣ t❤r♦✉❣❤ ✈❡❝t♦rs
♦♥❡ ♥❡❡❞ t♦ r❡✇r✐t❡ t❤❡ ❡q✉❛t✐♦♥s✳

Pi =
∑

j

χ
(1)
j Ej +

∑

j,k

χ
(2)
ijkEjEk + ... ✭❆✳✶✮

❚❤❡ ❦✲t❤ ♦♣t✐❝❛❧ s✉s❝❡♣t✐❜✐❧✐t② ❜❡❝♦♠❡s ❛ t❡♥s♦r ♦❢ r❛♥❦ ❦✳
▲❡t✬s r❡✇r✐t❡ t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❉ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ✈❡❝t♦r ❛♥❞ ❊✳

−→
D = ǫ̂

−→
E ✭❆✳✷✮

❍❡r❡ ǫ̂ r❡♣r❡s❡♥ts ❛ ♠❛tr✐①✳ ■♥ ❛ ❧♦ss❧❡ss ♥♦♥✲♦♣t✐❝❛❧❧② ❛❝t✐✈❡ ♠❛t❡r✐❛❧✱ t❤✐s ♠❛tr✐① ✐s
r❡❛❧ ❛♥❞ s②♠♠❡tr✐❝✱ t❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡r❡ ❡①✐sts ❛ s❡t ♦❢ ❝♦♦r❞✐♥❛t❡s ✇❤✐❝❤ ❞✐❛❣♦♥❛❧✐③❡
t❤❡ ♠❛tr✐①✳ ▲❡t t❤❡ ♥❡✇ s❡t ♦❢ ❝♦♦r❞✐♥❛t❡s ❜❡ ✭❳✱❨✱❩✮✳ ❲❡ ❝❛♥ ✇r✐t❡ ✿





Dx

Dy

Dz



 =





ǫXX 0 0
0 ǫY Y 0
0 0 ǫZZ









Ex

Ey

Ez



 ✭❆✳✸✮

❚❤❡ ❡♥❡r❣② ❞❡♥s✐t② ✇r✐t❡ ✐ts❡❧❢ ❛s ✿

U =
1

8π

−→
D.
−→
E =

1

8π
(
D2

X

ǫXX

+
D2

Y

ǫY Y

+
D2

Z

ǫZZ

) ✭❆✳✹✮

❍❡r❡✱ ✇❡ ✉s❡ t❤❡ ♣r✐♥❝✐♣❛❧ ❛①✐s ✇❤✐❝❤ ❛r❡ ❡❛s✐❡r t♦ ✉s❡ ❜❡❝❛✉s❡ t❤❡ ♠❛tr✐① ✐s ❞✐❛❣♦♥❛❧✳
❲r✐t✐♥❣ t❤❡ ❝♦♦r❞✐♥❛t❡s ✭❳✱❨✱❩✮ ❛s ✿

X =

(

1

8πU

)1/2

DX , Y =

(

1

8πU

)1/2

DY , Z =

(

1

8πU

)1/2

DZ ✭❆✳✺✮

❚❤❡♥ ❡q✉❛t✐♦♥ ✭❆✳✸✮ ❜❡❝♦♠❡s ✿

X2

ǫXX

+
Y 2

ǫY Y

+
Z2

ǫZZ

= 1 ✭❆✳✻✮

❚❤❡ ❡❧❧✐♣s♦✐❞ ❞❡s❝r✐❜❡s ❜② t❤✐s ❡q✉❛t✐♦♥ ✐s ❦♥♦✇♥ ❛s t❤❡ ♦♣t✐❝❛❧ ✐♥❞✐❝❛tr✐①✳ ❲❤❡♥
♥♦t ✐♥ t❤❡ ♣r✐♥❝✐♣❛❧ ❛①✐s✱ t❤❡ ♠♦st ❣❡♥❡r❛❧ ❢♦r♠ ♦❢ t❤✐s ❡q✉❛t✐♦♥ ❜❡❝♦♠❡ ✿

✶✸✷



(

1

n2

)

1

x2 +

(

1

n2

)

2

y2 +

(

1

n2

)

3

z2 + 2

(

1

n2

)

4

yz + 2

(

1

n2

)

5

xz + 2

(

1

n2

)

6

xy ✭❆✳✼✮

❚❤❡ (1/n2)i ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ǫi t❤r♦✉❣❤ ❛ ❝❤❛♥❣❡ ♦❢ ❝♦♦r❞✐♥❛t❡s✳ ❚❤❡ ❞❡r✐✈❛t✐♦♥
♣r❡s❡♥ts ♥♦ r❡❛❧ ✐♥t❡r❡st ❛♥❞ ✇✐❧❧ t❤❡r❡❢♦r❡ ❜❡ ❞✐s❝❛r❞❡❞✳

❚❤❡ ♣❧❛♥❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❞✐r❡❝t✐♦♥ ✇✐❧❧ ❝✉t t❤❡ ❡❧❧✐♣s♦✐❞✱ t❤❡
❝✉r✈❡ ❝r❡❛t❡❞ ✐s ❛♥ ❡❧❧✐♣s❡ ✇❤✐❝❤ ❛①✐s ❣✐✈❡s t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①❡s ❛♥❞ t❤❡
♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ❉ ✈❡❝t♦r✳

❙t✉❞②✐♥❣ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ♦♣t✐❝❛❧ ✐♥❞✐❝❛tr✐① ✇✐❧❧ ❤❡❧♣ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡ ♣♦❧❛r✲
✐③❛t✐♦♥ ✐s ♠♦❞✐✜❡❞✳ ❋✐rst ❧❡t✬s ❞❡✜♥❡ t❤❡ ✐♠♣❡r♠❡❛❜✐❧✐t② t❡♥s♦r ✿

−→
E = η̂

−→
D ✭❆✳✽✮

❚❤✐s t❡♥s♦r ✐s ❥✉st t❤❡ ✐♥✈❡rs❡ ♦❢ ǫ̂✱ ❤❡ ✐s ❛❧s♦ r❡❛❧ ❛♥❞ s②♠♠❡tr✐❝ ✇✐t❤✐♥ t❤❡ ♣r✐♥❝✐♣❛❧
❛①✐s✳ ❲❡ ❝❛♥ r❡✇r✐t❡ t❤❡ ❡q✉❛t✐♦♥ ❆✳✼ ❛s ✿

η11x
2 + η22y

2 + η33z
2 + 2η23yz + 2η13xz + 2η12xy ✭❆✳✾✮

❈♦♠❜✐♥✐♥❣ ❡q✉❛t✐♦♥s ❆✳✼ ❛♥❞ ❆✳✾✱ ✇❡ ❤❛✈❡ ❡q✉❛❧✐t② ❜❡t✇❡❡♥ t❤♦s❡ ❡❧❡♠❡♥ts✳ ▲❡t✬s
❛ss✉♠❡ t❤❛t t❤❡ ✐♠♣❡r♠❡❛❜✐❧✐t② t❡♥s♦r ❝❛♥ ❜❡ ❡①♣❛♥❞❡❞ ✐♥t♦ ♣♦✇❡r s❡r✐❡s ♦❢ t❤❡ ❛♣♣❧✐❡❞
✜❡❧❞✳ ■t ❢♦❧❧♦✇s ✿

ηij = η
(0)
ij +

∑

k

rijkEk +
∑

kl

sijklEkl ✭❆✳✶✵✮

rijk ✐s t❤❡ t❡♥s♦r ❞❡s❝r✐❜✐♥❣ t❤❡ ❧✐♥❡❛r ❡❧❡❝tr♦✲♦♣t✐❝ ❡✛❡❝t ❛❧s♦ ❦♥♦✇♥ ❛s P♦❝❦❡❧s ❛♥❞
sijkl ❞❡s❝r✐❜❡s q✉❛❞r❛t✐❝ ❡✛❡❝ts ✿ t❤❡ ❑❡rr ❊✛❡❝ts✱ ❛s t❤❡ ❑❡rr ❡✛❡❝ts ✐s ❧♦✇ ✐♥ t❤❡ ❝❛s❡
✇❡ st✉❞② ✇❡ ✇✐❧❧ ❞✐s❝❛r❞ t❤♦s❡ t❡r♠s ❛♥❞ s❡t sijkl = 0✳ ❆s t❤❡ ✐♠♣❡r♠❡❛❜✐❧✐t② t❡♥s♦r ✐s
r❡❛❧ ❛♥❞ s②♠♠❡tr✐❝ t❤❡r❡❢♦r❡ rijk = rjik✳ ❚♦ s✐♠♣❧✐❢② t❤❡ ✇r✐t✐♥❣✱ t❤❡ t❤✐r❞✲r❛♥❦ t❡♥s♦r
✐s t❤❡♥ ✇r✐t❡ ❛s ❛ t✇♦ ❞✐♠❡♥s✐♦♥ ♠❛tr✐① rhk ✇✐t❤ ♥♦t❛t❡ ✿

h = {

1 for ij = 11,

2 for ij = 22,

3 for ij = 33,

4 for ij = 23 or 32,

5 for ij = 13 or 31,

6 for ij = 12 or 21,

✭❆✳✶✶✮

❚❤♦s❡ ❝♦♥tr❛❝t❡❞ ♥♦t❛t✐♦♥s ❢♦❧❧♦✇s t❤❡ ✶✴♥ t❡♥s♦r ❛♥❞ ✐s ❝♦♠♣❧❡t❡❧② r❡❧❛t❡❞ t♦ ✐t✳
❉♦✐♥❣ ❛ s✐♠♣❧❡ s✉❜str❛❝t✐♦♥ ✐♥ ❆✳✶✵ ♦♥❡ ❝❛♥ ✇r✐t❡ ✿

∆(
1

n2 i
) =

∑

j

rijEj ✭❆✳✶✷✮

❍❡r❡ ∆ ✐s r❡♣r❡s❡♥t✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡✳ ❚❤✐s ❝❛♥ ❜❡ ✇r✐tt❡♥ ❡①♣❧✐❝✐t❧② ❛s ✿

✶✸✸























∆( 1
n2
1
)

∆( 1
n2
2
)

∆( 1
n2
3
)

∆( 1
n2
4
)

∆( 1
n2
5
)

∆( 1
n2
6
)





















=

















r11 r12 r13
r21 r22 r23
r31 r32 r33
r41 r42 r43
r51 r52 r53
r61 r62 r63





















Ex

Ey

Ez



 ✭❆✳✶✸✮

❚❤✐s ✐s ❛ s❡t ♦❢ ✻ ❝♦✉♣❧❡❞ ❡q✉❛t✐♦♥s t♦ r❡s♦❧✈❡ ✇❤✐❝❤ ✐s ♣r❛❝t✐❝❛❧❧② ✈❡r② ❤❛r❞ t♦
s♦❧✈❡✳ ❋♦rt✉♥❛t❡❧②✱ t❤❡ s②♠♠❡tr② ♦❢ ❝r②st❛❧s ❛❧❧♦✇s s♦♠❡ ♣❛rts ♦❢ t❤❡ t❡♥s♦r t♦ ✈❛♥✐s❤
❛♥❞ s✐♠♣❧✐❢② t❤✐s ❡q✉❛t✐♦♥✳ ❆❧s♦ ♥♦t❡s t❤❛t t❤❡ P♦❝❦❡❧s ❡✛❡❝t ❝❛♥ ♦♥❧② ♦❝❝✉r ✐♥ ♥♦♥✲
❝❡♥tr♦s②♠♠❡tr✐❝ ❝r②st❛❧✳ ■♥❞❡❡❞✱ ❛s ❡✈❡r②t❤✐♥❣ ✐s r❡❧❛t❡❞ t♦ t❤❡ ❞✐❡❧❡❝tr✐❝ t❡♥s♦r ✇❤✐❝❤
✐s ③❡r♦ ✐♥ ❝❡♥tr♦ s②♠♠❡tr✐❝ ❝r②st❛❧✳

❆✳✷ ❆♣♣❧✐❝❛t✐♦♥ t♦ ❊❧❡❝tr♦ ♦♣t✐❝❛❧ s❛♠♣❧✐♥❣ ✐♥ ❩♥❚❡

■♥ ♦✉r ❡①♣❡r✐♠❡♥t✱ ✇❡ ❛r❡ ✉s✐♥❣ ❩♥❚❡ ✇❤✐❝❤ ❝r②st❛❧❧✐♥❡ ♦r❞❡r ❛❧❧♦✇s t♦ ✇r✐t❡ t❤❡ ❡❧❡❝tr♦
♦♣t✐❝ t❡♥s♦r ❛s ✿

















0 0 0
0 0 0
0 0 0
r41 0 0
0 r41 0
0 0 r41

















✭❆✳✶✹✮

❯s✐♥❣ t❤✐s t❡♥s♦r✱ ♦♥❡ ❝❛♥ r❡✇r✐t❡ t❤❡ ❡q✉❛t✐♦♥ ❆✳✾ ✿

x2

n2
x

+
y2

n2
y

+
z2

n2
z

+ 2yzr41Ex + 2xzr41Ey + 2xyr41Ez = 1 ✭❆✳✶✺✮

❆s ❩♥❚❡ ✐s ❛ ❝✉❜✐❝ ❝r②st❛❧✱ t❤❡ ni ❛r❡ ❡q✉❛❧ ❜❡t✇❡❡♥ ❡❛❝❤ ♦t❤❡rs✳ ❙✐♠♣❧✐❢②✐♥❣ ❛❣❛✐♥
t❤❡ ❡q✉❛t✐♦♥✳ ❆❧❧ t❤❡ ❡q✉❛t✐♦♥s ❛r❡ ✇r✐tt❡♥ ✐♥ t❤❡ ❩♥❚❡ ❝r②st❛❧❧✐♥❡ ❝♦♦r❞✐♥❛t❡s✳ ❚♦
s♦❧✈❡ t❤✐s ❡q✉❛t✐♦♥s✱ ♦♥❡ ♥❡❡❞s t♦ ❝❛♥❝❡❧ t❤❡ ❝r♦ss t❡r♠s ✉s✐♥❣ ❝❤❛♥❣❡ ♦❢ ❝♦♦r❞✐♥❛t❡s✳

x =
x′ + y′√

2
, y =

x′ + y′√
2

, z′ = z, ✭❆✳✶✻✮

✭①✱②✱③✮ ❜❡❝♦♠❡s ✭①✬✱②✬✱③✬✮ ✐♥ t❤✐s s❡t ♦❢ ❝♦♦r❞✐♥❛t❡s✳ ▼♦r❡♦✈❡r✱ ♦♥❡ ❝❛♥ ✇r✐t❡
−−−→
ETHz ❛s

✭s❡❡ ✜❣✮ ✿

−−−→
ETHz = ETHz







sinφ√
2

− sinφ√
2

cosφ






✭❆✳✶✼✮

❚❤❡ ❡q✉❛t✐♦♥ ❜❡❝♦♠❡s ✿

x′2 + y′2 + z′2

n2
0

+ 2r41ETHzsinφz
′y′ − r41ETHzcosφ(x

′2 − y′2) ✭❆✳✶✽✮

✶✸✹



❋✐❣✉r❡ ❆✳✶✿ ❙❦❡t❝❤ ♦❢ t❤❡ s✐t✉❛t✐♦♥✱ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♣♦ss❡s ❛♥ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ③ ❛①✐s✳
❚❤❡ ♣❧❛♥❡ ♦❢ ♣❛♣❡r ✐s t❤❡ ✭✶✶✵✮✳

x′2(
1

n2
0

+ r41ETHzcosφ) + y′2(
1

n2
0

− r41ETHzcosφ) +
z′2

n2
0

+ 2r41ETHzsinφz
′x′ ✭❆✳✶✾✮

❖♥❡ ♠♦r❡ r♦t❛t✐♦♥ ❛❧♦♥❣ ①✬ ✐s r❡q✉✐r❡❞ t♦ ✈❛♥✐s❤ t❤❡ ❧❛st ❝r♦ss t❡r♠s✳ ▲❡t s❡t t❤✐s
r♦t❛t✐♦♥ ❛♥❣❧❡ t♦ ❜❡ θ✳ ❚❤❡ ♥❡✇ s❡t ♦❢ ❝♦♦r❞✐♥❛t❡s ✐s t❤❡r❡❢♦r❡ ✿

x′ = x′′, y′ = y′′cosθ − z′′sinθ, z′ = y′′sinθ + z′′cosθ ✭❆✳✷✵✮

❊①♣❛♥❞✐♥❣ ✐♥ t❤❡ ♥❡✇ s❡t ♦❢ ❝♦♦r❞✐♥❛t❡s ♦♥❡ ❢♦✉♥❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣r❡ss✐♦♥ ✐♥ ❢r♦♥t
♦❢ t❤❡ ❝r♦ss✲t❡r♠s ✿
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A B S T R A C T   

The Light-Induced Excited Spin-State Trapping (LIESST) process allows tuning the electronic state of spin- 
crossover materials from low (LS) to high spin (HS) states. The photoinduced HS state is long-lived, up to a 
characteristic temperature, T(LIESST), above which the system relaxes rapidly to the LS state. We study the effect 
of light irradiance on competing LS → HS up-conversion and HS → LS thermal relaxation on the [Fe 
(phen)2(NCS)2] system. Raman spectroscopy and magnetic measurements are used to investigate this phenom-
enon. An empiric model describes the competition between up conversion and thermal relaxation mechanisms 
and the stabilization of photo-stationary state towards higher temperature.   

1. Introduction 

Light is a tool to access states of matter, sometimes hidden at thermal 
equilibrium, which provides opportunities for photonic technologies. 
Spin Crossover materials (SCO) are textbook examples of bistable sys-
tems, which undergo spin-state conversion from low-spin (LS) to high- 
spin (HS) state [1–3]. The relative stability of HS and LS states is 
balanced under the effect of various external parameters, including 
temperature and pressure. For example, the LS to HS conversion at 
thermal equilibrium comes from the entropy change between LS and HS 
phases [4–13]. This includes both the spin multiplicity contribution and 
the vibrational entropy contribution due to the shift of vibrational fre-
quencies [3]. In addition, optical excitation involving electronic tran-
sition around metal center can lead to LS → HS spin-state switching as a 
result of the Light-Induced Excited Spin-State Trapping (LIESST) process 
[14]. A crucial point for observing transient LIESST, or reverse-LIESST, 
is the lifetime of the photoinduced state. In the first study of the LIESST 
effect, performed in solution, McGarvey et al. used nanosecond laser 
excitation and flash photolysis to induce and probe the dynamics of the 
spin equilibrium on the hundreds of ns timescale [15]. Decurtins et al. 
investigated the LS → HS solid-state photoswitching in crystals at low 
temperatures (below 50 K) [14] where the long-lived photoinduced HS 

state can be probed by more conventional techniques such as optical 
spectroscopy. During the last decade, ultrafast spectroscopic techniques 
have been intensively used to study the LIESST effect on few Fe(II) 
compounds. LIESST occurs typically within 150 fs for metal-to-ligand 
charge-transfer excitation and within 70 fs for d-d excitation [16–25], 
and is driven by the activation and damping of the molecular breathing 
mode that elongates the Fe-ligand bonds [16–17,19–21,26]. The reverse 
LIESST process is much slower and occurs within 40 ps [27]. Ultrafast 
techniques allow probing relaxation from photoinduced HS to ground LS 
states, but more interestingly also allow probing the multi-step con-
version process in solid states where, in addition to sub-ps molecular 
photo-switching, delayed cooperative elastic conversion and thermal 
conversion also occur [28–34]. 

The lifetime of the photo-induced state and the temperature at which 
photoswitching occurs are crucial aspects for various applications 
[35,36]. In this way, for spin-crossover materials, the T(LIESST) tem-
perature corresponds to a characteristic relaxation temperature, where 
the lifetime of the metastable photoinduced state, which is photoin-
duced at low temperature, becomes short in the dark. For comparing the 
lifetime of the photoinduced HS state in various systems, the T(LIESST) 
temperature was defined as the inflexion point of the relaxation from the 
HS state, photoinduced at 10 K, upon slow warming in the dark with a 
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heating rate of 0.3 K/min [35,37]. It is important to find techniques that 
can evidence LIESST, without requiring ultrafast techniques or very low 
temperature measurements (below liquid Nitrogen), and which can be 
used on m-sized single crystals, since the amount of sample is some-
times limited. In the present work, instead of studying the evolution of 
the sample in the dark, we use continuous light irradiation to study its 
photo-stationary evolution. Here we show that micro-Raman spectros-
copy allows observing LIESST above T(LIESST) and that the laser fluence 
is a control parameter for observing this phenomenon. Indeed, the 
competition between photoinduced LS HS conversion and thermal 
HS LS relaxation allows reaching a photo-stationary state with 
appropriate laser fluence. 

The [Fe(phen)2(NCS)2] material studied here is a well-known pro-
totypical SCO system [4,17,31,38 40]. At atmospheric pressure it un-
dergoes a weakly first-order phase transition around 173 K from LS (S 

0, t2g6eg0) to HS (S 2, t2g4eg2) states, where t2g and eg orbitals refer to 
Fe d-orbitals. As it is the case for many SCO materials, [Fe 
(phen)2(NCS)2] exhibits photomagnetic and photochromic properties 
upon optical excitation around 650 nm, where d-d and MLCT bands are 
found [16 17,31,39 43]. Herber et al. used variable-temperature 
infrared spectroscopy to follow the thermal evolution of the meta-
stable photoinduced HS state of [Fe(phen)2(NCS)2], by using the IR 
spectroscopic fingerprints of the HS and LS states. In this way, they 
found that the photoinduced HS state relaxes around T(LIESST) 63 K 
[44]. The spin-state switching is associated with important structural 
reorganizations [17,39,45], as the less bonding HS state leads to the 
expansion of the Fe-ligand distance, from <Fe-N LS 1.97 Å to <Fe- 
N HS 2.16 Å, as reported for many FeII SCO materials [46]. This 
structural reorganization gives rise to an energy barrier between the HS 
and the ground LS state, which stabilizes the photoinduced state at low 
temperature [17,39,45]. An important signature of the spin-state 
switching is the frequency shift of the different N CS stretching 
modes, which can be probed by Raman or IR spectroscopies 
[4,7,47 48]. 

2. Experiment 

We performed Raman Spectroscopy with an Invia Spectrometer from 
Renishaw. We used two different laser wavelengths: 633 nm obtained 
from a HeNe laser and 785 nm with a laser diode. The temperature was 
controlled by a HFS600E-PB4 stage from Linkam. Incident excitation 
light was linearly polarized along the b axis of the crystal, which cor-
responds to the C2 molecular axis [38]. In the backscattering configu-
ration of the microscope, only the parallel polarization of backscattered 
Raman signals was recovered using a linear analyzer for the output. 
Since the unit cell in the crystal contains 4 molecules, there are 8 N CS 
stretching modes of symmetry Ag, Au, B1g, B2g, B3g, B1u, B2u or B3u (mmm 
point group) [38]. Only the g modes are Raman-active in the single 
crystal. The bb polarizations of the selected fields allow probing the Ag 
mode only, avoiding the superposition of signals from other modes of 
different symmetries. For both measurements performed at 633 nm and 
785 nm we used a microscope objective to focus the laser on a 4 m2 

spot on a single crystal. 
The photomagnetic measurements were carried out on a thin layer of 

polycrystals of [Fe(phen)2(NCS)2], using a laser diode coupled to an 
optical fiber through the cavity of a MPMS-5 Quantum Design SQUID 
magnetometer. The standardized procedure for registering the T 
(LIESST) properties was as previously published [35,37]. After slow 
cooling to 20 K (in the LS state), the sample was irradiated at 650 nm, at 
various fluences (from 10 to 80 mW/cm2). The magnetization change 
was followed until the photo-saturation point was reached. The tem-
perature was then increased at a temperature scan rate of 0.5 K/min, 
keeping the light irradiation on, until the compound fully relaxes to the 
LS state. In the absence of irradiation, the magnetization was also 
measured from 10 to 300 K to follow the thermal spin transition and 
obtain a reference curve. 

3. Results and discussion 

The thermal dependence of the vibrational modes of [Fe 
(phen)2(NCS)2] has already been presented in the literature [4,7,38], 
and there are many modes exhibiting frequency shifts between LS and 
HS states. Here we focus our attention on the high frequency range 
(1900 2200 cm 1) in order to probe modes involving essentially the C
N bonds. Moreover, we take advantage of light polarization for probing 
the single N CS stretching mode of Ag symmetry. Fig. 1 displays 
Raman spectra recorded for Ag symmetry (bb polarization) at different 
temperatures above and below the spin transition temperature. At 293 
K, the system is fully in the HS state, as characterized by the Ag N CS 
stretching mode at 2070 cm 1. At 133 K, the system is fully in the LS 
state, as characterized by the Ag N CS stretching mode at 2114 cm 1. 
Just above the phase transition, at 193 K and 173 K, a small fraction of 
the molecules converts to the LS state, while at 163 K a weak signal of HS 
molecules is also observed. All these features are in good agreement with 
magnetic susceptibility data providing a phase transition temperature 
T1/2 ~ 173 K with partial conversion on each side.[40] This confirms the 
sensitivity of Raman spectroscopy to probe the spin state reported in 
various systems [6,49 50], even though the measurement may be 
affected by a weak heating from the laser, lower than 5 K. 

Fig. 2 shows Raman spectra excited at 633 nm with irradiances of 
100 W/cm2 and 200 W/cm2 in the lower temperature range. For both 
fluences, a single Raman peak is observed around 2114 cm 1 at 123 K, 
which corresponds to the LS mode. However, at 113 K, while the main 
peak is centered at 2114 cm 1, another weak peak appears at 2070 
cm 1, which corresponds to the HS state. As temperature is lowered to 
103 K and 93 K, there is a spectral weight transfer from the LS signal to 
the HS signal. At 88 K, the LS signal has almost disappeared for a fluence 
of 200 W/cm2, while it is still present at 100 W/cm2. For both laser 
fluences the system is mainly in the HS state at 83 K under the 633 nm 
excitation of the Raman set-up. 

The black spectra at the bottom of Fig. 2 show Raman measurements 
performed at 785 nm excitation at laser fluences similar to 633 nm 
excitation (100 W/cm2 and 200 W/cm2). At 785 nm excitation, only the 
LS peak is present at 83 K, and there is no conversion towards the HS 
state, in opposition to the observation made at 633 nm. The HS state 
observed for 633 nm excitation is therefore photoinduced. Indeed, the d- 
d and MLCT bands driving LIESST for [Fe(phen)2(NCS)2] are around 
650 nm [16,17]. However, 785 nm excitation cannot induce electronic 
transition: the photon energy is lower than the gap of the LS state found 
by theoretical calculations [16,17], which is characterized by a lack of 

Fig. 1. Temperature dependence of bb polarized Raman spectra measured on a 
[Fe(phen)2(NCS)2] single crystal with 633 nm excitation. The frequency shift of 
the Ag Raman N CS stretching modes is characteristic of the transition be-
tween the HS and LS phase. 
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absorption above 750 nm [40,51]. At last, since the observed effect 
decreases as temperature increases (Fig. 2) we can underline that the 
photoinduced HS state observed here upon 633 nm excitation is not due 
to laser heating. Kato et al reported similar phenomena by using x-ray 
diffraction for monitoring the effect of light excitation. They demon-
strated the on–off optical control of spin-state switching and excluded 
laser heating effect [52]. 

As the impact of light fluence on the Raman spectra was important, 
we conducted SQUID measurements under light for different light flu-
ences. Fig. 3 shows the evolution with temperature and under contin-
uous light excitation of the fraction γ of molecules in HS state, extracted 
from magnetic susceptibility. Even though the laser fluence is much 
lower than for micro-Raman, it is clear that the photo-stationary HS 
fraction is stabilized towards higher temperature as laser fluence in-
creases. The photo-stationary half conversion temperature Thυ

1
2

, where 
γ = 1

2 under light irradiation, shifts from 59 K (0.01 W/cm2) to 62 K 
(0.08 W/cm2). 

The observed photo-stationary population of the HS state is due to 
the well-known competition between the photoinduced LS → HS photo- 
conversion and thermally-activated HS → LS relaxation. In order to 
discuss this phenomenon, we use a simplified version of the model 
introduced by Desaix et al. [53], which describes the competition be-
tween photoexcitation driven by permanent light irradiation and 

relaxation towards the non-excited state. These authors considered a 
relaxation rate depending on the HS fraction γ, due to cooperative in-
teractions, which modulate the energy barrier. The following master 
equation from Desaix et al, describes the evolution of γ under competing 
photoinduced LS → HS conversion and thermally-activated HS → LS 
relaxation: 
dγ

dt
= ∅LS→HS −∅HS→LS = I0ω(1− γ)− γk∞exp(−

Ea(0)

kT
)exp(−αγ)

Where I0ω is the probability per time unit for a LS molecule to absorb 
a photon and switch to the HS state, with I0 the beam fluence (in pho-
tons/s/cm2) and ω a proportionality factor, which includes the absorp-
tion cross-section of the optical transition driving LIESST.α is the self- 
acceleration factor, which is important for describing non-exponential 
relaxations. In the case of the [Fe(phen)2(NCS)2] system investigated 
here, the cooperative interactions are not so strong: the thermal con-
version exhibits pretransitional conversion and at high temperature the 
relaxation curves from the photoinduced HS state are close to expo-
nential [54]. In this case, we can simplify Desaix’s model and neglect the 
self-acceleration factor in a first approximation and for a non- 
cooperative system, the equation can be reduced to 
dγ

dt
= I0ω(1− γ)− γk∞exp(−

Ea

kT
)

The photo-stationary state is then found for 
dγ

dt
= 0  

I0ω(1− γ) = γk∞exp

(

−
Ea

kT

)

= γk(T)

k(T) is the temperature dependence of the HS → LS relaxation rate 
for an exponential decay. This is reasonable since Badle et al have re-
ported an almost linear evolution of ln(k(T)) with 1

T for [Fe 
(phen)2(NCS)2] [40,54]. In this way, the photo-stationary HS fraction 
depends on the thermal relaxation rate and on the laser fluence, which 
rescales k(T) to r(T)

γ(T) =
1

1 + k(T)
I0ω

=
1

1 + r(T)

The half-conversion photo-stationary equilibrium, γ = 1
2, occurs 

when k(T) = I0ω, i.e. when the LS → HS conversion and HS → LS 
relaxation rates are equal. We define Thυ

1
2
(I0ω) as the temperature for 

which half-conversion is reached under laser fluence I0 for a non- 
cooperative system, with known k(T) and ω. In this way, the light flu-
ence I0 is the control parameter for reaching photostationary 
equilibrium. 

Fig. 4a shows the calculated dependence of the photo-stationary HS 
fraction with temperature, using the k(T) values reported by Baldé et al. 
[54] Since the relaxation rate in SCO materials is known to change by 12 
orders of magnitude with temperature [55], the laser fluence also has to 
change by orders of magnitudes to shift significantly Thυ

1
2

. For example, 
Baldé et al measured k(85K) = 1 [54]. Photo-stationary half-conversion 
at Thυ

1
2

= 85 K is then possible when I0ω = 1, which corresponds to 1 
photon absorbed per molecule and per second, as the quantum efficiency 
of LS → HS photoconversion is close to 1. For reaching photo-stationary 
half conversion at Thυ

1
2

= 60 K, where k(60K) = 0.0002 [54], the laser 
fluence should therefore be reduced by almost 4 orders of magnitude 
compared to 85 K. This agrees with light fluence used for Raman ex-
periments (100 W/cm2) where γ = 1

2 at Thυ
1
2

= 90 K and SQUID experi-
ment (0.01 W/cm2) where γ = 1

2 at Thυ
1
2

= 60 K. The model, considering 
the k(T) data reported for [Fe(phen)2(NCS)2] [54], predicts a shift of Thυ

1
2 

from ≃55 to ≃90 K if the light fluence increases by 4 orders of 

Fig. 2. Temperature dependence of the frequency of the Ag Raman N ↔ CS 
stretching mode in low temperature region and measured at 633 nm (colored) 
and 785 nm (black). 

Fig. 3. Temperature dependence of the photo-stationary HS fraction γ extrac-
ted from SQUID measurements. 
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magnitude (Fig. 4b). During the SQUID experiment, the limited increase 
in light fluence from 0.01 to 0.08 W/cm2 allows for a small shift of Thυ

1
2 

of 
about 3 K. 

Fig. 5 summarizes the experimental and theoretical results. In 
addition to Raman and SQUID data, we include reflectivity measure-
ments published in ref. [16] with an intermediate fluence, more difficult 
to estimate since reflectivity mainly probes changes induced by a white 
light excitation close to surface, where optical excitation is higher than 
in the bulk. The fit of the experimental data with the model, provides 
some I0ω values (I0ω = 1 for RamanI0ω = 0.001 for SQUID data) which 
confirms that for [Fe(phen)2(NCS)2] it is necessary to increase the laser 
fluence by 4 orders of magnitude to shift Thυ

1
2 

30 K above T(LIESST). The 
different shapes of the experimental data compared to the fit may come 
from the approximation that [Fe(phen)2(NCS)2] is a non-cooperative 
system. However, the order of magnitude of the shift of Thυ

1
2 

with I0ω is 
in good agreement with experimental data. 

Another study by Kato et al. [52] evidenced that the photoresponse 
of this materials is more important under excitation at 532 nm, which 
allows a 88% conversion at 92 K withI0 = 2 W/cm2. The highest ab-
sorption at 532 nm translates in higher ω, compared to 633 nm in our 
experiment, and finally the products I0ω are comparable in both 
experiments. 

4. Conclusions 

This paper discusses the possibility to investigate the LIESST 

processes in SCO materials well above T(LIESST) under high light flu-
ence. A simple model explains that, for no or weakly cooperative sys-
tems, a photo-stationary half photo-conversion is observed when the 
when the number of absorbed photons per second equals the relaxation 
rate. With this respect, µ-Raman technique allows observing LIESST at 
lower cost by using liquid-nitrogen operating cryostats instead of He- 
operating ones, without using sophisticated time-resolved technique 
and with the possibility to investigate micro-crystals. Tracking how 
photo-stationary half-conversion evolves with temperature and light 
fluence is then another approach for measuring HS → LS thermal 
relaxation rates. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors gratefully acknowledge Agence Nationale de la 
Recherche for financial support undergrant, ANR-19-CE30-0004 ELEC-
TROPHONE, ANR-19-CE29-0018 MULTICROSS. L.G. and E.C. thanks 
the University Rennes 1 and the Fondation Rennes1 for funding. 

Author contributions 

E.C., J.-Y.M., E.J., L.Gu, M.C. and B.H conceived and coordinated the 
project in the frame of the ANR ELECTROPHONE and MULTICROSS 
projects. L.Go., I.C., J.-Y.M. and B.H. performed the Raman experiment 
and analyzed the data. N.D. synthesized the samples. G.C. performed the 
SQUID measurements and analyzed the data. L. Go. and E.C. developed 
the photo-stationary model. E.C. and L. Go wrote the manuscript with 
significant contributions from B.H., J.-Y.M., E.J. and G.C.. All authors 
contributed to discussions and gave comments on the manuscript. 

References 
[1] Halcrow, M. A., Spin-crossover materials : properties and applications. Wiley: 2013; p 

xviii, 546 p. 
[2] P. Gütlich, A. Hauser, H. Spiering, Thermal and Optical Switching of Iron(II) 

Complexes, Angew. Chemie-Int. English 33 (20) (1994) 2024–2054. 

Fig. 4. a) Calculated temperature dependence of the photo-stationary HS 
fraction γ. b) Evolution of the photo-stationary half-conversion temperature Thυ

1
2 

with light excitation I0ω. 

Fig. 5. Temperature dependence of the photo-stationary HS fraction γ from 
SQUID (black), reflectivity (blue) and micro-Raman (red) measurements. The 
continuous lines are a fit of the data with I0ω as free parameter. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

L. Gournay et al.                                                                                                                                                                                                                                

✶✹✵



Chemical Physics Letters 791 (2022) 139395

5

[3] W. Nicolazzi, A. Bousseksou, Thermodynamical aspects of the spin crossover 
phenomenon, Cr Chim 21 (12) (2018) 1060–1074. 
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[11] H. Watanabe, K. Tanaka, N. Bréfuel, H. Cailleau, J.-F. Létard, S. Ravy, P. Fertey, 
M. Nishino, S. Miyashita, E. Collet, Ordering phenomena of high-spin/low-spin 
states in stepwise spin-crossover materials described by the ANNNI model, Phys. 
Rev. B 93 (1) (2016), https://doi.org/10.1103/PhysRevB.93.014419. 

[12] E. Collet, G. Azzolina, Coupling and decoupling of spin crossover and ferroelastic 
distortion: Unsymmetric hysteresis loop, phase diagram, and sequence of phases, 
Phys. Rev. Mater. 5 (4) (2021), 044401. 

[13] G. Azzolina, R. Bertoni, E. Collet, General Landau theory of non-symmetry- 
breaking and symmetry-breaking spin transition materials, J. Appl. Phys. 129 (8) 
(2021) 085106, https://doi.org/10.1063/5.0041453. 
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A critical review of the T(LIESST) temperature in spin crossover materials − What 
it is and what it is not, Chem. Squared 2 (2018) 2, https://doi.org/10.28954/ 
csq10.28954/2018.csq.07.001. 

[36] G. Chastanet, M. Lorenc, R. Bertoni, C. Desplanches, Light-induced spin 
crossover—Solution and solid-state processes, Cr Chim 21 (12) (2018) 1075–1094. 

[37] J.-F. Létard, L. Capes, G. Chastanet, N. Moliner, S. Létard, J.-A. Real, O. Kahn, 
Critical temperature of the LIESST effect in iron(II) spin crossover compounds, 
Chem. Phys. Lett. 313 (1-2) (1999) 115–120. 

[38] E. Collet, G. Azzolina, T. Ichii, L. Guerin, R. Bertoni, A. Moréac, M. Cammarata, 
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Titre : Développement d’une source THz intense dans le but de déclencher des réponses 
électroniques et structurelles des matériaux. 

Mots clés : Ultrarapide, THz, Photo-induit 

Résumé :  Le rayonnement THz permet un large spectre d’application dans le domaine de l’optique ultra rapide 

et notamment dans les expériences dîtes pompe-sonde. Cependant, l’accessibilité de source de rayonnement THz 

intense en laboratoire est encore restreinte. Il est donc nécessaire de développer de nouvelles sources au laboratoire. 

Dans cette thèse, une source THz basée sur le redressement optique dans le cristal de LiNbO3 utilisant la technique 

du front d’onde inclinée a été développé et caractérisé. Le rayonnement THz associé à cette source est un simple 

cycle dont la durée est proche de la ps. Ce rayonnement peut donc être utilisé afin d’appliquer des champs 

électriques excédent les 500KV/cm sur une durée suffisamment importante pour permettre les mouvements des 

molécules ou des atomes. Cet aspect permet d’utiliser le rayonnement THz comme une pompe dans les expériences 

pompe-sonde. De plus, le spectre associé au rayonnement THz permet de réaliser la spectroscopie basse fréquence 

qui n’est pas accessible autrement. Un dispositif expérimental de spectroscopie du domaine temporelle a été 

également développé afin d’obtenir le spectre THz des matériaux. Ces deux aspects du rayonnement THz ont été 

utilisé sur un système à transition de spin le Fe(phen)2(NCS)2. L’intrication des degrés de liberté électronique et 

structurel de ce composé rend particulièrement intéressante l’utilisation du rayonnement THz. En effet, le champ 

électrique THz permet d’agir sur la structure du composé et ainsi d’induire des changements dans l’absorption 

optique. De plus, les basses fréquences du rayonnement THz permettent de compléter les études des mouvements 

collectifs des molécules dans le cristal ou phonon. Nous avons ainsi pu observer les premières modulations de 

transmission optique dans ce composé utilisant une pompe THz. De plus, la source THz développée dans cette 

thèse a permis d’observer des pics d’absorptions qui n’avait pas été mesuré auparavant. Ce travail de thèse a ainsi 

pu démontrer l’importance du rayonnement THz dans la physique ultra rapide moderne. 
 

 

 

Title :  Development of an intense pulsed THz source to trigger structural and electronic response 
of materials. 

Keywords : de 3 à 6 mots clefs 

Abstract :  THz radiation allows a wide spectrum of applications in the field of ultra-fast optics and in particular 

in so-called pump-probe experiments. However, the accessibility of intense THz radiation sources in the laboratory 

is still restricted. It is therefore necessary to develop new sources in the laboratory. In this thesis, a THz source 

based on optical rectification in the LiNbO3 crystal using the tilted pulsefront technique was developed and 

characterized. The THz radiation associated with this source is a single cycle whose duration is close to the ps. 

This radiation can therefore be used to apply electric fields in excess of 500KV/cm over a sufficiently long period 

to allow the movements of molecules or atoms. This aspect allows THz radiation to be used as a pump in pump-

probe experiments. In addition, the spectrum associated with THz radiation makes it possible to perform low-

frequency spectroscopy which is not otherwise accessible. An experimental device for time domain spectroscopy 

has also been developed in order to obtain the THz spectrum of materials. These two aspects of THz radiation have 

been used on a spin transition system Fe(phen)2(NCS)2. The entanglement of the electronic and structural degrees 

of freedom of this compound makes the use of THz radiation particularly interesting. Indeed, the THz electric field 

makes it possible to act on the structure of the compound and thus to induce changes in the optical absorption. In 

addition, the low frequencies of THz radiation make it possible to complete studies of the collective motions of 

molecules in the crystal or phonon. We were thus able to observe the first modulations of optical transmission in 

this compound using a THz pump. In addition, the THz source developed in this thesis made it possible to observe 

absorption peaks that had not been measured before. This thesis work was thus able to demonstrate the importance 

of THz radiation in modern ultra-fast physics. 
 

 

 


