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❡.$ ♣-2.❡♥$2❡✱ .✉✐✈✐❡ ❞✬✉♥❡ 2$✉❞❡ ❛♣♣-♦❢♦♥❞✐❡ .✉- ❧❡✉- ♥❛$✉-❡ ❡$ ❧❡✉-. ♣-♦♣-✐2$2.✳ ❊♥$-❡

❛✉$-❡.✱ ❧❡✉- 2✈♦❧✉$✐♦♥ ❡♥ ❢♦♥❝$✐♦♥ ❞❡ ❧❛ $❡♠♣2-❛$✉-❡✱ ❧❡✉- .❡♥.✐❜✐❧✐$2 ❛✉① ❝❤❛♠♣. ♠❛❣♥2$✐=✉❡.

❛♣♣❧✐=✉2. ❡$ ❧❡✉- ♣♦❧❛-✐.❛$✐♦♥ .♦♥$ ❞✐.❝✉$2❡.✳ ❋✐♥❛❧❡♠❡♥$✱ ❧❛ .♣❡❝$-♦.❝♦♣✐❡ ❞❡ ❝♦--2❧❛$✐♦♥ ❞❡

♣❤♦$♦♥ ❡.$ ✉$✐❧✐.2❡ ♣♦✉- ✈2-✐✜❡- ❧❡ ❝❛-❛❝$2-❡ ✓ .♦✉-❝❡ ❞❡ ♣❤♦$♦♥ ✉♥✐=✉❡ ✔ ❞❡ ❝❡. 2♠❡$$❡✉-.✳

❆♥♥❡①❡ ❆ ✿ ➱♠❡$$❡✉%' ❞❡ ♣❤♦$♦♥' ✉♥✐4✉❡' ❞❛♥' ❧❡ ♥✐$%✉%❡ ❞❡ ❜♦%❡ ❤❡①❛❣♦♥❛❧✳

▲❡ ❤✲❇◆ ♣❛-$❛❣❡ ❞❡ ♥♦♠❜-❡✉.❡. ❝❛-❛❝$2-✐.$✐=✉❡. ❛✈❡❝ ❧❡. .❝✲❚▼❉ $♦✉$ ❡♥ .❡ ❞✐.$✐♥❣✉❛♥$ ❞❡

❝❡✉①✲❝✐ ♣❛- ❧❛ ♣-2.❡♥❝❡ ❞✬✉♥ ❣❛♣ 2❧❡❝$-♦♥✐=✉❡ .✐❣♥✐✜❝❛$✐✈❡♠❡♥$ ♣❧✉. ❣-❛♥❞✳ ❈❡-$❛✐♥❡. -2❣✐♦♥.

❝-✐.$❛❧❧✐♥❡. .❡ ❝♦♠♣♦-$❡♥$ ❝♦♠♠❡ ❞❡. ❞2❢❛✉$. ♣♦♥❝$✉❡❧.✱ ❞❛♥. ❧❡. ♠❛$2-✐❛✉① ❝❛-❛❝$2-✐.2. ♣❛-

❧❡✉- ❧❛-❣❡ ❣❛♣✱ ❡♥ ♣-2.❡♥$❛♥$ ❞❡. -❛✐❡. ❞✬2♠✐..✐♦♥ ✜♥❡.✳ ❈❡. -2❣✐♦♥. ♣❛-$❛❣❡♥$ ✉♥❡ .✐♠✐❧❛-✐$2

❢-❛♣♣❛♥$❡ ❛✈❡❝ ❧❡. 2♠❡$$❡✉-. ❞❡ ♣❤♦$♦♥. ✉♥✐=✉❡. ♦❜.❡-✈2. ❞❛♥. ❧❡ ❲❙❡2✳



❙!"❡$③❝③❡♥✐❡

❇❛❞❛♥✐❛ ♦♣✐'❛♥❡ ✇ *♦③♣*❛✇✐❡ ♣♦❞ ,②,✉➟❡♠ ✧❖♣,②❝③♥❡ ✇➟❛'♥♦➧❝✐ ❝✐❡♥❦✐❝❤ ✇❛*',✇ ❞✐❝❤❛❧❦♦❣❡♥❦9✇

♠❡,❛❧✐ ♣*③❡❥➧❝✐♦✇②❝❤✧ ❞♦,②❝③→ ③❥❛✇✐'❦ ✜③②❝③♥②❝❤✱ ❦,9*❡ ♣♦❥❛✇✐❛❥→ '✐➛ ✇ ❣*❛♥✐❝② ❞✇✉✇②♠✐❛*♦✇❡❥

♠✐♥✐❛,✉*②③❛❝❥✐✱ ❣❞② ❣*✉❜♦➧➣ ',*✉❦,✉* ♦'✐→❣❛ '❦❛❧➛ ❛,♦♠♦✇→✳ ❩♥❛❝③❡♥✐❡ ,❛❦✐❝❤ ✇②,✇♦*③♦♥②❝❤

♣*③❡③ ❝③➟♦✇✐❡❦❛ ',*✉❦,✉* ❞❧❛ ③*♦③✉♠✐❡♥✐❛ ♣♦❞',❛✇♦✇②❝❤ ✇➟❛'♥♦➧❝✐ ♠❛,❡*✐❛➟9✇ ✉❥❛✇♥✐➟♦ '✐➛

♣♦❞❝③❛' ❞②♥❛♠✐❝③♥✐❡ *♦③✇✐❥❛❥→❝②❝❤ '✐➛ ❜❛❞❛➠ ♥❛❞ ❣*❛❢❡♥❡♠✿ ♣♦❥❡❞②♥❝③❡❥ ✇❛*',✇✐❡ ❛,♦♠9✇

✇➛❣❧❛ ✉➟♦➺♦♥②❝❤ ✇ ',*✉❦,✉*➛ ❤❡❦'❛❣♦♥❛❧♥→✳ ●*❛❢❡♥✱ ❥❛❦♦ ♠❛,❡*✐❛➟ ❜❡③ ♣*③❡*✇② ❡♥❡*❣❡,②❝③♥❡❥✱

❜②➟ *♦③♣❛,*②✇❛♥② ❣➟9✇♥✐❡ ♣♦❞ ❦→,❡♠ ✇➟❛'♥♦➧❝✐ ❡❧❡❦,*②❝③♥②❝❤✳ ❇❛❞❛♥✐❛ ♠❛,❡*✐❛➟9✇ ♣9➟♣*③❡✲

✇♦❞♥✐❦♦✇②❝❤✱ *9✇♥✐❡➺ ❝❤❛*❛❦,❡*②③✉❥→❝②❝❤ '✐➛ ',*✉❦,✉*→ ❤❡❦'❛❣♦♥❛❧♥→✱ ❞❧❛ ❦,9*②❝❤ ✉❞❛➟♦ '✐➛

♦❞✐③♦❧♦✇❛➣ ♣♦❥❡❞②♥❝③❡ ✇❛*',✇②✱ ➟→❝③→ ♥♦✇❡ ✐❞❡❡ ✇②✇♦❞③→❝❡ '✐➛ ③ ♦❞❦*②❝✐❛ '③❝③❡❣9❧♥②❝❤ ❝❡❝❤

❣*❛❢❡♥✉ ✭✜③②❦❛ ❞♦❧✐♥ ✇ ♣✉♥❦❝✐❡ ❑ ',*❡❢② ❇*✐❧❧♦✉✐♥❛✮ ③ ✇✐❡❞③→ ♦ ❜❛*❞③✐❡❥ ,②♣♦✇②❝❤ ✇➟❛➧❝✐✇♦'☞❝✐❛❝❤

♣9➟♣*③❡✇♦❞♥✐❦9✇✳ ❘③❡❝③②✇✐➧❝✐❡✱ ♥♦✇❡❣♦ ,②♣✉ ③❥❛✇✐'❦❛ ③♦',❛➟② ③❛❞❡♠♦♥',*♦✇❛♥❡ ✇ ❧✐❝③♥②❝❤✱

♣*♦✇❛❞③♦♥②❝❤ ♦',❛,♥✐♦✱ ❜❛❞❛♥✐❛❝❤ ✉❧,*❛✲❝✐❡♥❦✐❝❤ ✇❛*',✇ ♣9➟♣*③❡✇♦❞♥✐❦♦✇②❝❤ ❞✐❝❤❛❧❦♦❣❡♥❦9✇

♠❡,❛❧✐ ♣*③❡❥➧❝✐♦✇②❝❤✳ ❙③❝③❡❣9❧♥✐❡ ✐♥,❡*❡'✉❥→❝❡✱ ③ ♣✉♥,✉ ✇✐❞③❡♥✐❛ ❜❛❞❛➠ ♦♣,②❝③♥②❝❤✱ ✇②❞❛❥❡ '✐➛

♦❞❦*②❝✐❡ ③♠✐❛♥② ❝❤❛*❛❦,❡*✉ ♣*③❡*✇② ❡♥❡*❣❡,②❝③♥❡❥✱ ❦,9*❛ ❥❡', '❦♦➧♥❛ ✇ ❦*②'③,❛➟❛❝❤ ♦❜❥➛,♦➧✲

❝✐♦✇②❝❤✱ ❛❧❡ ',❛❥❡ '✐➛ ♣*♦',❛ ❞❧❛ ♣♦❥❡❞②♥❝③❡❥ ✇❛*',✇② ♠❛,❡*✐➟✉✳ ❖♣✐'❛♥❡ ✇ ,❡❥ ♣*❛❝② ❜❛❞❛♥✐❛

✇②❦♦*③②',✉❥→ '③❝③❡❣9➟♦✇→ ❝❤❛*❛❦,❡*②③❛❝❥➛ ♦♣,②❝③♥②❝❤ ✇➟❛'♥♦➧❝✐ ❝✐❡♥❦✐❝❤ ',*✉❦,✉* ❞✐❝❤❛❧❦♦✲

❣❡♥❦9✇ ♠❡,❛❧✐ ♣*③❡❥➧❝✐♦✇②❝❤ ❥❛❦♦ ♣♦❞',❛✇➛ ❞♦ *♦③✇❛➺❛➠ ♥❛ ,❡♠❛, ✐❝❤ ✇➟❛'♥♦➧❝✐ ❡❧❡❦,*♦♥♦✇②❝❤✳

▼❛♥✉'❦*②♣, '❦➟❛❞❛ '✐➛ ③ ♣✐➛❝✐✉ ❝③➛➧❝✐✿ ,*③❡❝❤ ❣➟9✇♥②❝❤ *♦③❞③✐❛➟9✇ ♣♦♣*③❡❞③♦♥②❝❤ ✇',➛♣❡♠ ✐

✉③✉♣❡➟♥✐♦♥②❝❤ ❞♦❞❛,❦✐❡♠✱ ✇ ❦,9*②♠ ♦♠9✇✐♦♥❡ ③♦',❛➟② ❜❛❞❛♥✐❛ ❞♦,②❝③→❝❡ ✐♥♥❡❣♦ ♣*③❡❞',❛✇✲

✐❝✐❡❧❛ ♠❛,❡*✐❛➟9✇ ✇❛*',✇♦✇②❝❤✿ ❤❡❦'❛❣♦♥❛❧♥❡❣♦ ❛③♦,❦✉ ❜♦*✉✳

❲!"➛♣✳ P*③❡❞',❛✇✐♦♥❡ ③♦',❛➟② ♣♦❞',❛✇♦✇❡ ✇➟❛'♥♦➧❝✐ ❜❛❞❛♥②❝❤ ❦*②'③,❛➟9✇✱ '③❝③❡❣9❧♥✐❡ ✐'✲

,♦,♥❡ ③ ♣✉♥❦,✉ ✇✐❞③❡♥✐❛ ❜❛❞❛➠ ♦♣,②❝③♥②❝❤✳ ❉②'❦✉'❥❛ ♦❜❡❥♠✉❥❡ ✐♥❢♦*♠❛❝❥❡ ♦ ',*✉❦,✉*③❡

❦*②',❛❧✐❝③♥❡❥✱ ',*❡✜❡ ❇*✐❧❧♦✉✐♥❛ ✐ ❡❧❡❦,*♦♥♦✇❡❥ ',*✉❦,✉*③❡ ♣❛'♠♦✇❡❥✳ P♦♥❛❞,♦ ♦♠9✇✐♦♥♦

♦❣9❧♥✐❡ ♣*♦❝❡' ✇②,✇❛*③❛♥✐❛ ♣*9❜❡❦ ✐ ❣➟9✇♥❡ ❝❡❝❤② ✉❦➟❛❞9✇ ❞♦➧✇✐❛❞❝③❛❧♥②❝❤✳

❳■



❘♦③❞③✐❛➟ ✶✳  ♦❞#$❛✇♦✇❡ ✇➟❛#♥♦➧❝✐ ♦♣$②❝③♥❡ 0❡③♦♥❛♥#1✇ ❡❦#❝②$♦♥♦✇②❝❤ ✇ ♣♦❥❡✲

❞②♥❝③②❝❤ ✇❛0#$✇❛❝❤ ✐ ✇✐❡❧♦✇❛0#$✇❛❝❤ ♣1➟♣0③❡✇♦❞♥✐❦♦✇②❝❤ ❞✐❝❤❛❧❦♦❣❡♥❦1✇ ♠❡$✲

❛❧✐ ♣0③❡❥➧❝✐♦✇②❝❤✳  !③❡❛♥❛❧✐③♦✇❛♥♦ ♦♣+②❝③♥→ ♦❞♣♦✇✐❡❞➵ ❝✐❡♥❦✐❝❤ 3+!✉❦+✉! ❞✇✉3❡❧❡♥❦✉

♠♦❧✐❜❞❡♥✉ ✭▼♦❙❡2✮ ✐ ❞✇✉3❡❧❡♥❦✉ ✇♦❧❢!❛♠✉ ✭❲❙❡2✮✱ ❜❛❞❛♥→ ♣♦♣!③❡③ ♣♦♠✐❛!② ✇✐❞♠ ♦❞❜✐❝✐❛

✐ ❧✉♠✐♥❡3❝❡♥❝❥✐✳ ❙③❝③❡❣A➟♦✇♦ ③✐♥+❡!♣!❡+♦✇❛♥♦ ❞❛♥❡ ❞♦➧✇✐❛❞❝③❛❧♥❡ ❞♦+②❝③→❝❡ ✇♣➟②✇✉ ❧✐❝③❜②

✇❛!3+✇ ♦!❛③ +❡♠♣❡!❛+✉!② ♥❛ ❡♥❡!❣✐➛ ✐ 3③❡!♦❦♦➧➣ ♦♣+②❝③♥②❝❤ !❡③♦♥❛♥3A✇✳ ❯✇③❣❧➛❞♥✐♦♥♦

+❛❦➺❡ ✉③✉♣❡➟♥✐❛❥→❝❡ ❜❛❞❛♥✐❛ !♦③❞③✐❡❧♦♥❡ ✇ ❝③❛3✐❡✳

❘♦③❞③✐❛➟ ✷✳ ❙♣❡❦$0♦#❦♦♣✐❛ ❩❡❡♠❛♥❛ 0❡③♦♥❛♥#1✇ ❡❦#❝②$♦♥♦✇②❝❤ ✇ ♣♦❧✉ ♠❛❣♥❡✲

$②❝③♥②♠✳ ❩❜❛❞❛♥♦ ✇♣➟②✇ ♣♦❧❛ ♠❛❣♥❡+②❝③♥❡❣♦✱ ♣!③②➟♦➺♦♥❡❣♦ ♣!♦3+♦♣❛❞❧❡ ❞♦ ♣♦✇✐❡!③❝❤♥✐

❜❛❞❛♥②❝❤ 3+!✉❦+✉!✱ ♥❛ ♣!③❡❥➧❝✐❛ ♦♣+②❝③♥❡✳ ◆❛ ♣♦❞3+❛✇✐❡ ♦+!③②♠❛♥②❝❤ ✇②♥✐❦A✇ ♦♣!❛❝♦✇❛♥♦

❢❡♥♦♠❡♥♦❧♦❣✐❝③♥② ♠♦❞❡❧ ♠❛❥→❝② ♥❛ ❝❡❧✉ ♦♣✐3 ❧✐♥✐♦✇②❝❤ ③ ♣♦❧❡♠ ♠❛❣♥❡+②❝③♥②♠ ✇❦➟❛❞A✇ ❞♦

❡♥❡!❣✐✐ ✐♥❞②✇✐❞✉❛❧♥②❝❤ 3+❛♥A✇ ❡❧❡❦+!♦♥♦✇②❝❤ ✇ ♣♦❞3+❛✇♦✇②❝❤ ♣♦❞♣❛3♠❛❝❤ ♣♦❥❡❞②♥❝③②❝❤

✇❛!3+✇ ❞✐❝❤❛❧❦♦❣❡♥❦A✇ ♠❡+❛❧✐ ♣!③❡❥➧❝✐♦✇②❝❤✳  ♦♥❛❞+♦ ♣!③❡❛♥❛❧✐③♦✇❛♥♦ ❡❢❡❦+② ③✇✐→③❛♥❡

③ ♣♦♠♣♦✇❛♥✐❡♠ ♦♣+②❝③♥②♠ ✇ ♣♦❥❡❞②♥❝③②❝❤ ✇❛!3+✇❛❝❤ ❲❙❡2✱ ❦+A!❡❣♦ ✇②❞❛❥♥♦➧➣ ♠♦➺♥❛

③✇✐➛❦3③②➣ ♣♦♣!③❡③ ♣!③②➟♦➺❡♥✐❡ ♥✐❡✇✐❡❧❦✐❡❣♦ ♣♦❧❛ ♠❛❣♥❡+②❝③♥❡❣♦✳

❘♦③❞③✐❛➟ ✸✳ ➍01❞➟❛ ♣♦❥❡❞②♥❝③②❝❤ ❢♦$♦♥1✇ ✇ ❝✐❡♥❦✐❝❤ ✇❛0#$✇❛❝❤ ♣1➟♣0③❡✇♦❞♥✐❦♦✇②❝❤

❞✐❝❤❛❧❦♦❣❡♥❦1✇ ♠❡$❛❧✐ ♣0③❡❥➧❝✐♦✇②❝❤✳  !③❡❞②3❦✉+♦✇❛♥♦ ♦❞❦!②❝✐❡ ❝❡♥+!A✇ ❡♠✐+✉❥→❝②❝❤

➧✇✐❛+➟♦ ✇ ♣♦3+❛❝✐ ❝✐❡♥❦✐❝❤ ❧✐♥✐✐ ✇✐❞♠♦✇②❝❤ ✇ ❡❦3❢♦❧✐♦✇❛♥②❝❤ 3+!✉❦+✉!❛❝❤ ❞✐❝❤❛❧❦♦❣❡♥❦A✇

♠❡+❛❧✐ ♣!③❡❥➧❝✐♦✇②❝❤✳ ❖♣+②❝③♥❡ ❜❛❞❛♥✐❛ ❞♦3+❛!❝③②➟② ✐♥❢♦!♠❛❝❥✐ ♦ ✐❝❤ ♣♦❞3+❛✇♦✇②❝❤ ✇➟❛3✲

♥♦➧❝✐❛❝❤✳  !③❡❞3+❛✇✐♦♥❡ ❜❛❞❛♥✐❛ ❞♦+②❝③→ ✇♣➟②✇✉ +❡♠♣❡!❛+✉!② ✐ ♣♦❧❛ ♠❛❣♥❡+②❝③♥❡❣♦ ♥❛

♦♣+②❝③♥→ ♦❞♣♦✇✐❡❞➵ ❡♠✐+✉❥→❝②❝❤ ❝❡♥+!A✇✱ ✇➟❛3♥♦➧❝✐ ♣♦❧❛!②③❛❝②❥♥②❝❤ ♦!❛③ ✇✐❞♠ ♣♦❜✉❞③❛✲

♥✐❛ ❥❛❦ !A✇♥✐❡➺ ♣♦♠✐❛!A✇ ❦♦!❡❧❛❝❥✐ ❢♦+♦♥A✇✳

❉♦❞❛,❡❦ ❆✳ ❊♠✐$❡0② ♣♦❥❡❞②♥❝③②❝❤ ❢♦$♦♥1✇ ✇ ❦0②#③$❛➟❛❝❤ ❛③♦$❦✉ ❜♦0✉✳ ❍❡❦3❛❣♦✲

♥❛❧♥② ❛③♦+❡❦ ❜♦!✉ !A✇♥✐❡➺ ♥❛❧❡➺② ❞♦ !♦❞③✐♥② ♠❛+❡!✐❛➟A✇ ✇❛!3+✇♦✇②❝❤✱ ❧❡❝③ ❝❤❛!❛❦+❡!②③✉❥❡

3✐➛ ③♥❛❝③♥✐❡ ✇✐➛❦3③→ ♣!③❡!✇→ ❡♥❡!❣❡+②❝③♥→ ♥✐➺ ❞✐❝❤❛❧❦♦❣❡♥❦✐ ♠❡+❛❧✐ ♣!③❡❥➧❝✐♦✇②❝❤✳ ❈❡♥+!❛

❡♠✐+✉❥→❝❡ ✇→3❦✐❡ ❧✐♥✐❡ ✇✐❞♠♦✇❡ +❛❦➺❡ ③♦3+❛➟② ③❛♦❜3❡!✇♦✇❛♥❡ ✇ 3+!✉❦+✉!❛❝❤ ❛③♦+❦✉ ❜♦!✉✳

❲②❦❛③✉❥→ ♦♥❡ ❝❡❝❤② ✉♣♦❞❛❜♥✐❛❥→❝❡ ❥❡ ❞♦ ❜❛!✇♥②❝❤ ❝❡♥+!A✇ ✇ ✐♥♥②❝❤ ♠❛+❡!✐❛➟❛❝❤ 3③❡!♦❦♦✲

♣!③❡!✇♦✇②❝❤✳ ❊♠✐+❡!② ✇ ❛③♦+❦✉ ❜♦!✉ ③♦3+❛➟② 3❝❤❛!❛❦+❡!②③♦✇❛♥❡ ♣♦❞♦❜♥✐❡ ❥❛❦ ❡♠✐+❡!② ✇

❦!②3③+❛➟❛❝❤ ❲❙❡2✳



■♥"#♦❞✉❝"✐♦♥

❚❤❡ ✐♥✈❡&'✐❣❛'✐♦♥& ♦❢ ❛'♦♠✐❝❛❧❧② '❤✐♥ ❧❛②❡0& ♦❢ &❡♠✐❝♦♥❞✉❝'♦0 ♠❛'❡0✐❛❧&✱ '♦❣❡'❤❡0 ✇✐'❤ '❤❡ ♣0❡✲

❝❡❞✐♥❣ &'✉❞② ♦❢ ✭♣0❛❝'✐❝❛❧❧②✮ ❣❛♣❧❡&& ❣0❛♣❤❡♥❡✱ ❝♦♥&'✐'✉'❡ ❛ ♥❡✇ ❞♦♠❛✐♥ ✐♥ ♣❤②&✐❝&✱ 0❡❝❡♥'❧②

❡♠❡0❣✐♥❣ ✐♥ &♦❧✐❞ &'❛'❡ &❝✐❡♥❝❡ ❬✶❪✳ ❚❤✐& '✉0♥✐♥❣ ♣♦✐♥' ✐♥ '❤❡ ❣❡♥❡0❛❧ &'✉❞② ♦❢ ❝♦♥❞❡♥&❡❞ ♠❛''❡0

❝♦♠❡& ❢0♦♠ ❛ &✐♠♣❧❡ ♦❜&❡0✈❛'✐♦♥✱ '❤❛' ❛' '❤❡ ❧✐♠✐' ♦❢ ✷❉ ♠✐♥✐❛'✉0✐&❛'✐♦♥ ✭✇❤❡♥ '❤❡ '❤✐❝❦♥❡&&

♦❢ &'0✉❝'✉0❡& 0❡❛❝❤❡& ❛'♦♠✐❝ &❝❛❧❡✮ '❤❡ ♠❛'❡0✐❛❧ ♣0♦♣❡0'✐❡& ♠❛② ✉♥❞❡0❣♦ ❞0❛&'✐❝ ❝❤❛♥❣❡&✳ ❚❤✐&

✜♥❞✐♥❣ ❧❛✐❞ '❤❡ ❣0♦✉♥❞✇♦0❦ ❢♦0 ❛ ❞②♥❛♠✐❝ ❛❝'✐✈✐'② ❛✐♠✐♥❣ '♦ 0❡✈✐&✐' ♦❢'❡♥ ✇✐❞❡❧② ❡①♣❧♦0❡❞ ❛0❡❛&

♦❢ 0❡&❡❛0❝❤✱ ✇❤✐❝❤ &❡❡♠✐♥❣❧② ❛♣♣❡❛0 '♦ ❜❡ ❞❡✈❡❧♦♣❡❞ '♦ ❛ ❞❡❣0❡❡ '❤❛' ❡✈❡0②'❤✐♥❣ ✐& ♣❡0❢❡❝'❧②

✉♥❞❡0&'♦♦❞✳ ❖♥❡ ❡①❛♠♣❧❡ ♦❢ &✉❝❤ '❡♥❞❡♥❝② ✐& 0❡❧❛'❡❞ '♦ '❤❡ ♦♣'✐❝❛❧ &'✉❞✐❡& ♦❢ &❡♠✐❝♦♥❞✉❝'✐♥❣

'0❛♥&✐'✐♦♥ ♠❡'❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡& ✭&❝✲❚▼❉✮✳ ❚❤❡ ❜✉❧❦ ❝0②&'❛❧& ♦❢ '❤❡&❡ ♠❛'❡0✐❛❧& ✇❡0❡ ✐♥✈❡&✲

'✐❣❛'❡❞ ❛ ❢❡✇ ❞❡❝❛❞❡& ❛❣♦ ✐♥ ❝♦♥'❡①'✱ ❡✳ ❣✳✱ ♦❢ '❤❡✐0 ♣♦'❡♥'✐❛❧ ✉'✐❧✐'② ❢♦0 ♣❤♦'♦✈♦❧'❛✐❝ ❛♥❞

♣❤♦'♦❝❛'❛❧✐'✐❝ ❛♣♣❧✐❝❛'✐♦♥& ❬✷✱ ✸❪✳

◆♦✇✱ &❡✈❡0❛❧ ②❡❛0& ❤❛✈❡ ♣❛&&❡❞ &✐♥❝❡ '❤❡ ♣0♦❝❡&&✐♥❣ ♦❢ &❝✲❚▼❉ ♠❛'❡0✐❛❧& ❤❛& ❜❡❡♥ ♠❛&✲

'❡0❡❞ '♦ ❛ ❞❡❣0❡❡✱ '❤❛' ✐♥❞✐✈✐❞✉❛❧ ❧❛②❡0& ❝❛♥ ❜❡ ✐&♦❧❛'❡❞ ❛♥❞ ✐♥❝♦0♣♦0❛'❡❞ ✐♥'♦ ❤❡'❡0♦&'0✉❝'✉0❡&✳

❚❤❡ ✐♠♣♦0'❛♥❝❡ ♦❢ '❤✐& '❡❝❤♥♦❧♦❣✐❝❛❧ &'❡♣✱ &✉✣❝❡ ✐' '♦ &❛②✱ ✐& ❛❧0❡❛❞② &❡❡♥ ✐♥ ❞✐&❝♦✈❡0② ♦❢ ♥✉✲

♠❡0♦✉& ❛♣♣❡❛❧✐♥❣ ❢❡❛'✉0❡& ❞❡♠♦♥&'0❛'❡❞ ✉♥✐D✉❡❧② ❜② &✐♥❣❧❡ ❛♥❞✴♦0 ❛ ❢❡✇ ❧❛②❡0& ♦❢ &❝✲❚▼❉✳

❚❤❡ ✉♥❞❡0&'❛♥❞✐♥❣ ♦❢ '❤❡ ❡❧❡❝'0♦♥✐❝ ♣0♦♣❡0'✐❡& ♦❢ '❤❡&❡ ♥❡✇ &②&'❡♠&✱ '♦❣❡'❤❡0 ✇✐'❤ '❤❡ 0❡❧❛'❡❞

♣❤②&✐❝❛❧ ♣❤❡♥♦♠❡♥❛✱ ✐& ❝❤❛❧❧❡♥❣✐♥❣✳ ■' ♦❢'❡♥ 0❡D✉✐0❡& ❡①'❡♥&✐♦♥ ♦❢ '❤❡ ❝♦♥✈❡♥'✐♦♥❛❧ ❛♣♣0♦❛❝❤

♦❢ ❙❝❤0H❞✐♥❣❡0 D✉❛♥'✉♠ ♣❤②&✐❝& '♦ ✐♥❝♦0♣♦0❛'❡ ♥❡✇ ✐❞❡❛& ❝❤❛0❛❝'❡0✐&'✐❝ ♦❢ D✉❛♥'✉♠ ❡❧❡❝'0♦✲

❞②♥❛♠✐❝& ✭&✉❝❤ ❛& ♠❛&&✐✈❡ ❉✐0❛❝ ❡❧❡❝'0♦♥& ❬✹❪✮✳ ❋♦0'✉♥❛'❡❧②✱ ❛ ❧♦' ♦❢ 0❡❧❡✈❛♥' ❝♦♥❝❡♣'& ❤❛✈❡

❛❧0❡❛❞② ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❞✉0✐♥❣ '❤❡ ✬❣0❛♣❤❡♥❡ ♣❡0✐♦❞✬ ❛♥❞ '❤❡ ✐♥✈❡&'✐❣❛'✐♦♥& ♦❢ &❝✲❚▼❉ &'0✉❝✲

'✉0❡& ❝❧❡❛0❧② ❜❡♥❡✜' ❢0♦♠ '❤❡♠✳ ❙'✐❧❧✱ '❤❡ ✐♥'0♦❞✉❝'✐♦♥ ♦❢ '❤❡&❡ ✐❞❡❛& ✐♥'♦ &❡♠✐❝♦♥❞✉❝'♦0 &②&✲

'❡♠& ✐& ♥❡✈❡0 &'0❛✐❣❤'❢♦0✇❛0❞✱ '❤❡0❡❢♦0❡ '❤❡ ✈❛&' ♠❛❥♦0✐'② ♦❢ ❝✉00❡♥' 0❡&❡❛0❝❤ ✐& ❛' '❤❡ ✈❡0②

❜❛&✐❝ ❧❡✈❡❧✳ ■' ✐& ♥♦'❡✇♦0'❤② '♦ ❡♠♣❤❛&✐③❡✱ '❤❛' ❢❛❜0✐❝❛'✐♥❣ '❤✐♥ ✜❧♠& ♦❢ &❝✲❚▼❉ ♦♣❡♥❡❞ ✉♣

❡①♣❧♦0❛'✐♦♥ ♣❛'❤& ❡①'❡♥❞✐♥❣ ❜❡②♦♥❞ '0❛❞✐'✐♦♥❛❧ ♠❡'❤♦❞& ♦❢ &❡♠✐❝♦♥❞✉❝'♦0 ♣❤②&✐❝&✳ ▼♦0❡ ❛♥❞
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❝♦♥6/❛♥/ ✈❡❝/♦% ♣♦✐♥/✐♥❣ /♦ /❤❡ ❑✲♣♦✐♥/✳ ❚❤❡♥✱ ❛ ❉✐%❛❝ ❍❛♠✐❧/♦♥✐❛♥ ❢♦% ❛ 6②6/❡♠ ✇✐/❤ ❛ ❜❛♥❞

❣❛♣ ❝❛♥ ❜❡ ✇%✐//❡♥ ❛6 ❢♦❧❧♦✇6✿

Ĥ =





∆/2 h̄vk+

h̄vk− −∆/2





✇❤❡%❡ k± = kx± iky✱ ∆ ✐6 /❤❡ ✈❛❧✉❡ ♦❢ /❤❡ ❜❛♥❞ ❣❛♣✱ v ✐6 ❛ ♣❛%❛♠❡/❡% ❝❛❧❧❡❞ ❋❡%♠✐ ✈❡❧♦❝✐/② ❛♥❞
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✻ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

h̄ ✐" ❛ $❡❞✉❝❡❞ )❧❛♥❝❦ ❝♦♥".❛♥.✳ ■♥ ❛ $✐❣♦$♦✉" ❛♣♣$♦❛❝❤ ♦♥❡ "❤♦✉❧❞ ❛❝❝♦✉♥. ❢♦$ .❤❡ ❡①✐".❡♥❝❡

♦❢ .✇♦ ✐♥❡7✉✐✈❛❧❡♥. ❝♦$♥❡$" ♦❢ ❤❡①❛❣♦♥❛❧ ❇$✐❧❧♦✉✐♥ ③♦♥❡ ✭❑✰✴❑✲✮✱ ❡✳ ❣✳ ❜② ✐♥.$♦❞✉❝✐♥❣ .✇♦

♠♦♠❡♥.✉♠ 7✉❛♥.✐.✐❡" ✭k1 ❛♥❞ k2✮ ❝♦$$❡"♣♦♥❞✐♥❣ .♦ ❡❛❝❤ ✈❛❧❧❡②✳ ❍♦✇❡✈❡$✱ ❛" ❢❛$ ❛" "♦❧❡❧② .❤❡

❡♥❡$❣② ❞✐"♣❡$"✐♦♥ ✐" ❝♦♥❝❡$♥❡❞✱ .❤❡$❡ ❛$❡ ♥♦ ❝♦♥"❡7✉❡♥❝❡" ♦❢ .❤✐" ❞✐".✐♥❝.✐♦♥✳ ❚❤❡ ❡①❛❝. "♦❧✉.✐♦♥

❢♦$ .❤❡ ❡✐❣❡♥✈❛❧✉❡ ♣$♦❜❧❡♠ ❢♦$ .❤❡ ♣$❡"❡♥.❡❞ ❍❛♠✐❧.♦♥✐❛♥ ❛$❡ ❣✐✈❡♥ ❜②✿

E (k) = ±

√

(

∆

2

)2

+ (h̄vk)2

❋♦$ ❧❛$❣❡ ✈❛❧✉❡" ♦❢ k2 = k2
x+k2

y✱ ❛✇❛② ❢$♦♠ .❤❡ ❑ ♣♦✐♥. ♦❢ .❤❡ ❇$✐❧❧♦✉✐♥ ③♦♥❡✱ .❤❡ ❧✐♥❡❛$ ❞✐"♣❡$"✐♦♥

❛♣♣❡❛$" ✐♥ .❤❡ "❛♠❡ ❢♦$♠ ❛" ❢♦$ ❣$❛♣❤❡♥❡✳ ❖♥ .❤❡ ♦.❤❡$ ❤❛♥❞✱ ❢♦$ "♠❛❧❧ k (|k| ≪ ∆/h̄v) ♦♥❡

❝❛♥ ❝♦♥"✐❞❡$ ❛ ✜$". ♦$❞❡$ ❛♣♣$♦①✐♠❛.✐♦♥ ♦❢ .❤❡ ❡①❛❝. ❞✐"♣❡$"✐♦♥ $❡❧❛.✐♦♥ .♦ $❡❝♦✈❡$ ♣❛$❛❜♦❧✐❝

❝❤❛$❛❝.❡$ ♦❢ ❜❛♥❞"✿

E (k) ≈ ±

(

∆

2
+

v2h̄2k2

∆

)

❋♦$ .❤❡ ✈❛❧✉❡" ♦❢ k✱ ✇❤✐❝❤ "❛.✐"❢② .❤❡ ❝♦♥❞✐.✐♦♥ ♥❡❝❡""❛$② .♦ ♦❜.❛✐♥ .❤❡ ♣❛$❛❜♦❧✐❝ ❞✐"♣❡$"✐♦♥✱

❛♥ ❡✛❡❝.✐✈❡ ♠❛"" ✭.❤❡ "❛♠❡ ❢♦$ ❡❧❡❝.$♦♥" ❛♥❞ ❤♦❧❡"✮ ❝❛♥ ❜❡ ✐♥.$♦❞✉❝❡❞ ❛" m∗ = ∆/2v2✳ ❯♥❧✐❦❡

.❤❡ ❛❝.✉❛❧ ❣❛♣♣❡❞ ❣$❛♣❤❡♥❡ "②".❡♠" ✭"✉❝❤ ❛" ❣$❛♣❤❡♥❡ ❞❡♣♦"✐.❡❞ ♦♥ ❜♦$♦♥ ♥✐.$✐❞❡ ✇✐.❤ ❛ ❜❛♥❞

❣❛♣ ♦❢ .❡♥" ♦❢ ♠❡❱✮✱ .❤❡ ✈❛❧✉❡ ♦❢ .❤❡ ❜❛♥❞ ❣❛♣ ❢♦$ "❝✲❚▼❉" ✐" ❧❛$❣❡ ✭✶✲✷ ❡❱✮✳ ❚❤❡$❡❢♦$❡✱ .❤❡

♣❛$❛❜♦❧✐❝✐.② ♦❢ .❤❡ ❜❛♥❞"✱ ✐♥ .❤✐" ❝❛"❡✱ ✐" "✉".❛✐♥❡❞ ♣$❛❝.✐❝❛❧❧② ❢♦$ .❤❡ ✇❤♦❧❡ $❛♥❣❡ ♦❢ ♠♦♠❡♥.✉♠

$❡❧❡✈❛♥. ❢♦$ .❤❡ ♦♣.✐❝❛❧ .$❛♥"✐.✐♦♥" ✐♥✈♦❧✈✐♥❣ ❑✲♣♦✐♥. ".❛.❡"✳ ■♥ ✐" ♥♦.❡✇♦$.❤② .♦ ".$❡""✱ .❤❛. .❤❡

❝♦♥"❡7✉❡♥❝❡" ♦❢ ✬❣❛♣♣❡❞ ❣$❛♣❤❡♥❡✬ ♠♦❞❡❧ ❢♦$ "❝✲❚▼❉♠♦♥♦❧❛②❡$" $❡❛❝❤ ❜❡②♦♥❞ .❤❡ ✐♥.$♦❞✉❝.✐♦♥

♦❢ ♣❛$❛❜♦❧✐❝ ❜❛♥❞" ❛. ❑✰✴❑✲ ♣♦✐♥." ♦❢ .❤❡ ❇$✐❧❧♦✉✐♥ ③♦♥❡✳ ❚❤✐" "✐♠♣❧❡ ❍❛♠✐❧.♦♥✐❛♥ "✉♣♣♦$."

❛❧"♦ .❤❡ ❜❛"✐❝ ✐❞❡❛ ♦❢ ✈❛❧❧❡② "❡❧❡❝.✐✈✐.② ❡①♣❧♦✐.✐♥❣ .❤❡ ❝♦✉♣❧✐♥❣ ♦❢ ❝✐$❝✉❧❛$❧② ♣♦❧❛$✐"❡❞ ❧✐❣❤. ✇✐.❤

.$❛♥"✐.✐♦♥" ❛. ❑✰ ❛♥❞ ❑✲ ♣♦✐♥." ❬✶✶❪✳ ■♥ ♦.❤❡$ ✇♦$❞"✱ .❤❡ ♦♣.✐❝❛❧ .$❛♥"✐.✐♦♥" ❛. ❑✰ ♣♦✐♥.

❛$❡ ❛❝.✐✈❡ ♦♥❧② ✐♥ σ
+

♣♦❧❛$✐"❛.✐♦♥✱ ✇❤✐❧❡ .❤❡ .$❛♥"✐.✐♦♥" ❛. ❑✲ ♣♦✐♥. ❛$❡ ❛❝.✐✈❡ ♦♥❧② ✐♥ σ
−

♣♦❧❛$✐"❛.✐♦♥✳ ❚❤❡$❡❢♦$❡✱ .❤❡ ♦♣.✐❝❛❧ ".✉❞✐❡" ❛$❡ $✐❣❤.❢✉❧❧② ❞❡"✐❣♥❛.❡❞ ❢♦$ ❡①♣❧♦$❛.✐♦♥ ♦❢ ❝♦♥❝❡♣."

♦❢ "♦ ❝❛❧❧❡❞ ✬✈❛❧❧❡②.$♦♥✐❝"✬✳

❆♥② ❢✉$.❤❡$ ✉♥❞❡$".❛♥❞✐♥❣ ♦❢ .❤❡ $❡❛❧✐".✐❝ ❜❛♥❞ ".$✉❝.✉$❡ ♦❢ "❝✲❚▼❉ ♠♦♥♦❧❛②❡$" $❡7✉✐$❡"

❝♦♠♣✐❧❛.✐♦♥ ♦❢ ❡①♣❡$✐♠❡♥.❛❧ ✐♥✈❡".✐❣❛.✐♦♥" ✇✐.❤ .❤❡♦$❡.✐❝❛❧ ❝❛❧❝✉❧❛.✐♦♥"✱ ✇❤✐❝❤ ❛$❡ $❡❛❧✐"❡❞ ✐♥

♠✉❧.✐♣❧❡ ♠♦$❡ ♦$ ❧❡"" ❛❞✈❛♥❝❡❞ .✐❣❤. ❜✐♥❞✐♥❣ ♦$ ❦✳♣ ♠♦❞❡❧"✳ ❚❤❡ ✜$". ♠❛❥♦$ ❞✐✈❡$❣❡♥❝❡ ❢$♦♠

❝♦♥✈❡♥.✐♦♥❛❧ ❉✐$❛❝ ❢❡$♠✐♦♥" ♦♥ ❛ ❤♦♥❡②❝♦♠❜ ❧❛..✐❝❡ ✐" .❤❡ ♦$❜✐.❛❧ ❝♦♥.$✐❜✉.✐♦♥ .♦ .❤❡ ✇❛✈❡ ❢✉♥❝✲

.✐♦♥" ♦❢ ❡❧❡❝.$♦♥" ❛♥❞ ❤♦❧❡" ✐♥ .❤❡ ❢✉♥❞❛♠❡♥.❛❧ "✉❜✲❜❛♥❞"✳ ❚❤❡② ❛$❡ ❝♦♥".$✉❝.❡❞ ♣$❡❞♦♠✐♥❛♥.❧②

❢$♦♠ ❞✲♦$❜✐.❛❧" ♦❢ .❤❡ .$❛♥"✐.✐♦♥ ♠❡.❛❧ ❛.♦♠"✿ d0 ✐♥ .❤❡ ❝♦♥❞✉❝.✐♦♥ ❛♥❞ d±2 ✐♥ .❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞✳
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❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✼

K+ K-

CB

VB

optical transitions A

optical transitions B

The origin of A and B type
optical transitions

s
+

s
-

❋✐❣✉%❡ ✵✲✹✿ ❚❤❡ ❧❛'❣❡ *♣✐♥✲♦'❜✐" *♣❧✐""✐♥❣ ✐♥ *❝✲❚▼❉ ♠♦♥♦❧❛②❡'*✱

♣❛'"✐❝✉❧❛'❧② '♦❜✉*" ✐♥ "❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞✱ ❝❛♥ ❜❡ ✉*❡❞ "♦ ❝❧❛**✐❢② "❤❡

♦♣"✐❝❛❧ "'❛♥*✐"✐♦♥* ✐♥"♦ "✇♦ ❣'♦✉♣*✳ ❚❤❡ ♦'✐❣✐♥ ♦❢ "❤❡ ❞✐*"✐♥❝"✐♦♥

❜❡"✇❡❡♥ *♦ ❝❛❧❧❡❞ "'❛♥*✐"✐♦♥* ❆ ❛♥❞ ❇ ✐* ❞❡♣✐❝"❡❞ ✐♥ "❤❡ *❝❤❡♠❡✳

❚❤❡ ❧♦✇❡' ❡♥❡'❣② "'❛♥*✐"✐♦♥* ❆ ✭❣'❡❡♥ ❛''♦✇*✮ ❛'❡ '❡❧❛"❡❞ "♦ "❤❡

✉♣♣❡' ✈❛❧❡♥❝❡ ❜❛♥❞ *"❛"❡* ✇❤❡'❡❛* "❤❡ ❤✐❣❤❡' ❡♥❡'❣② "'❛♥*✐"✐♦♥*

❇ ✭♦'❛♥❣❡ ❛''♦✇*✮ ❛'❡ '❡❧❛"❡❞ "♦ "❤❡ ❧♦✇❡' ✈❛❧❡♥❝❡ ❜❛♥❞ *"❛"❡*✳

❚❤❡ *♣✐♥✲♦'❜✐" *♣❧✐""✐♥❣ ❢♦' ❡❧❡❝"'♦♥* ✐* ♥❡❣❧❡❝"❡❞ ❤❡'❡ ✐♥ ♦'❞❡' "♦

❡♠♣❤❛*✐③❡✱ "❤❛" "❤❡ ❛❧✐❣♥♠❡♥" ♦❢ ❝♦♥❞✉❝"✐♦♥ *✉❜✲❜❛♥❞* ✐* ✐''❡❧❡✲

✈❛♥" ❢♦' "❤❡ ✐♥"'♦❞✉❝"✐♦♥ ♦❢ ❆ ❛♥❞ ❇ "'❛♥*✐"✐♦♥* ✭✐" ♠❛②✱ ❤♦✇❡✈❡'✱

✐♥✢✉❡♥❝❡ "❤❡✐' ❡①❛❝" ❡♥❡'❣②✮✳ ❇♦"❤ "'❛♥*✐"✐♦♥* ❝❛♥ "②♣✐❝❛❧❧② ❜❡

♦❜*❡'✈❡❞ ✐♥ ❛❜*♦'♣"✐♦♥✲"②♣❡ ❡①♣❡'✐♠❡♥"* ❢♦' ♠♦*" *❝✲❚▼❉ ♠♦♥♦✲

❛♥❞ ♠✉❧"✐✲❧❛②❡'*✳ ❚❤❡② ❛♣♣❡❛' ❛* "✇♦ '❡*♦♥❛♥❝❡* *❡♣❛'❛"❡❞ ❡♥❡'✲

❣❡"✐❝❛❧❧② ❜② ❤✉♥❞'❡❞* ♦❢ ♠❡❱✳ ■" ✐* ❛❧*♦ ✐♠♣♦'"❛♥" "♦ *"'❡** "❤❡

❡①✐*"❡♥❝❡ ♦❢ ✈❛❧❧❡②✲*❡❧❡❝"✐✈❡ ♣♦❧❛'✐*❛"✐♦♥ '✉❧❡*✳ ❚❤❡ ❤❡❧✐❝✐"② ♦❢ "❤❡

❝✐'❝✉❧❛'❧② ♣♦❧❛'✐*❡❞ "'❛♥*✐"✐♦♥* ✐* ❞❡"❡'♠✐♥❡❞ ❡①❝❧✉*✐✈❡❧② ❜② "❤❡ ✈❛❧✲
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light source
(lasers, white lamp) beam-splitter

lens or
microscope sample

spectrometer lens

detection unit 1
(CCD)

detection unit 2
(CCD, streak camera,
avalache photodiode)

excitation path

detection path

Scheme of free beam micro-spectroscopy set-up
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♥✐>✉❡-✳ ❆ -❡4 ♦❢ ♣%♦❝❡❞✉%❡- ❤❛- ❜❡❡♥ ❡-4❛❜✲

❧✐-❤❡❞✱ 4❡-4❡❞ ❛♥❞ ❣%❛❞✉❛❧❧② ✐♠♣%♦✈❡❞ ✇✐4❤

4✐♠❡ 4♦ ♠❛①✐♠✐-❡ 4❤❡ ❡✣❝✐❡♥❝② ♦❢ ✐-♦❧❛4✐♥❣

❧❛%❣❡ ❛%❡❛ 4❤✐♥ -❝✲❚▼❉ -4%✉❝4✉%❡- ✭❞♦✇♥

4♦ ♠♦♥♦❧❛②❡%-✮ ❢%♦♠ -②♥4❤❡4✐❝ ❜✉❧❦ ❝%②-✲

4❛❧-✳ ❚❤❡ ❝♦%❡ -4❡♣- ✐♥ 4❤❡ ❡①❢♦❧✐❛4✐♦♥ ♣%♦✲

❝❡-- ✇❡%❡ ✐♥-♣✐%❡❞ ❜② 4❤❡ ♣%❡❝❡❞✐♥❣ ✇♦%❦

%❡❣❛%❞✐♥❣ ❣%❛♣❤✐4❡ ❝%②-4❛❧-✳ ❚❤❡-❡ ✇❡%❡ ❛❢✲

4❡%✇❛%❞- ❛❞❥✉-4❡❞ 4♦ ❛❝❝♦♠♠♦❞❛4❡ ♣❛%❛♠✲

❡4❡%- ✭-✉❝❤ ❛- -4%❡♥❣4❤ ♦❢ ❛❞❤❡-✐♦♥✱ ♠❛❣✲

♥✐4✉❞❡✴4✐♠❡ ♦❢ ❛♣♣❧✐❡❞ ♣%❡--✉%❡✱ ❡4❝✳✮ ❛♥❞
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✐♥❣ ❝♦%%❡❧❛4✐♦♥ ❜❡4✇❡❡♥ 4❤❡ ❛❝4✉❛❧ ❝♦❧♦✉%- ♦❢ 4❤❡ ✢❛❦❡- ❛♣♣❡❛%✐♥❣ ✐♥ 4❤❡ ♦♣4✐❝❛❧ ✐♠❛❣❡- ❛♥❞

4❤❡✐% 4❤✐❝❦♥❡-- 4✉%♥- ♦✉4 4♦ ❜❡ -✉%♣%✐-✐♥❣❧② ❛❝❝✉%❛4❡✳ ❚❤❡ ❡①❛❝4 ❝♦%%❡-♣♦♥❞❡♥❝❡ ✐- ❢✉%4❤❡% -✉♣✲

♣♦%4❡❞ ❜② 4❤❡ ❝❛❧❝✉❧❛4✐♦♥- ♦❢ %❡✢❡❝4✐✈✐4② -♣❡❝4%❛ ♦❢ %❡❛❧✐-4✐❝ ❞✐❡❧❡❝4%✐❝ -4❛❝❦- ❜② 4%❛♥-❢❡% ♠❛4%✐①

♠❡4❤♦❞-✱ ❝♦♠❜✐♥❡❞ ✇✐4❤ 4❤❡ ❝❛❧✐❜%❛4✐♦♥ ♦❢ 4❤❡ ❝♦❧♦✉% ♣❛❧❡44❡ ❝❤❛%❛❝4❡%✐-4✐❝ ♦❢ 4❤❡ ♣❛%4✐❝✉❧❛%

♠✐❝%♦-❝♦♣❡✳ ❊✈❡♥4✉❛❧❧②✱ 4❤❡ 4❤✐♥♥❡-4 -4%✉❝4✉%❡- ✭♠♦♥♦❧❛②❡%-✱ ❜✐❧❛②❡%✱ 4%✐❧❛②❡%-✱ ❡4❝✳✮ ❝❛♥ ❜❡

■◆❚❘❖❉❯❈❚■❖◆



❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✾

✐❞❡♥%✐✜❡❞ ❡①❝❧✉+✐✈❡❧② ❜② ❛♥❛❧②+✐♥❣ %❤❡✐2 ♦♣%✐❝❛❧ ❝♦♥%2❛+%✳

❚❤❡ ❡①♣❡2✐♠❡♥%+ ♣❡2❢♦2♠❡❞ ♦♥ %❤❡+❡ +❛♠♣❧❡+ ❝❛♥ ❣❡♥❡2❛❧❧② ❜❡ ❧❛❜❡❧❧❡❞ ❛+ ♦♣%✐❝❛❧ ♠✐❝2♦✲

+♣❡❝%2♦+❝♦♣② +%✉❞②✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ 2❡❛❧✐+✐♥❣ ♠✐❝2♦+❝❛❧❡ ✐♥✈❡+%✐❣❛%✐♦♥+ ✐+ ♥♦% ❞✐❝%❛%❡❞ ❜② %❤❡

+♠❛❧❧ +✐③❡ ♦❢ %❤❡ ❡①❢♦❧✐❛%❡❞ ✢❛❦❡+ ❛+ %❤❡ ❜❡+% ❡①❢♦❧✐❛%✐♦♥ ❛♣♣2♦❛❝❤❡+ ②✐❡❧❞❡❞ ✢❛❦❡+ ♦❢ ❧❛%❡2❛❧

❞✐♠❡♥+✐♦♥+ 2❡❛❝❤✐♥❣ ✉♣ %♦ ❤✉♥❞2❡❞+ ♦❢ ♠✐❝2♦♠❡%2❡+✳ ❆❝%✉❛❧❧② ♠♦2❡ 2❡❧❡✈❛♥% ✭❛❧♠♦+% ❝❡2%❛✐♥❧②✮

✐+ ❛ 2❛%❤❡2 ♣♦♦2 @✉❛❧✐%② ♦❢ %❤❡ ❝✉22❡♥%❧② ❛✈❛✐❧❛❜❧❡ ❝2②+%❛❧+ ♦❢ +❝✲❚▼❉ ♠❛%❡2✐❛❧+✳ ❚❤❡ ❡①❢♦✲

❧✐❛%❡❞ ✢❛❦❡+ ❛♣♣❡❛2 %♦ ❜❡ +%2♦♥❣❧② ✐♥❤♦♠♦❣❡♥❡♦✉+ ✇✐%❤ 2❡+♣❡❝% %♦ %❤❡ %❤❡ ❡①❛❝% ❡♥❡2❣② ❛♥❞

✐♥%❡♥+✐%② ♦❢ ♣❛2%✐❝✉❧❛2 2❡+♦♥❛♥❝❡+ +❡❡♥ ✐♥ %❤❡ ♦♣%✐❝❛❧ +♣❡❝%2❛ ❛♥❞ %❤❛% ✐♥❝♦♥✈❡♥✐❡♥❝❡ ♠❛② ❜❡

❛✈♦✐❞❡❞✴❧✐♠✐%❡❞ ❜② ♠✐♥✐♠✐+✐♥❣ %❤❡ ❡①❝✐%❛%✐♦♥ ❛♥❞✴♦2 ❞❡%❡❝%✐♦♥ ❛2❡❛✳ ❈❡2%❛✐♥ ❛%%❡♠♣%+ ❤❛✈❡

❜❡❡♥ ♠❛❞❡ %♦ ✐♠♣2♦✈❡ %❤❡ ♦♣%✐❝❛❧ +✐❣♥❛❧ ❜② ❝❤❡♠✐❝❛❧ %2❡❛%♠❡♥%+ ✭❡✳ ❣✳ ❜② ♣❛++✐✈❛%✐♥❣ %❤❡ ✢❛❦❡+

✇✐%❤ +✉♣❡2❛❝✐❞+ ❬✶✼❪✮✳ ❚❤❡+❡ ❛♣♣2♦❛❝❤❡+ ❧❡❛❞ %♦ %❤❡ ♦❜+❡2✈❛%✐♦♥ ♦❢ %❤❡ ❡♥❤❛♥❝❡♠❡♥% ♦❢ %❤❡

❡♠✐++✐♦♥ ✐♥%❡♥+✐%② ❢♦2 +♦♠❡ +❝✲❚▼❉ ♠❛%❡2✐❛❧+ ✭♠♦+%❧② +✉❧❢✉2 ❜❛+❡❞ ❝♦♠♣♦✉♥❞+✮✱ ❤♦✇❡✈❡2 %❤❡

@✉❛❧✐%② ♦❢ %❤❡ ♦♣%✐❝❛❧ 2❡+♣♦♥+❡ ✐+ +%✐❧❧ ❢❛2 ❢2♦♠ ♣❡2❢❡❝%✳

◆♦♥❡%❤❡❧❡++✱ %❤❡ ♦♣%✐❝❛❧ ❡①❛♠✐♥❛%✐♦♥ ❜2✐♥❣+ ♣❧❡♥%✐❢✉❧ ♦❢ ✐♥❢♦2♠❛%✐♦♥ ❛❜♦✉% %❤❡ ❡❧❡❝%2♦♥✐❝

+%❛%❡+ ❛♥❞ 2❡❧❛%❡❞ ♣❤②+✐❝❛❧ ♣❤❡♥♦♠❡♥❛ ✐♥ +❝✲❚▼❉ +%2✉❝%✉2❡+✳ ❆ ❣❡♥❡2❛❧ +❝❤❡♠❡ ♦❢ ❛ +%❛♥❞❛2❞

❢2❡❡ ❜❡❛♠ ♠✐❝2♦✲+♣❡❝%2♦+❝♦♣② ❡①♣❡2✐♠❡♥%❛❧ +❡%✲✉♣ ✐+ ♣2❡+❡♥%❡❞ ✐♥ ❋✐❣✉2❡ ✵✲✺✳ ■% ♠❛② ❜❡ ❞✐✈✐❞❡❞

✐♥%♦ +❡♣❛2❛%❡ ❡①❝✐%❛%✐♦♥ ❛♥❞ ❞❡%❡❝%✐♦♥ +❡❣♠❡♥%+✱ ❛+ ✇❡❧❧ ❛+ ❛ ♣❛2%✱ ✇❤❡2❡ %❤❡ ❡①❝✐%❛%✐♦♥ ❜❡❛♠

❛♥❞ %❤❡ +✐❣♥❛❧ ✭❧✉♠✐♥❡+❝❡♥❝❡ ♦2 +❝❛%%❡2❡❞✴2❡✢❡❝%❡❞ ❧✐❣❤%✮ ❝♦♠✐♥❣ ❢2♦♠ %❤❡ +❛♠♣❧❡ +♣❛%✐❛❧❧②

♦✈❡2❧❛♣✳ ❚❤❡ ♠❛✐♥ ✉♥✐% ✐♥ %❤❡ ❡①❝✐%❛%✐♦♥ ♠♦❞✉❧❡ ✐+ ❛ ❧✐❣❤% +♦✉2❝❡✳ ❋♦2 %❤❡ +%✉❞② ♦❢ 2❡✢❡❝%✐♦♥ ✐%

✐+ ❛ ✇❤✐%❡ ❧❛♠♣✳ ■♥ ❝❛+❡ ♦❢ ❧✉♠✐♥❡+❝❡♥❝❡ ♠❡❛+✉2❡♠❡♥%+ ✐% ✐+ ❛♥ ❛♣♣2♦♣2✐❛%❡ ❧❛+❡2✳ ❉✐✛❡2❡♥% ❧❛+❡2+

❛2❡ ✉+❡❞ ❜❛+❡❞ ♦♥ %❤❡ ♣2♦♣❡2%✐❡+ ♦❢ %❤❡ +②+%❡♠ ✭♠♦+%❧② %❤❡ +♣❡❝%2❛❧ 2❛♥❣❡ ♦❢ ❧✐❣❤% ❡♠✐++✐♦♥✮ ❛♥❞

❞❡+✐2❡❞ %②♣❡ ♦❢ ✐♥✈❡+%✐❣❛%✐♦♥ %♦ ❜❡ ♣❡2❢♦2♠❡❞✳ ■♥ %❤✐+ ✇♦2❦ ✇❡ %♦♦❦ ❛❞✈❛♥%❛❣❡ ♦❢ %❤❡ ❢♦❧❧♦✇✐♥❣

+❡% ♦❢ ❧❛+❡2+✿

• ❆2

+
❧❛+❡2+ ✭❧✐♥❡+ ✹✽✽✳✵ ♥♠ ❛♥❞ ✺✶✹✳✺ ♥♠✮ ✇❡2❡ ✉+❡❞ ✉+✉❛❧❧② ❢♦2 ♥♦♥✲2❡+♦♥❛♥% ❡①❝✐%❛%✐♦♥✳

• ▼✉❧%✐♣❧❡ ❞✐♦❞❡ ❧❛+❡2+✱ ❡❛❝❤ ✇✐%❤ ❛ +♣❡❝✐✜❝ ❡♠✐++✐♦♥ ❡♥❡2❣②✱ ♦✛❡2 ❢✉♥❝%✐♦♥❛❧✐%✐❡+ +✐♠✐❧❛2 %♦

❆2

+
❧❛+❡2✳

• ❘❤♦❞❛♠✐♥❡ ❞②❡ ❧❛+❡2 ✇❛+ ✉+❡❞ ❛+ ❛ %✉♥❛❜❧❡ +♦✉2❝❡ ❝♦✈❡2✐♥❣ 2♦✉❣❤❧② %❤❡ ❝❡♥%2❛❧ ♣❛2% ♦❢

%❤❡ ✈✐+✐❜❧❡ +♣❡❝%2❛❧ 2❡❣✐♦♥ ✭✺✻✵ ✲ ✻✶✵ ♥♠✮

• ❈♦♥%✐♥✉♦✉+ ✇❛✈❡ ❚✐✿❙❛♣♣❤ ❧❛+❡2+✱ ❛❧+♦ %✉♥❛❜❧❡✱ ♣2♦✈✐❞❡❞ ❡①❝✐%❛%✐♦♥ ❛% ❧♦✇❡2 ❡♥❡2❣② ✭✻✾✵ ♥♠

❛♥❞ ❧♦♥❣❡2 ✇❛✈❡❧❡♥❣%❤+✮✳ ❚❤✐+ ❧❛+❡2 ❝❛♥ ❜❡ ✉+❡❞ ❢♦2 2❡+♦♥❛♥% ♦2 @✉❛+✐✲2❡+♦♥❛♥% ❡①❝✐%❛%✐♦♥

♦❢ +♦♠❡ +❝✲❚▼❉ ♠❛%❡2✐❛❧+ ✭❡✳ ❣✳ ❲❙❡2✱ ▼♦❙❡2✮✳

■◆❚❘❖❉❯❈❚■❖◆



✶✵ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

❋✐❣✉&❡ ✵✲✻✿ ❆ *❝❤❡♠❡ ♦❢ "❤❡ ✜❜'❡✲❜❛*❡❞ ♦♣"✐❝❛❧ *❡"✲✉♣

✐* ♣'❡*❡♥"❡❞✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦♠♣❛❝"❧② '❡❛❧✐*❡❞ ✐♥*✐❞❡

❛ ♣'♦❜❡ ❛❞❡9✉❛"❡ ❢♦' ♠❡❛*✉'❡♠❡♥"* ✐♥ ❤✐❣❤ ♠❛❣♥❡"✐❝

✜❡❧❞*✳ ❉✐✛❡'❡♥" ❦✐♥❞* ♦❢ ✜❜'❡* ❜❛*❡❞ ♦♥ "❤❡ ❞❡*✐❣✲

♥❛"❡❞ ♣✉'♣♦*❡ ♦❢ "❤❡ ♣❛'"✐❝✉❧❛' ♣'♦❜❡ ♠❛② ❜❡ ✉*❡❞✳

❚❤❡ ♣'♦❜❡ ♦♣"✐♠✐*❡❞ ❢♦' ♠❡❛*✉'❡♠❡♥"* ♦❢ ❧✉♠✐♥❡*❝❡♥❝❡

✐* ✉*✉❛❧❧② ❡9✉✐♣♣❡❞ ✇✐"❤ ♠♦♥♦♠♦❞❡ ❡①❝✐"❛"✐♦♥ ✜❜'❡

✭✺ µ♠ ♦❢ ❝♦'❡ ❞✐❛♠❡"❡'✮ ❛♥❞ ♠✉❧"✐♠♦❞❡ ❞❡"❡❝"✐♦♥ ✜✲

❜'❡ ✭✺✵ µ♠ ♦❢ ❝♦'❡ ❞✐❛♠❡"❡'✮✳ ■❢ "❤❡ ❡①❝✐"❛"✐♦♥ ✜❜'❡ ✐*

❝❤❛♥❣❡❞ ✐♥"♦ ❛ ♠✉❧"✐♠♦❞❡ ♦♥❡ ✇✐"❤ ❛ ❧❛'❣❡' ❝♦'❡✱ "❤❡♥

'❡✢❡❝"❛♥❝❡ ❛♥❞ ❧✉♠✐♥❡*❝❡♥❝❡ ♠❛② ❜❡ ♠❡❛*✉'❡❞ ✐♥ "❤❡

*❛♠❡ *❡"✲✉♣ ❛" "❤❡ ❝♦*" ♦❢ *♣❛"✐❛❧ '❡*♦❧✉"✐♦♥✳ ❚❤❡ *❛♠✲

♣❧❡ ✐* ♠♦✉♥"❡❞ ♦♥ ①✲②✲③ ❝♦♥"'♦❧❧❡❞ ♣✐❡③♦✲*"❛❣❡* ✐♥ ♦'❞❡'
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:✐❣♥❛❧ .%❛♥:♠✐..❡❞ .♦ ❛ ♣❤♦.♦♥ ❝♦✉♥.✐♥❣ ♠♦❞✉❧❡✳ ❚❤✐: ❞❡✈✐❝❡ ❜❛:✐❝❛❧❧② ✇♦%❦: ❛: ❛ ❤✐❣❤ %❡:♦✲

❧✉.✐♦♥ :.♦♣✇❛.❝❤✱ .%✐❣❣❡%❡❞ ❜② .❤❡ ❡❧❡❝.%✐❝❛❧ :✐❣♥❛❧ ❢%♦♠ .❤❡ ❆N❉ ✐♥ ♦♥❡ ❞❡.❡❝.✐♦♥ ♣❛.❤ ❛♥❞

:.♦♣♣❡❞ ❜② .❤❡ ❡❧❡❝.%✐❝❛❧ :✐❣♥❛❧ ❢%♦♠ .❤❡ ❆N❉ ✐♥ .❤❡ ♦.❤❡% ♣❛.❤✳ ❙✉❝❤ ♠❡❛:✉%❡♠❡♥. ✐: %❡♣❡❛.❡❞

♠✉❧.✐♣❧❡ .✐♠❡: .♦ ✐♥✈❡:.✐❣❛.❡ .❤❡ :.❛.✐:.✐❝❛❧ ❞✐:.%✐❜✉.✐♦♥ ♦❢ .❤❡ .✐♠❡✱ ✇❤✐❝❤ ❡❧❛♣:❡: ❜❡.✇❡❡♥ .❤❡

❞❡.❡❝.✐♦♥ ♦❢ :✐♥❣❧❡ ♣❤♦.♦♥: ✐♥ .❤❡ .✇♦ ♣❛.❤:✳ ❚❤❡ %❡:✉❧. ♦❢ :✉❝❤ ❛ :.✉❞② ✐: ❞❡ ❢❛❝%♦ ❛ ❤✐:.♦❣%❛♠

♦❢ .❤❡ ♠❡❛:✉%❡❞ .✐♠❡ ✐♥.❡%✈❛❧:✱ ✇❤✐❝❤ ✐: ❛❢.❡%✇❛%❞: ❝♦♥❢%♦♥.❡❞ ✇✐.❤ ❛ :❡❝♦♥❞✲♦%❞❡% ❝♦%%❡❧❛.✐♦♥
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❢✉♥❝&✐♦♥ ❢♦)♠❛❧❧② ❞❡✜♥❡❞ ❛1 g2 (τ) = 〈Ia (t) Ib (t+ τ)〉 / 〈Ia (t) Ib (t)〉 ✇❤❡)❡ 〈. . .〉 ♠❛② ❣❡♥❡)❛❧❧②

❜❡ ❛♥② &❡♠♣♦)❛❧ 1&❛&✐1&✐❝❛❧ ❛✈❡)❛❣❡✱ Ia (t) ❛♥❞ Ib (t) )❡♣)❡1❡♥& &❤❡ ✐♥&❡♥1✐&② ♦❢ ❧✐❣❤& ♠❡❛1✉)❡❞ ❜②

❞❡&❡❝&♦)1 ❛ ❛♥❞ ❜✳ ■♥ ❝❛1❡ ♦❢ ❡♠✐&&❡)1 ✐♥ 1♦❧✐❞1✱ &❤❡ ❡①❛❝& ❢♦)♠✉❧❛ ❢♦) &❤❡ ❝♦))❡❧❛&✐♦♥ ❢✉♥❝&✐♦♥

❞❡♣❡♥❞1✱ ❡✳ ❣✳✱ ♦♥ &❤❡ ❛❧✐❣♥♠❡♥& ♦❢ &❤❡ ✐♥✈♦❧✈❡❞ ❡❧❡❝&)♦♥✐❝ ❧❡✈❡❧1 ❛♥❞ ❞②♥❛♠✐❝❛❧ ♣❛)❛♠❡&❡)1

✭)❛&❡1✮ ❞❡1❝)✐❜✐♥❣ &)❛♥1✐&✐♦♥1 ❜❡&✇❡❡♥ &❤❡♠✳ ▲❡& ✉1 ♥♦&❡✱ &❤❛& ✐❢ &❤❡ ❡♠✐&&✐♥❣ 1♣❡❝✐♠❡♥ ✐1 ❛

1✐♥❣❧❡ ♣❤♦&♦♥ 1♦✉)❝❡✱ &❤❡♥ ❝♦♥1❡?✉❡♥&❧② ❜♦&❤ ❆A❉1 ❝❛♥♥♦& ❞❡&❡❝& ♣❤♦&♦♥1 ❛& &❤❡ 1❛♠❡ &✐♠❡✳

■♥ 1✉❝❤ ❛ ❝❛1❡ ❛♥ ❛♥&✐❜✉♥❝❤✐♥❣ ❛♣♣❡❛)1 ❛& ③❡)♦ &✐♠❡ ❞❡❧❛② ✐♥ &❤❡ ❝♦))❡❧❛&✐♦♥ ❢✉♥❝&✐♦♥ ✭g2 (0) = 0

❢♦) ❛ ♣❡)❢❡❝& 1♦✉)❝❡✮✳
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❇❛)✐❝ ♦♣$✐❝❛❧ ❝❤❛&❛❝$❡&✐)❛$✐♦♥ ♦❢ $❤❡

❡①❝✐$♦♥✐❝ &❡)♦♥❛♥❝❡) ✐♥ ♠♦♥♦✲ ❛♥❞

♠✉❧$✐❧❛②❡&) ♦❢ )❝✲❚▼❉

❚❤❡ ♣♦%%✐❜✐❧✐)② ♦❢ ❢❛❜-✐❝❛)✐♥❣ %❝✲❚▼❉ %)-✉❝)✉-❡% ✇✐)❤ )❤❡ ♣-❡❝✐%✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❧❛②❡-% ❬✶❪

♦✛❡-% ❛♥ ✉♥♣-❡❝❡❞❡♥)❡❞ ♦♣♣♦-)✉♥✐)② )♦ ✐♥✈❡%)✐❣❛)❡ %②%)❡♠❛)✐❝❛❧❧② )❤❡ ✐♠♣❛❝) ♦❢ ❞✐♠❡♥%✐♦♥❛❧✐)②

♦♥ )❤❡ ❢✉♥❞❛♠❡♥)❛❧ ♦♣)✐❝❛❧ ❡①❝✐)❛)✐♦♥%✳ ❚❤❡ ❛♣♣❡❛-❛♥❝❡ ♦❢ -❡%♦♥❛♥❝❡% ♦❢ ❡①❝✐)♦♥✐❝ ♥❛)✉-❡ ✐♥

)❤❡ ♦♣)✐❝❛❧ %♣❡❝)-❛ ♥♦) ♦♥❧② ❣-❛♥)% ✐♥%✐❣❤) ✐♥)♦ )❤❡ ❡✈♦❧✉)✐♦♥ ♦❢ )❤❡ %❝✲❚▼❉ ❜❛♥❞ %)-✉❝)✉-❡

✇✐)❤ )❤❡ ♥✉♠❜❡- ♦❢ ❧❛②❡-%✱ ❜✉) ♠♦-❡ ✐♠♣♦-)❛♥)❧② -❡✈❡❛❧% ❛ ♥♦♥✲)-✐✈✐❛❧ ✐♥✢✉❡♥❝❡ ♦❢ )❤❡ ❈♦✉❧♦♠❜

✐♥)❡-❛❝)✐♦♥ ❬✶✾✕✷✽❪✳

❆ ❧♦) ♦❢ ❛))❡♥)✐♦♥ ❤❛% ❜❡❡♥ ❜-♦✉❣❤) )♦ )❤❡ ❢❛❝) )❤❛) )❤❡ ♦♣)✐❝❛❧ -❡%♣♦♥%❡ ♦❢ )❤✐♥ %❝✲❚▼❉

%)-✉❝)✉-❡% ❝-✐)✐❝❛❧❧② ❞❡♣❡♥❞% ♦♥ )❤❡ ♥✉♠❜❡- ♦❢ ❧❛②❡-%✳ ❆ ✈❡-② ✜-%) ❛♣♣❡❛❧✐♥❣ ♦❜%❡-✈❛)✐♦♥ ✐%

-❡❧❛)❡❞ )♦ )❤❡ ❡✣❝✐❡♥❝② ♦❢ ❧✐❣❤) ❡♠✐%%✐♦♥✳ ■) ✐% ♥♦✇ ✇❡❧❧ ❡%)❛❜❧✐%❤❡❞ )❤❛) ✐♥ )❤❡ ❧✐♠✐) ♦❢ ❛ ♠♦♥♦✲

❧❛②❡- ✭)❤❡ ♠♦%) ❜❛%✐❝ ✬%)❛❝❦✐♥❣ ✉♥✐)✬ ♦❢ )❤❡ )❤✐❝❦♥❡%% ♦❢ ❛ %✐♥❣❧❡ ▼❳2 ♠♦❧❡❝✉❧❡✮ )❤❡ H▲ %✐❣♥❛❧

✐♥❝-❡❛%❡% ❞-❛♠❛)✐❝❛❧❧②✱ ♣-❛❝)✐❝❛❧❧② ✐♥ ❛❧❧ %❝✲❚▼❉ ♠❛)❡-✐❛❧% ❬✷✾✕✸✹❪✳ ❙✉❝❤ ❡❛%✐❧② ❢❛❜-✐❝❛)❡❞

❜-✐❣❤) ❧✐❣❤) %♦✉-❝❡%✱ ❝❛♣❛❜❧❡ ♦❢ -♦♦♠ )❡♠♣❡-❛)✉-❡ ♦♣❡-❛)✐♦♥✱ ❝♦♥%)✐)✉)❡ ❛♥ ❛))-❛❝)✐✈❡ -❡%❡❛-❝❤

)♦♣✐❝✱ ❡%♣❡❝✐❛❧❧② ✐❢ ❛ ❞✐✈❡-%❡ ♦♣)✐❝❛❧ -❡%♣♦♥%❡ ♦❢ ✈❛-✐♦✉% ♠❡♠❜❡-% ♦❢ %❝✲❚▼❉ ❢❛♠✐❧② ✐% )❛❦❡♥ ✐♥)♦

❛❝❝♦✉♥)✳ ❋✐❣✉-❡ ✶✲✶ ♣-❡%❡♥)% ❛ ♠✐%❝❡❧❧❛♥② ♦❢ ❧♦✇ )❡♠♣❡-❛)✉-❡ H▲ %♣❡❝)-❛ ♦❢ ♠♦%) ❝♦♠♠♦♥❧②

✐♥✈❡%)✐❣❛)❡❞ %❝✲❚▼❉ ♠♦♥♦❧❛②❡-%✱ ✇❤✐❝❤ ❝♦✈❡- ❛ ❜-♦❛❞ %♣❡❝)-❛❧ -❛♥❣❡ ✐♥ )❤❡ ✈✐%✐❜❧❡ ❛♥❞ ♥❡❛-✲

✐♥❢-❛-❡❞ -❡❣✐♦♥✳ ❚❤❡ %❛♠❡ ❝-②%)❛❧ %)-✉❝)✉-❡ ♦❢ ✈❛-✐♦✉% -❡♣-❡%❡♥)❛)✐✈❡% ♦❢ %❝✲❚▼❉ ♠❛)❡-✐❛❧%

✐♥ ❛ ♠♦♥♦❧❛②❡- ❢♦-♠ ✐♠♣❧✐❡% )❤❛) )❤❡ ✈❛❧✉❡ ♦❢ )❤❡ ❜❛♥❞ ❣❛♣ ✐% ❞❡)❡-♠✐♥❡❞ ♣-❡❞♦♠✐♥❛♥)❧② ❜②

)❤❡ %)-❡♥❣)❤ ♦❢ )❤❡ ✐♥)❡-✲❛)♦♠✐❝ ❜♦♥❞%✳ ■♥ )❤✐% -❡❣❛-❞✱ )❤❡ ♣-❡%❡♥❝❡ ♦❢ ❛ ❝❤❛❧❝♦❣❡♥ ❛)♦♠ ✐♥
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Fundamental absorption resonance
in WSe  structures: temperature dependence2
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9❤❡ ❡♥❡&❣② 0❡♣❛&❛9✐♦♥ ❜❡9✇❡❡♥ 9❤❡ ❆ ❛♥❞ ❆✯ &❡0♦♥❛♥❝❡0 ✇❤❡♥ ✐♥❝&❡❛0✐♥❣ 9❤❡ 9❤✐❝❦♥❡00 ❢&♦♠

♦♥❡ 9♦ 9✇♦ ♠♦♥♦❧❛②❡&0✳ ❋♦& 09❛❝❦0 9❤✐❝❦❡& 9❤❛♥ ❛ ❜✐❧❛②❡& 9❤❡ ❡♥❡&❣② ❞✐✛❡&❡♥❝❡ ♣&♦❣&❡00✐✈❡❧②

❞❡❝&❡❛0❡0 ✉♥9✐❧ ✐9 &❡❛❝❤❡0 9❤❡ ✈❛❧✉❡ ❝♦&&❡0♣♦♥❞✐♥❣ 9♦ 9❤❡ ❜✉❧❦ ❧✐♠✐9✳ ❚❤❡ ❝✉&&❡♥9 ✉♥❞❡&09❛♥❞✐♥❣

♦❢ 9❤✐0 ♦❜0❡&✈❛9✐♦♥ ✐0 &❡❧❛9❡❞ 9♦ 9❤❡ ✉♥❝♦✈❡&✐♥❣ ♦❢ ❛ ❞✐0❝&❡♣❛♥❝② ❜❡9✇❡❡♥ 9❤❡ ❡♥❡&❣② ♦❢ ❡①❝✐9♦♥✐❝

&❡0♦♥❛♥❝❡0 ✇✐9❤ ❧♦✇ J✉❛♥9✉♠ ♥✉♠❜❡&0 ♥ ✭&♦✉❣❤❧② ♥ ≤ ✸✮ ❛♥❞ 9❤❡ ❡♥❡&❣✐❡0 ❝♦&&❡0♣♦♥❞✐♥❣ 9♦ ❛

❘②❞❜❡&❣ 0❡&✐❡0 ❢♦& ♠♦♥♦❧❛②❡& 0❝✲❚▼❉ ✢❛❦❡0✱ ✇❤✐❝❤ ❛&✐0❡ ♠♦09 ❧✐❦❡❧② ❞✉❡ 9♦ ❛ ♥♦♥✲❧♦❝❛❧ ❝❤❛&❛❝9❡&

♦❢ 9❤❡ 0❝&❡❡♥✐♥❣ ♦❢ ❈♦✉❧♦♠❜ ✐♥9❡&❛❝9✐♦♥✳ ❚❤✐0 ❞❡✈✐❛9✐♦♥ ❢&♦♠ 9❤❡ ❤②❞&♦❣❡♥✲❧✐❦❡ ♠♦❞❡❧✱ ♠♦09

♣&♦♠✐♥❡♥9 ✐♥ ♠♦♥♦❧❛②❡& 09&✉❝9✉&❡0✱ ♣✉0❤❡0 9❤❡ ❡①❝✐9❡❞ 09❛9❡0 ✇✐9❤ ❧♦✇ ♥ 0✐❣♥✐✜❝❛♥9❧② ❝❧♦0❡&

9♦ 9❤❡ ❡①❝✐9♦♥ ❣&♦✉♥❞ 09❛9❡✳ ❲✐9❤ 9❤❡ ✐♥❝&❡❛0❡ ♦❢ 9❤❡ ♥✉♠❜❡& ♦❢ ❧❛②❡&0✱ 9❤❡ ❘②❞❜❡&❣ 0❡&✐❡0 ♦❢

❈❍❆R❚❊❘ ✶✳ ❇❆❙■❈ ❖R❚■❈❆▲ ❈❍❆❘❆❈❚❊❘■❙❆❚■❖◆ ❖❋ ❚❍❊ ❊❳❈■❚❖◆■❈

❘❊❙❖◆❆◆❈❊❙ ■◆ ▼❖◆❖✲ ❆◆❉ ▼❯▲❚■▲❆❨❊❘❙ ❖❋ ❙❈✲❚▼❉



❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✶✾

❡①❝✐&♦♥ ❡①❝✐&❡❞ *&❛&❡* ✐* ,❡❝♦✈❡,❡❞✱ &❤❡,❡❢♦,❡ &❤❡ ✐♥✢✉❡♥❝❡ ♦❢ &❤❡ &,❛♥*✐&✐♦♥ ❜❡&✇❡❡♥ &✇♦ *②*&❡♠*

♦❢ ❞✐✛❡,❡♥& ❞✐♠❡♥*✐♦♥❛❧✐&② ❞♦♠✐♥❛&❡* ❢♦, &❤✐❝❦❡, *&,✉❝&✉,❡*✳ ❚❤❡ ♣,❡*❡♥&❡❞ ✐♥&❡,♣,❡&❛&✐♦♥ ♦❢

&❤❡ ♠♦*& ✐♠♣♦,&❛♥& ❢❡❛&✉,❡* *❡❡♥ ✐♥ ,❡✢❡❝&✐✈✐&② *♣❡❝&,❛ ♣,♦✈✐❞❡* *♦♠❡ ✉♥❞❡,*&❛♥❞✐♥❣ ♦❢ &❤❡

❡①❝✐&♦♥✐❝ ,❡*♦♥❛♥❝❡* ♦♥ ❛ >✉❛❧✐&❛&✐✈❡ ❧❡✈❡❧✳ ▼♦,❡ *&✉❞✐❡* ❛,❡ ♥❡❡❞❡❞ ♦♥ ❜♦&❤ ❡①♣❡,✐♠❡♥&❛❧ ❛♥❞

&❤❡♦,❡&✐❝❛❧ ❣,♦✉♥❞✱ ❡✳ ❣✳ &♦ ❡①♣❛♥❞ &❤❡ ❝♦♠♣,❡❤❡♥*✐♦♥ ♦❢ &❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❞✐✛❡,❡♥& ❞✐❡❧❡❝&,✐❝

❡♥✈✐,♦♥♠❡♥&* ✭✇❤✐❝❤ ❝❛♥ ❜❡ &✉♥❡❞ &♦ ❛ ❧❛,❣❡ ❞❡❣,❡❡ ❢♦, ✐♥*&❛♥❝❡ ❜② ❢❛❜,✐❝❛&✐♥❣ *✉*♣❡♥❞❡❞

✜❧♠*✱ ❤❡&❡,♦*&,✉❝&✉,❡*✱ ❡&❝✳✮ ♦♥ &❤❡ ❡❧❡❝&,♦♥✲❤♦❧❡ ✐♥&❡,❛❝&✐♦♥ ✐♥ &❤❡ &❤✐♥♥❡*& *❝✲❚▼❉ ✢❛❦❡*

♦, &♦ ❧❡❛,♥ ❛❜♦✉& &❤❡ ❝♦♥*❡>✉❡♥❝❡* ♦❢ *♣✐♥✲*♣✐♥ ✭❡①❝❤❛♥❣❡✮ ✐♥&❡,❛❝&✐♦♥* ♦♥ &❤❡ ♦♣&✐❝❛❧ ❛♥❞

❡❧❡❝&,♦♥✐❝ ♣,♦♣❡,&✐❡*✳

✶✳✸✳ ■♠♣❛❝( ♦❢ (❡♠♣❡,❛(✉,❡ ♦♥ (❤❡ ♦♣(✐❝❛❧ ,❡2♣♦♥2❡ ♦❢ 2❝✲❚▼❉

❋♦, &❤❡ *❛❦❡ ♦❢ ❝♦♠♣❧❡&❡♥❡** ♦❢ &❤❡ ❜❛*✐❝ ♦♣&✐❝❛❧ ❝❤❛,❛❝&❡,✐*❛&✐♦♥✱ ✇❡ &✉,♥ &♦ &❤❡ ❛♥❛❧②*✐* ♦❢ &❤❡

✐♠♣❛❝& ♦❢ &❤❡ &❡♠♣❡,❛&✉,❡ ♦♥ &❤❡ ❡①❝✐&♦♥✐❝ ,❡*♦♥❛♥❝❡* *❡❡♥ ✐♥ ,❡✢❡❝&✐✈✐&② *♣❡❝&,❛✳ ❋✐❣✉,❡ ✶✲✹

✐❧❧✉*&,❛&❡* &❤❡ ,❡✢✐❝&✐✈✐&② ❝♦♥&,❛*& *♣❡❝&,❛ ✐♥ &❤❡ ❡♥❡,❣② ,❛♥❣❡ ❝♦,,❡*♣♦♥❞✐♥❣ &♦ &❤❡ ❆ ♥❡✉&,❛❧

❡①❝✐&♦♥ ,❡*♦♥❛♥❝❡ ✐♥ &❤❡ &❡♠♣❡,❛&✉,❡ ,❛♥❣❡ ❢,♦♠ ✺ ❑ ✉♣ &♦ ✸✵✵ ❑✳ ❆ ❝❧❡❛, &❡♥❞❡♥❝② ❛♣♣❡❛,* ✐♥

❢♦,♠ ♦❢ ♣,♦❣,❡**✐✈❡ ,❡❞✲*❤✐❢& ❛♥❞ ❧✐♥❡✇✐❞&❤ ❜,♦❛❞❡♥✐♥❣ ♦❢ &❤❡ ❛❜*♦,♣&✐♦♥ ❧✐♥❡ ✇✐&❤ &❤❡ ✐♥❝,❡❛*❡

♦❢ &❡♠♣❡,❛&✉,❡✳ ❚❤✐* ✐* ❛ ✇❡❧❧✲❦♥♦✇♥ ❡✛❡❝& ♦❢&❡♥ *❡❡♥ ✐♥ ✈❛,✐♦✉* *❡♠✐❝♦♥❞✉❝&♦, *&,✉❝&✉,❡*✳ ❆

❞❡&❛✐❧❡❞ ❛♥❛❧②*✐* ♦❢ &❤❡ ❡♥❡,❣② ❛♥❞ ❧✐♥❡✇✐❞&❤ ♦❢ &❤❡ ,❡*♦♥❛♥❝❡ ❧✐♥❡✱ ❞♦♥❡ ❤❡,❡ ❢♦, ♠♦♥♦❧❛②❡,✱

❜✐❧❛②❡, ❛♥❞ ❜✉❧❦ ✢❛❦❡*✱ ❛❧❧♦✇* ✉* &♦ &❡*& &❤❡✐, &❡♠♣❡,❛&✉,❡ ❡✈♦❧✉&✐♦♥ ❛❣❛✐♥*& ❝♦♠♠♦♥❧② ✉*❡❞

♠♦❞❡❧* ❞❡✈❡❧♦♣❡❞ ❞✉,✐♥❣ *&✉❞✐❡* ♦❢ ♠♦,❡ ❝♦♥✈❡♥&✐♦♥❛❧ *❡♠✐❝♦♥❞✉❝&♦,* ❬✺✻✱ ✺✼❪✳ ❚❤❡ ❡♥❡,❣②

*❤✐❢& ♦❢ &❤❡ ,❡*♦♥❛♥❝❡* ✐* ✉*✉❛❧❧② ❞❡*❝,✐❜❡❞ ❛* ❛ ❝♦♥*❡>✉❡♥❝❡ ♦❢ &❤❡ ❜❛♥❞ ❣❛♣ ❝❧♦*✐♥❣ ❛& ❤✐❣❤❡,

&❡♠♣❡,❛&✉,❡✱ ✇❤✐❝❤ ♦,✐❣✐♥❛&❡* ❢,♦♠ &❤❡ ✐♥❝,❡❛*❡ ♦❢ &❤❡ ❛✈❡,❛❣❡ ✐♥&❡,❛&♦♠✐❝ ❞✐*&❛♥❝❡ ❞✉❡ &♦

&❤❡ ❝,②*&❛❧✬* ❡①♣❛♥*✐♦♥ ♦, ❢,♦♠ &❤❡ ♠♦❞✉❧❛&✐♦♥ ♦❢ &❤❡ ❛&♦♠✐❝ ❜♦♥❞* ❝❛✉*❡❞ ❜② &❤❡ ❛♣♣❡❛,❛♥❝❡

❛♥❞✴♦, ❡♥❤❛♥❝❡♠❡♥& ♦❢ ✈✐❜,❛&✐♦♥❛❧ ♠♦❞❡* ✭♣❤♦♥♦♥*✮ ✇❤✐❝❤ ❝❛♥ ❡✛❡❝&✐✈❡❧② ❝♦✉♣❧❡ ✇✐&❤ &❤❡

❡❧❡❝&,♦♥* ♦❝❝✉♣②✐♥❣ &❤❡ ♦,❜✐&❛❧ *&❛&❡*✳ ❚❤✐* ❛♣♣,♦❛❝❤ ❤♦❧❞* ♦♥❧② ✐❢ &❤❡ ❡①❝✐&♦♥ ❜✐♥❞✐♥❣ ❡♥❡,❣②

,❡♠❛✐♥* ✐♥*❡♥*✐&✐✈❡ &♦ &❤❡ &❡♠♣❡,❛&✉,❡ ❝❤❛♥❣❡*✳ ❙✉❝❤ ❛**✉♠♣&✐♦♥ ✐* ✉*✉❛❧❧② ❛❝❝❡♣&❡❞ ✐❢ &❤❡

&❡♠♣❡,❛&✉,❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ &❤❡ ❡♥❡,❣② ♦❢ &❤❡ ❡①❝✐&♦♥✐❝ ,❡*♦♥❛♥❝❡* ✐* ,❡❛*♦♥❛❜❧② ✇❡❧❧ ,❡♣,♦❞✉❝❡❞

❡①❝❧✉*✐✈❡❧② ❜② &❤❡ ❜❛♥❞ ❣❛♣ *❤,✐♥❦❛❣❡✳ ❲❡ ✉*❡ &❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦,♠✉❧❛✱ ✇❤✐❝❤ ❡①♣,❡**❡* &❤❡ ❜❛♥❞

❣❛♣ ❞❡♣❡♥❞❡♥❝❡ ♦♥ &❤❡ &❡♠♣❡,❛&✉,❡ ✐♥ &❡,♠* ♦❢ &❤❡ ♠❡❛♥ ♣❤♦♥♦♥ ❡♥❡,❣② 〈h̄ω〉 ❛♥❞ ❛♥ ❡❧❡❝&,♦♥✲

♣❤♦♥♦♥ ❝♦✉♣❧✐♥❣ ♣❛,❛♠❡&❡, ❙✿

Eg (T ) = Eg (0)− S 〈h̄ω〉

(

coth

(

〈h̄ω〉

2kT

)

− 1

)
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✷✵ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

▲❡$ ✉& ♥♦$❡✱ $❤❛$ $❤❡ ❛❜♦✈❡ ❢♦/♠✉❧❛ ✜$& ❛❝❝❡♣$❛❜❧② $❤❡ ❡①♣❡/✐♠❡♥$❛❧ ❞❛$❛ ❢♦/ ❜♦$❤ $❤✐♥ &$/✉❝✲

$✉/❡& ✭♠♦♥♦✲ ❛♥❞ ❜✐❧❛②❡/✮ ❛♥❞ $❤❡ ❜✉❧❦ ❝/②&$❛❧✱ ❡&$❛❜❧✐&❤✐♥❣ $❤❛$ $❤❡ ♣/❡&❡♥$❡❞ ❢♦/♠❛❧✐&♠ ❞❡✲

✈❡❧♦♣❡❞ ❢♦/ &❡♠✐❝♦♥❞✉❝$♦/& ✇✐$❤ ❝♦♥✈❡♥$✐♦♥❛❧ ❜❛♥❞ &$/✉❝$✉/❡ ❡①$/❛♣♦❧❛$❡& ✇❡❧❧ ♦♥ &❝✲❚▼❉

♠❛$❡/✐❛❧&✳ ❚❤❡ ❧✐♥❡✇✐❞$❤ ❜/♦❛❞❡♥✐♥❣ ✇✐$❤ $❤❡ ✐♥❝/❡❛&✐♥❣ $❡♠♣❡/❛$✉/❡ ❢♦/ $❤❡ ❡①❝✐$♦♥ ❣/♦✉♥❞

&$❛$❡ /❡&♦♥❛♥❝❡ ✭❢♦/ ♥❂✶✮ ✐& $②♣✐❝❛❧❧② ❛❝❝♦✉♥$❡❞ ❢♦/ ✇❤❡♥ $❤❡ ❝♦✉♣❧✐♥❣ ♦❢ ❡❧❡❝$/♦♥✐❝ &$❛$❡& ✇✐$❤

❧♦♥❣✐$✉❞✐♥❛❧ ♦♣$✐❝❛❧ ✭▲❖✮ ♣❤♦♥♦♥& ✐& ❝♦♥&✐❞❡/❡❞✱ ♣/♦♣♦/$✐♦♥❛❧ $♦ $❤❡ ♥✉♠❜❡/ ♦❢ $❤❡&❡ ♣❤♦♥♦♥&

❣✐✈❡♥ ❜② ❇♦&❡✲❊✐♥&$❡✐♥ ❞✐&$/✐❜✉$✐♦♥✳ ❆ ❧✐♥❡❛/ ✇✐$❤ $❡♠♣❡/❛$✉/❡ $❡/♠✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❞❡/✐✈❡❞

❢♦/ ❛❝♦✉&$✐❝ ♣❤♦♥♦♥&✱ ✐& ✉&✉❛❧❧② ♦❢ ♥❡❣❧✐❣✐❜❧❡ ♠❛❣♥✐$✉❞❡✳ ❚❤❡/❡❢♦/❡✱ $❤❡ ❢♦/♠✉❧❛ ✇❡ ✉&❡❞ $♦

❞❡&❝/✐❜❡ $❤❡ ❧✐♥❡✇✐❞$❤ ❝❤❛♥❣❡& ✇✐$❤ $❡♠♣❡/❛$✉/❡ ✇❛& $❤❡ ❢♦❧❧♦✇✐♥❣✿

γ (T ) = γ (0) +
α

exp
(

h̄ω
kT

)

− 1

❚❤❡ ❛❣/❡❡♠❡♥$ ✇✐$❤ ❡①♣❡/✐♠❡♥$❛❧ ❞❛$❛ ❢♦/ $❤❡ $❤/❡❡ ✐♥✈❡&$✐❣❛$❡❞ &$/✉❝$✉/❡& ✐& ❛❧&♦ ❞❡❝❡♥$✳ ■♥

$❤✐& ❝❛&❡✱ ✐$ ♠❛② ❜❡ ✐♥$❡/❡&$✐♥❣ $♦ ❞✐&❝✉&& $❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ $❤❡ ✈❛❧✉❡ ♦❢ $❤❡ α ♣❛/❛♠❡$❡/✱

✇❤✐❝❤ /❡✢❡❝$& $❤❡ ♣/♦❜❛❜✐❧✐$② ♦❢ $❤❡ &❝❛$$❡/✐♥❣ ♦❢ $❤❡ ❡①❝✐$♦♥✐❝ &$❛$❡ ✇✐$❤ $❤❡ ✐♥✈♦❧✈❡♠❡♥$ ♦❢ ❛♥

▲❖ ♣❤♦♥♦♥ ♦❢ $❤❡ ❡♥❡/❣② ✷✺✵ ❝♠

−1 ≈ ✸✶ ♠❡❱ ✐♥ ❲❙❡2 ♠❛$❡/✐❛❧ ❬✸✶❪✱ ♦♥ $❤❡ $❤✐❝❦♥❡&& ♦❢ $❤❡

&$/✉❝$✉/❡✳ ❚❤❡ ✈❛❧✉❡ ♦❢ $❤❡ α ♣❛/❛♠❡$❡/ ❢♦/ $❤✐♥ &$/✉❝$✉/❡& ✇❛& ❢♦✉♥❞ $♦ ❜❡ &✐♠✐❧❛/✱ ✼✽ ♠❡❱ ❢♦/

$❤❡ ♠♦♥♦❧❛②❡/ ❛♥❞ ✼✺ ♠❡❱ ❢♦/ $❤❡ ❜✐❧❛②❡/✮✱ ❜✉$ ✐♥ $❤❡ ❜✉❧❦ ❧✐♠✐$ ✐$ ✇❛& ♥♦$✐❝❡❛❜❧② ✐♥❝/❡❛&❡❞ ✉♣

$♦ ✶✵✺ ♠❡❱✳ ❖✉/ ✐♥$❡/♣/❡$❛$✐♦♥ ♦❢ $❤✐& $❡♥❞❡♥❝② ✐& $❤❛$ ❞✉❡ $♦ $❤❡ ❡♥❤❛♥❝❡♠❡♥$ ♦❢ $❤❡ ❡①❝✐$♦♥

❜✐♥❞✐♥❣ ❡♥❡/❣② ✐♥ ✬♠♦/❡ $✇♦ ❞✐♠❡♥&✐♦♥❛❧✬ &②&$❡♠&✱ $❤❡ &❝❛$$❡/✐♥❣ ❡✈❡♥$& ❝❛♥ ♦❝❝✉/ ♦♥❧② ✇✐$❤✐♥

$❤❡ ❣/♦✉♥❞ ❡①❝✐$♦♥✐❝ &$❛$❡ ✇✐$❤ ♥❂✶✱ &♦ $❤❛$ $❤❡ ♣/♦❝❡&& ✐♥✈♦❧✈✐♥❣ $❤❡ ❛❜&♦/♣$✐♦♥ ♦❢ ❛ ♣❤♦♥♦♥

❡❧❡✈❛$❡& $❤❡ ❡①❝✐$♦♥ $♦ ❤✐❣❤❡/ ❡♥❡/❣② &$❛$❡& ✇✐$❤ ❧❛/❣❡/ ❝❡♥$❡/ ♦❢ ♠❛&& ♠♦♠❡♥$✉♠✳ ❍♦✇❡✈❡/✱

$❤✐& ❧✐♠✐$❛$✐♦♥ ♠❛② ❜❡ ❧✐❢$❡❞✱ ✇❤❡♥ $❤❡ ❡①❝✐$♦♥ ❜✐♥❞✐♥❣ ❡♥❡/❣② ❞❡❝/❡❛&❡& ✐♥ $❤❡ ❜✉❧❦ ❢♦/♠ ♦❢ $❤❡

❝/②&$❛❧✱ ❡✈❡♥$✉❛❧❧② ♦♣❡♥✐♥❣ ✉♣ ❛♥ ❛❞❞✐$✐♦♥❛❧ &❝❛$$❡/✐♥❣ ❝❤❛♥♥❡❧ $♦ $❤❡ ❡①❝✐$❡❞ &$❛$❡&✱ ❢♦/ ✇❤✐❝❤

$❤❡ ❡♥❡/❣❡$✐❝ ❞✐&$❛♥❝❡ ❢/♦♠ $❤❡ ❣/♦✉♥❞ &$❛$❡ ❜❡❝♦♠❡& ❝♦♠♣❛/❛❜❧❡ ✇✐$❤ $❤❡ ❡♥❡/❣② ♦❢ $❤❡ ▲❖

♣❤♦♥♦♥✳

❲❡ ❤❛✈❡ ❡①♣❧♦/❡❞ $❤❡ $♦♣✐❝ ♦❢ $❤❡ ❜❛&✐❝ ♦♣$✐❝❛❧ ❝❤❛/❛❝$❡/✐③❛$✐♦♥ ♦❢ &❝✲❚▼❉ &$/✉❝$✉/❡& ❜❛&❡❞

♦♥ ♦✉/ /❡✢❡❝$✐✈✐$② ❝♦♥$/❛&$ ♠❡❛&✉/❡♠❡♥$&✱ ❜✉$ ♥♦✇ ✇❡ ✇♦✉❧❞ &❤✐❢$ $❤❡ ❢♦❝✉& ♦❢ ♦✉/ ❞✐&❝✉&&✐♦♥

❜❛❝❦ $♦ $❤❡ ❧✐❣❤$ ❡♠✐&&✐♦♥ &$✉❞② ✐♥ ♦/❞❡/ $♦ ❛❞❞/❡&& $❤❡ ❛❢♦/❡♠❡♥$✐♦♥❡❞ ❞✐✈❡/&✐$② ♦❢ $❤❡ V▲ /❡✲

&♣♦♥&❡ ❢♦/ ❞✐✛❡/❡♥$ ♠❛$❡/✐❛❧& ❜❡❧♦♥❣✐♥❣ $♦ &❝✲❚▼❉ ❢❛♠✐❧②✳ ❋✐❣✉/❡ ✶✲✺ ♣/❡&❡♥$& $❤❡ $❡♠♣❡/❛$✉/❡

❞❡♣❡♥❞❡♥❝❡ ♦❢ $❤❡ ❡♠✐&&✐♦♥ &♣❡❝$/❛ ♦❢ ♠♦♥♦❧❛②❡/ ▼♦❙❡2 ❛♥❞ ❲❙❡2 ✢❛❦❡&✳ ❚❤❡&❡ $✇♦ ♠❛$❡/✐❛❧&

❛/❡ /❡♣/❡&❡♥$❛$✐✈❡ ♦❢ $❤❡ $✇♦ ❞✐✛❡/❡♥$ $②♣❡& ♦❢ $❤❡ ❡♠✐&&✐♦♥ &✐❣♥❛$✉/❡ ❛$ ❧♦✇ $❡♠♣❡/❛$✉/❡✳ ❚❤❡

♠♦♥♦❧❛②❡/ ▼♦❙❡2 ✢❛❦❡& ❣✐✈❡ /✐&❡ $♦ /❡❧❛$✐✈❡❧② &✐♠♣❧❡ &♣❡❝$/❛ ❝♦♠♣♦&❡❞ ♦❢ $✇♦ ❧✐♥❡&✱ ✇❤✐❝❤ ✇❡/❡

❈❍❆V❚❊❘ ✶✳ ❇❆❙■❈ ❖V❚■❈❆▲ ❈❍❆❘❆❈❚❊❘■❙❆❚■❖◆ ❖❋ ❚❍❊ ❊❳❈■❚❖◆■❈

❘❊❙❖◆❆◆❈❊❙ ■◆ ▼❖◆❖✲ ❆◆❉ ▼❯▲❚■▲❆❨❊❘❙ ❖❋ ❙❈✲❚▼❉



❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✷✶

1.6 1.7
0

50

100

150

1.6 1.7
0

500

1000

1500

2000

2500

0 100  200 300
0.0

0.5

1.0

1.5

0 50 100 150
0.0

0.5

1.0

1.5

300 K

200 K

140 K

100 K

50 K

240 K

Energy (eV)

10 K

P
L

in
te

n
si

ty
(c

o
u

n
ts

/
W

s)
m

⋅

MoSe
2

WSe
2

90 K
70 K

50 K

40 K

30 K

10 K

Energy (eV)

120 K

Temperature (K)N
o

rm
.

P
L

in
te

n
si

ty
 (

a.
 u

.)

Temperature (K)

P
L

in
te

n
si

ty
(c

o
u

n
ts

/
W

s)
m

⋅
N

o
rm

.
P

L
in

te
n

si
ty

 (
a.

 u
.)

Temperature impact on TMDs monolayer PL spectra

a b

c d

❋✐❣✉&❡ ✶✲✺✿ ❚❤❡ "❡♠♣❡'❛"✉'❡ ❡✈♦❧✉"✐♦♥ ♦❢ "❤❡

5▲ *♣❡❝"'❛ ❢♦' ♠♦♥♦❧❛②❡' ▼♦❙❡2 ❛♥❞ ❲❙❡2

✢❛❦❡* '❡✈❡❛❧* ❢❡❛"✉'❡* ✐♥❞✐❝❛"✐✈❡ ♦❢ <✉❛❧✐"❛✲

"✐✈❡❧② ❞✐✛❡'❡♥" ❝❤❛'❛❝"❡' ♦❢ "❤❡ 5▲ '❡*♣♦♥*❡

♦❢ ❜♦"❤ ♠❛"❡'✐❛❧*✳ ❚❤❡ ❞✐*❝'❡♣❛♥❝② *"❛'"* ❛"

❧♦✇ "❡♠♣❡'❛"✉'❡✱ ✇❤❡♥ "❤❡ 5▲ *✐❣♥❛❧ ♦❢ ❛

❲❙❡2 ♠♦♥♦❧❛②❡' ❛♣♣❡❛'* ❛* ♠✉❧"✐♣❧❡ ♣❡❛❦*

❢♦'♠✐♥❣ ❛ ❝♦♠♣❧✐❝❛"❡❞ ♣❛""❡'♥ ✐♥ *"'♦♥❣ ❝♦♥✲

"'❛*" ✇✐"❤ *✐♠♣❧❡ "✇♦✲♣❡❛❦ *♣❡❝"'❛ ♦❢ ❛ ▼♦❙❡2

♠♦♥♦❧❛②❡'✳ ❆♥ ✐♥❝'❡❛*❡ ♦❢ "❡♠♣❡'❛"✉'❡ ✐♠✲

♣❛❝"* "❤❡ 5▲ *♣❡❝"'❛ ✐♥ ❛ ❝❤❛'❛❝"❡'✐*"✐❝ ♠❛♥✲

♥❡' ✇❤✐❝❤ ❞✐✛❡'* *"❛'❦❧② ❢♦' ❜♦"❤ ♠❛"❡'✐❛❧*✳

❚❤✐* ❝❛♥ ❜❡ *❡❡♥ ❢♦' ✐♥*"❛♥❝❡ ✐♥ "❤❡ ❡✈♦❧✉"✐♦♥

♦❢ "❤❡ "♦"❛❧ ✭✐♥"❡❣'❛"❡❞✮ ✐♥"❡♥*✐"② ♦❢ ❡♠✐**✐♦♥✳

❆ ▼♦❙❡2 ♠♦♥♦❧❛②❡' ❡①❤✐❜✐"* ❛ "②♣✐❝❛❧ ❡✛❡❝"

♦❢ ✐♥"❡♥*✐"② <✉❡♥❝❤✐♥❣ ❛" ❤✐❣❤❡' "❡♠♣❡'❛"✉'❡✳

■♥ ❝❛*❡ ♦❢ "❤❡ ❲❙❡2 ✢❛❦❡✱ "❤❡ ❧♦✇❡' ❡♥❡'❣②

5▲ ✬❜❛♥❞✬ <✉✐❝❦❧② ❞✐*❛♣♣❡❛'* ✭'❡♣'♦❞✉❝❡❞ ❜②

❛ ❝✉'✈❡ I(T ) = I0 · exp(−T/T0) ✇✐"❤ T0 = 106 K✮✱

❜✉" *✐♠✉❧"❛♥❡♦✉*❧② "❤❡ ❢'❡❡ ♥❡✉"'❛❧ ❡①❝✐"♦♥

❣❛✐♥* ✐♥ ✐♥"❡♥*✐"② ✭❛❝❝♦✉♥"❡❞ ❢♦' ❜② ❛ ❝✉'✈❡

I(T ) = I0 · exp(T/T0) ✇✐"❤ T0 = 63 K✮✳

&❡❝♦❣♥✐③❡❞ ❛1 ♥❡✉2&❛❧ ❛♥❞ ❝❤❛&❣❡❞ ❡①❝✐2♦♥ &❡1♦♥❛♥❝❡1✳ ❲✐2❤ 2❤❡ ✐♥❝&❡❛1❡ ♦❢ 2❡♠♣❡&❛2✉&❡ 2❤❡

✐♥2❡♥1✐2② ♦❢ ❜♦2❤ ❧✐♥❡1 ❡①❤✐❜✐21 ❛ ♣&♦❣&❡11✐✈❡ ❛♥❞ 1✐❣♥✐✜❝❛♥2 ?✉❡♥❝❤✐♥❣✱ ✇❤✐❝❤ ✐1 ❛ 2②♣✐❝❛❧ ✐♠♣❛❝2

♦❢ 2❤❡ 2❡♠♣❡&❛2✉&❡ ♦♥ 2❤❡ B▲ 1✐❣♥❛❧ 1❡❡♥ ✐♥ ♠♦12 ♦❢ 2❤❡ ❧✐❣❤2 ❡♠✐22✐♥❣ 1❡♠✐❝♦♥❞✉❝2♦& 1②12❡♠1✳

❚❤❡ ❝❛1❡ ♦❢ ❲❙❡2 ♠♦♥♦❧❛②❡& ✐1 ♠✉❝❤ ♠♦&❡ ❝♦♠♣❧❡①✳ ■♥ 2❤❡ ❧♦✇ 2❡♠♣❡&❛2✉&❡ 1♣❡❝2&❛✱ ❛♣❛&2

❢&♦♠ 2❤❡ 2✇♦ ❢&❡❡ ❡①❝✐2♦♥ ❧✐♥❡1✱ ❛ 2②♣❡ ♦❢ ❜&♦❛❞ ♠✉❧2✐✲♣❡❛❦ B▲ ❜❛♥❞ ❛♣♣❡❛&1 ❝♦✈❡&✐♥❣ ❛♥ ❡①2❡♥✲

1✐✈❡ ❡♥❡&❣② &❛♥❣❡ ❜❡❧♦✇ 2❤❡ ❢&❡❡ ♥❡✉2&❛❧ ❡①❝✐2♦♥ 12❛2❡ ✭♦❢2❡♥ ♦✈❡&❧❛♣♣✐♥❣ ✇✐2❤ 2❤❡ ❢&❡❡ ❝❤❛&❣❡❞

❡①❝✐2♦♥ ❧✐♥❡ ✐♥ ♦✉& 1❛♠♣❧❡1✮✳ ❚❤❡1❡ ❧♦✇❡& ❡♥❡&❣② &❡1♦♥❛♥❝❡1 ❤❛✈❡ ❜❡❡♥ 2❡♥2❛2✐✈❡❧② ❜❛♣2✐1❡❞ ❛1

❜♦✉♥❞✴❧♦❝❛❧✐③❡❞ ❡①❝✐2♦♥1 ❜❛1❡❞ ♠♦12❧② ♦♥ 2❤❡ 2✐♠❡✲&❡1♦❧✈❡❞ ❡①♣❡&✐♠❡♥21 ❬✺✽✕✻✵❪✱ ✇❤✐❝❤ &❡✈❡❛❧

♦&❞❡&1 ♦❢ ♠❛❣♥✐2✉❞❡ ❧♦♥❣❡& B▲ ❞❡❝❛② 2✐♠❡1 ❢♦& 2❤❡1❡ ✬❜♦✉♥❞✬ 12❛2❡1 ✭2❡♥1 ♦❢ ♥❛♥♦1❡❝♦♥❞1✮ 2❤❛♥

❢♦& ❢&❡❡ ❡①❝✐2♦♥1 ✭1✐♥❣❧❡ ♣✐❝♦1❡❝♦♥❞1✮✳ ❚❤❡ ♣♦11✐❜❧❡ &♦✉2❡1 2♦ ✐♥✈❡12✐❣❛2❡ 2❤❡ ❢❛12 ❞②♥❛♠✐❝1

♦❢ ❢&❡❡ ❡①❝✐2♦♥ ❝♦♠♣❧❡①❡1 ✐♥ ♠♦♥♦❧❛②❡&1 ♦❢ 1❝✲❚▼❉ ✐1 2❤❡ ♠❡❛1✉&❡♠❡♥2 ♦❢ 2✐♠❡✲&❡1♦❧✈❡❞ ❑❡&&

&♦2❛2✐♦♥ ❬✺✾❪ ♦& B▲ 2&❛♥1✐❡♥21 ♦♥ ❛ 12&❡❛❦ ❝❛♠❡&❛ ❬✻✵❪✳ ❚❤❡ ❧❛22❡& ❛♣♣&♦❛❝❤ ✐1 2❛❦❡♥ ❤❡&❡

❛♥❞ ❛❧❧♦✇1 ✉1 2♦ ♦❜1❡&✈❡ 2❤❡ B▲ ❞❡❝❛② ♣&♦✜❧❡1 ♦❢ 2❤❡ ❢&❡❡ ♥❡✉2&❛❧ ❡①❝✐2♦♥ ❛♥❞ 2❤❡ B▲ ❜❛♥❞ ♦❢

✬❜♦✉♥❞✬ ❡①❝✐2♦♥1 ✐♥ ❛ ❲❙❡2 ♠♦♥♦❧❛②❡&✱ ✇❤✐❝❤ ❛&❡ ♣&❡1❡♥2❡❞ ✐♥ ❋✐❣✉&❡ ✶✲✻✳

❚❤❡ ✐♥✐2✐❛❧ ✐♥❝&❡❛1❡ ♦❢ 2❤❡ 2❡♠♣❡&❛2✉&❡✱ &♦✉❣❤❧② ❢&♦♠ ✶✵ 2♦ ✶✵✵ ❑ ❝❛✉1❡1 2❤❡ ❞❡❝&❡❛1❡ ♦❢ 2❤❡

♦✈❡&❛❧❧ ✐♥2❡❣&❛2❡❞ ❡♠✐11✐♦♥ ✐♥2❡♥1✐2② ❞✉❡ 2♦ ❞✐1❛♣♣❡❛&❛♥❝❡ ♦❢ 2❤❡ ❧♦✇ ❡♥❡&❣② B▲ ❜❛♥❞ ♦❢ ✬❜♦✉♥❞✬

❡①❝✐2♦♥1✳ ❍♦✇❡✈❡&✱ 2❤❡ ❢&❡❡ ♥❡✉2&❛❧ ❡①❝✐2♦♥ ❧✐♥❡✱ ✇❤✐❝❤ ❛2 ❧♦✇ ❡♥❡&❣② ❝♦♥2&✐❜✉2❡1 ♦♥❧② ✇❡❛❦❧②

❈❍❆B❚❊❘ ✶✳ ❇❆❙■❈ ❖B❚■❈❆▲ ❈❍❆❘❆❈❚❊❘■❙❆❚■❖◆ ❖❋ ❚❍❊ ❊❳❈■❚❖◆■❈

❘❊❙❖◆❆◆❈❊❙ ■◆ ▼❖◆❖✲ ❆◆❉ ▼❯▲❚■▲❆❨❊❘❙ ❖❋ ❙❈✲❚▼❉



✷✷ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

0.0 0.3 0.61.65 1.70 1.75
Time (ns)Photon energy (eV)

P
L

in
te

n
si

ty
(a

rb
.

u
n
it

s) Dt
1

Dt
2

time integrated under CW excitation

X

X

bound/localised excitons

bound/localised
excitons

Time-resolved spectra of WSe  monolayer2

❋✐❣✉%❡ ✶✲✻✿ ❚❤❡ 3▲ "'❛♥*✐❡♥"* ♦❢ ❛ ❲❙❡2 ♠♦♥♦❧❛②❡' ✇❡'❡ ♠❡❛✲

*✉'❡❞ ✇✐"❤ ❛ *"'❡❛❦ ❝❛♠❡'❛ ❝♦✉♣❧❡❞ ✇✐"❤ ❛ "✉♥❛❜❧❡ ❢❡♠"♦*❡❝♦♥❞

♣✉❧*❡❞ ❧❛*❡'✳ ❚❤❡② '❡✈❡❛❧ ❛ *"❛'❦ ❝♦♥"'❛*" ❜❡"✇❡❡♥ "❤❡ ❞②♥❛♠✲

✐❝* ♦❢ ❢'❡❡ ❛♥❞ ✬❜♦✉♥❞✴❧♦❝❛❧✐*❡❞✬ ❡①❝✐"♦♥*✳ ❆ *"'❛✐❣❤"❢♦'✇❛'❞

❝♦♥*❡B✉❡♥❝❡ ♦❢ *✐❣♥✐✜❝❛♥" ❞✐✛❡'❡♥❝❡* ✐♥ "❤❡✐' ❞❡❝❛② "✐♠❡* ✐* ❛

♣♦**✐❜✐❧✐"② "♦ ♦❜*❡'✈❡ "❤❡ 3▲ '❡*♣♦♥*❡ *❡♣❛'❛"❡❧② ❢♦' ❢'❡❡ ❛♥❞

✬❜♦✉♥❞✴❧♦❝❛❧✐*❡❞✬ '❡*♦♥❛♥❝❡*✳ ■♥ "❤❡ ❧❡❢" ♣❛♥❡❧ ♦❢ "❤❡ ✜❣✉'❡✱

"❤'❡❡ ❧♦✇ "❡♠♣❡'❛"✉'❡ ✭❚❂✻✳✺ ❑✮ 3▲ *♣❡❝"'❛ ♦❢ "❤❡ *❛♠❡ ❲❙❡2

♠♦♥♦❧❛②❡' ❛'❡ ♣'❡*❡♥"❡❞✳ ❚❤❡ ❜❧✉❡ ❛♥❞ '❡❞ ❝✉'✈❡* ❝♦''❡*♣♦♥❞

"♦ "❤❡ 3▲ *♣❡❝"'❛ ❛❝❝✉♠✉❧❛"❡❞ ♦✈❡' ❞✐*❥♦✐♥" "✐♠❡ ✐♥"❡'✈❛❧* ❛❢✲

"❡' "❤❡ ❛''✐✈❛❧ ♦❢ "❤❡ ❧❛*❡' ♣✉❧*❡✱ ✇❤✐❝❤ ❛'❡ ♠❛'❦❡❞ ♦♥ "❤❡ 3▲

❞❡❝❛② ♣'♦✜❧❡* ♣'❡*❡♥"❡❞ ✐♥ "❤❡ '✐❣❤" ♣❛♥❡❧✳ ❋♦' ❝♦♠♣❛'✐*♦♥✱

"❤❡ 3▲ *♣❡❝"'✉♠ ❢♦' "❤❡ ❝♦♥"✐♥✉♦✉* ✇❛✈❡ ✭❈❲✮ ❡①❝✐"❛"✐♦♥ ✐*

*❤♦✇♥ ✭❜❧❛❝❦ ❝✉'✈❡✮✳

+♦ +❤❡ +♦+❛❧ ❡♠✐11✐♦♥✱ ❣%♦✇1

✐♥ ✐♥+❡♥1✐+② 1♦ %❛♣✐❞❧② +❤❛+ ✐+

❞♦♠✐♥❛+❡1 +❤❡ 1♣❡❝+%❛ ❛+ ❤✐❣❤❡%

+❡♠♣❡%❛+✉%❡✳ ❆+ %♦♦♠ +❡♠✲

♣❡%❛+✉%❡✱ +❤❡ +♦+❛❧ ✐♥+❡♥1✐+②

❝♦♠❡1 ❡①❝❧✉1✐✈❡❧② ❢%♦♠ +❤❡ ♥❡✉✲

+%❛❧ ❡①❝✐+♦♥ ❧✐♥❡ ❛♥❞ +②♣✐❝❛❧❧②

❡①❝❡❡❞1 +❤❡ +♦+❛❧ ✐♥+❡♥1✐+② ❛+

❤❡❧✐✉♠ +❡♠♣❡%❛+✉%❡✱ ✇❤✐❝❤ ✐1

>✉✐+❡ ❛♥ ✉♥✉1✉❛❧ ❢❡❛+✉%❡✳ ■♥ ♦%✲

❞❡% +♦ ♣%♦✈✐❞❡ ❛♥ ✐♥+❡%♣%❡+❛+✐♦♥

♦❢ >✉❛❧✐+❛+✐✈❡❧② ❞✐✛❡%❡♥+ ✐♠♣❛❝+

♦❢ +❤❡ +❡♠♣❡%❛+✉%❡ ♦♥ +❤❡ A▲

1♣❡❝+%❛ ♦❢ 1❝✲❚▼❉ ♠♦♥♦❧❛②❡%1✱

✇❡ ♥❡❡❞ +♦ ❝♦♠❡ ❜❛❝❦ +♦ +❤❡

❛♥❛❧②1✐1 ♦❢ +❤❡ ♣♦11✐❜❧❡ ❝♦♥✜❣✲

✉%❛+✐♦♥1 ♦❢ +❤❡ ❡❧❡❝+%♦♥✐❝ 1✉❜✲

❜❛♥❞1 ✐♥ +❤❡ ✈✐❝✐♥✐+② ♦❢ +❤❡ ❑✲

♣♦✐♥+ ♦❢ +❤❡ ❇%✐❧❧♦✉✐♥ ③♦♥❡✳ ❆1 ❧♦♥❣ ❛1 +❤❡ ❡♠✐11✐♦♥ ♦❢ ❧✐❣❤+ ✐1 ❝♦♥❝❡%♥❡❞✱ ✇❡ ♠❛② ♥❡❣❧❡❝+

+%❛♥1✐+✐♦♥1 ♦❢ ❇ +②♣❡✱ ❜❡❝❛✉1❡ +❤❡ 1♣✐♥✲♦%❜✐+ 1♣❧✐++✐♥❣ ✐♥ +❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ✭❤✉♥❞%❡❞1 ♦❢ ♠❡❱✮

1✐❣♥✐✜❝❛♥+❧② ❡①❝❡❡❞1 +❤❡ +❤❡%♠❛❧ ❡♥❡%❣② ❛+ %♦♦♠ +❡♠♣❡%❛+✉%❡ ✭❦❚ ≈ ✷✺ ♠❡❱✮ +❤❡%❡❢♦%❡ +❤❡ ❧♦✇❡%

✈❛❧❡♥❝❡ 1✉❜✲❜❛♥❞ ❝❛♥ ♥♦+ ❜❡ ♦❝❝✉♣✐❡❞ ✐♥ +❤❡ ✐♥✈❡1+✐❣❛+❡❞ %❛♥❣❡ ♦❢ +❡♠♣❡%❛+✉%❡✳ ❚❤❡ 1♣✐♥✲♦%❜✐+

1♣❧✐++✐♥❣ ✐♥ +❤❡ ❝♦♥❞✉❝+✐♦♥ ❜❛♥❞ ✐1✱ ♦♥ +❤❡ ❝♦♥+%❛%②✱ ✈❡%② ♠✉❝❤ %❡❧❡✈❛♥+ ❛1 +❤❡ ❛❧✐❣♥♠❡♥+ ♦❢

1♣✐♥ ✐♥ +❤❡ ❝♦♥❞✉❝+✐♦♥ 1✉❜✲❜❛♥❞1 ✇✐❧❧ ❞❡+❡%♠✐♥❡ ✇❤✐❝❤ +%❛♥1✐+✐♦♥1 ✇✐❧❧ ❜❡ ♦♣+✐❝❛❧❧② ❛❧❧♦✇❡❞✳

❚❤❡%❡❢♦%❡✱ +❤❡ ❡❧❡❝+%♦♥ ✐♥✈♦❧✈❡❞ ✐♥ +❤❡ %❡❝♦♠❜✐♥❛+✐♦♥ ♣%♦❝❡11 ♠❛② ❝♦♠❡ ❢%♦♠ ❡✐+❤❡% +❤❡ ❧♦✇❡%

♦% ✉♣♣❡% ❝♦♥❞✉❝+✐♦♥ ❜❛♥❞ 1+❛+❡✳ ❲❡ ✇✐❧❧ ❛%❣✉❡ +❤❛+ +❤❡ ❡①✐1+❡♥❝❡ ♦❢ +✇♦ +②♣❡1 ♦❢ ♦♣+✐❝❛❧ +%❛♥1✐✲

+✐♦♥1 ❧✐❡1 ❛+ +❤❡ ♦%✐❣✐♥ ♦❢ +❤❡ ❞✐✛❡%❡♥+ A▲ %❡1♣♦♥1❡ ♦❢ 1❝✲❚▼❉ ♠♦♥♦❧❛②❡%1✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✉1❡❞ +♦

❝❧❛11✐❢② +❤❡ ♠❛+❡%✐❛❧1 ✐♥+♦ ✬❜%✐❣❤+✬ ❛♥❞ ✬❞❛%❦✐1❤✬ ❢❛♠✐❧✐❡1✳ ❋♦% ▼♦❙❡2 ♠♦♥♦❧❛②❡%1✱ +❤❡✐% ♦♣+✐❝❛❧

♣%♦♣❡%+✐❡1 ✐♥❞✐❝❛+❡ +❤❛+ +❤❡ ❡❧❡❝+%♦♥ ❢%♦♠ +❤❡ ❧♦✇❡% ❝♦♥❞✉❝+✐♦♥ ❜❛♥❞ 1+❛+❡ ♣❛%+✐❝✐♣❛+❡1 ✐♥ +❤❡

%❡❝♦♠❜✐♥❛+✐♦♥ ♣%♦❝❡11✱ ✇❤✐❝❤ ♠❛❦❡1 ▼♦❙❡2 ❛ ✬❜%✐❣❤+✬ ♠❛+❡%✐❛❧✳ ■♥ +❤❛+ ❝❛1❡✱ +❤❡ ❣%♦✉♥❞ 1+❛+❡

❡①❝✐+♦♥ ❣✐✈❡1 %✐1❡ +♦ +❤❡ A▲ 1✐❣♥❛❧✱ ✇❤❛+ ❛❝❝♦✉♥+1 ❢♦% +❤❡ ❣❡♥❡%❛❧ %♦❜✉1+♥❡11 ♦❢ +❤❡ ❡♠✐11✐♦♥

✭+❤❡ A▲ 1✐❣♥❛❧ ❢%♦♠ ▼♦❙❡2 ♠♦♥♦❧❛②❡% ✐1 ♣%♦❜❛❜❧② +❤❡ 1+%♦♥❣❡1+ ❛♠♦♥❣ ❛❧❧ 1❝✲❚▼❉ ♠❛+❡%✐❛❧1✮✳

❈❍❆A❚❊❘ ✶✳ ❇❆❙■❈ ❖A❚■❈❆▲ ❈❍❆❘❆❈❚❊❘■❙❆❚■❖◆ ❖❋ ❚❍❊ ❊❳❈■❚❖◆■❈

❘❊❙❖◆❆◆❈❊❙ ■◆ ▼❖◆❖✲ ❆◆❉ ▼❯▲❚■▲❆❨❊❘❙ ❖❋ ❙❈✲❚▼❉
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K+ K-K+ K-

CB

VB

CB

VB

two possible spin configurations in the conduction sub-bands

„Bright” materials „Darkish” materials

Optical selection rules for TMDs monolayers
❋✐❣✉&❡ ✶✲✼✿ ❚❤❡ ❛❧✐❣♥♠❡♥" ♦❢ *♣✐♥ ✐♥ "❤❡ ❝♦♥❞✉❝✲

"✐♦♥ *✉❜✲❜❛♥❞* ♦❢ *❝✲❚▼❉ ♠♦♥♦❧❛②❡'* ♠❛② ❤❛✈❡ ❛

❝'✉❝✐❛❧ ✐♠♣❛❝" ♦♥ "❤❡ ♦♣"✐❝❛❧ "'❛♥*✐"✐♦♥*✱ ✇❤❛" ✐*

♣'❡*❡♥"❡❞ ❤❡'❡ ✐♥ ❢♦'♠ ♦❢ ❛ ❝❛'"♦♦♥ *❝❤❡♠❡✳ ❆*

❛ ❝♦♥*❡=✉❡♥❝❡ ♦❢ "❤❡ ♦♣"✐❝❛❧ *❡❧❡❝"✐♦♥ '✉❧❡*✱ ✇❤✐❝❤

❛**✉♠❡ "❤❡ ❝♦♥*❡'✈❛"✐♦♥ ♦❢ *♣✐♥ ✐♥ "❤❡ '❡❝♦♠❜✐✲

♥❛"✐♦♥ ✭♦' ❛❜*♦'♣"✐♦♥✮ ♣'♦❝❡**✱ "❤❡ ❧♦✇❡' ❡♥❡'❣②

❡①❝✐"♦♥✐❝ '❡*♦♥❛♥❝❡* ✭❆✮ *❡❡♥ ✐♥ "❤❡ ♦♣"✐❝❛❧ *♣❡❝✲

"'❛ ❝❛♥ ❜❡ ❢♦'♠❡❞ ❢'♦♠ "❤❡ ❡❧❡❝"'♦♥ ♦❝❝✉♣②✐♥❣ "❤❡

❧♦✇❡' ♦' "❤❡ ✉♣♣❡' ❝♦♥❞✉❝"✐♦♥ *✉❜✲❜❛♥❞✳ ❋♦' "❤❛"

'❡❛*♦♥✱ ❛ ❝❧❛**✐✜❝❛"✐♦♥ ♦❢ "❤❡ *❝✲❚▼❉ ♠❛"❡'✐❛❧*

✐♥"♦ ✬❜'✐❣❤"✬ ✭▼♦❙❡2✱ ▼♦❚❡2✮ ❛♥❞ ✬❞❛'❦✐*❤✬ ✭❲❙❡2✱

❲❙2✮ ❢❛♠✐❧✐❡* ✐* ✐♥"'♦❞✉❝❡❞✱ ✇❤✐❝❤ ✐* '❡❧❡✈❛♥" ✐♥

♣❛'"✐❝✉❧❛' ❢♦' "❤❡ ❝❤❛'❛❝"❡' ♦❢ "❤❡✐' G▲ '❡*♣♦♥*❡✳

,▲ ✐♥/❡♥0✐/② ✐0 ♣&♦❣&❡00✐✈❡❧② 6✉❡♥❝❤❡❞ ✇✐/❤ /❤❡ ✐♥❝&❡❛0❡ ♦❢ /❤❡ /❡♠♣❡&❛/✉&❡ ❛0 /❤❡ ♦❝❝✉♣❛/✐♦♥

♦❢ /❤❡ ❡①❝✐/♦♥✐❝ ❣&♦✉♥❞ 0/❛/❡ ❜❡❝♦♠❡0 ♣&♦❣&❡00✐✈❡❧② ❞❡♣♦♣✉❧❛/❡❞ ❛♥❞ /❤❡ ♥♦♥&❛❞✐❛/✐✈❡ ♣&♦❝❡00❡0

❣❛✐♥ ♦✈❡& /❤❡ &❛❞✐❛/✐✈❡ &❡❝♦♠❜✐♥❛/✐♦♥✳

❚❤❡ ♣&♦♣❡&/✐❡0 ♦❢ ❲❙❡2 ♠♦♥♦❧❛②❡&0 ❞✐0❝✉00❡❞ 0♦ ❢❛& ❛&❡ ✐♥❞✐❝❛/✐✈❡ ♦❢ ❛ ✬❞❛&❦✐0❤✬ ❝❤❛&❛❝/❡&

♦❢ /❤✐0 ♠❛/❡&✐❛❧ ✇✐/❤ /❤❡ ❡❧❡❝/&♦♥ ❢&♦♠ /❤❡ ✉♣♣❡& ❝♦♥❞✉❝/✐♦♥ 0/❛/❡ ✐♥✈♦❧✈❡❞ ✐♥ &❡❝♦♠❜✐♥❛/✐♦♥✳

,❛&/✐❝✉❧❛&❧②✱ /❤❡ ❢&❡❡ ♥❡✉/&❛❧ ❡①❝✐/♦♥ &❡0♦♥❛♥❝❡0 0❡❡♥ ✐♥ /❤❡ ,▲ 0♣❡❝/&❛ ✐0 ✐♥ ❢❛❝/ ❛♥ ❡①❝✐/❡❞

❡①❝✐/♦♥✐❝ 0/❛/❡✱ ✇❤♦0❡ ♦❝❝✉♣❛/✐♦♥ ✐0 ✐♥❝&❡❛0❡❞ ❛/ ❤✐❣❤❡& /❡♠♣❡&❛/✉&❡✳ ❆0 ❛ ❝♦♥0❡6✉❡♥❝❡✱ /❤❡

❢&❡❡ ♥❡✉/&❛❧ ❡①❝✐/♦♥ &❡0♦♥❛♥❝❡ ✇♦✉❧❞ ❜❡ ❛❝❝♦♠♣❛♥✐❡❞ ❜② ❧♦✇❡& ❡♥❡&❣② ❞❛&❦ 0/❛/❡0✳ ❊✈❡♥ /❤♦✉❣❤✱

✐♥ /❤❡ ✜&0/ ❛♣♣&♦①✐♠❛/✐♦♥✱ /❤❡ &❡❝♦♠❜✐♥❛/✐♦♥ ♦❢ /❤❡ ❞❛&❦ 0/❛/❡0 ✐0 ❢♦&❜✐❞❞❡♥✱ ♦♥❡ ❝❛♥ /❤✐♥❦ ♦❢

♠✉❧/✐♣❧❡ ❜&✐❣❤/❡♥✐♥❣ ♠❡❝❤❛♥✐0♠0 ✭❛❝/✐✈❛/✐♦♥ ❜② ❞✐0♦&❞❡&✴❞❡❢❡❝/0✱ ♠✐①✐♥❣ ♦❢ 0/❛/❡0 ✇✐/❤ ❞✐✛❡&❡♥/

0♣✐♥✴♦&❜✐/❛❧ ♠♦♠❡♥/✉♠ ♦& &❡❝♦♠❜✐♥❛/✐♦♥ ✇✐/❤ ❡♠✐00✐♦♥✴❛❜0♦&♣/✐♦♥ ♦❢ ♣❤♦♥♦♥0✮✳ ❚❤❡ ❡①✐0/❡♥❝❡

♦❢ &❛❞✐❛/✐✈❡ ❝❤❛♥♥❡❧0 ❢♦& ❞❛&❦ ❡①❝✐/♦♥0✱ ✇❤✐❝❤ &❡0✐❞❡ ❜❡❧♦✇ /❤❡ ❢&❡❡ ♥❡✉/&❛❧ ❡①❝✐/♦♥ &❡0♦♥❛♥❝❡✱

❝♦✉❧❞ ♣♦/❡♥/✐❛❧❧② ❜❡ &❡❧❛/❡❞ /♦ /❤❡ ❧♦✇ ❡♥❡&❣② ❜&♦❛❞ ,▲ ❜❛♥❞ 0❡❡♥ ✐♥ ❧♦✇ /❡♠♣❡&❛/✉&❡ ❲❙❡ 2

0♣❡❝/&❛✳ ■♥ /❤✐0 ✈✐❡✇✱ /❤❡ ♣❡❝✉❧✐❛& /❡♠♣❡&❛/✉&❡ ❡✈♦❧✉/✐♦♥ ♦❢ /❤❡ ,▲ 0♣❡❝/&❛ ♦❢ ❲❙❡ 2 ♠♦♥♦❧❛②❡&

❝♦✉❧❞ ❜❡ ❛ ❝♦♥0❡6✉❡♥❝❡ ✭❛/ ❧❡❛0/ ♣❛&/✐❛❧❧②✮ ♦❢ /❤❡ &❡❞✐0/&✐❜✉/✐♦♥ ♦❢ ❡❧❡❝/&♦♥ ♣♦♣✉❧❛/✐♦♥ ❜❡/✇❡❡♥

❞❛&❦ ❛♥❞ ❜&✐❣❤/ 0/❛/❡0✳

❈❍❆,❚❊❘ ✶✳ ❇❆❙■❈ ❖,❚■❈❆▲ ❈❍❆❘❆❈❚❊❘■❙❆❚■❖◆ ❖❋ ❚❍❊ ❊❳❈■❚❖◆■❈

❘❊❙❖◆❆◆❈❊❙ ■◆ ▼❖◆❖✲ ❆◆❉ ▼❯▲❚■▲❆❨❊❘❙ ❖❋ ❙❈✲❚▼❉
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❈❤❛♣$❡& ✷

❩❡❡♠❛♥ +♣❡❝$&♦+❝♦♣② ♦❢ ❡①❝✐$♦♥✐❝

&❡+♦♥❛♥❝❡+ ✐♥ ♠❛❣♥❡$✐❝ ✜❡❧❞+

✷✳✶✳ ❊♠♣✐'✐❝❛❧ ♠♦❞❡❧ ❢♦' /❤❡ ♠❛❣♥❡/✐❝ ✜❡❧❞ ❡✈♦❧✉/✐♦♥ ♦❢ /❤❡ ❡❧❡❝/'♦♥✐❝ 6/❛/❡6 ✐♥ ❛

6❝✲❚▼❉ ♠♦♥♦❧❛②❡'

❚❤❡ ✐♥✈❡&'✐❣❛'✐♦♥ ♦❢ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ✐♥✢✉❡♥❝❡ ♦♥ '❤❡ ❡①❝✐'♦♥✐❝ 4❡&♦♥❛♥❝❡& ❛♣♣❡❛4✐♥❣ ✐♥ '❤❡

♦♣'✐❝❛❧ &♣❡❝'4❛ ♦❢ '❤❡ '❤✐♥ ❧❛②❡4& ♦❢ &❝✲❚▼❉ ❝♦♥&'✐'✉'❡& ❛ ✈❡4&❛'✐❧❡ '♦♦❧ ❝❛♣❛❜❧❡ '♦ ❢✉4'❤❡4

❞❡✈❡❧♦♣ '❤❡ ✉♥❞❡4&'❛♥❞✐♥❣ ♦❢ '❤❡✐4 ❡❧❡❝'4♦♥✐❝ ♣4♦♣❡4'✐❡&✳ ❉✉❡ '♦ '❤❡ ✷❉ ❝♦♥✜♥❡♠❡♥' ♦❢ '❤❡

❡❧❡❝'4♦♥&✱ ❡&♣❡❝✐❛❧❧② 4♦❜✉&' ✐♥ &❝✲❚▼❉ ✐♥ '❤❡ ♠♦♥♦❧❛②❡4 ❢♦4♠✱ '❤❡ ❝♦✉♣❧✐♥❣ ♦❢ '❤❡ ♦4❜✐'❛❧

♠♦'✐♦♥ ♦❢ '❤❡ ❝❛44✐❡4& ✇✐'❤ '❤❡ ❡①'❡4♥❛❧ ♠❛❣♥❡'✐❝ ✜❡❧❞ ✐& ❡①♣❡❝'❡❞ '♦ ❜❡ &'4♦♥❣❡&' ✇❤❡♥ '❤❡

❞✐4❡❝'✐♦♥ ♦❢ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ✐& ♣❡4♣❡♥❞✐❝✉❧❛4 '♦ '❤❡ &✉4❢❛❝❡ ♦❢ '❤❡ &❝✲❚▼❉ ✢❛❦❡✳ ■♥❞❡❡❞✱

'❤❡ ♠❡❛&✉4❡♠❡♥'& ♦❢ '❤❡ ♠❛❣♥❡'♦✲4❡✢❡❝'❛♥❝❡ ❛♥❞ ♠❛❣♥❡'♦✲❧✉♠✐♥❡&❝❡♥❝❡ ✐♥ &✉❝❤ ❝♦♥✜❣✉4❛'✐♦♥

❛❧❧♦✇❡❞ '❤❡ ♦❜&❡4✈❛'✐♦♥ ♦❢ ❛ ❩❡❡♠❛♥✲'②♣❡ ❡✛❡❝' ❬✻✼✕✼✵✱✾✻❪✱ ✐✳ ❡✳ '❤❡ &♣❧✐''✐♥❣ ♦❢ '❤❡ ❡①❝✐'♦♥✐❝
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Magneto-reflectivity of a MoSe  monolayer2

 ❤❡ ❣✲❢❛❝ ♦) ♦❜ ❛✐♥❡❞ ❞✐)❡❝ ❧② ❢)♦♠  ❤❡ ♠❛❣♥❡ ✐❝ ✜❡❧❞ ❡✈♦❧✉ ✐♦♥ ♦❢  ❤❡ ❡①❝✐ ♦♥✐❝ )❡5♦♥❛♥❝❡5✱ ❛5

 ❤❡② ❛)❡ 5❡❡♥ ✐♥  ❤❡ ♦♣ ✐❝❛❧ 5♣❡❝ )❛✱ ❝❛♥ ❜❡ ❝♦♥5✐❞❡)❡❞ ❛5 ❛ ❞✐✛❡)❡♥ ✐❛❧ ❣✲❢❛❝ ♦) ❜❡ ✇❡❡♥  ✇♦

❡❧❡❝ )♦♥✐❝ 5 ❛ ❡5✳ ◆❡✈❡) ❤❡❧❡55✱ ✇❡ ✇✐❧❧ ❛)❣✉❡  ❤❛  ❤❡ ❞❡ ❛✐❧❡❞ ❛♥❛❧②5✐5 ♦❢  ❤❡ ♠❛❣♥❡ ♦✲♦♣ ✐❝❛❧

❞❛ ❛ ❝❛♥ ❛❧5♦ ♣)♦✈✐❞❡ ❛♥ ❡5 ✐♠❛ ✐♦♥ ❢♦)  ❤❡ ❣✲❢❛❝ ♦)5 ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝ )♦♥✐❝ 5 ❛ ❡5✳ ❚❤❡)❡ ❛)❡

 ❤)❡❡ ♣❛)❛♠❡ ❡)5✱ ✐✳ ❡✳ 5♣✐♥ ❛♥❞ ♦)❜✐ ❛❧ ♠♦♠❡♥ ✉♠ ❛5 ✇❡❧❧ ❛5 ✈❛❧❧❡② ❞❡❣)❡❡ ♦❢ ❢)❡❡❞♦♠ ✇❤✐❝❤

❞❡ ❡)♠✐♥❡ ❩❡❡♠❛♥ ❡✛❡❝ 5 ♦❢ ❡❧❡❝ )♦♥✐❝ 5 ❛ ❡5 ✭❛♥❞ ♦♣ ✐❝❛❧  )❛♥5✐ ✐♦♥5✮ ✐♥ 5❝✲❚▼❉ ♠♦♥♦❧❛②❡)5✳

◆♦ ❛❜❧②✱  ❤❡ σ
+

❛♥❞ σ
−

♦♣ ✐❝❛❧  )❛♥5✐ ✐♦♥5 ✐♥ 5❝✲❚▼❉ ♠♦♥♦❧❛②❡)5 ❛)❡ ✈❛❧❧❡② 5❡❧❡❝ ✐✈❡ ❜✉ ❛ 

 ❤❡ 5❛♠❡  ✐♠❡ ✐♥✈♦❧✈❡ ❛❧5♦  ❤❡ ❡❧❡❝ )♦♥✐❝ 5 ❛ ❡5 ✇✐ ❤ ❞✐✛❡)❡♥ 5♣✐♥ ❛♥❞ ♦)❜✐ ❛❧ ♠♦♠❡♥ ✉♠✳

❚❤❡ ♣)❡5❡♥ ❛ ✐♦♥ ♦❢  ❤❡ ♠❛❣♥❡ ♦✲♦♣ ✐❝❛❧ 5 ✉❞② ♦❢ 5❝✲❚▼❉ ♠♦♥♦❧❛②❡)5 ✇✐❧❧ ❜❡ ❢♦❝✉5❡❞ ♦♥  ❤❡

♣)♦♣❡) ✐❡5 ♦❢  ❤❡ ♠♦5 ❢✉♥❞❛♠❡♥ ❛❧  )❛♥5✐ ✐♦♥5✳ ❖✉) ✐♥✐ ✐❛❧ ❣♦❛❧ ✇✐❧❧ ❜❡  ♦ ❡5 ❛❜❧✐5❤ ❛ ❞❡5❝)✐♣ ✐♦♥

♦❢  ❤❡ ♠❛❣♥❡ ✐❝ ✜❡❧❞ ❡✈♦❧✉ ✐♦♥ ♦❢  ❤❡ )❡❧❡✈❛♥ ❡❧❡❝ )♦♥✐❝ 5 ❛ ❡5✳ ■ ✐5 ✐♠♣♦) ❛♥  ♦ 5 )❡55✱  ❤❛ 

 ❤❡ ✐♥❝♦)♣♦)❛ ✐♦♥ ♦❢ ❛❧❧ ♣♦55✐❜❧❡ ❝♦♥ )✐❜✉ ✐♦♥5  ♦  ❤❡ ❩❡❡♠❛♥ ❡✛❡❝ ✐♥ ♦ ❛ 5✐♥❣❧❡ 5❡❧❢✲❝♦♥5✐5 ❡♥ 

❜❛♥❞ ♠♦❞❡❧✱ ❡✐ ❤❡) ✐♥ ❦✳♣ ♦)  ✐❣❤ ✲❜✐♥❞✐♥❣  ❤❡♦)②✱ ✐5 ❝♦♠♣❧✐❝❛ ❡❞✳ ❱❛)✐♦✉5 ❛♣♣)♦❛❝❤❡5 ♠❛② ②✐❡❧❞

5✐❣♥✐✜❝❛♥ ❧② ❞✐✛❡)❡♥ ✈❛❧✉❡5 ♦❢ ❝❛❧❝✉❧❛ ❡❞ ❣✲❢❛❝ ♦)5 ❬✼✷✱✼✸❪✱ ✇❤✐❝❤ ✐♥ ♠♦5 ❜❛5✐❝ ❝❛5❡5 ❝❛♥ ❡✈❡♥

❧❡❛❞  ♦ ❛ ❝♦♠♣❧❡ ❡ ❞✐5❛♣♣❡❛)❛♥❝❡ ♦❢  ❤❡ ❡①❝✐ ♦♥✐❝ ❩❡❡♠❛♥ ❡✛❡❝ ❬✼✵❪✳ ❆5  ❤❡ ❞✐5❝)❡♣❛♥❝✐❡5 ❜❡✲

 ✇❡❡♥  ❤❡ ❜❛♥❞ ♠♦❞❡❧5 ❛♥❞  ❤❡ ❡①♣❡)✐♠❡♥ ❛❧ )❡5✉❧ 5 5 ✐❧❧ )❡♠❛✐♥ ❝♦♥ )♦✈❡)5✐❛❧✱ ✇❡ ❤❡)❡ ♣)♦♣♦5❡

❈❍❆I❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙I❊❈❚❘❖❙❈❖I❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆

▼❆●◆❊❚■❈ ❋■❊▲❉❙



❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✷✼

„darkish” materials- bright materials-

∗ - data from A. V. Stier, et al., Nat. Comm. , 10643 (2016)7

∗∗ - data from A. Arora, et al., Nano Lett. , 3624 (2016)16 (6)
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✐♥ "❤❡ "❛❜❧❡✳ ❚❤❡ ❞❛"❛ ❝♦♠❡ ❢'♦♠ ❛❜*♦'♣✲

"✐♦♥ "②♣❡ ❡①♣❡'✐♠❡♥"*✱ ✐♥ ✇❤✐❝❤ '❡✢❡❝"❛♥❝❡

♦' "'❛♥*♠✐**✐♦♥ ✇❛* ♠❡❛*✉'❡❞✳ ❚❤❡ ❜❛❝❦✲

❣'♦✉♥❞ ❝♦❧♦✉'* ✐♥❞✐❝❛"❡✱ ✇❤❡"❤❡' "❤❡ ♣❛'"✐❝✉✲

❧❛' ♠❛"✐❡'❛❧ ✐* ❝❧❛**✐✜❡❞ ❛* ✬❞❛'❦✐*❤✬ ♦' ❜'✐❣❤"✳

❚❤❡ ❝❛*❡ ♦❢ ▼♦❙2 ✐* ❡①❝❡♣"✐♦♥❛❧❧② ❤✐❣❤❧✐❣❤❡"

❜② ❞✉❛❧✲❝♦❧♦✉' ❜❛❝❦❣'♦✉♥❞✱ ❛* ♠✉❧"✐♣❧❡ "❤❡♦✲

'❡"✐❝❛❧ ♣'❡❞✐❝"✐♦♥* *✉❣❣❡*" *✐❣♥✐✜❝❛♥"❧② *♠❛❧❧❡'

❝♦♥❞✉❝"✐♦♥ ❜❛♥❞ *♣✐♥✲♦'❜✐" *♣❧✐""✐♥❣ ✐♥ ▼♦❙2

✇✐"❤ '❡*♣❡❝" "♦ ♦"❤❡' *❝✲❚▼❉ '❡♣'❡*❡♥"❛"✐✈❡*✳

❛♥ ❛❧+❡,♥❛+✐✈❡ ,♦✉+❡ +♦ ❝♦♥2+,✉❝+ ❛♥ ❡♠♣✐,✐❝❛❧

❞❡2❝,✐♣+✐♦♥ ♦❢ +❤❡ ❩❡❡♠❛♥ ❡✛❡❝+2 ❜❛2❡❞ ♦♥ +❤❡

❡①♣❡,✐♠❡♥+❛❧ ✜♥❞✐♥❣2 ❛♥❞ 2②♠♠❡+,② ♣,♦♣❡,+✐❡2✳

▲❡+ ✉2 ❜❡❣✐♥ ✇✐+❤ ❛ ,❡♠❛,❦ +❤❛+ ❡✈❡♥ +❤♦✉❣❤

+❤❡ ❡①❝✐+♦♥2 ✐♥ 2❝✲❚▼❉ ❛,❡ 2♣❛+✐❛❧❧② 2+,♦♥❣❧②

❜♦✉♥❞ ❛♥❞ +❤❡,❡❢♦,❡ +❤❡✐, ✇❛✈❡ ❢✉♥❝+✐♦♥2 ❡①+❡♥❞

❜,♦❛❞❧② ✐♥ +❤❡ ♠♦♠❡♥+✉♠ 2♣❛❝❡✱ ✇❡ ✇✐❧❧ 2+✐❧❧ ❞❡✲

2❝,✐❜❡ +❤❡ ♦♣+✐❝❛❧ +,❛♥2✐+✐♦♥ ❛2 ✐❢ +❤❡② ✇❡,❡ ♦,✐❣✲

✐♥❛+✐♥❣ ♦♥❧② ❢,♦♠ +❤❡ 2+❛+❡2 ❧♦❝❛+❡❞ ❡①❛❝+❧② ❛+

+❤❡ ❝♦,♥❡,2 ♦❢ +❤❡ ❇,✐❧❧♦✉♥ ③♦♥❡ ✐♥ +❤❡ ❑✰✴❑−

♣♦✐♥+2✳ ❚❤❡ +❤❡♦,❡+✐❝❛❧ ❡2+✐♠❛+✐♦♥2 ♦❢ +❤❡ ❝♦♥✲

+,✐❜✉+✐♦♥ +♦ +❤❡ ❣✲❢❛❝+♦, ✈❛❧✉❡ ❝♦♠✐♥❣ ❢,♦♠ +❤❡

2✉,,♦✉♥❞✐♥❣ 2+❛+❡2 2❤♦✇ +❤❛+ ✐+ ❝❛♥ ❜❡ +,❡❛+❡❞

❛2 ❛ 2♠❛❧❧ ♣❡,+✉,❜❛+✐♦♥ ❛♥❞ ✐♥ +❤❡ ✜,2+ ❛♣♣,♦①✲

✐♠❛+✐♦♥ ❝❛♥ ❜❡ ♥❡❣❧❡❝+❡❞✳ ■♥ +❤✐2 ✈✐❡✇✱ ✇❡ ❝❛♥

❝♦♠♠❡♥❝❡ +❤❡ ❝♦♥2+,✉❝+✐♦♥ ♦❢ ♦✉, ❞❡2❝,✐♣+✐♦♥

❜② ❝♦♥2✐❞❡,✐♥❣ ✷ 2✉❜✲❜❛♥❞2 ❝♦♠♣♦2❡❞ ❛❧+♦❣❡+❤❡,

♦❢ ✹ ♥♦♥✲❞❡❣❡♥❡,❛+❡ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝+,♦♥✐❝ 2+❛+❡2

❛,♦✉♥❞ ❜♦+❤ ❑✰ ❛♥❞ ❑− ❝♦,♥❡,2 ♦❢ +❤❡ ❇,✐❧❧♦✉✐♥ ③♦♥❡✱ ❡22❡♥+✐❛❧ +♦ ❛❝❝♦✉♥+ ❢♦, ❛❧❧ ❆ ❛♥❞ ❇

+,❛♥2✐+✐♦♥2 ❛♣♣❡❛,✐♥❣ ✐♥ +❤❡ ♦♣+✐❝❛❧ 2♣❡❝+,❛ ♦❢ 2❝✲❚▼❉ ♠♦♥♦❧❛②❡,2✳ ❆ 2+,❛✐❣❤+❢♦,✇❛,❞ ✇❛② +♦

❡2+❛❜❧✐2❤ ❛ ,❡❧❛+✐♦♥ ❜❡+✇❡❡♥ +❤❡ ♠❛❣♥❡+✐❝ ✜❡❧❞ ❡✈♦❧✉+✐♦♥ ♦❢ +❤❡ ❡❧❡❝+,♦♥✐❝ 2+❛+❡2 ❛+ +❤❡ ❑✰ ❛♥❞

❑− ♣♦✐♥+2 ❝♦♠❡2 ❢,♦♠ +❤❡ ❝♦♥2✐❞❡,❛+✐♦♥ ♦❢ +✐♠❡ ,❡✈❡,2❛❧ 2②♠♠❡+,② ♣,♦♣❡,+✐❡2✳ ❆2 +❤❡ +✐♠❡

,❡✈❡,2❛❧ +,❛♥2❢♦,♠❛+✐♦♥ ❝❤❛♥❣❡2 +❤❡ ❞✐,❡❝+✐♦♥ ♦❢ +❤❡ ♠♦♠❡♥+✉♠✱ 2♣✐♥ ❛♥❞ +❤❡ ♠❛❣♥❡+✐❝ ✜❡❧❞

(p → −p, ↑ → ↓ , B → −B)✱ +❤❡ ❛,❣✉♠❡♥+2 ❤❛✈❡ ❜❡❡♥ ♣✉+ ✉♣ ✭❜❛2❡❞ ♦♥ +❤❡ ❛♥❛❧②2✐2 ♦❢ +❤❡

♣,♦♣❡,+✐❡2 ♦❢ +❤❡ ❍❛♠✐❧+♦♥✐❛♥ ✐♥ ❡✐+❤❡, ❦✳♣ ♦, +✐❣❤+ ❜✐♥❞✐♥❣ +❤❡♦,②✮ +❤❛+ +❤❡ ❧✐♥❡❛, ✇✐+❤ +❤❡

♠❛❣♥❡+✐❝ ✜❡❧❞ ❡♥❡,❣② 2❤✐❢+ ♦❢ +❤❡ ❝♦,,❡2♣♦♥❞✐♥❣ 2+❛+❡2 ✐♥ ❜♦+❤ ✈❛❧❧❡②2 ✭✐✳ ❡✳ ♦❢ +❤❡ 2❛♠❡ ❡♥❡,❣②

✐♥ +❤❡ ❛❜2❡♥❝❡ ♦❢ ❛ ♠❛❣♥❡+✐❝ ✜❡❧❞✮ ♠✉2+ ❜❡ ♦❢ ❛♥ ❡P✉❛❧ ♠❛❣♥✐+✉❞❡ ❛♥❞ ❛♥ ♦♣♣♦2✐+❡ 2✐❣♥✳ ❚❤✐2

❝♦♥❞✐+✐♦♥ ♠❛② ❜❡ ❡①♣,❡22❡❞ ✐♥ ❛ ❢♦❧❧♦✇✐♥❣ ♠❛♥♥❡,✿ ∆EK+
c(v),↑(↓) (B) = −∆EK−

c(v),↓(↑) (B)✱ ✇❤❡,❡

∆E
K+(−)
c(v),↑(↓) (B) ✐2 +❤❡ ❡♥❡,❣② 2❤✐❢+ ✐♥ ❛ ♠❛❣♥❡+✐❝ ✜❡❧❞ ❇ ♦❢ +❤❡ ❝♦♥❞✉❝+✐♦♥ ✭❝✮ ♦, ✈❛❧❡♥❝❡ ✭✈✮

❜❛♥❞ 2+❛+❡ ✇✐+❤ ❛ 2♣✐♥ ✉♣ ✭↑✮ ♦, ❞♦✇♥ ✭↓✮ ✐♥ +❤❡ ❑✰ ♦, ❑− ♣♦✐♥+ ♦❢ +❤❡ ❇,✐❧❧♦✉✐♥ ③♦♥❡✳ ❚❤✐2

❛❧❧♦✇2 ✉2 +♦ ♣❛,❛♠❡+,✐③❡ +❤❡ ♠❛❣♥❡+✐❝ ✜❡❧❞ ❡✈♦❧✉+✐♦♥ ♦❢ +❤❡ ❡❧❡❝+,♦♥✐❝ 2+❛+❡2 ✐♥ ♦♥❡ ✈❛❧❧❡② ♦♥❧②✳

❲❡ ❝♦✉❧❞ ✐♥+,♦❞✉❝❡ ✹ ♣❛,❛♠❡+❡,2 ♥♦✇ ❛♥❞ ❝❛,,② ♦♥ ✇✐+❤ +❤❡ ❛♥❛❧②2✐2 ♦❢ +❤❡✐, ✐♠♣❛❝+ ♦♥ +❤❡

❈❍❆S❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙S❊❈❚❘❖❙❈❖S❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆

▼❆●◆❊❚■❈ ❋■❊▲❉❙



✷✽ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

♠❛❣♥❡'♦✲♦♣'✐❝❛❧ ♣.♦♣❡.'✐❡/✱ ♥❡✈❡.'❤❡❧❡// ✇❡ ✇✐❧❧ '❛❦❡ ❛❞✈❛♥'❛❣❡ ♦❢ ❛ /✐♠♣❧❡ ❡①♣❡.✐♠❡♥'❛❧ ♦❜✲

/❡.✈❛'✐♦♥✱ ❜❛/❡❞ ♦♥ '❤❡ ✐♥✈❡/'✐❣❛'✐♦♥ ♦❢ '❤❡ ❡①❝✐'♦♥✐❝ .❡/♦♥❛♥❝❡/ ❛♣♣❡❛.✐♥❣ ✐♥ '❤❡ .❡✢❡❝'✐✈✐'②

/♣❡❝'.❛✱ '♦ ❢✉.'❤❡. /✐♠♣❧✐❢② '❤❛' ❞❡/❝.✐♣'✐♦♥✳

■♥ '❤❡ ❛❜/♦.♣'✐♦♥ /♣❡❝'.❛ ♦❢ /❝✲❚▼❉ ♠♦♥♦❧❛②❡./✱ ✇❤✐❝❤ ❝❛♥ ❜❡ /'✉❞✐❡❞ ❡✐'❤❡. ❜② '❤❡ ♠❡❛✲

/✉.❡♠❡♥'/ ♦❢ .❡✢❡❝'✐✈✐'② ❬✼✹❪ ♦. '.❛♥/♠✐//✐♦♥ ❬✼✺✕✼✼❪✱ '❤❡ '✇♦ ♠♦/' .♦❜✉/' .❡/♦♥❛♥❝❡/ ❛.✐/❡ ❞✉❡

'♦ '❤❡ ♥❡✉'.❛❧ ❡①❝✐'♦♥ ❆ ❛♥❞ ❇ /'❛'❡/✳ ■♥ ❋✐❣✉.❡ ✷✲✶ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ .❡✢❡❝✲

'✐✈✐'② ❝♦♥'.❛/' /♣❡❝'.❛ ❛.❡ ♣.❡/❡♥'❡❞ ❢♦. ❛ ▼♦❙❡2 ♠♦♥♦❧❛②❡.✱ ✇❤✐❝❤ .❡✈❡❛❧ '❤❡ ♣.❡/❡♥❝❡ ♦❢ '❤❡

♥❡✉'.❛❧ ❡①❝✐'♦♥ ❆ ❛' '❤❡ ❡♥❡.❣② ∼✶✳✻✺ ❡❱ ❛♥❞ ♥❡✉'.❛❧ ❡①❝✐'♦♥ ❇ ❛' ∼✶✳✽✻ ❡❱✳ ❚❤❡/❡ '✇♦ .❡/♦✲

♥❛♥❝❡/ ❡①❤✐❜✐' ❛ /✐♠✐❧❛. ❜❡❤❛✈✐♦✉. ✐♥ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞✳ ❚❤❡② /♣❧✐' ✐♥'♦ '✇♦ ❝✐.❝✉❧❛.❧② ♣♦❧❛.✐/❡❞

❝♦♠♣♦♥❡♥'/ /♦ '❤❛' '❤❡ ❣✲❢❛❝'♦. ✈❛❧✉❡ ♠❛② ❜❡ ♦❜'❛✐♥❡❞ ❜② '❤❡ ❛♥❛❧②/✐/ ♦❢ '❤❡ ♠❛❣♥✐'✉❞❡ ♦❢ '❤❡

/♣❧✐''✐♥❣ ✐♥ ❛ ❜.♦❛❞ .❛❣❡ ♦❢ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞✳ ❋♦. ❛ ▼♦❙❡2 ♠♦♥♦❧❛②❡.✱ '❤❡ ❣✲❢❛❝'♦. ✈❛❧✉❡/ ❢♦.

❜♦'❤ ♥❡✉'.❛❧ ❡①❝✐'♦♥ ❆ ❛♥❞ ❇ ✇❡.❡ ❢♦✉♥❞ '♦ ❜❡ ❡J✉❛❧ '♦ −4.2✳ ❚❤❡ ❡J✉❛❧ ✈❛❧✉❡ ♦❢ '❤❡ ❣✲❢❛❝'♦./

♦❢ '❤❡/❡ '✇♦ .❡/♦♥❛♥❝❡/ ✐♥ ♠♦♥♦❧❛②❡. /'.✉❝'✉.❡/ /❡❡♠/ '♦ ❜❡ ❛ ❝♦♠♠♦♥ ♣.♦♣❡.'② ❢♦. ♠❛❥♦.✲

✐'② ♦❢ ♠❛'❡.✐❛❧/ ❜❡❧♦♥❣✐♥❣ '♦ /❝✲❚▼❉ ❢❛♠✐❧② ✇❤✐❝❤ ❝❛♥ ❜❡ /❡❡♥ ✐♥ '❤❡ ❞❛'❛ ♦.✐❣✐♥❛'✐♥❣ ❢.♦♠

'❤❡ ♠❡❛/✉.❡♠❡♥'/ ♦❢ ♠❛❣♥❡'♦✲.❡✢❡❝'❛♥❝❡ ❛♥❞ ♠❛❣♥❡'♦✲'.❛♥/♠✐//✐♦♥✱ /✉♠♠❛.✐③❡❞ ✐♥ ❚❛❜❧❡ ✷✳✶✳

❚❤❛' ♣.♦♣❡.'② ❛❧❧♦✇/ ✉/ '♦ ✐♥'.♦❞✉❝❡ ❛♥ ❛❞❞✐'✐♦♥❛❧ ❝♦♥/'.❛✐♥' ❢♦. '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ❡✈♦❧✉'✐♦♥

♦❢ '❤❡ ♣❛.'✐❝✉❧❛. ❡❧❡❝'.♦♥✐❝ /'❛'❡/✱ ♥❛♠❡❧② ∆EK±
c,↑ (B) − ∆EK±

v,↑ (B) = ∆EK±
c,↓ (B) − ∆EK±

v,↓ (B)✳

❚❤✉/✱ /②♠♠❡'.② ❛.❣✉♠❡♥'/ ❛♥❞ '❤❡ ❡①♣❡.✐♠❡♥'❛❧❧② ♦❜/❡.✈❡❞ /✐♠✐❧❛. ❣✲❢❛❝'♦./ ❢♦. ❡①❝✐'♦♥/ ❆

❛♥❞ ❇ ✐♠♣❧② '❤❛' '❤❡ ♥✉♠❜❡. ♦❢ ♣❛.❛♠❡'❡./ ✉/❡❞ ✐♥ '❤❡ ❞❡/❝.✐♣'✐♦♥ ♦❢ ❩❡❡♠❛♥ ❡✛❡❝'/ ✐♥ /❝✲

❚▼❉ ♠♦♥♦❧❛②❡./ ❝❛♥ ❜❡ .❡❞✉❝❡❞ '♦ '❤.❡❡✳ ❍♦✇❡✈❡.✱ '❤❡/❡ ❝♦♥❞✐'✐♦♥ ❛.❡ ♥♦' /'.♦♥❣ ❡♥♦✉❣❤ '♦

✐♠♣♦/❡ ❛ ✉♥✐J✉❡ ♣❛.❛♠❡'.✐③❛'✐♦♥✳ ❖✉. /'.❛'❡❣② ✇✐❧❧ ❜❡ '♦ ❝❤♦♦/❡ ♦♥❡ '❤❛' /❛'✐/✜❡/ '❤❡ .❡❧❛✲

'✐♦♥/✱ ❢♦. ✇❤✐❝❤ '❤❡ ❛♣♣❡❛.✐♥❣ ♣❛.❛♠❡'❡./ ♠❛② ❜❡ .❡❧❛'❡❞ '♦ ♣❤②/✐❝❛❧ J✉❛♥'✐'✐❡/✳ ❚❤❡.❡❢♦.❡ ✇❡

✇✐❧❧ ❡①♣.❡// '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ ❡♥❡.❣② ♦❢ '❤❡ ❡❧❡❝'.♦♥✐❝ /'❛'❡/ ✐♥ '❤❡ ❢♦❧❧♦✇✐♥❣

♠❛♥♥❡.✿







































∆EK±
c,↑ (B) = ±EV + ES

∆EK±
c,↓ (B) = ±EV − ES

∆EK±
v,↑ (B) = ±EV + ES ± Ed2

∆EK±
v,↓ (B) = ±EV − ES ± Ed2

✇❤❡.❡ ✇❡ ❛//✉♠❡ '❤❛' ES✱ EV ❛♥❞ Ed2 ❛.❡ ❛❧❧ ♣♦/✐'✐✈❡ ❛♥❞ ✐♥'.♦❞✉❝❡ '❤❡ ❝♦..❡/♣♦♥❞✐♥❣ /❡' ♦❢

❛//♦❝✐❛'❡❞ ❣✲❢❛❝'♦./✿
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EV = gV µBB

ES = gSµBB

Ed2 = gd2µBB

■♥ $❤✐' (❡♣(❡'❡♥$❛$✐♦♥ EV ✐' ❛ ✈❛❧❧❡② '❡❧❡❝$✐✈❡ ❩❡❡♠❛♥ $❡(♠✳ ■$ '❤✐❢$' ❡5✉❛❧❧② ❛❧❧ $❤❡ '$❛$❡'

✐♥ ♦♥❡ ✈❛❧❧❡② ✐♥ $❤❡ '❛♠❡ ❞✐(❡❝$✐♦♥ $♦✇❛(❞' ❤✐❣❤❡( ♦( ❧♦✇❡( ❡♥❡(❣② ✐♥ ❑✰ ♦( ❑− ✈❛❧❧❡②'✱

(❡'♣❡❝$✐✈❡❧②✳ ES ✐' ❛ '♣✐♥ $❡(♠✱ ✇❤✐❝❤ ❛❝$' ♦♥ $❤❡ ❡❧❡❝$(♦♥✐❝ '$❛$❡' ❛❝❝♦(❞✐♥❣❧② $♦ $❤❡ ♦(✐❡♥$❛$✐♦♥

♦❢ $❤❡✐( '♣✐♥ ✇✐$❤ $❤❡ ❝♦♥✈❡♥$✐♦♥ $❤❛$ '♣✐♥ ✉♣ ✭↑✮ '$❛$❡' ❛(❡ '❤✐❢$❡❞ $♦ ❤✐❣❤❡( ❡♥❡(❣② ❛♥❞ '♣✐♥

❞♦✇♥ '$❛$❡' ✭↓✮ ❛(❡ '❤✐❢$❡❞ $♦ ❧♦✇❡( ❡♥❡(❣② ✐♥ ❛ ♠❛❣♥❡$✐❝ ✜❡❧❞✳ ❋✐♥❛❧❧②✱ Ed2 ✐' ❛♥ ♦(❜✐$❛❧ $❡(♠

✇❤✐❝❤ ❛❝$' ✐♥ $❤❡ '❛♠❡ ✇❛② ❛' $❤❡ ✈❛❧❧❡② $❡(♠ ❜✉$ ♦♥❧② ✐♥ $❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞✳ ❚❤❡ (❡❛'♦♥

❜❡❤✐♥❞ $❤✐' ✐' $❤❡ ❝♦♠♣♦'✐$✐♦♥ ♦❢ $❤❡ ✈❛❧❡♥❝❡ ❛♥❞ ❝♦♥❞✉❝$✐♦♥ ❜❛♥❞ ✇❛✈❡ ❢✉♥❝$✐♦♥'✳ ■♥ $❤❡ ✜('$

❛♣♣(♦①✐♠❛$✐♦♥✱ $❤❡② ❛(❡ ❝(❡❛$❡❞ ❢(♦♠ ❞✲♦(❜✐$❛❧' ✇✐$❤ ❛ ♣(♦❥❡❝$✐♦♥ ♦❢ $❤❡ ♦(❜✐$❛❧ ♠♦♠❡♥$✉♠

lz = 2 ✐♥ $❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ❛♥❞ lz = 0 ✐♥ $❤❡ ❝♦♥❞✉❝$✐♦♥ ❜❛♥❞✳ ❚❤❡(❡❢♦(❡ ✐♥ $❤❡ '✐♠♣❧❡

❛♣♣(♦❛❝❤ ✇❡ ❝❛♥ ♥❡❣❧❡❝$ $❤❡ ✐♥✢✉❡♥❝❡ ♦❢ $❤❡ ♦(❜✐$❛❧ ❡✛❡❝$' ♦♥ $❤❡ ♠❛❣♥❡$✐❝ ✜❡❧❞ ❡✈♦❧✉$✐♦♥

♦❢ $❤❡ ❝♦♥❞✉❝$✐♦♥ '$❛$❡'✳ ❋✐❣✉(❡ ✷✲✷ ♦✛❡(' ❛ ♣✐❝$♦(✐❛❧ ✐❧❧✉'$(❛$✐♦♥ ♦❢ $❤❡ ❡♥❡(❣② ❧❛♥❞'❝❛♣❡ ❢♦(

$❤❡ ❢✉♥❞❛♠❡♥$❛❧ '✉❜✲❜❛♥❞' ♦❢ ♠♦♥♦❧❛②❡( '❝✲❚▼❉ ✐♥ ❛ ♠❛❣♥❡$✐❝ ✜❡❧❞✳ ❚❤❡ ❣❡♥❡(❛❧ ❦♥♦✇❧❡❞❣❡

❛❜♦✉$ $❤❡ ♠❛❣♥❡$♦✲♦♣$✐❝❛❧ ♣(♦♣❡($✐❡' ♦❢ ✈❛(✐♦✉' (❡♣(❡'❡♥$❛$✐✈❡' ♦❢ '❝✲❚▼❉ ❬✻✼✕✼✵✱✼✺✕✼✼✱✾✻❪

♠❛❦❡' ✉' ❜❡❧✐❡✈❡✱ $❤❛$ $❤❡ ❞❡'❝(✐❜❡❞ ♣✐❝$✉(❡ ✐' ✈❛❧✐❞ ♦♥ ❛ 5✉❛❧✐$❛$✐✈❡ ❧❡✈❡❧ ❢♦( ♠♦♥♦❧❛②❡(' ♦❢

♠♦'$ ♦❢ $❤❡'❡ ♠❛$❡(✐❛❧' ✭♣❡(❤❛♣' ✇✐$❤ $❤❡ ❡①❡♣❝$✐♦♥ ♦❢ ▼♦❚❡2✱ ❢♦( ✇❤✐❝❤ $❤❡ ❝♦♥❞✐$✐♦♥ ♦❢

❡5✉❛❧ ❣✲❢❛❝$♦(' ❢♦( $❤❡ ❡①❝✐$♦♥' ❆ ❛♥❞ ❇ ❞♦❡' ♥♦$ ❤♦❧❞✮✳ ❍♦✇❡✈❡(✱ ✐$ ✐' ♥♦$❡✇♦($❤② $♦ '$(❡''

$❤❛$ $❤❡ $✇♦ ♣♦''✐❜❧❡ '♣✐♥ ❛❧✐❣♥♠❡♥$' ✐♥ $❤❡ ❝♦♥❞✉❝$✐♦♥ '✉❜✲❜❛♥❞' ❢♦( ✬❜(✐❣❤$✬ ❛♥❞ ✬❞❛(❦✐'❤✬

♠♦♥♦❧❛②❡(' ❬✻✶✕✻✸❪ ♠❛② ❧❡❛❞ $♦ ❞✐'$✐♥❝$ ♣(♦♣❡($✐❡' ♦❢ ♣❛($✐❝✉❧❛( ♠❛$❡(✐❛❧'✳ ■♥ $❤❡ ♥❡①$ '❡❝$✐♦♥

✇❡ ✇✐❧❧ ❝♦♠♣❛(❡ $❤❡ ♣(♦♣❡($✐❡' ♦❢ ✬❜(✐❣❤$✬ ▼♦❙❡2 ❛♥❞ ✬❞❛(❦✐'❤✬ ❲❙❡2 ♠♦♥♦❧❛②❡(' $♦ ✐❧❧✉'$(❛$❡ $❤❡

♣♦''✐❜❧❡ ✐♠♣❛❝$ ♦❢ ❞✐✛❡(❡♥$ '♣✐♥ ❝♦♥✜❣✉(❛$✐♦♥' ♦♥ $❤❡ ♠❛❣♥❡$♦✲♦♣$✐❝❛❧ '♣❡❝$(❛ ❛♥❞ ✉❧$✐♠❛$❡❧②

$❛❦❡ ❛❞✈❛♥$❛❣❡ ♦❢ $❤❡✐( ❛♥❛❧②'✐' $♦ ♦❜$❛✐♥ ❛♥ ❡'$✐♠❛$✐♦♥ ♦❢ $❤❡ ✸ ♣❛(❛♠❡$❡(' ✇❡ ❤❛✈❡ ✐♥$(♦❞✉❝❡❞

$♦ ❞❡'❝(✐❜❡ $❤❡ ♠❛❣♥❡$✐❝ ✜❡❧❞ ❡✈♦❧✉$✐♦♥ ♦❢ $❤❡ ❡❧❡❝$(♦♥✐❝ '$❛$❡'✳

✷✳✷✳ ❊./✐♠❛/✐♦♥ ♦❢ /❤❡ ♦8❜✐/❛❧✱ .♣✐♥ ❛♥❞ ✈❛❧❧❡② /❡8♠.

❚❤❡ ✐♥$(♦❞✉❝❡❞ ❞❡'❝(✐♣$✐♦♥ ♦❢ $❤❡ ❩❡❡♠❛♥ ❡✛❡❝$' ✐♥ '❝✲❚▼❉ ♠♦♥♦❧❛②❡(' ♦✛❡(' ❛ '$(❛✐❣❤$❢♦(✇❛(❞

✇❛② $♦ ❞❡$❡(♠✐♥❡ ♦♥❡ ♦❢ $❤❡ ♣❛(❛♠❡$❡('✳ ❚❤❡ ✈❛❧✉❡ ♦❢ $❤❡ ♥❡✉$(❛❧ ❡①❝✐$♦♥ ❆ ❛♥❞ ❇ ❣✲❢❛❝$♦(✱

❡✳ ❣✳ ♦❜$❛✐♥❡❞ ❢(♦♠ $❤❡ '♣❧✐$$✐♥❣ ♦❢ $❤❡ (❡'♦♥❛♥❝❡ ✐♥ $❤❡ (❡✢❡❝$✐✈✐$② '♣❡❝$(❛✱ ❝♦♠❡' ❡①❝❧✉'✐✈❡❧②
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'❤❡$❡❢♦$❡ ✇❡ ✇✐❧❧ ✉♥❞❡$'❛❦❡ ❛ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❛♣♣$♦❛❝❤✳ ■♥ ♦$❞❡$ '♦ ,'❛② ❝♦♥,✐,'❡♥' ✇✐'❤ '❤❡

❡①♣❡$✐♠❡♥'❛❧ ❞❛'❛ ✇❡ ✇✐❧❧ ❛,,✉♠❡ '❤❛' '❤❡ ❡①♣❡$✐♠❡♥'❛❧❧② ✐❞❡♥'✐✜❡❞ ❝❤❛$❣❡❞ ❡①❝✐'♦♥ $❡,♦♥❛♥❝❡

✐, ❢♦$♠❡❞ ❢$♦♠ '❤❡ ,✐♥❣❧❡' ,'❛'❡ ♦❢ ❡❧❡❝'$♦♥,✳ ■❢ '❤❛' ✐, '❤❡ ❝❛,❡✱ '❤❡♥ ❢♦$ ✬❜$✐❣❤'✬ ♠♦♥♦❧❛②❡$,

'❤❡ '✇♦ ❡❧❡❝'$♦♥, ❛$❡ ❧♦❝❛'❡❞ ✐♥ '❤❡ ♦♣♣♦,✐'❡ ✈❛❧❧❡②, ❛, '❤❡ ♣❤♦'♦✲❝$❡❛'❡❞ ❡❧❡❝'$♦♥ ♦❝❝✉♣✐❡,

'❤❡ ❧♦✇❡$ ❡♥❡$❣② ❝♦♥❞✉❝'✐♦♥ ❜❛♥❞ ,'❛'❡✳ ❖♥ '❤❡ ♦'❤❡$ ❤❛♥❞✱ ❢♦$ ✬❞❛$❦✐,❤✬ ♠♦♥♦❧❛②❡$, '❤❡ '✇♦

❡❧❡❝'$♦♥, ,❤♦✉❧❞ ❜❡ ✐♥ '❤❡ ,❛♠❡ ✈❛❧❧❡②✳ ❚❤❡ ❋✐❣✉$❡ ✷✲✹ ,❤♦✇, ❛ ,❝❤❡♠❛'✐❝ $❡♣$❡,❡♥'❛'✐♦♥ ♦❢

❤♦✇ '❤❡ ,✐♥❣❧❡' ,'❛'❡ ♦❢ '❤❡ ❝❤❛$❣❡❞ ❡①❝✐'♦♥ ✐, ❝$❡❛'❡❞ ✐♥ '❤❡ ❛❜,♦$♣'✐♦♥ ♣$♦❝❡,, ✐♥ ✬❜$✐❣❤'✬ ❛♥❞

✬❞❛$❦✐,❤✬ ,❝✲❚▼❉ ♠♦♥♦❧❛②❡$, ✇✐'❤✐♥ '❤❡ ❢$❛♠❡✇♦$❦ ♦❢ ♦✉$ ❞❡,❝$✐♣'✐♦♥ ♦❢ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞

❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ ❡❧❡❝'$♦♥✐❝ ,'❛'❡,✳ ❚❤✐, ,✐♠♣❧❡ ✐❧❧✉,'$❛'✐♦♥ ♦❢ '❤❡ ❝♦♥,✐❞❡$❡❞ ❡❧❡❝'$♦♥✐❝ ❝♦♥✜❣✉✲

$❛'✐♦♥, ♦❢ ❝❛$$✐❡$, ♠❛② ❜❡ ✉,❡❢✉❧ ❢♦$ ✉♥❞❡$,'❛♥❞✐♥❣ '❤❡ ♣♦❧❛$✐,❛'✐♦♥ ♣$♦♣❡$'✐❡, ♦❢ '❤❡ ❝❤❛$❣❡❞

❡①❝✐'♦♥ $❡,♦♥❛♥❝❡ ✐♥ '❤❡ $❡✢❡❝'✐✈✐'② ,♣❡❝'$❛✳ ❆, ✐' ✇❛, ♠❡♥'✐♦♥❡❞ ❜❡❢♦$❡✱ '❤❡ ❝❤❛$❣❡❞ ❡①❝✐'♦♥

$❡,♦♥❛♥❝❡ ❜❡❝♦♠❡, ♣♦❧❛$✐,❡❞ ✐♥ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ❞✉❡ '♦ '❤❡ $❡❞✐,'$✐❜✉'✐♦♥ ♦❢ ❝❤❛$❣❡ ❜❡'✇❡❡♥

'❤❡ '✇♦ ✈❛❧❧❡②, ✐♥❞✉❝❡❞ ❜② '❤❡ '❤❡$♠❛❧ ♣♦♣✉❧❛'✐♦♥ ♦❢ ❡①❝❡,, ❡❧❡❝'$♦♥,✳ ❚❤❡$❡❢♦$❡ '❤❡ ❩❡❡♠❛♥

,♣❧✐''✐♥❣ ♦❢ '❤❡ ,'❛'❡ ♦❢ '❤❡ ❡①❝❡,, ❡❧❡❝'$♦♥✱ ✇❤✐❝❤ ❝♦♥,'✐'✉'❡, '❤❡ ✐♥✐'✐❛❧ ,'❛'❡ ♦❢ '❤❡ ❛❜,♦$♣'✐♦♥

♣$♦❝❡,, ❞❡'❡$♠✐♥❡, ✇❤✐❝❤ '$❛♥,✐'✐♦♥ ✐, ❡♥❤❛♥❝❡❞ ❛' ❤✐❣❤❡$ ♠❛❣♥❡'✐❝ ✜❡❧❞✳ ❆, ✇❡ ❝❛♥ ,❡❡ ✐♥

'❤❡ ,❝❤❡♠❡ ✭❋✐❣✳ ✷✲✹✮✱ '❤❡ ❝❤♦✐❝❡ ♦❢ ❝♦♥,'$✉❝'✐♥❣ ❛ ,✐♥❣❧❡' ❝❤❛$❣❡❞ ❡①❝✐'♦♥ ,'❛'❡ ❡♥,✉$❡❞ '❤❛'

'❤❡ σ
+

♣♦❧❛$✐,❡❞ '$❛♥,✐'✐♦♥ ✐, ❡♥❤❛♥❝❡❞ ❢♦$ ✬❜$✐❣❤'✬ ♠♦♥♦❧❛②❡$, ❛♥❞ σ
−

♣♦❧❛$✐,❡❞ '$❛♥,✐'✐♦♥

✐, ❡♥❤❛♥❝❡❞ ❢♦$ ✬❞❛$❦✐,❤✬ ♠♦♥♦❧❛②❡$,✱ ❝♦♥,✐,'❡♥'❧② ✇✐'❤ '❤❡ ❡①♣❡$✐♠❡♥'❛❧ ❞❛'❛✳ ▼♦$❡♦✈❡$✱ '❤❡

♣$❡,❡♥'❡❞ ❞❡,❝$✐♣'✐♦♥ ❛❝❝♦✉♥', ❛❧,♦ ❢♦$ '❤❡ ,✐❣♥✐✜❝❛♥' ❞✐✛❡$❡♥❝❡ ❜❡'✇❡❡♥ '❤❡ $❛'❡ ❛' ✇❤✐❝❤ '❤❡

❝❤❛$❣❡❞ ❡①❝✐'♦♥ ❜❡❝♦♠❡, ♣♦❧❛$✐,❡❞ ✐♥ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ✐♥ ✬❜$✐❣❤'✬ ❛♥❞ ✬❞❛$❦✐,❤✬ ,②,'❡♠,✳ ■',

✈❛❧✉❡ ✐, ❣♦✈❡$♥❡❞ ❞✐$❡❝'❧② ❜② '❤❡ ♠❛❣♥❡'✐❝✲✜❡❧❞✲✐♥❞✉❝❡❞ ,♣❧✐''✐♥❣ ♦❢ '❤❡ ,✐♥❣❧❡ ❡❧❡❝'$♦♥✐❝ ,'❛'❡✱

✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦♥✈❡♥✐❡♥'❧② ❡①♣$❡,,❡❞ ❜② ❛ ❣✲❢❛❝'♦$✳ ■♥ '❤❡ ❢$❛♠❡✇♦$❦ ♦❢ ♦✉$ ❞❡,❝$✐♣'✐♦♥ ♦❢ '❤❡

♠❛❣♥❡'✐❝ ✜❡❧❞ ❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ ❡❧❡❝'$♦♥✐❝ ,'❛'❡,✱ '❤✐, ❣✲❢❛❝'♦$ ✐, ❡L✉❛❧ '♦✿











g = gS + gV ✱ ❢♦$ ✬❜$✐❣❤'✬ ♠♦♥♦❧❛②❡$,

g = gS − gV ✱ ❢♦$ ✬❞❛$❦✐,❤✬ ♠♦♥♦❧❛②❡$,

■♥❞❡❡❞✱ '❤❡ ❝♦♥❞✐'✐♦♥ g
✬❜"✐❣❤&✬

≫ g
✬❞❛"❦✐*❤✬

❡①♣❧❛✐♥, '❤❡ ♠✉❝❤ ❢❛,'❡$ ♣♦❧❛$✐,❛'✐♦♥ $❛'❡ ♦❢ '❤❡ ❝❤❛$❣❡❞

❡①❝✐'♦♥ ✐♥ ▼♦❙❡2 ♠♦♥♦❧❛②❡$, ✇✐'❤ $❡,♣❡❝' '♦ '❤❡ ❲❙❡2 ♠♦♥♦❧❛②❡$,✳ ❚❤❡$❡❢♦$❡✱ '❤✐, ♦❜,❡$✈❛'✐♦♥

✇✐❧❧ ❜❡ ♦✉$ ❣❛'❡✇❛② ❢♦$ ❡,'✐♠❛'✐♥❣ '❤❡ ✈❛❧✉❡ ♦❢ '❤❡ ,♣✐♥ ❛♥❞ ✈❛❧❧❡② '❡$♠,✳ ❚❤❡ ✐♥❢♦$♠❛'✐♦♥ ❛❜♦✉'

'❤❡ ✈❛❧✉❡ ♦❢ '❤❡ ❣✲❢❛❝'♦$ ✇✐❧❧ ❜❡ ♦❜'❛✐♥❡❞ ❢$♦♠ '❤❡ ❛♥❛❧②,✐, ♦❢ '❤❡ ♠❛❣♥❡'✐❝ ✜❡❧❞ ❡✈♦❧✉'✐♦♥

❈❍❆Q❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙Q❊❈❚❘❖❙❈❖Q❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆

▼❆●◆❊❚■❈ ❋■❊▲❉❙



✸✹ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

Experimental data/assumptions Parameters

MaterialNr g
V

g
S

g
d2

g -
V

g
S

g +
V

g
S

g +
V

g +
S

g
d2

2

g
V, MoSe

2

g
V, WSe

=

2

g
S, MoSe

2

g
S, WSe

=

MoSe
2

WSe
2

MoSe
2

WSe
2

MoSe
2

WSe
2

MoSe
2

WSe
2

2.1 (exp)

1.9 (exp) 0.22 (exp)

1.84 (exp)

g
V

g
S

g
d2

1.03

1.03

2.1

1.9

0.810.81

0.81

2.1 (exp)

1.9 (exp)

2.1 (exp)

1.9 (exp)

2.1 (exp)

1.9 (exp)

2

g
V, MoSe

2

g
V, WSe

=

2

g
S, MoSe

2

g
S, WSe

=

1(assump.)

1(assump.)

g -
V

g
S

g +
V

g
S

=8.7(exp)

4.4* (exp)

* - based on the interpretation of SdH oscillations data from B. Fallahazad, , PRL , 086601 (2016)et al. 116

4.4* (exp)

0.22 (exp)

1.84 (exp)

1

2

3

4

0.84

1.22

2.1

1.9

1

1

1.3

1.5

2.1

1.9

1

1

1.45

1.45

2.1

1.9

1.15

1.15

4.4 (assump.)

4.6 (assump.)

❚❛❜❧❡ ✷✳✷✿ ❋♦✉' ❞✐✛❡'❡♥" ❛♣♣'♦❛❝❤❡* ♦❢ ❡*"✐♠❛"✐♥❣ "❤❡ ❧✐♥❡❛' ✇✐"❤ ♠❛❣♥❡"✐❝ ✜❡❧❞ ❝♦♥"'✐❜✉"✐♦♥*

"♦ "❤❡ ❩❡❡♠❛♥ *♣❧✐""✐♥❣ ✐♥ *❝✲❚▼❉ ♠♦♥♦❧❛②❡'* ❛'❡ ♣'❡*❡♥"❡❞✳ ❚❤❡ ❝♦♠❜✐♥❛"✐♦♥ ♦❢ "❤❡ ❛♥❛❧②*✐*

♦❢ ❡①♣❡'✐♠❡♥"❛❧ ✭❡①♣✮ ❞❛"❛ ✭'❡✢❡❝"✐✈✐"② *♣❡❝"'❛ ♦' ❙❤✉❜♥✐❦♦✈✲❞❡ ❍❛❛* ♦*❝✐❧❧❛"✐♦♥*✮ ✇✐"❤ ❝❡'"❛✐♥

❛**✉♠♣"✐♦♥* ❛❧❧♦✇* "❤❡ ❞❡"❡'♠✐♥❛"✐♦♥ ♦❢ ✈❛❧❧❡②✱ *♣✐♥ ❛♥❞ ♦'❜✐"❛❧ "❡'♠* ❢♦' ❲❙❡ 2 ❛♥❞ ▼♦❙❡2

♠❛"❡'✐❛❧*✳ ❚❤❡ ❞❡"❛✐❧❡❞ ❞✐*❝✉**✐♦♥ ♦❢ ❛❧❧ ❢♦✉' ♠❡"❤♦❞* ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ "❤❡ ♠❛✐♥ "❡①"✳ ❚❤❡ ❦❡②

❝♦♥❝❧✉*✐♦♥ ✐* "❤❛" '❡❣❛'❞❧❡** ♦❢ "❤❡ "②♣❡* ♦❢ ❡①♣❡'✐♠❡♥"* ✉*❡❞ "♦ ❛❝❝❡** ✐♥❢♦'♠❛"✐♦♥ ❛❜♦✉" "❤❡

❩❡❡♠❛♥ *♣❧✐""✐♥❣ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝"'♦♥✐❝ *"❛"❡* ✐♥ *❝✲❚▼❉ ♠♦♥♦❧❛②❡'*✱ "❤❡ ✐♥"❡'♣'❡"❛"✐♦♥ ♦❢ "❤❡

'❡*✉❧"* ♠❛② ❧❡❛❞ "♦ "❤❡ ❞❡"❡'♠✐♥❛"✐♦♥ ♦❢ *✐♠✐❧❛' ✈❛❧✉❡* ♦❢ "❤❡ "❤'❡❡ ✐♥"'♦❞✉❝❡❞ ❝♦♥"'✐❜✉"✐♦♥*✳

♦❢ ,❤❡ ♣♦❧❛/✐1❛,✐♦♥ ❞❡❣/❡❡ ♦❢ ,❤❡ ❝❤❛/❣❡❞ ❡①❝✐,♦♥✳ ❆1 ✇❡ ❧❛❝❦ ,❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ ,❤❡ ✈❛❧✉❡

♦❢ ,❤❡ ❋❡/♠✐ ❡♥❡/❣② ✐♥ ♦✉/ 1❛♠♣❧❡1✱ ✇❡ ❝❛♥♥♦, ✉1❡ ,❤❡ ❡①❛❝, ❡①♣/❡11✐♦♥ ❢♦/ ,❤❡ ♦❝❝✉♣❛,✐♦♥

♦❢ ,❤❡ ❡❧❡❝,/♦♥✐❝ 1,❛,❡1 ❣✐✈❡♥ ❜② ❋❡/♠✐✲❉✐/❛❝ 1,❛,✐1,✐❝1✳ ■♥1,❡❛❞✱ ✇❡ ✇✐❧❧ ❛♣♣❧② ❛ ❇♦❧,③♠❛♥♥

❞✐1,/✐❜✉,✐♦♥ ❛♣♣/♦①✐♠❛,✐♦♥ ,♦ ❞❡1❝/✐❜❡ ,❤❡ ♥✉♠❜❡/ ♦❢ ❝❛//✐❡/1 ✐♥ ,❤❡ ❝♦♥❞✉❝,✐♦♥ ❜❛♥❞ ✭✇❤✐❝❤

✐1 ✈❛❧✐❞ ❛1 ❧♦♥❣ ❛1 ,❤❡ ❋❡/♠✐ ❡♥❡/❣② ✐1 1♠❛❧❧❡/ ,❤❛♥ ,❤❡ ,❤❡/♠❛❧ ❡♥❡/❣② ♦❢ ❝❛//✐❡/1 ✭EF ≪ ❦❚✮✮✳

❚❤✐1 ❛❧❧♦✇1 ✉1 ,♦ ❞❡,❡/♠✐♥❡ ,❤❡ ❢♦/♠✉❧❛ ❢♦/ ,❤❡ 1♣✐♥ ♣♦❧❛/✐1❛,✐♦♥ ❞❡❣/❡❡✱ ✇❤✐❝❤ ②✐❡❧❞1 ✐♥ 1✉❝❤

❝❛1❡✿

∣

∣

∣

∣

Iσ+
− Iσ−

Iσ+
+ Iσ−

∣

∣

∣

∣

= tanh

(

gµBB

kT

)

✇❤❡/❡ g ✐1 ,❤❡ ❣✲❢❛❝,♦/ ♦❢ ,❤❡ ❛❞❡G✉❛,❡ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝,/♦♥✐❝ 1,❛,❡✱ µB ✐1 ❛ ❇♦❤/ ♠❛❣♥❡,♦♥✱ ❇ ✐1

,❤❡ ♠❛❣♥✐,✉❞❡ ♦❢ ,❤❡ ♠❛❣♥❡,✐❝ ✜❡❧❞ ❛♥❞ kT ✐1 ,❤❡ ,❤❡/♠❛❧ ❡♥❡/❣②✳ ❚❤❡ ✜,,✐♥❣ ♦❢ ,❤✐1 ❢♦/♠✉❧❛

♣/♦✈✐❞❡1 ,❤❡ /❛,✐♦ g/T 1❡♣❛/❛,❡❧② ❢♦/ ❲❙❡2 ❛♥❞ ▼♦❙❡2 ♠❛,❡/✐❛❧1✳ ❋♦/ ♦✉/ ❞❛,❛ ✇❡ ♦❜,❛✐♥❡❞

,❤❡ ✈❛❧✉❡1✿

❈❍❆N❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙N❊❈❚❘❖❙❈❖N❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆

▼❆●◆❊❚■❈ ❋■❊▲❉❙
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g/T ≈ 0.184 K−1
✱ ❢♦% ▼♦❙❡2 ♠♦♥♦❧❛②❡%

g/T ≈ −0.022 K−1
✱ ❢♦% ❲❙❡2 ♠♦♥♦❧❛②❡%

❚❤❡%❡ ❛%❡ ♠✉❧2✐♣❧❡ ✇❛②6 2♦ ✉6❡ ♦✉% ❡①♣❡%✐♠❡♥2❛❧ ❞❛2❛ ❢♦% 2❤❡ ❡62✐♠❛2✐♦♥ ♦❢ 2❤❡ ✈❛❧✉❡6 ♦❢

2❤❡ ✈❛❧❧❡②✱ 6♣✐♥ ❛♥❞ ♦%❜✐2❛❧ 2❡%♠6✳ ❍♦✇❡✈❡%✱ ❛❧❧ ♦❢ 2❤❡♠ ❛%❡ ✉♥❛✈♦✐❞❛❜❧② ❜❛6❡❞ ♦♥ ❝❡%2❛✐♥

❛66✉♠♣2✐♦♥6✱ ✇❤✐❝❤ ❛%❡ %❛2❤❡% 6♣❡❝✉❧❛2✐✈❡✳ ❚❤❡%❡❢♦%❡ ✇❡ ✇✐❧❧ ❝♦♥6✐❞❡% ❢♦✉% ❞✐✛❡%❡♥2 ❛♣♣%♦❛❝❤❡6

2♦ ❞❡♠♦♥62%❛2❡ 2❤❛2 ✐♥❞❡♣❡♥❞❡♥2❧② ♦♥ 2❤❡ ❝❤♦6❡♥ %♦✉2❡✱ 2❤❡ ✈❛❧✉❡6 ♦❢ 2❤❡ ❡62✐♠❛2❡❞ ♣❛%❛♠❡2❡%6

❛%❡ 6✐♠✐❧❛% 2♦ ❛ %❡❛6♦♥❛❜❧❡ ❡①2❡♥2✳ ❚❛❜❧❡ ✷✳✷ 6✉♠♠❛%✐6❡6 2❤❡ ❞❛2❛ ❛♥❞✴♦% ❛66✉♠♣2✐♦♥6 ✉6❡❞

✐♥ ❡✈❡%② ❛♣♣%♦❛❝❤ ❛♥❞ ♣%❡6❡♥26 2❤❡ %❡6✉❧2✐♥❣ ✈❛❧✉❡6 ♦❢ 2❤❡ ✈❛❧❧❡②✱ 6♣✐♥ ❛♥❞ ♦%❜✐2❛❧ ♣❛%❛♠❡2❡%6✳

❋♦% ❡❛❝❤ 6❝❡♥❛%✐♦✱ 2❤❡ ✈❛❧✉❡ ♦❢ 2❤❡ ♦%❜✐2❛❧ 2❡%♠ ❝♦♠❡6 ❞✐%❡❝2❧② ❢%♦♠ 2❤❡ ♠❡❛6✉%❡♠❡♥26 ♦❢ 2❤❡

❩❡❡♠❛♥ 6♣❧✐22✐♥❣ ♦❢ 2❤❡ ♥❡✉2%❛❧ ❡①❝✐2♦♥ ❆ 6❡❡♥ ✐♥ 2❤❡ %❡✢❡❝2❛♥❝❡ 6♣❡❝2%❛✳ ❲❡ ✇✐❧❧ ♥♦✇ ❞✐6❝✉66

2❤❡ ❢♦✉% ♣♦66✐❜❧❡ %♦✉2❡6 2♦ ❡62✐♠❛2❡ 2❤❡ %❡♠❛✐♥✐♥❣ 2✇♦ ♣❛%❛♠❡2❡%6✿

✶✳ ❲❡ ❛66✉♠❡ 2❤❛2 2❤❡ 2❡♠♣❡%❛2✉%❡ ♦❢ 2❤❡ ❡❧❡❝2%♦♥ ❣❛6 ✐♥ 2❤❡ ✐♥✈❡62✐❣❛2❡❞ 6❝✲❚▼❉ ♠♦♥♦✲

❧❛②❡%6 ✐6 2❤❡ 6❛♠❡ ❛6 2❤❡ 6❛♠♣❧❡ ❜❛2❤ 2❡♠♣❡%❛2✉%❡✱ ❛♥❞ ❡J✉❛❧6 ✶✵ ❑✱ ❛6 ✇❡ ❡62✐♠❛2❡❞ ✐♥

♠✉❧2✐♣❧❡ ❡①♣❡%✐♠❡♥26 ✉6✐♥❣ ♦✉% ❡①♣❡%✐♠❡♥2❛❧ ❛%%❛♥❣❡♠❡♥26✳ ❚❤✐6 ❛66✉♠♣2✐♦♥ ❛❧❧♦✇6 ✉6

2♦ ♦❜2❛✐♥ 2❤❡ ❣✲❢❛❝2♦%6 ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝2%♦♥✐❝ 62❛2❡ 6❡♣❛%❛2❡❧② ❢♦% ❲❙❡2 ❛♥❞ ▼♦❙❡2

♠♦♥♦❧❛②❡%6✳ ■♥ 6✉❝❤ ❛ ❝❛6❡✱ ✇❡ ❤❛✈❡ ❛ 6✐♠♣❧❡ ❧✐♥❡❛% ❡J✉❛2✐♦♥✿











gS + gV = 1.84 ✱ ❢♦% ▼♦❙❡2 ♠♦♥♦❧❛②❡%

gS − gV = −0.22 ✱ ❢♦% ❲❙❡2 ♠♦♥♦❧❛②❡%

✇❤✐❝❤ ✇❡ ❝❛♥ 6♦❧✈❡ ✐❢ ✇❡ ❛66✉♠❡ 2❤❛2 2❤❡ gS ❛♥❞ gV ♣❛%❛♠❡2❡%6 ❛%❡ 2❤❡ 6❛♠❡ ❢♦% ❲❙❡2

❛♥❞ ▼♦❙❡2 ♠♦♥♦❧❛②❡%6✳ ❯♥❞❡% 6✉❝❤ ❝♦♥❞✐2✐♦♥6✿



























gV = 1.03

gS = 0.81 ✭▼♦❙❡2✮

gd2 = 2.1



























gV = 1.03

gS = 0.81 ✭❲❙❡2✮

gd2 = 1.9

✷✳ ❚❤❡ ❛66✉♠♣2✐♦♥ ❛❜♦✉2 2❤❡ 6❛♠❡ ✈❛❧✉❡6 ♦❢ 6♣✐♥ ❛♥❞ ✈❛❧❧❡② ♣❛%❛♠❡2❡%6 ❢♦% ❲❙❡ 2 ❛♥❞ ▼♦❙❡2

♠❛2❡%✐❛❧6 ♠❛② 6❡❡♠ 2♦ ❜❡ ❡①❝❡66✐✈❡❧② %✐❣✐❞✳ ■♥ ♦%❞❡% 2♦ ❛✈♦✐❞ ✐2✱ ✇❡ ❝❛♥ 2❛❦❡ ❛♥ ❛❧2❡%♥❛2✐✈❡

❛♣♣%♦❛❝❤✱ ✐♥ ✇❤✐❝❤ 2❤❡ 6♣✐♥ ❝♦♥2%✐❜✉2✐♦♥ 2❛❦❡6 2❤❡ ❢♦%♠ ❛❞❡J✉❛2❡ ❢♦% ❛ ❢%❡❡ ❡❧❡❝2%♦♥ ✐♥

✈❛❝✉✉♠✳ ❚❤❡%❡❢♦%❡✱ ✇❡ 6❡2 2❤❡ ✈❛❧✉❡ gS = 1 ❛♥❞ ❦❡❡♣ 2❤❡ ❛66✉♠♣2✐♦♥ ❛❜♦✉2 2❤❡ ❡❧❡❝2%♦♥

❈❍❆Q❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙Q❊❈❚❘❖❙❈❖Q❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆
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✸✻ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

❣❛$ %❡♠♣❡)❛%✉)❡ ❜❡✐♥❣ ❡.✉❛❧ %♦ ✶✵ ❑✳ ❚❤❡♥✱ ✇❡ ❝❛♥ ❡$%✐♠❛%❡ %❤❡ ✈❛❧❧❡② %❡)♠$ $❡♣❛)❛%❡❧②

❢♦) ❲❙❡2 ❛♥❞ ▼♦❙❡2 ♠♦♥♦❧❛②❡)$✳ ❙✉❝❤ ❛♣♣)♦❛❝❤ ♣)♦✈✐❞❡$✿



























gV = 0.84

gS = 1 ✭▼♦❙❡2✮

gd2 = 2.1



























gV = 1.22

gS = 1 ✭❲❙❡2✮

gd2 = 1.9

✸✳ ❚❤❡ ✐♥❢♦)♠❛%✐♦♥ ♦♥ %❤❡ ❩❡❡♠❛♥ $♣❧✐%%✐♥❣ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝%)♦♥✐❝ $%❛%❡$ ✐$ ❛❝❝❡$$✐❜❧❡ ✐♥

%)❛♥$♣♦)% ♠❡❛$✉)❡♠❡♥%$ ❛$ ✇❡❧❧✳ ❘❡❝❡♥% )❡♣♦)% ♦♥ %❤❡ ♦❜$❡)✈❛%✐♦♥ ♦❢ ❙❤✉❜✐♥❦♦✈✲❞❡ ❍❛❛$

✭❙❞❍✮ ♦$❝✐❧❧❛%✐♦♥$ ✐♥ ♣✲❞♦♣❡❞ ❲❙❡2 ♠♦♥♦❧❛②❡)$ ❬✼✽❪ ♣)♦✈✐❞❡$ ❛ ✇❛② %♦ ❡$%✐♠❛%❡ %❤❡ ✈❛❧✉❡

♦❢ %❤❡ ❣✲❢❛❝%♦) ♦❢ %❤❡ ✉♣♣❡) ✈❛❧❡♥❝❡ $✉❜✲❜❛♥❞ $%❛%❡✳ ❚❤❡ ❧❡✈❡❧ ♦❢ ❞♦♣✐♥❣ ✐♥ %❤❡ ✐♥✈❡$%✐❣❛%❡❞

$❛♠♣❧❡$ ✇❛$ )❛%❤❡) ❤✐❣❤ ✇✐%❤ %❤❡ ❤♦❧❡ ❝♦♥❝❡♥%)❛%✐♦♥ p = 7.9 ∗ 1012 ❝♠

−2
✳ ❚❤❡)❡❢♦)❡ %❤❡

♣♦$✐%✐♦♥ ♦❢ %❤❡ ❋❡)♠✐ ❡♥❡)❣② ✐♥ %❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ✐♠♣❧✐❡❞ %❤❡ ♦❝❝✉♣❛♥❝② ♦❢ ♠✉❧%✐♣❧❡ ▲❛♥❞❛✉

❧❡✈❡❧$ ❡✈❡♥ ❛% ❤✐❣❤❡) ♠❛❣♥❡%✐❝ ✜❡❧❞$ ✭%❤❡ ❞❛%❛ ✉♣ %♦ ✶✹ ❚ ✐$ ♣)❡$❡♥%❡❞✱ ✇✐%❤ %❤❡ $♠❛❧❧❡$%

▲❛♥❞❛✉ ❧❡✈❡❧ ✜❧❧✐♥❣ ❢❛❝%♦) ν = 26✮✳ ❚❤❡ ❛♣♣❡❛)❛♥❝❡ ♦❢ ❡✈❡♥ ✈❛❧✉❡$ ♦❢ %❤❡ ✜❧❧✐♥❣ ❢❛❝%♦)

♥✉♠❜❡)$ ✐♥ %❤❡ ✐♥✈❡$%✐❣❛%❡❞ ✜❡❧❞ )❛♥❣❡✱ ❝♦♥$✐$%❡♥% ✇✐%❤ %❤❡ ❍❛❧❧ ✈♦❧%❛❣❡ ♠❡❛$✉)❡♠❡♥%$✱

)❡✈❡❛❧$ %❤❡ ❞♦✉❜❧❡ ❞❡❣❡♥❡)❛❝② ♦❢ %❤❡ ▲❛♥❞❛✉ ❧❡✈❡❧$✳ ❚❤✐$ )❡$✉❧%$ )❡♠✐♥❞$ %❤❡ %②♣✐❝❛❧
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gµBB = (gS + gd2 + gV )µBB ≈ Nh̄ωC ♠❛② ✐♥ ❢❛❝% ❤♦❧❞ ♥♦% ❢♦) N = 0✱ ❜✉% ❢♦) ❛♥ ❡✈❡♥
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Momentum forbidden

Forbidden transitions in „darkish” TMDs
monolayers with potentially high g-factors
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❜❛♥❞✱ $❡.✐❞✐♥❣ ❜❡❧♦✇ /❤❡ ♥❡✉/$❛❧ ❛♥❞ ❝❤❛$❣❡❞ ❡①❝✐/♦♥ ❆ ❧✐♥❡. ❛♥❞ ❞♦♠✐♥❛/✐♥❣ /❤❡ .♣❡❝/$❛ ❛/

❈❍❆E❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙E❊❈❚❘❖❙❈❖E❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆
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❧♦✇ %❡♠♣❡)❛%✉)❡✱ ✐. %❤❡ ❢❡❛%✉)❡ ✇❤✐❝❤ ❡①❤✐❜✐%. ♣❡❝✉❧✐❛) ❜❡❤❛✈✐♦✉) ✐♥ ❛ ♠❛❣♥❡%✐❝ ✜❡❧❞✳ ❆♥

❛♥❛❧②.✐. ♦❢ %❤❡ ♣♦.✐%✐♦♥. ♦❢ %❤❡ ❧✐♥❡. )❡✈❡❛❧.✱ %❤❛% %❤❡ ✈❛❧✉❡. ♦❢ %❤❡ ❣✲❢❛❝%♦). ♦❢ ❛❧❧ )❡.♦❧✈❛❜❧❡

❧✐♥❡. ✐♥ %❤❡ =▲ ❜❛♥❞ ❛)❡ .✐❣♥✐✜❝❛♥%❧② ❧❛)❣❡) ✐♥ ♠❛❣♥✐%✉❞❡ %❤❛♥ −4✱ ✐♥ .♦♠❡ ❝❛.❡. ❡✈❡♥ )❡❛❝❤✐♥❣

−13✳ ❆. ❛❧)❡❛❞② ♠❡♥%✐♦♥❡❞✱ ✇❡ .♣❡❝✉❧❛%❡ %❤❛% ♥✉♠❡)♦✉. ❡♠✐..✐♦♥ ♣❡❛❦. ❛♣♣❡❛)✐♥❣ ✐♥ ♦♣%✐❝❛❧❧②

✬❞❛)❦✐.❤✬ .②.%❡♠.✱ .✉❝❤ ❛. %❤❡ ❲❙❡2 ♠♦♥♦❧❛②❡)✱ ♠❛② ❜❡ ❞✉❡ %♦ )❡❝♦♠❜✐♥❛%✐♦♥ ♦❢ ❞❛)❦ ❡①❝✐%♦♥.✱

❛❧❧♦✇❡❞ ❜② ❞✐.♦)❞❡) ♦) ♣❤♦♥♦♥✲❛..✐.%❡❞ ♣)♦❝❡..❡.✳ ❆. ✐❧❧✉.%)❛%❡❞ ✐♥ ❋✐❣✉)❡ ✷✲✻✱ %❤❡ ✐♠❛❣✐♥❛❜❧❡

)❡❝♦♠❜✐♥❛%✐♦♥ ♣)♦❝❡..❡. ✇❤✐❝❤ ✈✐♦❧❛%❡ %❤❡ ❦✲✈❡❝%♦) ♦) .♣✐♥ .❡❧❡❝%✐♦♥ )✉❧❡. ✇♦✉❧❞✱ ✐♥ ❛❝❝♦)❞❛♥❝❡

✇✐%❤ %❤❡ ♣)♦♣♦.❡❞ .❝❤❡♠❡ ♦❢ %❤❡ ❩❡❡♠❛♥ ❡✛❡❝% ✐♥ .❝✲❚▼❉ ♠♦♥♦❧❛②❡).✱ )❡.✉❧% ✐♥ ❛♥♦♠❛❧♦✉.❧②

❧❛)❣❡ ❣✲❢❛❝%♦). ❢♦) %❤❡ ❡♠✐..✐♦♥ ❧✐♥❡. ✐♥ ✬❞❛)❦✐.❤✬ .②.%❡♠.✳

✷✳✹✳ ❋$♦♠ ❤✐❣❤ *♦ *✐♥② ✜❡❧❞1✿ ♦♣*✐❝❛❧ ♣✉♠♣✐♥❣ ❝♦♥*$♦❧❧❡❞ ❜② ♠❛❣♥❡*✐❝ ✜❡❧❞

❖♣%✐❝❛❧❧② ❛❝%✐✈❡ ❡①❝✐%❛%✐♦♥. ✐. .♦❧✐❞. ♠✉.% ❢✉❧✜❧ ❛ .❡% ♦❢ .❡❧❡❝%✐♦♥ )✉❧❡. )❡❣❛)❞✐♥❣ %❤❡ ❝♦♥.❡)✈❛%✐♦♥

♦❢ ❢✉♥❞❛♠❡♥%❛❧ ♣❤②.✐❝❛❧ L✉❛♥%✐%✐❡.✳ ❖♥❡ ♦❢ %❤❡♠ ✐. %❤❡ ❛♥❣✉❧❛) ♠♦♠❡♥%✉♠✱ ❡❛.✐❧② ❝♦♥%)♦❧❧❡❞

✐♥ ❝❛.❡ ♦❢ ♣❤♦%♦♥. ✇❤✐❝❤ ♠❛② ❜❡ ✉.❡❞ %♦ ✐♥❞✉❝❡ ✐♥%❡)✲❜❛♥❞ %)❛♥.✐%✐♦♥. ❧❡❛❞✐♥❣ %♦ ❝)❡❛%✐♦♥ ♦❢

❡❧❡❝%)♦♥. ❛♥❞ ❤♦❧❡.✳ ❆❢%❡)✇❛)❞.✱ ❞❡♣❡♥❞✐♥❣ ♦♥ %❤❡ ❝♦♥❞✐%✐♦♥. ♦❢ %❤❡ ❡①❝✐%❛%✐♦♥ ❞❡%❡)♠✐♥❡❞ ❜②

%❤❡ ❛❧✐❣♥♠❡♥% ♦❢ %❤❡ ❜❛♥❞. ❛♥❞ %❤❡ ❝❤❛)❛❝%❡) ♦❢ ❡❧❡❝%)♦♥✐❝ .%❛%❡.✱ %❤❡ ♣❤♦%♦✲❝)❡❛%❡❞ ❝❛))✐❡). ♠❛②

)❡❝♦♠❜✐♥❡ ❞✐)❡❝%❧② ♦) ❛❢%❡) ❛ .❡)✐❡. ♦❢ )❡❧❛①❛%✐♦♥ ♣)♦❝❡..❡.✳ ❊✐%❤❡) ✇❛②✱ ✉♣♦♥ %❤❡ ❡①❝✐%❛%✐♦♥ ✇✐%❤

❝✐)❝✉❧❛)❧② ♣♦❧❛)✐.❡❞ ❧✐❣❤% %❤❡)❡ ✐. ❛ ♣♦..✐❜✐❧✐%② ♦❢ ♣)❡.❡)✈❛%✐♦♥✱ %♦ ❛ ❝❡)%❛✐♥ ❞❡❣)❡❡✱ ♦❢ %❤❡ ❛♥❣✉❧❛)

♠♦♠❡♥%✉♠ ✉♥%✐❧ %❤❡ )❛❞✐❛%✐✈❡ )❡❝♦♠❜✐♥❛%✐♦♥✳ ❆ L✉❛♥%✐%❛%✐✈❡ ♠❡❛.✉)❡ ♦❢ %❤❡ ❡✣❝✐❡♥❝② ♦❢ %❤❡

♦♣%✐❝❛❧ ♦)✐❡♥%❛%✐♦♥ ♠❛② ❜❡ ❞❡✜♥❡❞ ❛. ❛ ♥♦)♠❛❧✐.❡❞ ❞✐✛❡)❡♥❝❡ ❜❡%✇❡❡♥ %❤❡ ❡♠✐..✐♦♥ ✐♥%❡♥.✐%② ✐♥

%❤❡ ❝♦✲♣♦❧❛)✐.❛%✐♦♥ ❛♥❞ %❤❡ ❝)♦..✲♣♦❧❛)✐.❛%✐♦♥ ❝♦♥✜❣✉)❛%✐♦♥.✳ ■% ✐. ♣)❛❝%✐❝❛❧❧② )❡❛❧✐.❡❞ ❜② %❤❡

♠❡❛.✉)❡♠❡♥% ♦❢ %✇♦ .♣❡❝%)❛ ✐♥ ❛ ✇❛② %❤❛% ❡①❝✐%❛%✐♦♥ ❧✐❣❤% ✐. ❝✐)❝✉❧❛)❧② ♣♦❧❛)✐.❡❞ ✭σ
+
♦) σ

−
✮ ❛♥❞

%❤❡ ❡♠✐%%❡❞ ❧✐❣❤% ✐. ❞❡%❡❝%❡❞ ✐♥ ❜♦%❤ ❝✐)❝✉❧❛) ♣♦❧❛)✐.❛%✐♦♥. ✭σ
+
❛♥❞ σ

−
✮✳ ❚❤❡♥✱ ✐❢ %❤❡ ❡①❝✐%❛%✐♦♥

✐.✱ ❢♦) ❡①❛♠♣❧❡✱ σ
+

♣♦❧❛)✐.❡❞✱ %❤❡ ♣♦❧❛)✐.❛%✐♦♥ ❞❡❣)❡❡✱ ❢♦) ❛ ♣❛)%✐❝✉❧❛) ❡♥❡)❣② ♦❢ ❡♠✐..✐♦♥✱ ✐.

❞❡%❡)♠✐♥❡❞ ❛. ❢♦❧❧♦✇.✿

P (E) =

∣

∣

∣

∣

Iσ+ (E)− Iσ− (E)

Iσ+ (E) + Iσ− (E)

∣

∣

∣

∣

✇❤❡)❡ P (E) .%❛♥❞. ❢♦) %❤❡ ♣♦❧❛)✐.❛%✐♦♥ ❞❡❣)❡❡ ✭❝❛♥ ❜❡ ✐♥ ♣)✐♥❝✐♣❧❡ ❡♥❡)❣②✲❞❡♣❡♥❞❡♥%✮✱ Iσ+ (E)

❛♥❞ Iσ− (E) ❝♦))❡.♣♦♥❞ %♦ %❤❡ ✐♥%❡♥.✐%② ♦❢ ❡♠✐..✐♦♥ ❞❡%❡❝%❡❞ ✐♥ σ
+
❛♥❞ σ

−
♣♦❧❛)✐.❛%✐♦♥✱ )❡.♣❡❝✲

%✐✈❡❧②✳ =❤❡♥♦♠❡♥❛ )❡❧❛%❡❞ %♦ %❤❡ ♦♣%✐❝❛❧ ♦)✐❡♥%❛%✐♦♥ ❤❛✈❡ ❜❡❡♥ ✇✐❞❡❧② ❡①♣❧♦)❡❞ ✐♥ ③✐♥❝✲❜❧❡♥❞

.❡♠✐❝♦♥❞✉❝%♦). ❬✼✾❪✳ ■♥ .❝✲❚▼❉ .%)✉❝%✉)❡.✱ %❤❡② ♠❛② ❜❡ ❡.♣❡❝✐❛❧❧② ✐♠♣♦)%❛♥%✱ ❛. %❤❡ ❝✐)❝✉❧❛)❧②

❈❍❆=❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙=❊❈❚❘❖❙❈❖=❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆
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Optical pumping of bound/localised excitons in a WSe monolayer2

❋✐❣✉&❡ ✷✲✼✿ ❚❤❡ ♠♦♥♦❧❛②❡' ❲❙❡2 *♣❡❝"'❛ ❞❡"❡❝"❡❞ ✐♥ σ
+
❛♥❞ σ

−

♣♦❧❛'✐*❛"✐♦♥* ✇✐"❤♦✉" ♠❛❣♥❡"✐❝ ✜❡❧❞ ❛♥❞ ❛" ❛ "✐♥② ✜❡❧❞ ♦❢ ✶✵✵ ♠❚

❛♣♣❧✐❡❞ ♣❡'♣❡♥❞✐❝✉❧❛'❧② "♦ ✐"* *✉'❢❛❝❡ ❛'❡ *❤♦✇♥ ✐♥ "❤❡ ❧❡❢" ❣'❛♣❤✳

❚❤❡ ❧✉♠✐♥❡*❝❡♥❝❡ *✐❣♥❛❧ ✇❛* ❡①❝✐"❛"❡❞ ✇✐"❤ ❝✐'❝✉❧❛'❧② ♣♦❧❛'✐*❡❞

❧❛*❡' ❧✐❣❤" ♦❢ σ
−

❤❡❧✐❝✐"② ❛" "❤❡ ❡♥❡'❣② ♦❢ ✶✳✾✶✺ ❡❱ ✭♥♦♥✲'❡*♦♥❛♥"

❡①❝✐"❛"✐♦♥ ❜❡"✇❡❡♥ "❤❡ ❡♥❡'❣② ♦❢ ♥❡✉"'❛❧ ❆ ❛♥❞ ❇ ❡①❝✐"♦♥*✮✳ ❆

❝❧❡❛' ✐♠♣❛❝" ♦❢ "❤❡ ♠❛❣♥❡"✐❝ ✜❡❧❞ ♦♥ "❤❡ ♣♦❧❛'✐*❛"✐♦♥ ❞❡❝❣'❡❡ ♦❢ "❤❡

✬❜♦✉♥❞✴❧♦❝❛❧✐*❡❞✬ ❡①❝✐"♦♥ *"❛"❡* ✐* ♦❜*❡'✈❡❞✳ ❚❤❡ ♣'❡❝✐*❡ ♠❡❛*✉'❡✲

♠❡♥" ♦❢ "❤❡ ♠❛❣♥❡"✐❝ ✜❡❧❞ ❞❡♣❡♥❞❡♥❝❡ ♦❢ "❤❡ ♣♦❧❛'✐*❛"✐♦♥ ❞❡❣'❡❡

♦❢ "❤❡ ❧✐❣❤" ✐♥"❡❣'❛"❡❞ ♦✈❡' "❤❡ *♣❡❝"'❛❧ '❡❣✐♦♥ ❝♦✈❡'✐♥❣ "❤❡ ❡♥"✐'❡

✬❜♦✉♥❞✴❧♦❝❛❧✐*❡❞✬ ❡①❝✐"♦♥* ❜❛♥❞✱ ✐* ♣'❡*❡♥"❡❞ ✐♥ "❤❡ '✐❣❤" ❣'❛♣❤✳

❚❤❡ ❞❛"❛ ❢♦' ❜♦"❤ ❞✐'❡❝"✐♦♥* ♦❢ "❤❡ ✜❡❧❞ ✈❡❝"♦' ✭♥❡❣❛"✐✈❡ ❛♥❞ ♣♦*✲

✐"✐✈❡ ✈❛❧✉❡*✮ ❛'❡ ♣'❡*❡♥"❡❞✳ ❚❤❡② ✐❧❧✉*"'❛"❡ ❛ ♣'♦❣'❡**✐✈❡ ❣'♦✇"❤
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♣♦❧❛%✐0❛+✐♦♥0 ❝❛♥ ❜❡ ❡①♣%❡00❡❞ ✭✉♣ +♦ +❤❡ ♥♦%♠❛❧✐0❛+✐♦♥

❝♦♥0+❛♥+✮ ❛0✿

I±LE (t) =
∑

i=1,2

γrec
i N±

dark (t)

❚❤✐0 ✐0 ❛ ♠✐♥✐♠❛❧ ❛00✉♠♣+✐♦♥ %❡F✉✐%❡❞ +♦ ❛❝❝♦✉♥+ ❢♦% +❤❡ ♥♦♥✲❡①♣♦♥❡♥+✐❛❧ ❝❤❛%❛❝+❡% ♦❢

+❤❡ +❡♠♣♦%❛❧ L▲ ♣%♦✜❧❡0✱ ❛0 0❡❡♥ ✐♥ ❋✐❣✉%❡ ✷✲✶✵✳ ❚❤✐0 0✐♠♣❧✐✜❝❛+✐♦♥ ❞♦❡0 ♥♦+ 0✉❜0+❛♥+✐❛❧❧②

✐♥✢✉❡♥❝❡ +❤❡ ♦✈❡%❛❧❧ ❝❤❛%❛❝+❡% ♦❢ +❤❡ ❝❛❧❝✉❧❛+❡❞ +%❛♥0✐❡♥+0 ♦❢ +❤❡ ♣♦❧❛%✐0❛+✐♦♥ ❞❡❣%❡❡ ❞✉❡ +♦ ❛

0✉♣♣%❡00✐♦♥ ♦❢ +❤❡ ✐♥+❡%✲✈❛❧❧❡② 0❝❛++❡%✐♥❣ ❛+ +❤❡ ❧❡✈❡❧ ♦❢ ❧♦❝❛❧✐0❡❞ ❡①❝✐+♦♥0✳ ❚❤❡ ❡✣❝✐❡♥❝② γinter

♦❢ +❤❡ ✐♥+❡%✈❛❧❧❡② 0❝❛++❡%✐♥❣ ♦❢ ❞❛%❦ ❡①❝✐+♦♥0 ✐0 +❤❡ ♦♥❧② ♣❛%❛♠❡+❡% ❛00✉♠❡❞ +♦ ❜❡ ❛✛❡❝+❡❞ ❜②

+❤❡ ♠❛❣♥❡+✐❝ ✜❡❧❞✳ ❯0✐♥❣ 1/γinter ❂ ✶✷✵ ♣0 ✐♥ +❤❡ ❛❜0❡♥❝❡ ♦❢ +❤❡ ♠❛❣♥❡+✐❝ ✜❡❧❞ ❛♥❞ 0❡++✐♥❣

❈❍❆L❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙L❊❈❚❘❖❙❈❖L❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆

▼❆●◆❊❚■❈ ❋■❊▲❉❙



✹✻ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

❚❛❜❧❡ ✷✳✸✿ ❚❤❡ ✈❛❧✉❡* ♦❢ "❤❡ '❛"❡✲❡6✉❛"✐♦♥ ♠♦❞❡❧ ♣❛'❛♠❡"❡'* ✉*❡❞ "♦ ❝❛❧❝✉❧❛"❡ "❤❡ ❝✉'✈❡* ♣'❡✲

*❡♥"❡❞ ✐♥ ❋✐❣✉'❡ ✷✲✶✵✳

γinter = 0 ❛+ ❇ ❂ ✶✵✵ ♠❚ ✇❡ ❤❛✈❡ 4❡♣4♦❞✉❝❡❞ ♦✉4 +✐♠❡✲4❡<♦❧✈❡❞ ❞❛+❛✳ ❚❤❡ ✈❛❧✉❡< ♦❢ ❛❧❧ +❤❡

♣❛4❛♠❡+❡4<✱ ✉<❡❞ ✐♥ +❤❡ 4❛+❡✲❡@✉❛+✐♦♥ ♠♦❞❡❧✱ ❛4❡ <✉♠♠❛4✐<❡❞ ✐♥ ❚❛❜❧❡ ✷✳✸✳

❈❍❆D❚❊❘ ✷✳ ❩❊❊▼❆◆ ❙D❊❈❚❘❖❙❈❖D❨ ❖❋ ❊❳❈■❚❖◆■❈ ❘❊❙❖◆❆◆❈❊❙ ■◆

▼❆●◆❊❚■❈ ❋■❊▲❉❙



❈❤❛♣$❡& ✸

❙✐♥❣❧❡ ♣❤♦$♦♥ .♦✉&❝❡. ✐♥ $❤✐♥ .❝✲❚▼❉

✢❛❦❡.

■♥ "❤❡ ♣❛'"✱ "❤❡ ✐♥✈❡'"✐❣❛"✐♦♥' ♦❢ ♦♣"✐❝❛❧ ♣0♦♣❡0"✐❡' ♦❢ ❝♦♥✈❡♥"✐♦♥❛❧ "✇♦ ❞✐♠❡♥'✐♦♥❛❧ '②'"❡♠'

❣❛✈❡ ❜✐0"❤ "♦ ❛ ♥❡✇ ❛0❡❛ ♦❢ 0❡'❡❛0❝❤ ❢♦❝✉'❡❞ ♦♥ ③❡0♦ ❞✐♠❡♥'✐♦♥❛❧ '"0✉❝"✉0❡'✳ ❚❤❡ ✐♠♣❡0❢❡❝"✐♦♥'

♦❢ "❤❡ ✐♥"❡0❢❛❝❡ ❜❡"✇❡❡♥ :✉❛♥"✉♠ ✇❡❧❧' ❛♥❞ '✉00♦✉♥❞✐♥❣ ❜❛00✐❡0 ♠❛"❡0✐❛❧✱ '✉❝❤ ❛' ✇❡❧❧✲✇✐❞"❤

♦0 ❝♦♠♣♦'✐"✐♦♥ ✢✉❝"✉❛"✐♦♥'✱ ✇❡0❡ ❢♦✉♥❞ "♦ ♣❧❛② ❛ 0♦❧❡ ♦❢ ❝❤❛0❣❡ "0❛♣'✳ ■♥ "❤❡ ♦♣"✐❝❛❧ '"✉❞✐❡'✱

'✉❝❤ ❝❡♥"0❡'✱ ✐❢ ♣0♦♣❡0❧② ✐'♦❧❛"❡❞✱ ✇❡0❡ '❡❡♥ ❛' '✐♥❣❧❡✲♦❜❥❡❝" ❧✐❣❤" '♦✉0❝❡'✳ ❚❤❡✐0 ❝❛♣❛❜✐❧✐"② ♦❢

❡✛❡❝"✐✈❡❧② ❝♦♥✜♥✐♥❣ ❝❛00✐❡0' ✐♥ ❛❧❧ "❤0❡❡ ❞✐♠❡♥'✐♦♥' ❬✾✶❪ ✐♠♣❛❝"' "❤❡ ♣0♦♣❡0"✐❡' ♦❢ ❧♦❝❛❧✐'❡❞

❝❛00✐❡0'✳ ❆' ❛ ❝♦♥'❡:✉❡♥❝❡✱ "❤❡ A▲ 0❡'♣♦♥'❡ "❛❦❡' ❢♦0♠ ♦❢ ♥❛00♦✇ ❡♠✐''✐♦♥ ❧✐♥❡' ❞✉❡ "♦ ❛♣✲

♣❡❛0❛♥❝❡ ♦❢ ❞✐'❝0❡"❡ ❛"♦♠✐❝✲❧✐❦❡ ❡❧❡❝"0♦♥✐❝ ❧❡✈❡❧' ❬✾✷✕✾✹❪✳ ❊✈❡♥"✉❛❧❧②✱ "❤❡'❡ ♦❜❥❡❝"'✱ ❦♥♦✇♥ ❛'

:✉❛♥"✉♠ ❞♦"'✱ ❜❡❝❛♠❡ ❛♥ ✐♥"❡♥'❡❧② ✐♥✈❡'"✐❣❛"❡❞ 0❡'❡❛0❝❤ '✉❜❥❡❝"✳ ❲✐"❤ "❤❡ ❛❞✈❛♥❝❡ ♦❢ "❤❡

"❡❝❤♥♦❧♦❣② ♦❢ "❤❡✐0 ❢❛❜0✐❝❛"✐♦♥✱ "❤❡ ✐♥✐"✐❛❧ '"✉❞✐❡' ♦❢ "❤❡✐0 ❣❡♥❡0❛❧ ♣0♦♣❡0"✐❡' ✇❡0❡ ❢♦❧❧♦✇❡❞ ❜②

"❤❡ ✐♥❝♦0♣♦0❛"✐♦♥ ♦❢ :✉❛♥"✉♠ ❞♦"' ✐♥"♦ ♠♦0❡ ❝♦♠♣❧❡① ❤❡"❡0♦'"0✉❝"✉0❡'✳

❲❤❡♥ ❧♦♦❦✐♥❣ ❛" "❤❡ ❞❡✈❡❧♦♣♠❡♥" ♦❢ ♦♣"✐❝❛❧ '"✉❞✐❡' ♦❢ "❤✐♥ ❧❛②❡0' ♦❢ '❝✲❚▼❉✱ ♦♥❡ ❝♦✉❧❞ ❝♦♠❡

"♦ "❤❡ ❝♦♥❝❧✉'✐♦♥ "❤❛" ✐" ❝✉00❡♥"❧② ✉♥❞❡0❣♦❡' ❛ '✐♠✐❧❛0 ❡✈♦❧✉"✐♦♥✳ ◆❛00♦✇ ❧✐♥❡' ❡♠✐""✐♥❣ ❝❡♥"0❡'

✭◆▲❊❈'✮ ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ "♦ ❜❡ ✉♥✐♥"❡♥"✐♦♥❛❧❧② ❝0❡❛"❡❞ ✐♥ ❡①❢♦❧✐❛"❡❞ ❬✾✺✕✶✵✵❪ ❛♥❞ ❝❤❡♠✐❝❛❧❧②

❢❛❜0✐❝❛"❡❞ ❬✶✵✶❪ ❲❙❡2 ✢❛❦❡'✳ ❙✐♠✐❧❛0❧② "♦ :✉❛♥"✉♠ ❞♦"'✱ "❤❡ ◆▲❊❈' 0❡✈❡❛❧ ❛ '✐❣♥❛"✉0❡ ♦❢

'✐♥❣❧❡ ♣❤♦"♦♥ ❡♠✐''✐♦♥✱ ✇❤✐❝❤ ✐' ❛ ❤✐❣❤❧② ❞❡'✐0❛❜❧❡ ♣0♦♣❡0"②✳ ■" ✐' 0❡❧❡✈❛♥" ❢♦0 "❤❡ ✐♥✈❡'"✐❣❛"✐♦♥'

♦❢ "❤❡ ❝❛00✐❡0 ❞②♥❛♠✐❝' ✐♥ '♦❧✐❞'✱ ❜❡❝❛✉'❡ ✐" ❣0❛♥"' ✐♥'✐❣❤" ✐♥"♦ ✐♥❞✐✈✐❞✉❛❧ 0❡❝♦♠❜✐♥❛"✐♦♥ ❡✈❡♥"'✳

▼♦0❡♦✈❡0✱ "❤❡ ✉"✐❧✐"② ♦❢ '✐♥❣❧❡ ♣❤♦"♦♥ '♦✉0❝❡' ❡①"❡♥❞' ❜❡②♦♥❞ ❝♦♥❞❡♥'❡❞ ♠❛""❡0 ♣❤②'✐❝'✱ ❛'

❢✉♥❞❛♠❡♥"❛❧ 0❡'❡❛0❝❤ ✐♥ :✉❛♥"✉♠ ♦♣"✐❝' ♣0♦✜"' ❢0♦♠ "❤❡ ❝♦♥"0♦❧ ♦❢ ❧✐❣❤" ❡♠✐''✐♦♥ ❛" "❤❡ ❧❡✈❡❧

♦❢ ✐♥❞✐✈✐❞✉❛❧ ♣❤♦"♦♥'✳ ❍❡0❡✱ ✇❡ ✇✐❧❧ ❢♦❝✉' ♦♥ "❤❡ ❜❛'✐❝ ❝❤❛0❛❝"❡0✐③❛"✐♦♥ ♦❢ ◆▲❊❈' ✐♥ ❡①❢♦❧✐❛"❡❞

✹✼



✹✽ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

❋✐❣✉&❡ ✸✲✶✿ ❚❤❡ 3▲ ♠❛♣♣✐♥❣ ♦❢ "❤❡ *✉'✲

❢✉❝❡ ♦❢ ❲❙❡2 ✢❛❦❡* ✇✐"❤ ❛ ✺✶✹ ♥♠ ❧❛*❡'

❜❡❛♠ ❢♦❝❛❧✐③❡❞ "♦ ❛ *♣♦" ♦❢ ❛❜♦✉" ✶ µ♠ ❞✐✲

❛♠❡"❡' '❡✈❡❛❧* "❤❡ ♣'❡*❡♥❝❡ ♦❢ "❤❡ ♥❛''♦✇

❧✐♥❡* ❡♠✐""✐♥❣ ❝❡♥"'❡*✳ ■♥ "❤❡ ✜'*" '♦✇✱ ✭❛✱

❜✮ "✇♦ ♦♣"✐❝❛❧ ✐♠❛❣❡* ♦❢ *❡❧❡❝"❡❞ ✢❛❦❡* ❛'❡

*❤♦✇♥✿ ♦♥❡ ✇✐"❤ ❛ ❧❛'❣❡ ♠♦♥♦❧❛②❡' ♣❛'"

❛♥❞ "❤❡ ♦"❤❡' ❝♦*✐*"✐♥❣ ♦❢ ♠✉❧"✐♣❧❡ ❢'❛❣✲

♠❡♥"* ♦❢ ♠✉❧"✐❧❛②❡' "❤✐❝❦♥❡** ✭✻✲✾ ♠♦♥♦✲

❧❛②❡'*✮✳ ✭❝✮ ❲❤❡♥ ♠♦♥✐"♦'✐♥❣ "❤❡ ✐♥"❡♥*✐"②

♦❢ ❡♠✐**✐♦♥ ❢'♦♠ ❛ ♠♦♥♦❧❛②❡' ✢❛❦❡✱ ❡✳ ❣✳

❛" "❤❡ ❡♥❡'❣② ♦❢ "❤❡ ♥❡✉"'❛❧ ❡①❝✐"♦♥✱ ♦♥❡

❝❛♥ ❛❝❝✉'❛"❡❧② '❡♣'♦❞✉❝❡ "❤❡ *❤❛♣❡ ♦❢ "❤❡

♠♦♥♦❧❛②❡' ♣❛'"✳ ✭❞✮ ❚❤❡ ♠✉❧"✐❧❛②❡' ✢❛❦❡

❞♦❡* ♥♦" ❣✐✈❡ ❛ 3▲ *✐❣♥❛❧✱ ❤♦✇❡✈❡'✱ "❤❡ ✐♥✲

"❡❣'❛"❡❞ ✐♥"❡♥*✐"② ♦✈❡' ❛ ❜'♦❞❡' *♣❡❝"'❛❧

'❛♥❣❡ ✭♠❛'❦❡❞ ❜② ❛ ❜♦① ✐♥ "❤❡ *♣❡❝"'✉♠

❜❡❧♦✇✮ *❤♦✇* ❛ ❞❡❝❡♥" ❝♦♥"'❛*" ❜❡"✇❡❡♥

"❤❡ ✢❛❦❡ '❡❣✐♦♥ ❛♥❞ "❤❡ *✉❜*"'❛"❡✱ ♣'♦❜✲

❛❜❧② ❞✉❡ "♦ *❝❛""❡'❡❞ ❧✐❣❤"✳ ❚❤❡ *♣❡❝"'❛
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8❤❡ ❢&❡❡ ♥❡✉8&❛❧ ❡①❝✐8♦♥ &❡3♦♥❛♥❝❡✳ ❚❤❡ ✈❛38 ♠❛❥♦&✐8②
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♦✈❡& 8❤❡ 3♣❡❝8&❛❧ &❛♥❣❡ ❛&♦✉♥❞ ✶✳✼✺ ❡❱ ✭3❡❡ 3♣❡❝8&✉♠

❙✸✮ ♣&♦❞✉❝❡3 ❛ ❢❛✐& ❝♦♥8&❛38 ❜❡8✇❡❡♥ 8❤❡ ✢❛❦❡ &❡❣✐♦♥

❛♥❞ 8❤❡ ❙✐✴❙✐❖2 3✉❜38&❛8❡✳ ❚❤❡ 3✐❣♥❛❧ ✐3 ❞✉❡ 8♦ 3❝❛8✲

8❡&❡❞ ❧✐❣❤8✱ ✇❤✐❝❤ ✐3 ♦❢ ❞✐✛❡&❡♥8 ✐♥8❡♥3✐8② ✐♥ 8❤❡ &❡❣✐♦♥
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◆▲❊❈3 ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ♦8❤❡& ♠❛8❡&✐❛❧3 ❜❡❧♦♥❣✐♥❣ 8♦ 8❤❡ 3❝✲❚▼❉ ❢❛♠✐❧✐② ❬✶✵✸✱ ✶✶✻❪✳ ■♥

❋✐❣✉&❡ ✸✲✷✱ 8❤❡ 3♣❡❝8&❛ ♦❢ ◆▲❊❈3 ❛&❡ ♣&❡3❡♥8❡❞ ❢♦& ❲❙❡2✱ ❲❙2 ❛♥❞ ▼♦❙❡2 ♠❛8❡&✐❛❧3✱ 8♦❣❡8❤❡&
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8❤❡ ✉♥❞❡&❧②✐♥❣ 3♣❡❝✐✜❝ ♠❡❝❤❛♥✐3♠ ♦❢ ❝❛&&✐❡& ❧♦❝❛❧✐3❛8✐♦♥✳ ❍♦✇❡✈❡&✱ ❣❡♥❡&❛❧❧② 3♣❡❛❦✐♥❣ 8❤❡
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❛♥❞ ♣)❡✈❡♥+✱ ❡✳ ❣✳ ♦①✐❞✐③❛+✐♦♥ ♣)♦❝❡22❡2✳ M♦+❡♥+✐❛❧ ❡♥❤❛♥❝❡♠❡♥+ ♦❢ +❤❡ N✉❛❧✐+② ♦❢ +❤❡ ♦♣+✐❝❛❧

2✐❣♥❛❧ ❢)♦♠ 2❝✲❚▼❉ ✢❛❦❡2 ❛♥❞ ❧✐♠✐+✐♥❣ +❤❡ ❛❣❡✐♥❣ ❡✛❡❝+2 ❛)❡ ❛♠♦♥❣ +❤❡ ❜❡♥❡✜+2 ♦❢ ✐♥+)♦❞✉❝✐♥❣

❇◆ ♣)♦+❡❝+✐✈❡ ❧❛②❡)2✳

❆♣❛)+ ❢)♦♠ +❤❡ ♣)❡2❡♥❝❡ ✐♥ +❤❡ ❢)♦♥+❧✐♥❡2 ♦❢ +❤❡ ❞❡✈❡❧♦♣♠❡♥+ ♦❢ ✈❛♥ ❞❡) ❲❛❛❧2 ❤❡+❡)♦2+)✉❝✲

+✉)❡2✱ ❤❇◆ ♦❢+❡♥ ❛♣♣❡❛)2 ❛2 ❛ ♣)✐♠❛)② ♦❜❥❡❝+ ♦❢ ✐♥✈❡2+✐❣❛+✐♦♥✱ ❤♦✇❡✈❡) ♠♦2+❧② ✐♥ ❜✉❧❦ ♦)

♠✉❧+✐❧❛②❡) ❢♦)♠ ✭❛❧+❤♦✉❣❤ 2✉❝❝❡22❢✉❧ ❛++❡♠♣+2 +♦ ✐2♦❧❛+❡ ❛♥❞ ✐❞❡♥+✐❢② ♠♦♥♦❧❛②❡)2 ❤❛✈❡ ❜❡❡♥

♠❛❞❡ ❬✶✷✷❪✮✳ ❯♥+✐❧ )❡❝❡♥+❧②✱ +❤❡ ♦♣+✐❝❛❧ 2♣❡❝+)♦2❝♦♣② 2+✉❞✐❡2 ♦❢ ❇◆ ❝)②2+❛❧2 ✇❡)❡ ❢♦❝✉2❡❞ ♠❛✐♥❧②

✺✾



✻✵ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

♦♥ $❤❡ ❡♥❡'❣② '❛♥❣❡ ❛'♦✉♥❞ ✐$. ❜❛♥❞ ❣❛♣✱ ✇❤✐❝❤ '❡.✐❞❡. ✐♥ $❤❡ ✉❧$'❛✈✐♦❧❡$ .♣❡❝$'❛❧ '❡❣✐♦♥ ❛♥❞

♣'♦✈✐❞❡. ❛ .♦❧✐❞ ♠❡$❤♦❞ $♦ ❛♥❛❧②.❡ ❡①❝✐$❛$✐♦♥. '❡❧❛$❡❞ ❝❧♦.❡❧② $♦ $❤❡ ❜❛♥❞ .$'✉❝$✉'❡ ❬✶✷✸✕✶✸✵❪

♦' .❤❛❧❧♦✇ ❞❡❢❡❝$. ❬✶✸✶✱ ✶✸✷❪✳ ❍♦✇❡✈❡'✱ ❛ ❞❡$❛✐❧❡❞ ♦♣$✐❝❛❧ ❝❤❛'❛❝$❡'✐.❛$✐♦♥ ♦❢ ❛ ✷❉ ❝'②.$❛❧

❤❛. ❜❡❡♥ ♣'♦✈❡♥ ❝❛♣❛❜❧❡ ♦❢ ✉♥✈❡✐❧✐♥❣ ✉♥✐=✉❡ ❛♥❞ ✉♥❡①♣❡❝$❡❞ ♣'♦♣❡'$✐❡.✱ .✉❝❤ ❛. ❛♣♣❡❛'❛♥❝❡ ♦❢

◆▲❊❈. ✐♥ $❤✐♥ ❲❙❡2 ❝'②.$❛❧. ❞✐.❝✉..❡❞ ♣'❡✈✐♦✉.❧②✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡♠♦♥.$'❛$✐♦♥ ♦❢ .✐♠✐❧❛' ❝❡♥✲

$'❡. ✭✐♥ $❡'♠. ♦❢ $❤❡✐' ♦♣$✐❝❛❧ '❡.♣♦♥.❡✮ ✐♥ ❇◆ ♣♦✇❞❡' ❞❡♣♦.✐$❡❞ ♦♥ ❛♥ ❛❧✐❡♥ .✉❜.$'❛$❡ ❡♥'✐❝❤❡❞

$❤❡ ❢❛♠✐❧② ♦❢ .✐♥❣❧❡ ♣❤♦$♦♥ ❡♠✐$$❡'. ✇✐$❤ ②❡$ ❛♥♦$❤❡' ♥❡✇ ♠❡♠❜❡' ❬✶✸✸✕✶✹✵❪✳ ❚❤✐. ✜♥❞✐♥❣

✇❛. $'✐❣❣❡'❡❞ ❜② $❤❡ ♠✐❝'♦✲♦♣$✐❝❛❧ ❝❤❛'❛❝$❡'✐③❛$✐♦♥ ♦❢ ❇◆ ❝'②.$❛❧.✱ ✇❤✐❝❤ ✉♥$✐❧ '❡❝❡♥$❧② ✇❛. ♥♦$

❛ ❝♦♠♠♦♥❧② ✉.❡❞ ❛♣♣'♦❛❝❤ ❛. $❤❡ ♠❛❥♦'✐$② ♦❢ .$✉❞✐❡. ❞❡✈♦$❡❞ $♦ ❞✐.❝♦✈❡'✐♥❣ $❤❡ ♦♣$✐❝❛❧ ♣'♦♣✲

❡'$✐❡. ♦❢ ❇◆ ♠❛$❡'✐❛❧ '❡=✉✐'❡❞ .♦❧❡❧② ♠❛❝'♦.❝♦♣✐❝ ✐♥✈❡.$✐❣❛$✐♦♥.✳ ❚❤❡ ❛♣♣❡❛'❛♥❝❡ ♦❢ ◆▲❊❈.

✐♥ ❇◆ ❝'②.$❛❧. ❣✐✈✐♥❣ '✐.❡ $♦ ❡♠✐..✐♦♥ ✐♥ ✈✐.✐❜❧❡ .♣❡❝$'❛❧ '❛♥❣❡ ✐♠♠❡❞✐❛$❡❧② ✐♥✈♦❦❡. ❛ ♥❡❝❡..✐$②

$♦ ❝♦♠♣❛'❡ $❤❡✐' ♣'♦♣❡'$✐❡. ✇✐$❤ ♦$❤❡' ❝♦❧♦✉' ❝❡♥$'❡. ✐♥ ✇✐❞❡ ❣❛♣ ♠❛$❡'✐❛❧.✱ .✉❝❤ ❛. ✈❛❝❛♥❝✐❡.

✐♥ ❞✐❛♠♦♥❞ ❬✶✹✶✱ ✶✹✷❪ ♦' .✐❧✐❝♦♥ ❝❛'❜✐❞❡ ❬✶✹✸❪✳ ❚❤❡ ❝♦♠♣'❡❤❡♥.✐✈❡ ♦♣$✐❝❛❧ ❝❤❛'❛❝$❡'✐③❛$✐♦♥

♦❢ ◆▲❊❈. ✐♥ ❇◆ ♣'❡.❡♥$❡❞ ❤❡'❡ ✐♥❞❡❡❞ '❡✈❡❛❧. ♠✉❧$✐♣❧❡ .✐♠✐❧❛'✐$✐❡.✱ ❜✉$ .♦♠❡ ❢❡❛$✉'❡. '❡♠❛✐♥

❞✐.$✐♥❝$ ❛♥❞ ✐♥$'✐❣✉✐♥❣✳

❲✐$❤ ❛ ❧❛'❣❡ ✈❛'✐❡$② ♦❢ ♣'❡.❡♥$❧② ❦♥♦✇♥ .✐♥❣❧❡ ♣❤♦$♦♥ .♦✉'❝❡. ♦♣❡'❛$✐♥❣ ✐♥ ✈✐.✐❜❧❡ .♣❡❝✲

$'❛❧ '❛♥❣❡✱ .✉❝❤ ❛. .❡♠✐❝♦♥❞✉❝$♦' =✉❛♥$✉♠ ❞♦$. ❬✶✹✹✱ ✶✹✺❪✱ .✐♥❣❧❡ ♠♦❧❡❝✉❧❡. ❬✶✹✻❪ ♦' ❝♦❧♦✉'

❝❡♥$'❡. ❬✶✹✶✕✶✹✸❪✱ ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ .$✉❞✐❡❞ ✐♥✲❞❡♣$❤ ❛♥❞ ✐♥❝♦'♣♦'❛$❡❞ ✐♥$♦ ❤❡$❡'♦.$'✉❝$✉'❡.✱

❛ .♦✉♥❞ =✉❡.$✐♦♥ ❛'✐.❡. ✐❢ ✐$ ✐. ✇♦'$❤ $❤❡ ❡✛♦'$ ❛♥❞ '❡.♦✉'❝❡. $♦ ❜'✐♥❣ ♥❡✇ .♣❡❝✐❡. ✐♥$♦ $❤✐.

✐♠♣♦'$❛♥$ ❢❛♠✐❧② ♦❢ ❧✐❣❤$ ❡♠✐$$❡'.✳ ❆ ❞❡✜♥✐$❡ ❛♥.✇❡' .✉'❡❧② ❝❛♥♥♦$ ❜❡ ❣✐✈❡♥ ❛$ ♣'❡.❡♥$ $✐♠❡✱

❤♦✇❡✈❡' ❜❛.❡❞ ♦♥ $❤❡ '❡.✉❧$. '❡♣♦'$❡❞ .♦ ❢❛' ❛♥❞ $❤♦.❡ ❜'♦✉❣❤$ $♦ ❛$$❡♥$✐♦♥ ❤❡'❡✱ $❤❡'❡ ✐. ♥♦

❞❡♥②✐♥❣ $❤❛$ ◆▲❊❈. ✐♥ ❇◆ ❝♦♥.$✐$✉$❡ ❛♥ ❛♣♣❡❛❧✐♥❣ .②.$❡♠✳ ❚♦ ❝♦♠♣❛❝$❧② .✉♠♠❛'✐③❡ $❤❡✐' ❛❞✲

✈❛♥$❛❣❡.✱ ♦♥❡ ❝♦✉❧❞ .$❛$❡ $❤❛$ $❤❡② ♣'♦✈✐❞❡ '♦❜✉.$✱ ♠✉❧$✐❝♦❧♦✉' ❧✐❣❤$ .♦✉'❝❡. .❤♦✇✐♥❣ $❤❡ .✐♥❣❧❡

♣❤♦$♦♥ ❡♠✐..✐♦♥ ✉♣ $♦ '♦♦♠ $❡♠♣❡'❛$✉'❡✱ ❜'✐♥❣✐♥❣ $♦❣❡$❤❡' $❤❡ $✇♦ ♠♦.$❧② ❞❡.✐'❡❞ ♣'♦♣❡'$✐❡.✳

▼♦'❡♦✈❡'✱ $❤❡ ✉$♠♦.$ ❢❛❝✐❧✐$② ♦❢ .❛♠♣❧❡ ♣'❡♣❛'❛$✐♦♥✱ '❡=✉✐'✐♥❣ ♦♥❧② ❛ ❞❡♣♦.✐$✐♦♥ ♦❢ ❇◆ ♣♦✇❞❡'

♦♥$♦ ❛ .✉♣♣♦'$✐♥❣ .✉❜.$'❛$❡✱ ♠❛❦❡. ◆▲❊❈. ✐♥ ❇◆ $❤❡ ♠♦.$ ❛❝❝❡..✐❜❧❡ .✐♥❣❧❡ ♣❤♦$♦♥ .♦✉'❝❡.

✇✐$❤ ❛ ❣'❡❛$ ♣♦$❡♥$✐❛❧ ♦❢ ❜✉✐❧❞✐♥❣ ✉♣ ♠♦'❡ ❝♦♠♣❧❡① .$'✉❝$✉'❡. ❛♥❞ ❞❡✈✐❝❡.✳

❆✳✷✳ ❆♣♣❡❛0❛♥❝❡ ♦❢ 5✐♥❣❧❡ ❡♠✐::✐♥❣ ❝❡♥:0❡5 ✐♥ ❇◆ ♣♦✇❞❡0 ❛♥❞ ❡①❢♦❧✐❛:❡❞ ❤❇◆ ✢❛❦❡5

❚❤❡ .$✉❞② ♣'❡.❡♥$❡❞ ❤❡'❡ ❝♦♥❝❡'♥ ♠♦.$❧② $❤❡ .❛♠♣❧❡. ✇✐$❤ ❇◆ ♣♦✇❞❡' ✐♥ ❢♦'♠ ♦❢ ✶ µ♠ ❧❛'❣❡

❣'❛✐♥. ❞❡♣♦.✐$❡❞ ♦♥ ❙✐✴❙✐❖2 .✉❜.$'❛$❡✳ ■♥ $❤✐. ❝❛.❡✱ $❤❡ ♣'♦❝❡.. ♦❢ .❛♠♣❧❡ ♣'❡♣❛'❛$✐♦♥ ❞❡.❡'✈❡.

.♦♠❡ .♣❡❝✐❛❧ ❛$$❡♥$✐♦♥✱ ❜❡❝❛✉.❡ $❛❦✐♥❣ ✐♥$♦ ❛❝❝♦✉♥$ ✐$. .✐♠♣❧✐❝✐$② $❤❡ '❡.✉❧$✐♥❣ =✉❛❧✐$② ♦❢ $❤❡

❆TT❊◆❉■❳ ❆✳ ❙■◆●▲❊ T❍❖❚❖◆ ❊▼■❚❚❊❘❙ ■◆ ❇❖❘❖◆ ◆■❚❘■❉❊ ❈❘❨❙❚❆▲❙



❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✻✶

♦❜$❡&✈❡❞ ♦♣*✐❝❛❧ &❡$♣♦♥$❡ ✐$ ❛$*♦♥✐$❤✐♥❣✳ ❆❢*❡& $❡✈❡&❛❧ *&②✲♦✉*$ ✭✐♥✈♦❧✈✐♥❣ ❞✐$$♦❧✈✐♥❣ *❤❡ ♣♦✇❞❡&

✐♥ ❡*❤❛♥♦❧✱ ❛♥♥❡❛❧✐♥❣ *❤❡ $❛♠♣❧❡$ ✐♥ ❛♠❜✐❡♥* ❝♦♥❞✐*✐♦♥$✱ ❡*❝✳✮✱ ❛ $✐♠♣❧❡ ❛♣♣&♦❛❝❤ *♦ ❞✐$*&✐❜✉*❡

*❤❡ ❇◆ ♣♦✇❞❡& ♦♥ ❛ ♣✐❡❝❡ ♦❢ ❣❡❧✜❧♠✱ ✇❤✐❝❤ ❛❝*$ ❛$ ❛ *&❛♥$♣❛&❡♥* ❛♥❞ ✢❡①✐❜❧❡ $✉♣♣♦&* *②♣✐❝❛❧❧②

✉$❡❞ ✐♥ *❤❡ ❡①❢♦❧✐❛*✐♦♥ *❡❝❤♥✐B✉❡ ♦❢ ✈❛&✐♦✉$ ❧❛②❡&❡❞ ♠❛*❡&✐❛❧$ ✭❣&❛♣❤✐*❡✱ ❚▼❉$ ❛♥❞ ❛❧$♦ ❜♦&♦♥

❋✐❣✉&❡ ❆✲✶✿ ❚❤❡ 3▲ ♠❛♣♣✐♥❣ ❡①♣❡'✐♠❡♥"*✱ ✇❤❡♥ "❤❡ *✉'❢❛❝❡ ♦❢ "❤❡ *❛♠♣❧❡ ✐* *❝❛♥♥❡❞ ✇✐"❤ ❛

❧❛*❡' ❜❡❛♠ ❢♦❝✉*❡❞ "♦ ❛ *♣♦" ♦❢ ❛❜♦✉" ✶ µ♠ *✐③❡✱ ❛'❡ ✉*❡❞ "♦ *"✉❞② *②*"❡♠❛"✐❝❛❧❧② "❤❡ ❛♣♣❡❛'❛♥❝❡

♦❢ ❡♠✐""✐♥❣ ❝❡♥"'❡* ✐♥ ❇◆✳ ❚❤❡ ❧❡❢" ♣❛♥❡❧ ♦❢ "❤❡ ✜❣✉'❡ ♣'❡*❡♥"* '❡*✉❧"* ♦❜"❛✐♥❡❞ ❢♦' "❤❡ *❛♠♣❧❡

❝♦✈❡'❡❞ ✇✐"❤ "❤❡ ❇◆ ♣♦✇❞❡'✳ ✭❛✮ ❚❤❡ ❝♦❧♦✉' ♠❛♣ *❤♦✇* "❤❡ ✐♥"❡♥*✐"② ♠♦♥✐"♦'❡❞ ❛" "❤❡ *♣❡❝✐✜❝

❡♥❡'❣② ♦❢ ✷✳✸✼✹ ❡❱✱ "❤❡ ❝❤♦✐❝❡ ♦❢ ✇❤✐❝❤ ✇❛* ❜❛*❡❞ ♦♥ "❤❡ ✐♥*♣❡❝"✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧ *♣❡❝"'❛✳ ❚❤❡

❜'✐❣❤" ♣✐①❡❧* ✐♥ "❤❡ ♠❛♣ '❡♣'❡*❡♥" *♣♦"*✱ ✇❤❡'❡ ❛♥ ❡♠✐**✐♦♥ ❧✐♥❡ ❛♣♣❡❛'* ❛" "❤❡ *❡❧❡❝"❡❞ ❡♥❡'❣②

✈❛❧✉❡✳ ❚❤❡'❡❢♦'❡ "❤❡ ♠❛♣ ❞♦❡* ♥♦" ✐♥❝❧✉❞❡ ❛❧❧ "❤❡ ❡♠✐""✐♥❣ ❝❡♥"'❡* ✐♥ "❤❡ ❛'❡❛✱ ❜✉" ✐♥*"❡❛❞ '❡✈❡❛❧*

♣❛'"✐❝✉❧❛' ♦♥❡*✳ ✭❜✮ ❚❤'❡❡ *❡❧❡❝"❡❞ *♣❡❝"'❛ ❢'♦♠ *♣♦"* ♠❛'❦❡❞ ✐♥ "❤❡ ♠❛♣ ✭▼✶✲▼✸✮ ✐❧❧✉*"'❛"❡

✈❛'✐♦✉* ♣❛""❡'♥* ♦❢ ❧✐♥❡* ♦'✐❣✐♥❛"✐♥❣ ❢'♦♠ "❤❡ ❡♠✐""✐♥❣ ❝❡♥"'❡*✳ ■♥ "❤❡ '✐❣❤" ♣❛♥❡❧ "❤❡ '❡*✉❧"*

♦❢ ♠❛♣♣✐♥❣ ♦❜"❛✐♥❡❞ ❢♦' ❛♥ ❡①❢♦❧✐❛"❡❞ ❤❇◆ ✢❛❦❡ ❛'❡ ♣'❡*❡♥"❡❞✳ ✭❝✮ ❚❤❡ ✐♠❛❣❡ ❢'♦♠ "❤❡ ♦♣"✐❝❛❧

♠✐❝'♦*❝♦♣❡ ✭♦♥ "❤❡ ❧❡❢"✮ ✐* ❝♦♥❢'♦♥"❡❞ ✇✐"❤ ❛♥ ❝♦✉♥"❡' ❝♦❧♦' ♣❧♦" ♠❛♣ ♦❢ *❝❛""❡'❡❞ ❧❛*❡' ❧✐❣❤" ✭♦♥

"❤❡ '✐❣❤"✮ "♦ *❤♦✇ "❤❛" "❤❡ ❞❡"❛✐❧❡* ♦❢ "❤❡ ✢❛❦❡ *"'✉❝"✉'❡ ❝❛♥ ❜❡ '❡♣'♦❞✉❝❡❞ ❜② "❤❡ ♠❛♣♣✐♥❣✳

❚❤❡ ❡♠✐""✐♥❣ ❝❡♥"'❡* ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❡①❢♦❧✐❛"❡❞ ❤❇◆ ✢❛❦❡ ❛* ✇❡❧❧✱ ❛* *❡❡♥ ✐♥ ✭❞✮ "❤❡ *♣❡❝"'❛ ❢'♦♠

*❡❧❡❝"❡❞ *♣♦"* ♠❛'❦❡❞ ✐♥ ❜♦"❤ "❤❡ ♦♣"✐❝❛❧ ✐♠❛❣❡ ❛♥❞ "❤❡ ♠❛♣ ✭3✶✲3✸✮ ✳

❆HH❊◆❉■❳ ❆✳ ❙■◆●▲❊ H❍❖❚❖◆ ❊▼■❚❚❊❘❙ ■◆ ❇❖❘❖◆ ◆■❚❘■❉❊ ❈❘❨❙❚❆▲❙



✻✷ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

♥✐$%✐❞❡✮✱ ❛♥❞ $♦ ♣%❡-- ✐$ ❛❢$❡%✇❛%❞- ❛❣❛✐♥-$ $❤❡ -✉❜-$%❛$❡ $✉%♥❡❞ ♦✉$ $♦ ❜❡ -✉✣❝✐❡♥$ $♦ ♦❜-❡%✈❡

❜%✐❣❤$ ◆▲❊❈-✳

❚❤❡ -❛♠♣❧❡- ❤❛✈❡ ❜❡❡♥ ❝❤❛%❛❝$❡%✐-❡❞ ✐♥ ❛ ♠✐❝%♦✲♦♣$✐❝❛❧ -❡$✉♣✱ ✜%-$❧② ❜② $❤❡ B▲ ♠❛♣♣✐♥❣

♦❢ $❤❡✐% -✉%❢❛❝❡ ❛$ ❤❡❧✐✉♠ $❡♠♣❡%❛$✉%❡✱ ∼✹✳✷ ❑✱ ✇✐$❤ ❛ ❧❛-❡% ❜❡❛♠ ❢♦❝✉-❡❞ $♦ ❛♥ ❛%❡❛ ♦❢ ❛❜♦✉$

✶ µ♠ ❞✐❛♠❡$❡%✳ ■♥❞❡❡❞✱ ♣❛%$✐❝✉❧❛% -♣♦$- ❝♦✉❧❞ ❜❡ ❢♦✉♥❞✱ ♦❢ $❤❡ -✐③❡ ❜❡❧♦✇ $❤❡ -♣❛$✐❛❧ %❡-♦❧✉$✐♦♥

♦❢ $❤❡ -❡$✲✉♣✱ ✇❤✐❝❤ ❣✐✈❡ %✐-❡ $♦ ❛♥ ♦♣$✐❝❛❧ -✐❣♥❛❧ ✐♥ ❢♦%♠ ♦❢ ♥❛%%♦✇ -♣❡❝$%❛❧ ❧✐♥❡-✳ ❆ ✉♥✐I✉❡

♣❛$$❡%♥ ♦❢ ❧✐♥❡- %❡♣%❡-❡♥$- ❡❛❝❤ -♣♦$✱ ❛♣♣❡❛%✐♥❣ -♦♠❡$✐♠❡- ❛- -✐♠♣❧❡ -♣❡❝$%❛ ✇✐$❤ ♦♥❧② ❛ -✐♥❣❧❡

❧✐♥❡✱ ❜✉$ ♠♦-$ ♦❢$❡♥ ❛- ❝♦♠♣❧❡① ❡♥-❡♠❜❧❡- ♦❢ ❧✐♥❡-✳ ❚❤❡② ❝♦✈❡% ❛ %❡❧❛$✐✈❡❧② ❧❛%❣❡ -♣❡❝$%❛❧ %❛♥❣❡

✐♥ $❤❡ ✈✐-✐❜❧❡ %❡❣✐♦♥✱ %❡❛❝❤✐♥❣ ✉♣ $♦ ❛❜♦✉$ ✼✵✵ ♥♠ ♦♥ $❤❡ ❧♦✇ ❡♥❡%❣② -✐❞❡✳ ❆- ♥❛%%♦✇ ❧✐♥❡- ❝❛♥

❜❡ ❢♦✉♥❞ ❛$ $❤❡ ✈❡%② ❡❞❣❡ ♦❢ $❤❡ $%❛♥-♠✐--✐♦♥ ❜❛♥❞ ♦❢ $❤❡ ✜❧$❡% ✉-❡❞ $♦ -✉♣♣%❡-- $❤❡ ❧❛-❡% ❧✐❣❤$✱

❝❧❡❛%❧② $❤❡ ♦❜-❡%✈❛$✐♦♥ ♦❢ $❤❡ ❤✐❣❤ ❡♥❡%❣② ❧✐♥❡- ✐- ❧✐♠✐$❡❞ ❜② $❤❡ ❡♥❡%❣② ♦❢ $❤❡ ❧❛-❡% ❡①❝✐$❛$✐♦♥ ✲

✉-✉❛❧❧② $❤❡ ❆%

+
✹✽✽ ♥♠ ❧✐♥❡✳ ❆ ♣❡❝✉❧✐❛% ❝❤❛%❛❝$❡%✐-$✐❝- ♦❢ $❤❡-❡ ❡♠✐$$✐♥❣ ❝❡♥$%❡- ✐- $❤❛$✱ ❡✈❡♥

$❤♦✉❣❤ ♣❛%$✐❝✉❧❛% ❧✐♥❡- ❝❛♥ ❜❡ %♦❜✉-$ ✐♥ ✐♥$❡♥-✐$②✱ $❤❡② %❡I✉✐%❡ ❛ %❛$❤❡% ❤✐❣❤ ❧❛-❡% ❡①❝✐$❛$✐♦♥

♣♦✇❡%✱ ♣%♦❜❛❜❧② ❞✉❡ $♦ -✉❜✲❜❛♥❞❣❛♣ ❡①❝✐$❛$✐♦♥ ❧❡❛❞✐♥❣ $♦ ❧♦✇ ❛❜-♦%♣$✐♦♥ ♦❢ $❤❡ ❧❛-❡% ❧✐❣❤$✳

❚②♣✐❝❛❧❧② 1 − 2 ♠❲ ♦❢ $❤❡ ❧❛-❡% ♣♦✇❡% ✇❛- ❞❡❧✐✈❡%❡❞ $♦ $❤❡ -✉%❢❛❝❡ ♦❢ -❛♠♣❧❡ ✐♥ $❤❡ ♠❛♣♣✐♥❣

❡①♣❡%✐♠❡♥$-✱ ✇❤✐❝❤ ✐- ❝♦♠♣❛%❛❜❧❡ $♦ $❤❡ ❡①❝✐$❛$✐♦♥ ♣♦✇❡% $②♣✐❝❛❧❧② ✉-❡❞ ❢♦% I✉❛-✐✲%❡-♦♥❛♥$

✭❜❡❧♦✇ $❤❡ ❜❛♥❞ ❣❛♣✮ ❡①❝✐$❛$✐♦♥ ♦❢✱ ❡✳ ❣✳✱ -❡♠✐❝♦♥❞✉❝$♦% I✉❛♥$✉♠ ❞♦$-✳

❘❡♣%❡-❡♥$❛$✐✈❡ %❡-✉❧$- ♦❜$❛✐♥❡❞ ❢%♦♠ $❤❡ µB▲ ♠❛♣♣✐♥❣ ♦❢ $❤❡ ❇◆ ♣♦✇❞❡% -❛♠♣❧❡ ❛%❡ ♣%❡✲

-❡♥$❡❞ ✐♥ $❤❡ ❧❡❢$ ♣❛♥❡❧ ♦❢ ❋✐❣✉%❡ ❆✲✶✳ ❚❤❡ ❝♦❧♦✉% ♠❛♣ ✐❧❧✉-$%❛$❡- $❤❡ -♣❛$✐❛❧ ❞✐-$%✐❜✉$✐♦♥ ♦❢

$❤❡ ✐♥$❡♥-✐$② ♠♦♥✐$♦%❡❞ ❛$ ❛ ♣❛%$✐❝✉❧❛% ❡♥❡%❣②✱ ✷✳✸✼✹ ❡❱✱ $❤❡%❡❢♦%❡ ❜%✐❣❤$ -♣♦$- %❡✈❡❛❧ ♣❧❛❝❡-✱

✇❤❡%❡ ❛ -♣❡❝$%❛❧ ❧✐♥❡ ❛♣♣❡❛%- ❛$ $❤❛$ ❝❤♦-❡♥ ❡♥❡%❣② ✈❛❧✉❡✳ ❚❤%❡❡ -❡❧❡❝$❡❞ -♣❡❝$%❛ ♦%✐❣✐♥❛$✐♥❣

❢%♦♠ $❤✐- ♠❛♣ ❝♦♠❡ ❢%♦♠ ♣❧❛❝❡- ♠❛%❦❡❞ ❛- ▼✶✲▼✸✳ ❚❤❡② %❡♣%❡-❡♥$ ❛ ❞✐-$✐♥❝$ ❝❤❛%❛❝$❡% ♦❢ ❡❛❝❤

❡♠✐$$✐♥❣ ❝❡♥$%❡✱ ✐♥❝❧✉❞✐♥❣ $❤❡ ❝❛-❡ ✇✐$❤ ♦♥❧② ❛ -✐♥❣❧❡ -♣❡❝$%❛❧ ❧✐♥❡ ✭▼✷✮✳ ❚❤❡ ❞✐-$%✐❜✉$✐♦♥ ♦❢

$❤❡ ❡♠✐$$❡%- ♦♥ $❤❡ -✉%❢❛❝❡ ♦❢ $❤❡ -❛♠♣❧❡ ✐- %❛$❤❡% -❝❛%❝❡ ✲ $❤❡② $❡♥❞ $♦ ❛♣♣❡❛% ❛- -✐♥❣❧❡ ❛♥❞

✐-♦❧❛$❡❞ -♣♦$-✱ ❛- ❞❡♠♦♥-$%❛$❡❞ ❜② $❤❡ ❝♦❧♦✉% ♠❛♣✳

❊✈❡♥ $❤♦✉❣❤ $❤❡ ♣%❡-❡♥❝❡ ♦❢ $❤❡ ✐-♦❧❛$❡❞ ❡♠✐$$✐♥❣ ❝❡♥$%❡- ✐♥ $❤❡ ❇◆ ♣♦✇❞❡% -❛♠♣❧❡- ✐-

❜❡②♦♥❞ ❛♥② ❞♦✉❜$-✱ ♦♥❡ ❝♦✉❧❞ -$✐❧❧ ❛%❣✉❡ $❤❛$ $❤❡✐% ♦%✐❣✐♥ ♠❛② ♥♦$ ❜❡ %❡❧❛$❡❞ $♦ ❇◆ ❛$ ❛❧❧✳ ❆

-❝❡♥❛%✐♦ $❤❛$ $❤❡ ❝❤❡♠✐❝❛❧ -✉❜-$❛♥❝❡- ✉-❡❞ ❛$ ❛♥② -$❡♣ ✐♥ $❤❡ ♣%♦❞✉❝$✐♦♥ ♦❢ $❤❡ ❇◆ ♣♦✇❞❡%

♣❧❛② ❛ -✉❜-$❛♥$✐❛❧ %♦❧❡ ✐- -♦✉♥❞ ❛♥❞ ❝❛♥♥♦$ ❜❡ ❛ ♣"✐♦"✐ ❡①❝❧✉❞❡❞✳ ❆ ♣♦--✐❜❧❡ %♦✉$❡ $♦ -❤❡❞ -♦♠❡
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Dependence of the PL spectra on the laser energy
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.❤❡ ♥❛++♦✇ ❧✐♥❡# ❛+❡ ❢♦✉♥❞✳ ❚❤❡ ✐♥.❡♥#✐.② ♦❢ .❤✐# ❜❛❝❦❣+♦✉♥❞ #✐❣♥❛❧ ❣+♦✇# ❞+❛#.✐❝❛❧❧② ✇✐.❤

❢✉+.❤❡+ ✐♥❝+❡❛#❡ ♦❢ .❤❡ .❡♠♣❡+❛.✉+❡✳ ❚❤❡ ♣+❡#❡♥❝❡ ♦❢ ❛ #✐♠✐❧❛+ ❢❡❛.✉+❡ ✐# ❝♦♠♠♦♥❧② ♦❜#❡+✈❡❞ ❢♦+

❆::❊◆❉■❳ ❆✳ ❙■◆●▲❊ :❍❖❚❖◆ ❊▼■❚❚❊❘❙ ■◆ ❇❖❘❖◆ ◆■❚❘■❉❊ ❈❘❨❙❚❆▲❙



❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✻✾

Temperature dependence

Magnetic field dependence

laser
488 nm
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PL

10 K
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100 K
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a

b

c

Influence of the temperature and magnetic field
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singlet
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triplet | ñ

| ñ | ñ¯ ¯+
| ñ¯¯

| ñ | ñ ¯¯+

| ñÆ

anti-crossing (?)

coupled spins

Concepts on disappearing Zeeman effects

B

E

same g-factors
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,✐♠♣❧❡ ❝♦♥❝❡♣/, ❧❡❛❞✐♥❣ /♦ /❤❡ ❞✐,❛♣♣❡❛&✲

❛♥❝❡ ♦❢ ❩❡❡♠❛♥ ❡✛❡❝/, ❢♦& ♦♣/✐❝❛❧ /&❛♥,✐✲

/✐♦♥,✳ ❚❤❡ ❜❛,✐❝ ✐❞❡❛, ❜❡❤✐♥❞ /❤❡♠ ❛&❡ ♣&❡✲

,❡♥/❡❞ ,❝❤❡♠❛/✐❝❛❧❧② ✐♥ ❋✐❣✉&❡ ❆✲✽✳ ❚❤❡

✜&,/ ,❝❡♥❛&✐♦ ✐, ❜❛,❡❞ ♦♥ ❛ ❝♦✉♣❧✐♥❣ ❜❡✲

/✇❡❡♥ ❡❧❡❝/&♦♥,✳ ▲❡/ ✉, ✐♠❛❣✐♥❡ /❤❛/ /❤❡

&❡,♦♥❛♥❝❡, ,❡❡♥ ✐♥ ♦✉& ❡①♣❡&✐♠❡♥/, ❛&❡ &❡✲

❧❛/❡❞ /♦ ♦♣/✐❝❛❧ /&❛♥,✐/✐♦♥, ❜❡/✇❡❡♥ ✈❛❝✉✉♠

❛♥❞ ♠❛♥② ❜♦❞② ,/❛/❡,✳ ■❢ /❤❡ ✐♥✈♦❧✈❡❞ ❡❧❡❝✲

/&♦♥, ✇♦✉❧❞ ❢♦&♠ ❛♥/✐❢❡&&♦♠❛❣♥❡/✐❝❛❧❧② ❝♦✉✲

♣❧❡❞ ♣❛✐&,✱ /❤❡♥ /❤❡ ❡♥❡&❣② ♦❢ /❤❡ ❡❧❡❝/&♦♥✐❝ ,/❛/❡, ❝♦✉❧❞ ❜❡ ♠❛❣♥❡/✐❝ ✜❡❧❞ ✐♥❞❡♣❡♥❞❡♥/✳ ■♥ ,✉❝❤

,❝❡♥❛&✐♦ ♦♥❡ ❝❛♥ ❡①♣❡❝/ ❛♥ ❛♣♣❡❛&❛♥❝❡ ♦❢ ❤✐❣❤❡& ❡♥❡&❣② /&✐♣❧❡/ ,/❛/❡✱ ✇❤✐❝❤ ✐♥ /❤❡ ,✐♠♣❧❡,/ ❝❛,❡

♦❢ /✇♦ ❡❧❡❝/&♦♥, ✇✐/❤ ✶✴✷ ,♣✐♥ ,♣❧✐/, ✐♥/♦ /❤&❡❡ ❝♦♠♣♦♥❡♥/,✳ ❆ ❢❡❛,✐❜❧❡ &♦✉/❡ /♦ ✈❡&✐❢② /❤✐,

❤②♣♦/❤❡,✐, ✐, ❡①/❡♥,✐♦♥ ♦❢ /❤❡ ♠❛❣♥❡/♦✲♦♣/✐❝❛❧ ,/✉❞✐❡, /♦ ❤✐❣❤❡& ✜❡❧❞, ✐♥ ,❡❛&❝❤ ❢♦&✱ ❡✳ ❣✳ ❛♥/✐✲

❝&♦,,✐♥❣, ✐♥❞✉❝❡❞ ❜② ❛ ♣♦/❡♥/✐❛❧ /&❛♥,❢♦&♠❛/✐♦♥ ♦❢ /❤❡ ❣&♦✉♥❞ ❡❧❡❝/&♦♥✐❝ ,/❛/❡ ❢&♦♠ ,✐♥❣❧❡/ ✐♥/♦

/&✐♣❧❡/ ❝♦♥✜❣✉&❛/✐♦♥✳ ❆♥ ❛❧/❡&♥❛/✐✈❡ ✐❞❡❛ ,✐♠♣❧② /❛❦❡, ✐♥/♦ ❝♦♥,✐❞❡&❛/✐♦♥ ❛ ❩❡❡♠❛♥ ,♣❧✐//✐♥❣

♦❢ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝/&♦♥✐❝ ,/❛/❡, ♦❢ ❡①❛❝/❧② /❤❡ ,❛♠❡ ♠❛❣♥✐/✉❞❡✱ ✇❤❛/ ❧❡❛❞, /♦ /❤❡ ❝♦♠♣❡♥,❛/✐♦♥

♦❢ /❤❡ ♠❛❣♥❡/✐❝ ✜❡❧❞ ,♣❧✐//✐♥❣ ❢♦& /❤❡ ♦♣/✐❝❛❧ /&❛♥,✐/✐♦♥,✳ ■❢ /❤❡ ♦♣/✐❝❛❧ ,❡❧❡❝/✐♦♥ &✉❧❡, ✇♦✉❧❞

❢❛✈♦✉& /❤❡ /&❛♥,✐/✐♦♥, ❡①❝❧✉,✐✈❡❧② ❜❡/✇❡❡♥ /❤❡ /✇♦ ❤✐❣❤❡& ❛♥❞ /❤❡ /✇♦ ❧♦✇❡& ❜&❛♥❝❤❡, ♦❢ /❤❡

&❡❧❡✈❛♥/ ❡❧❡❝/&♦♥✐❝ ,/❛/❡,✱ /❤❡♥ /❤❡ &❡,♦♥❛♥❝❡, ,❡❡♥ ✐♥ /❤❡ ♦♣/✐❝❛❧ ,♣❡❝/&❛ ❝♦✉❧❞ ❜❡ ✐♥,❡♥,✐/✐✈❡

/♦ /❤❡ ♠❛❣♥❡/✐❝ ✜❡❧❞✳
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❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✼✶

❆✳✺✳ #❤♦&♦♥ ❝♦))❡❧❛&✐♦♥ .&✉❞② ✲ .✐♥❣❧❡ ♣❤♦&♦♥ ❡♠✐..✐♦♥ ❢)♦♠ ❤❡❧✐✉♠ &♦ )♦♦♠ &❡♠✲

♣❡)❛&✉)❡

❚❤❡ ♣❤♦'♦♥ ❝♦**❡❧❛'✐♦♥ ❢✉♥❝'✐♦♥0 ♠❡❛0✉*❡❞ ❢♦* 0✐♥❣❧❡✱ ✇❡❧❧ ✐0♦❧❛'❡❞ 6▲ ❧✐♥❡0 ❢*♦♠ ❞❡❢❡❝' ❝❡♥'*❡0

✐♥ ❇◆ ❝❧❡❛*❧② ❝♦♥✜*♠ '❤❡✐* 0✐♥❣❧❡ ♣❤♦'♦♥ ❡♠✐00✐♦♥ ❝❤❛*❛❝'❡*✳ ❆ *♦❜✉0' ❛♥'✐✲❜✉♥❝❤✐♥❣ ✐0 0❡❡♥✱

✇❤✐❝❤ *❡✈❡❛❧0 ✐'0 ❝❤❛*❛❝'❡*✐0'✐❝ '✐♠❡ '♦ *❡0✐❞❡ ✐♥ '❡♥0 ♦❢ ♥❛♥♦0❡❝♦♥❞0 '✐♠❡0❝❛❧❡✳ ❚❤✐0 ✈❛❧✉❡

❝♦♥0'✐'✉'❡0 '❤❡ ✉♣♣❡* ❧✐♠✐' ❢♦* '❤❡ 6▲ ❞❡❝❛② '✐♠❡ ❛♥❞ ✐0 ❝♦♠♣❛*❛❜❧❡ ✇✐'❤ ♦'❤❡* 0✐♥❣❧❡ ♣❤♦'♦♥

❡♠✐''❡*0 ✐♥ 0♦❧✐❞0✳ ❆♥♦'❤❡* ❢❡❛'✉*❡✱ ✇❤✐❝❤ ✐0 ♦❜0❡*✈❡❞ ✐♥ '❤❡ ❝♦**❡❧❛'✐♦♥ ❢✉♥❝'✐♦♥0 ✐♥ ❧♦♥❣❡*

'✐♠❡0❝❛❧❡0 ✭♦❢ '❤❡ ♦*❞❡* ♦❢ ♠✐❝*♦0❡❝♦♥❞0✮ ✐0 ❛ ❜✉♥❝❤✐♥❣ ✇✐'❤ ✉♥✉0✉❛❧❧② ❧❛*❣❡ ❛♠♣❧✐'✉❞❡✳ ❚❤❛'

✐0 ❛ ♣❡❝✉❧✐❛* '*❛✐' ♦❢ '❤❡ ◆▲❊❈0 ✐♥ ❇◆ ❝*②0'❛❧0 ♦❢ ❝✉**❡♥'❧② ✉♥❦♥♦✇♥ ♦*✐❣✐♥✳ ❆ ❜✉♥❝❤✐♥❣ ✐♥

❛ ❝♦**❡❧❛'✐♦♥ ❢✉♥❝'✐♦♥ ♠❛② ❛♣♣❡❛*0 ❞✉❡ '♦ ❝❤❛*❣❡ ✢✉❝'✉❛'✐♦♥0✱ ✇❤✐❝❤ ✐♥❞✉❝❡ 0♠❛❧❧ ✈❛*✐❛'✐♦♥0

✐♥ '❤❡ ❡♥❡*❣② ♦❢ '❤❡ ❡❧❡❝'*♦♥✐❝ 0'❛'❡0 *❡❧❡✈❛♥' ❢♦* '❤❡ ♦♣'✐❝❛❧ '*❛♥0✐'✐♦♥0✳ ❆❧'❡*♥❛'✐✈❡❧②✱ ❛

❜✉♥❝❤✐♥❣ ♠❛② ❛❧0♦ ❛*✐0❡ ✐♥ ♠✉❧'✐❧❡✈❡❧ 0②0'❡♠0✱ ✇❤❡*❡ '❤❡ '*❛♥0✐'✐♦♥0 ❜❡'✇❡❡♥ ♣❛*'✐❝✉❧❛* 0'❛'❡0

❛*❡ ❛❝❝♦✉♥'❡❞ ❢♦* ❜② *❛'❡ ❡G✉❛'✐♦♥ ♠♦❞❡❧0✳ ❲❡ ❜❡❧✐❡✈❡ '❤❡ ❧❛''❡* ❡①♣❧❛♥❛'✐♦♥ ✐0 ♠♦*❡ ❧✐❦❡❧② '♦

❜❡ ✈❛❧✐❞ ❢♦* ◆▲❊❈0 ✐♥ ❇◆✱ ❜❛0❡❞ ♦♥ '❤❡ ❞❡❝❡♥' 0'❛❜✐❧✐'② ♦❢ '❤❡✐* 6▲ ❧✐♥❡0 ❛♥❞ '❤❡ '②♣✐❝❛❧ ♠✉❧'✐✲

❧✐♥❡ ♦♣'✐❝❛❧ *❡0♣♦♥0❡✳ ❚❤❡ ♣❤♦'♦♥ ❝♦**❡❧❛'✐♦♥ ♠❡❛0✉*❡♠❡♥'0 ✇❡*❡ ❞♦♥❡ ✐♥ ❜*♦❛❞ '❡♠♣❡*❛'✉*❡

*❛♥❣❡ ❢*♦♠ ❤❡❧✐✉♠ ✉♣ '♦ *♦♦♠ '❡♠♣❡*❛'✉*❡✳ ❚❤❡ ❡①♣❡*✐♠❡♥'❛❧ ❝♦**❡❧❛'✐♦♥ ❢✉♥❝'✐♦♥0✱ ♣*❡0❡♥'❡❞

✐♥ ❋✐❣✉*❡ ❆✲✾✭❛✮✱ ✇❡*❡ ❞❡0❝*✐❜❡❞ ❜② '❤❡ 0❛♠❡ ❢♦*♠✉❧❛ ✇❤✐❝❤ ✇❛0 ✉0❡❞ ❢♦* ◆▲❊❈0 ✐♥ ❲❙❡ 2

0'*✉❝'✉*❡0✿

g2 (τ) = 1− A1 ∗ exp

(

−

∣

∣

∣

∣

τ

t1

∣

∣

∣

∣

)

+ A2 ∗ exp

(

−

∣

∣

∣

∣

τ

t2

∣

∣

∣

∣

)

✭❆✳✶✮

✇❤❡*❡ t1 ✐0 ❛♥ ❡①♣♦♥❡♥'✐❛❧ '❡♠♣♦*❛❧ ❝♦♥0'❛♥' ❝❤❛*❛❝'❡*✐0✐♥❣ '❤❡ ❛♥'✐❜✉♥❝❤✐♥❣✱ t2 ✐0 ❛♥ ❡①♣♦♥❡♥✲

'✐❛❧ '❡♠♣♦*❛❧ ❝♦♥0'❛♥' ❝❤❛*❛❝'❡*✐0✐♥❣ '❤❡ ❧♦♥❣ '✐♠❡0❝❛❧❡ ❜✉♥❝❤✐♥❣✱ A1 ✐0 '❤❡ ❛♥'✐❜✉♥❝❤✐♥❣ ❞❡♣'❤

❛♥❞ A2 ✐0 '❤❡ ❜✉♥❝❤✐♥❣ ❛♠♣❧✐'✉❞❡✳ ❚❤❡ '❡♠♣❡*❛'✉*❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ '❤❡ ♣❛*'✐❝✉❧❛* ♣❛*❛♠❡'❡*0

✐0 ♣*❡0❡♥'❡❞ ✐♥ ❋✐❣✉*❡ ❆✲✾✭❜✮✳ ❚❤❡ G✉❛❧✐'② ♦❢ 0✐♥❣❧❡ ♣❤♦'♦♥ ❡♠✐00✐♦♥ ♦❢ ◆▲❊❈0 ✐♥ ❇◆ ✐0 ❡①✲

❝❡♣'✐♦♥❛❧❧② ❣♦♦❞✳ ■' ♠❛② ❜❡ *❡♣*❡0❡♥'❡❞ ❜② '❤❡ *❡♥♦*♠❛❧✐0❡❞ ✈❛❧✉❡ ♦❢ '❤❡ ❝♦**❡❧❛'✐♦♥ ❢✉♥❝'✐♦♥

❛' ③❡*♦ '✐♠❡ ❞❡❧❛②✿ g2 (0) → g2 (0) / (1 + A2) = (1− A1 + A2) / (1 + A2)✳ ❚❤❡ *❡♥♦*♠❛❧✐0❛'✐♦♥

✐0 ♥❡❝❡00❛*② '♦ ♣*❡0❡*✈❡ '❤❡ ✐♥'❡*♣*❡'❛'✐♦♥ ♦❢ '❤❡ ✈❛❧✉❡ ♦❢ '❤❡ g2 (0) ♣❛*❛♠❡'❡* ❛0 '❤❡ ♣*♦❜❛❜✐❧✲

✐'② ♦❢ ❡♠✐''✐♥❣ ♠♦*❡ '❤❛♥ ♦♥❡ ♣❤♦'♦♥ ✐♥ '❤❡ ♣*❡0❡♥❝❡ ♦❢ ❛ ❜✉♥❝❤✐♥❣ ♦❢ 0✐❣♥✐✜❝❛♥' ❛♠♣❧✐'✉❞❡✳

❚❤❡ ❡①❝❡❧❧❡♥' G✉❛❧✐'② ♦❢ '❤❡ ◆▲❊❈0 ✐♥ ❇◆ ✐0 0❡❡♥ ✐♥ '❤❡ ❧♦✇ ✈❛❧✉❡ ♦❢ '❤❡ *❡♥♦*♠❛❧✐0❡❞ g2 (0)✱

❡0♣❡❝✐❛❧❧② ❛' ❧♦✇ '❡♠♣❡*❛'✉*❡ ✭*♦✉❣❤❧② ❜❡❧♦✇ ✷✵✵ ❑✮ ✇❤❡♥ ✐' ❞♦❡0 ♥♦' ❡①❝❡❡❞ ✺ ✪✳ ❆' ❤✐❣❤❡*
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(❤✐, ❝❛,❡ (❤❡.❡ ❡①✐,( ❧♦✇❡. ❡♥❡.❣② ♦♣(✐❝❛❧❧② ✐♥❛❝(✐✈❡ ❞❛.❦ ,(❛(❡,✳ ❚❤✐, ❞✐,(✐♥❝(✐♦♥ ✇❛, ✉,❡❞ (♦

❝❧❛,,✐❢② (❤❡ ,❝✲❚▼❉ ♠❛(❡.✐❛❧, ✐♥(♦ ✬❜.✐❣❤(✬ ❛♥❞ ✬❞❛.❦✐,❤✬ ❢❛♠✐❧✐❡,✳

■♥ ❈❤❛♣$❡& ✷ (❤❡ ❝❤❛.❛❝(❡.✐,❛(✐♦♥ ✐, ❡①(❡♥❞❡❞ (♦ ✐♥❝❧✉❞❡ (❤❡ ❛♥❛❧②,✐, ♦❢ ❩❡❡♠❛♥ ❡✛❡❝(,✳ ❆

,✐♠♣❧❡ ❡♠♣✐.✐❝❛❧ ♠♦❞❡❧ ✐, ❞❡✈❡❧♦♣❡❞ (♦ ❞❡,❝.✐❜❡ (❤❡ ❧✐♥❡❛. ✇✐(❤ ♠❛❣♥❡(✐❝ ✜❡❧❞ (❡.♠,✱ ✇❤✐❝❤ ,❤✐❢(

(❤❡ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝(.♦♥✐❝ ,(❛(❡, ✐♥ (❤❡ ❢✉♥❞❛♠❡♥(❛❧ ,✉❜✲❜❛♥❞,✳ ❊✈❡♥(✉❛❧❧②✱ (❤.❡❡ ❝♦♥(.✐❜✉(✐♦♥,

✇❡.❡ ❝♦♥,✐❞❡.❡❞✱ ✇❤✐❝❤ ❛❝❝♦✉♥( ❢♦. ,♣✐♥✱ ♦.❜✐(❛❧ ❛♥❞ ✈❛❧❧❡②✲(②♣❡ ❡✛❡❝(,✳ ❚❤❡ ♠❛❣♥✐(✉❞❡ ♦❢

(❤❡ ❝♦..❡,♣♦♥❞✐♥❣ ♣❛.❛♠❡(❡., ✇❛, ❡,(✐♠❛(❡❞ ✐♥ ♠✉❧(✐♣❧❡ ✇❛②,✱ ❡✳ ❣✳ ❜② (❤❡ ❛♥❛❧②,✐, ♦❢ (❤❡

♣♦❧❛.✐,❛(✐♦♥ ❞❡❣.❡❡ ♦❢ (❤❡ ❝❤❛.❣❡❞ ❡①❝✐(♦♥ .❡,♦♥❛♥❝❡ ✐♥ (❤❡ ❛❜,♦.♣(✐♦♥✲(②♣❡ ✐♥✈❡,(✐❣❛(✐♦♥,✳ ❚❤✐,

❡♥❛❜❧❡❞ (❤❡ ❡✈❛❧✉❛(✐♦♥ ♦❢ (❤❡ ❣✲❢❛❝(♦. ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❡❧❡❝(.♦♥✐❝ ,(❛(❡ ✐♥ (❤❡ ❝♦♥❞✉❝(✐♦♥ ❜❛♥❞✳

■♥ (❡.♠, ♦❢ ♣❤♦(♦❧✉♠✐♥❡,❝❡♥❝❡ ,(✉❞✐❡,✱ (❤❡ ▼♦❙❡2 ♠♦♥♦❧❛②❡., ❡①❤✐❜✐( ❝♦♥✈❡♥(✐♦♥❛❧ ❜❡❤❛✈✐♦✉.✳

❚❤❡ ✈❛❧✉❡, ♦❢ (❤❡ ❣✲❢❛❝(♦., ♠✐♠✐❝ (❤❡ ♦♥❡, ,❡❡♥ ✐♥ (❤❡ .❡✢❡❝(✐✈✐(② ♠❡❛,✉.❡♠❡♥(,✳ ❖♥ (❤❡

♦(❤❡. ❤❛♥❞✱ ❲❙❡2 ♠♦♥♦❧❛②❡., .❡✈❡❛❧ ❛❣❛✐♥ ,✉.♣.✐,✐♥❣ (.❛✐(,✳ ❚❤❡ ❧♦✇❡. ❡♥❡.❣② ❡♠✐,,✐♦♥ ❧✐♥❡,✱

❢♦.♠✐♥❣ (❤❡ ❜❛♥❞ ♦❢ ✬❧♦❝❛❧✐,❡❞✴❜♦✉♥❞✬ ❡①❝✐(♦♥,✱ ,❤♦✇ ❡①(.❡♠❡❧② ❧❛.❣❡ ❩❡❡♠❛♥ ,♣❧✐((✐♥❣,✳ ❲❡

❤❛✈❡ ,♣❡❝✉❧❛(❡❞ (❤❛( (❤✐, ❢❡❛(✉.❡ ✐, .❡❧❛(❡❞ (♦ ♦♣(✐❝❛❧ (.❛♥,✐(✐♦♥, ✐♥✈♦❧✈✐♥❣ ❞❛.❦ ❡①❝✐(♦♥ ,(❛(❡,✳

❋✐♥❛❧❧②✱ (❤❡ ❛♣♣❡❛.❛♥❝❡ ♦❢ ♥❛..♦✇ ❧✐♥❡, ❡♠✐((✐♥❣ ❝❡♥(.❡, ✭◆▲❊❈,✮ ✐♥ ❡①❢♦❧✐❛(❡❞ ❲❙❡ 2 ,(.✉❝✲

(✉.❡, ❛( ❧♦✇ (❡♠♣❡.❛(✉.❡, ✇❛, ❞✐,❝✉,,❡❞ ✐♥ ❈❤❛♣$❡& ✸✳ ❆ ❝♦♠♣.❡❤❡♥,✐✈❡ ❛♥❛❧②,✐, ♦❢ (❤❡✐.

♣.♦♣❡.(✐❡, ✇❛, ♣.❡,❡♥(❡❞✳ ❚❤✐, ✐♥❝❧✉❞❡❞ (❤❡ ❝♦♠♣❛.✐,♦♥ ♦❢ (❤❡ ❡①❝✐(❛(✐♦♥ ,♣❡❝(.❛ ♦❢ (❤❡ ◆▲❊❈,

❛♥❞ (❤❡ ✷❉✲❧✐❦❡ .❡,♣♦♥,❡ ♦❢ ♠♦♥♦❧❛②❡.,✱ (❤❡ (❡♠♣❡.❛(✉.❡ ❛♥❞ ♠❛❣♥❡(✐❝ ✜❡❧❞ ❡✈♦❧✉(✐♦♥ ♦❢ (❤❡

◆▲❊❈,✬ ❡♠✐,,✐♦♥ ❧✐♥❡, ❛♥❞ (❤❡✐. ♣♦❧❛.✐,❛(✐♦♥ ♣.♦♣❡.(✐❡,✳ ❚❤❡ ♠❡❛,✉.❡♠❡♥(, ♦❢ ♣❤♦(♦♥ ❝♦..❡✲

❧❛(✐♦♥, .❡✈❡❛❧❡❞ (❤❡ ,✐♥❣❧❡ ♣❤♦(♦♥ ❡♠✐,,✐♦♥ ❝❤❛.❛❝(❡. ♦❢ ◆▲❊❈,✳ ■( ✐, ,(✐❧❧ ♥♦( ❝❧❡❛. ✇❤❛( ✐,

(❤❡ ❡①❛❝( ♦.✐❣✐♥ ♦❢ ◆▲❊❈,✱ ♥♦♥❡(❤❡❧❡,, ,♦♠❡ ♣♦,,✐❜✐❧✐(✐❡, ✇❡.❡ ❝♦♥,✐❞❡.❡❞✳ ❚❤❡② ✇❡.❡ ♣❛.✲

(✐❛❧❧② ❜❛,❡❞ ♦❢ ,❝❛♥♥✐♥❣ (✉♥♥❡❧❧✐♥❣ ♠✐❝.♦,❝♦♣❡ ✭❙❚▼✮ ,(✉❞✐❡,✱ ✇❤✐❝❤ ✉♥❝♦✈❡.❡❞ (❤❡ ♣.❡,❡♥❝❡ ♦❢

♥❛♥♦✲,✐③❡❞ ♠♦♥♦❧❛②❡., ❛( (❤❡ ♣❡.✐♠❡(❡. ♦❢ ❛♥ ❡①❢♦❧✐❛(❡❞ ❲❙❡2 ✢❛❦❡✳

❆ ,✐♠✐❧❛. ❝❤❛.❛❝(❡.✐,❛(✐♦♥ ❢♦. ◆▲❊❈, ❢♦✉♥❞ ✐♥ ❛♥♦(❤❡. .❡♣.❡,❡♥(❛(✐✈❡ ♦❢ (❤❡ ❝❧❛,, ♦❢ (✇♦
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❞✐♠❡♥'✐♦♥❛❧ ♠❛+❡,✐❛❧' ✲ ❜♦,♦♥ ♥✐+,✐❞❡ ✭❇◆✮ ✲ ✇❛' ♣,❡'❡♥+❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳ ■+ +❤✐' ❝❛'❡ +❤❡

❡♠✐''✐♦♥ ✐♥ ❢♦,♠ ♦❢ ♥❛,,♦✇ ❧✐♥❡' ❝♦♠❡' ♠♦'+ ♣,♦❜❛❜❧② ❢,♦♠ '+,✉❝+✉,❛❧ ❞❡❢❡❝+' ✐♥ ❛ '✐♠✐❧❛,

♠❛♥♥❡, ❛' ✐♥ ♦+❤❡, ✇✐❞❡ ❣❛♣ ♠❛+❡,✐❛❧' '✉❝❤ ❛' ❞✐❛♠♦♥❞ ♦, '✐❧✐❝♦♥ ❝❛,❜✐❞❡✳ ❚❤❡'❡ ◆▲❊❈' ✇❡,❡

❛❧'♦ ❢♦✉♥❞ +♦ ❜❡ '✐♥❣❧❡ ♣❤♦+♦♥ '♦✉,❝❡'✱ ❤♦✇❡✈❡, ✐♥ +❤✐' ❝❛'❡ +❤❡ ❝❛♣❛❜✐❧✐+✐❡' ♦❢ ❧✐❣❤+ ❡♠✐''✐♦♥ ❛,❡

'✉'+❛✐♥❡❞ ✉♣ +♦ ,♦♦♠ +❡♠♣❡,❛+✉,❡✳ ❚❤❡,❡❢♦,❡✱ +❤❡② ❛♣♣❡❛, +♦ ❜❡ C✉✐+❡ ❛♣♣❡❛❧✐♥❣ ♦❜❥❡❝+' ❢,♦♠

+❤❡ ♣♦✐♥+ ♦❢ ✈✐❡✇ ♦❢ +❤❡✐, ♣♦+❡♥+✐❛❧ ❢✉♥❝+✐♦♥❛❧✐+✐❡'✳ ❆♣❛,+ ❢,♦♠ +❤❛+✱ ◆▲❊❈' ✐♥ ❇◆ ,❡✈❡❛❧❡❞

❛ ♠✉❧+✐+✉❞❡ ♦❢ ♦♣+✐❝❛❧ ♣,♦♣❡,+✐❡'✱ ✇❤✐❝❤ ♠❛② ❜❡ ❤❡❧♣❢✉❧ ✐♥ ❧❡❛,♥✐♥❣ ✇❤❛+ ❦✐♥❞ ♦❢ ❞❡❢❡❝+' +❤❡②

❛❝+✉❛❧❧② ❛,❡✳ ❚❤❡✐, ❡♠✐''✐♦♥ '+,❡♥❣+❤ +✉,♥❡❞ ♦✉+ +♦ ❜❡ ❤✐❣❤❧② '❡♥'✐+✐✈❡ +♦ +❤❡ ♣♦❧❛,✐'❛+✐♦♥ ❛♥❞

❡♥❡,❣② ♦❢ +❤❡ ❧❛'❡, ✉'❡❞ ❢♦, ❡①❝✐+❛+✐♦♥✳ ❚❤✉'✱ +❤❡ '+,✐❝+ '❡❧❡❝+✐♦♥ ,✉❧❡' ♠❛② ❛❧'♦ ❜❡ ,❡❧❡✈❛♥+ ❢♦,

+❤❡ ❡①♣❧❛♥❛+✐♦♥ ♦❢ +❤❡ '✉,♣,✐'✐♥❣❧② '♠❛❧❧ '♣❛+✐❛❧ ❞❡♥'✐+② ♦❢ +❤❡ ❡♠✐++✐♥❣ ❞❡❢❡❝+'✳
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▲✐"# ♦❢ ♣✉❜❧✐❝❛#✐♦♥"

❚❤❡ ❆✉%❤♦' ♦❢ %❤✐* %❤❡*✐* ❤❛* ❝♦✲❛✉%❤♦'❡❞ %❤❡ ❢♦❧❧♦✇✐♥❣ ❛'%✐❝❧❡* ❞✉'✐♥❣ %❤❡ ♣❡'✐♦❞ ♦❢ ❤✐* 4❤❉

*%✉❞✐❡* ✭❖❝%♦❜❡' ✷✵✶✷ ✲ ▼❛② ✷✵✶✻✮✳

▲✐"# ♦❢ ♣✉❜❧✐❝❛#✐♦♥" -❡❧❛#❡❞ #♦ #❤✐" ✇♦-❦✿

• ❆✳ ❆'♦'❛✱ ▼✳ ❑♦♣❡'*❦✐✱ ❑✳ ◆♦❣❛❥❡✇*❦✐✱ ❏✳ ▼❛'❝✉*✱ ❈✳ ❋❛✉❣❡'❛*✱ ▼✳ 4♦%❡♠*❦✐✱ ❊①❝✐#♦♥✐❝

-❡"♦♥❛♥❝❡" ✐♥ #❤✐♥ ✜❧♠" ♦❢ ❲❙❡2✿ ❢-♦♠ ♠♦♥♦❧❛②❡- #♦ ❜✉❧❦ ♠❛#❡-✐❛❧✳✱ ◆❛♥♦*❝❛❧❡ ✼✱

✶✵✹✷✶✲✶✵✹✷✾ ✭✷✵✶✺✮✳

• ❆✳ ❆'♦'❛✱ ❑✳ ◆♦❣❛❥❡✇*❦✐✱ ▼✳ ▼♦❧❛*✱ ▼✳ ❑♦♣❡'*❦✐✱ ▼✳ 4♦%❡♠*❦✐✱ ❊①❝✐#♦♥ ❜❛♥❞ "#-✉❝✲

#✉-❡ ✐♥ ❧❛②❡-❡❞ ▼♦❙❡2✿ ❢-♦♠ ❛ ♠♦♥♦❧❛②❡- #♦ #❤❡ ❜✉❧❦ ❧✐♠✐#✳✱ ◆❛♥♦*❝❛❧❡ ✼✱ ✷✵✼✻✾✲

✷✵✼✼✺ ✭✷✵✶✺✮✳

• ▼✳ ❑♦♣❡'*❦✐✱ ❑✳ ◆♦❣❛❥❡✇*❦✐✱ ❆✳ ❆'♦'❛✱ ❱✳ ❈❤❡'❦❡③✱ 4✳ ▼❛❧❧❡%✱ ❏✳✲❨✳ ❱❡✉✐❧❧❡♥✱ ❏✳ ▼❛'❝✉*✱

4✳ ❑♦**❛❝❦✐✱ ▼✳ 4♦%❡♠*❦✐✱ ❙✐♥❣❧❡ ♣❤♦#♦♥ ❡♠✐##❡-" ✐♥ ❡①❢♦❧✐❛#❡❞ ❲❙❡2 "#-✉❝#✉-❡"✳✱

◆❛%✉'❡ ◆❛♥♦%❡❝❤♥♦❧♦❣② ✶✵✱ ✺✵✸✲✺✵✻ ✭✷✵✶✺✮✳

• ❚✳ ❙♠♦❧❡➠*❦✐✱ ▼✳ ●♦'②❝❛✱ ▼✳ ❑♦♣❡'*❦✐✱ ❈✳ ❋❛✉❣❡'❛*✱ ❚✳ ❑❛③✐♠✐❡'❝③✉❦✱ ❆✳ ❇♦❣✉❝❦✐✱ ❑✳ ◆♦✲

❣❛❥❡✇*❦✐✱ 4✳ ❑♦**❛❝❦✐✱ ▼✳ 4♦%❡♠*❦✐✱ ❚✉♥✐♥❣ ❱❛❧❧❡② D♦❧❛-✐③❛#✐♦♥ ✐♥ ❛ ❲❙❡2 ▼♦♥♦✲

❧❛②❡- ✇✐#❤ ❛ ❚✐♥② ▼❛❣♥❡#✐❝ ❋✐❡❧❞✳✱ 4❤②*✳ ❘❡✈✳ ❳ ✻✱ ✵✷✶✵✷✹ ✭✷✵✶✻✮✳

• ❚✳ ❏❛❦✉❜❝③②❦✱ ❱✳ ❉❡❧♠♦♥%❡✱ ▼✳ ❑♦♣❡'*❦✐✱ ❑✳ ◆♦❣❛❥❡✇*❦✐✱ ❈✳ ❋❛✉❣❡'❛*✱ ❲✳ ▲❛♥❣❜❡✐♥✱

▼✳ 4♦%❡♠*❦✐✱ ❏✳ ❑❛*♣'③❛❦✱ ❘❛❞✐❛#✐✈❡❧② ▲✐♠✐#❡❞ ❉❡♣❤❛"✐♥❣ ❛♥❞ ❊①❝✐#♦♥ ❉②♥❛♠✐❝"

✐♥ ▼♦❙❡2 ▼♦♥♦❧❛②❡-" ❘❡✈❡❛❧❡❞ ✇✐#❤ ❋♦✉-✲❲❛✈❡ ▼✐①✐♥❣ ▼✐❝-♦"❝♦♣②✳ ✱ ◆❛♥♦

▲❡%%✳ ✶✻ ✭✾✮✱ ✺✸✸✸✲✺✸✸✾ ✭✷✵✶✻✮✳

• ▼✳ ❑♦♣❡'*❦✐✱ ▼✳ ❘✳ ▼♦❧❛*✱ ❆✳ ❆'♦'❛✱ ❑✳ ◆♦❣❛❥❡✇*❦✐✱ ❆✳ ❖✳ ❙❧♦❜♦❞❡♥✐✉❦✱ ❈✳ ❋❛✉❣❡'❛*✱

▼✳ 4♦%❡♠*❦✐✱ ❖♣#✐❝❛❧ ♣-♦♣❡-#✐❡" ♦❢ ❛#♦♠✐❝❛❧❧② #❤✐♥ #-❛♥"✐#✐♦♥ ♠❡#❛❧ ❞✐❝❤❛❧❝♦✲

❣❡♥✐❞❡"✿ ❖❜"❡-✈❛#✐♦♥" ❛♥❞ ♣✉③③❧❡"✳ ❛'❳✐✈✿✶✻✶✷✳✵✺✽✼✾ ✭✷✵✶✻✮✳ ✭!❡✈✐❡✇ ♣❛♣❡! (♦ ❜❡ ♣✉❜✲

❧✐.❤❡❞ ✐♥ ◆❛♥♦♣❤♦(♦♥✐❝.✮

✽✶



✽✷ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

▲✐"# ♦❢ ♣✉❜❧✐❝❛#✐♦♥" ♦♥ ♦#❤❡/ #♦♣✐❝"✿

• ❆✳ ❍✳ ❚&♦❥♥❛&✱ ▼✳ ❑♦&❦✉0✐♥0❦✐✱ ❯✳ ❈✳ ▼❡♥❞❡0✱ ▼✳ ●♦&②❝❛✱ ▼✳ ❑♦♣❡&0❦✐✱ ❚✳ ❙♠♦❧❡♥0❦✐✱

=✳ ❑♦00❛❝❦✐✱ =✳ ❲♦❥♥❛&✱ =✳ ❍❛✇&②❧❛❦✱ ❋✐♥❡ "#/✉❝#✉/❡ ♦❢ ❛ ❜✐❡①❝✐#♦♥ ✐♥ ❛ "✐♥❣❧❡

4✉❛♥#✉♠ ❞♦# ✇✐#❤ ❛ ♠❛❣♥❡#✐❝ ✐♠♣✉/✐#②✳✱ =❤②0✳ ❘❡✈✳ ❇ ✽✼✱ ✷✵✺✸✶✶ ✭✷✵✶✸✮✳

• ▼✳ ❑♦♣❡&0❦✐✱ ▼✳ ●♦&②❝❛✱ ❚✳ ❑❛③✐♠✐❡&❝③✉❦✱ ❚✳ ❙♠♦❧❡➠0❦✐✱ ❆✳ ●♦❧♥✐❦✱ =✳ ❲♦❥♥❛&✱ =✳ ❑♦0✲

0❛❝❦✐✱ ■♥#/♦❞✉❝✐♥❣ "✐♥❣❧❡ ▼♥

2+
✐♦♥" ✐♥#♦ "♣♦♥#❛♥❡♦✉"❧② ❝♦✉♣❧❡❞ 4✉❛♥#✉♠ ❞♦#

♣❛✐/"✳✱ =❤②0✳ ❘❡✈✳ ❇ ✽✾✱ ✵✼✺✸✶✶ ✭✷✵✶✹✮✳

• ▼✳ ●♦&②❝❛✱ ▼✳ ❑♦♣❡&0❦✐✱ =✳ ❲♦❥♥❛&✱ ❚✳ ❙♠♦❧❡➠0❦✐✱ ❚✳ ❑❛③✐♠✐❡&❝③✉❦✱ ❆✳ ●♦❧♥✐❦✱ =✳ ❑♦0✲

0❛❝❦✐✱ ❈♦❤❡/❡♥# @/❡❝❡""✐♦♥ ♦❢ ❛♥ ■♥❞✐✈✐❞✉❛❧ ✺✴✷ ❙♣✐♥✳ =❤②0✳ ❘❡✈✳ ▲❡PP✳ ✶✶✸✱ ✷✷✼✷✵✷

✭✷✵✶✹✮✳

• ❏✳ ❑♦❜❛❦✱ ❚✳ ❙♠♦❧❡➠0❦✐✱ ▼✳ ●♦&②❝❛✱ ▼✳ =❛♣❛❥✱ ❑✳ ●✐❡P❦❛✱ ❆✳ ❇♦❣✉❝❦✐✱ ▼✳ ❑♦♣❡&0❦✐✱ ❏✳✲

●✳ ❘♦✉00❡P✱ ❏✳ ❙✉✛❝③②➠0❦✐✱ ❊✳ ❏❛♥✐❦✱ ▼✳ ◆❛✇&♦❝❦✐✱ ❆✳ ●♦❧♥✐❦✱ =✳ ❑♦00❛❝❦✐✱ ❲✳ =❛❝✉0❦✐✱

❉❡"✐❣♥✐♥❣ 4✉❛♥#✉♠ ❞♦#" ❢♦/ "♦❧♦#/♦♥✐❝"✳✱ ◆❛P✉&❡ ❈♦♠♠✉♥✐❝❛P✐♦♥0 ✺✱ ✸✶✾✶ ✭✷✵✶✹✮✳

• ▼✳ ●♦&②❝❛✱ ▼✳ ❑♦♣❡&0❦✐✱ ❚✳ ❙♠♦❧❡➠0❦✐✱ ❾✳ ❈②✇✐➠0❦✐✱ =✳ ❲♦❥♥❛&✱ =✳ =❧♦❝❤♦❝❦❛✱ ▼✳ =♦P❡♠✲

0❦✐✱ =✳ ❑♦00❛❝❦✐✱ ❙♣✐♥✲❧❛##✐❝❡ /❡❧❛①❛#✐♦♥ ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ▼♥

2+
✐♦♥ ✐♥ ❛ ❈❞❚❡✴❩♥❚❡

4✉❛♥#✉♠ ❞♦#✳✱ =❤②0✳ ❘❡✈✳ ❇ ✾✷✱ ✵✹✺✹✶✷ ✭✷✵✶✺✮✳

• ❚✳ ❙♠♦❧❡➠0❦✐✱ ▼✳ ❑♦♣❡&0❦✐✱ ▼✳ ●♦&②❝❛✱ =✳ ❲♦❥♥❛&✱ =✳ ❑♦00❛❝❦✐✱ ❚✳ ❑❛③✐♠✐❡&❝③✉❦✱ ❖♣#✐❝❛❧

"#✉❞② ♦❢ ❛ ❞♦✉❜❧② ♥❡❣❛#✐✈❡❧② ❝❤❛/❣❡❞ ❡①❝✐#♦♥ ✐♥ ❛ ❈❞❚❡✴❩♥❚❡ 4✉❛♥#✉♠ ❞♦#

❝♦♥#❛✐♥✐♥❣ ❛ "✐♥❣❧❡ ▼♥

2+
✐♦♥✳✱ =❤②0✳ ❘❡✈✳ ❇ ✾✷✱ ✵✽✺✹✶✺ ✭✷✵✶✺✮✳

• ▼✳ ❑♦♣❡&0❦✐✱ ❚✳ ❙♠♦❧❡➠0❦✐✱ ▼✳ ●♦&②❝❛✱ =✳ ❲♦❥♥❛&✱ ▼✳ =♦P❡♠0❦✐✱ =✳ ❑♦00❛❝❦✐✱ ▼❛❣♥❡#✐❝✲

✜❡❧❞✲✐♥❞✉❝❡❞ ❛❜/✉♣# "♣✐♥✲"#❛#❡ #/❛♥"✐#✐♦♥ ✐♥ ❛ 4✉❛♥#✉♠ ❞♦# ❝♦♥#❛✐♥✐♥❣ ♠❛❣✲

♥❡#✐❝ ✐♦♥"✳✱ =❤②0✳ ❘❡✈✳ ❇ ✾✹✱ ✷✹✺✹✸✾ ✭✷✵✶✻✮✳

• ❏✳ ❑♦❜❛❦✱ ❆✳ ❇♦❣✉❝❦✐✱ ❚✳ ❙♠♦❧❡➠♥0❦✐✱ ▼✳ =❛♣❛❥✱ ▼✳ ❑♦♣❡&0❦✐✱ ▼✳ =♦P❡♠0❦✐✱ =✳ ❑♦00❛❝❦✐✱

❆✳ ●♦❧♥✐❦✱ ❲✳ =❛❝✉0❦✐✱ ❉✐/❡❝# ❞❡#❡/♠✐♥❛#✐♦♥ ♦❢ ③❡/♦✲✜❡❧❞ "♣❧✐##✐♥❣ ❢♦/ "✐♥❣❧❡ ❈♦

2+

✐♦♥ ❡♠❜❡❞❞❡❞ ✐♥ ❛ ❈❞❚❡✴❩♥❚❡ 4✉❛♥#✉♠ ❞♦#✳ ✱ ❛&❳✐✈✿✶✻✶✵✳✵✺✼✸✷ ✭✷✵✶✻✮✳

▲■❙❚ ❖❋ =❯❇▲■❈❆❚■❖◆❙



❇✐❜❧✐♦❣&❛♣❤②

❬✶❪ ❑✳ ❙✳ ◆♦✈♦)❡❧♦✈✱ ❉✳ ❏✐❛♥❣✱ ❋✳ ❙❝❤❡❞✐♥✱ ❚✳ ❏✳ ❇♦♦9❤✱ ❱✳ ❱✳ ❑❤♦9❦❡✈✐❝❤✱ ❙✳ ❱✳ ▼♦=♦③♦✈✱

❆✳ ❑✳ ●❡✐♠✱ ❚✇♦✲❞✐♠❡♥)✐♦♥❛❧ ❛,♦♠✐❝ ❝.②),❛❧)✳ B=♦❝✳ ◆❛9❧✳ ❆❝❛❞✳ ❙❝✐✳ ❯✳❙✳❆✳ ✶✵✷✱

✶✵✹✺✶ ✭✷✵✵✺✮✳

❬✷❪ ❲✳ ❏❛❡❣❡=♠❛♥♥✱ ❈✳ B❡99❡♥❦♦❢❡=✱ ❇✳ ❆✳ B❛=❦✐♥)♦♥✱ ❈✉ ❛♥❞ ❆❣ ❞❡♣♦)✐,✐♦♥ ♦♥ ❧❛②❡.❡❞

♣✲,②♣❡ ❲❙❡2✿ ❆♣♣.♦❛❝❤✐♥❣ ,❤❡ ❙❝❤♦,,❦② ❧✐♠✐,✳✱ B❤②)✳ ❘❡✈✳ ❇ ✹✷✱ ✼✹✽✼ ✭✶✾✾✵✮✳

❬✸❪ ❘✳ ❙❝❤❧❛❢✱ ❆✳ ❑❧❡✐♥✱ ❈✳ B❡99❡♥❦♦❢❡=✱ ❲✳ ❏❛❡❣❡=♠❛♥♥✱ ▲❛,❡.❛❧❧② ✐♥❤♦♠♦❣❡♥❡♦✉)

)✉.❢❛❝❡✲♣♦,❡♥,✐❛❧ ❞✐),.✐❜✉,✐♦♥ ❛♥❞ ♣❤♦,♦✈♦❧,❛❣❡ ❛, ❝❧✉),❡.❡❞ ■♥✴❲❙❡ 2 ✭✵✵✵✶✮

✐♥,❡.❢❛❝❡)✳✱ B❤②)✳ ❘❡✈✳ ❇ ✹✽✱ ✶✹✷✹✷ ✭✶✾✾✸✮✳

❬✹❪ ❋✳ ❘♦)❡✱ ▼✳ ❖✳ ●♦❡=❜✐❣✱ ❛♥❞ ❋✳ B✐U❝❤♦♥✱ ❙♣✐♥✲ ❛♥❞ ✈❛❧❧❡②✲❞❡♣❡♥❞❡♥, ♠❛❣♥❡,♦✲

♦♣,✐❝❛❧ ♣.♦♣❡.,✐❡) ♦❢ ▼♦❙2✳✱ B❤②)✳ ❘❡✈✳ ❇ ✽✽✱ ✶✷✺✹✸✽ ✭✷✵✶✸✮✳

❬✺❪ ❏✳ ❙✳ ❇✉♥❝❤✱ ❆✳ ▼✳ ✈❛♥ ❞❡= ❩❛♥❞❡✱ ❙✳ ❙✳ ❱❡=❜=✐❞❣❡✱ ■✳ ❲✳ ❋=❛♥❦✱ ❉✳ ▼✳ ❚❛♥❡♥❜❛✉♠✱

❏✳ ▼✳ B❛=♣✐❛✱ ❍✳ ●✳ ❈=❛✐❣❤❡❛❞✱ B✳ ▲✳ ▼❝❊✉❡♥✱ ❊❧❡❝,.♦♠❡❝❤❛♥✐❝❛❧ ❘❡)♦♥❛,♦.) ❢.♦♠
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❊①❝✐$♦♥) ✐♥ ▼♦♥♦❧❛②❡% ❲❙❡2✳✱ C❤②6✳ ❘❡✈✳ ▲❡**✳ ✶✶✸✱ ✵✷✻✽✵✸ ✭✷✵✶✹✮✳

❬✷✷❪ ❍✳ ▼✳ ❍✐❧❧✱ ❆✳ ❋✳ ❘✐❣♦6✐✱ ❈✳ ❘♦\✉❡❧❡*✱ ❆✳ ❈❤❡B♥✐❦♦✈✱ ❚✳ ❈✳ ❇❡B❦❡❧❜❛❝❤✱ ❉✳ ❘✳ ❘❡✐❝❤♠❛♥✱

▼✳ ❙✳ ❍②❜❡B*6❡♥✱ ▲✳ ❊✳ ❇B✉6✱ ❚✳ ❋✳ ❍❡✐♥③✱ ❖❜)❡%✈❛$✐♦♥ ♦❢ ❊①❝✐$♦♥✐❝ ❘②❞❜❡%❣ ❙$❛$❡)

✐♥ ▼♦♥♦❧❛②❡% ▼♦❙2 ❛♥❞ ❲❙2 ❜② H❤♦$♦❧✉♠✐♥❡)❝❡♥❝❡ ❊①❝✐$❛$✐♦♥ ❙♣❡❝$%♦)❝♦♣②✳ ✱

◆❛♥♦ ▲❡**✳ ✶✺ ✭✺✮✱ ✷✾✾✷ ✭✷✵✶✺✮✳

❬✷✸❪ ❉✳ ❨✳ ◗✐✉✱ ❋✳ ❍✳ ❞❛ ❏♦B♥❛❞❛✱ ❙✳ ●✳ ▲♦✉✐❡✱ ❖♣$✐❝❛❧ ❙♣❡❝$%✉♠ ♦❢ ▼♦❙2✿ ▼❛♥②✲❇♦❞②

❊✛❡❝$) ❛♥❞ ❉✐✈❡%)✐$② ♦❢ ❊①❝✐$♦♥ ❙$❛$❡)✳✱ C❤②6✳ ❘❡✈✳ ▲❡**✳ ✶✶✶✱ ✷✶✻✽✵✺ ✭✷✵✶✸✮✳

❬✷✹❪ ❆✳ ❏✳ ❇B❛❞❧❡②✱ ▼✳ ▼✳ ❯❣❡❞❛✱ ❋✳ ❍✳ ❞❛ ❏♦B♥❛❞❛✱ ❉✳ ❨✳ ◗✱ ❲✳ ❘✉❛♥✱ ❨✳ ❩❤❛♥❣✱ ❙✳ ❲✐❝❦✲

❡♥❜✉B❣✱ ❆✳ ❘✐66✱ ❏✳ ▲✉✱ ❙✳✲❑✳ ▼♦✱ ❩✳ ❍✉66❛✐♥✱ ❩✳✲❳✳ ❙❤❡♥✱ ❙✳ ●✳ ▲♦✉✐❡✱ ▼✳ ❋✳ ❈B♦♠♠✐❡✱

H%♦❜✐♥❣ $❤❡ ❘♦❧❡ ♦❢ ■♥$❡%❧❛②❡% ❈♦✉♣❧✐♥❣ ❛♥❞ ❈♦✉❧♦♠❜ ■♥$❡%❛❝$✐♦♥) ♦♥ ❊❧❡❝✲

$%♦♥✐❝ ❙$%✉❝$✉%❡ ✐♥ ❋❡✇✲▲❛②❡% ▼♦❙❡2 ◆❛♥♦)$%✉❝$✉%❡)✱ ◆❛♥♦ ▲❡**✳ ✶✺ ✭✹✮✱ ✷✺✾✹

✭✷✵✶✺✮✳

❬✷✺❪ ❇✳ ❩❤✉✱ ❳✳ ❈❤❡♥✱ ❳✳ ❈✉✐❛✱ ❊①❝✐$♦♥ ❇✐♥❞✐♥❣ ❊♥❡+❣② ♦❢ ▼♦♥♦❧❛②❡+ ❲❙2✳✱ ❙❝✐ ❘❡♣✳

✺✱ ✾✷✶✽ ✭✷✵✶✺✮✳

❬✷✻❪ ❆✳ ❈❤❡=♥✐❦♦✈✱ ❆✳ ▼✳ ✈❛♥ ❞❡= ❩❛♥❞❡✱ ❍✳ ▼✳ ❍✐❧❧✱ ❆✳ ❋✳ ❘✐❣♦G✐✱ ❆✳ ❱❡❧❛✉I❤❛♣✐❧❧❛✐✱ ❏✳ ❍♦♥❡✱

❚✳ ❋✳ ❍❡✐♥③✱ ❊❧❡❝$+✐❝❛❧ ❚✉♥✐♥❣ ♦❢ ❊①❝✐$♦♥ ❇✐♥❞✐♥❣ ❊♥❡+❣✐❡7 ✐♥ ▼♦♥♦❧❛②❡+ ❲❙ 2✳✱

M❤②G✳ ❘❡✈✳ ▲❡II✳ ✶✶✺✱ ✶✷✻✽✵✷ ✭✷✵✶✺✮✳
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✽✻ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

❬✷✼❪ ❉✳ ❨✳ ◗✐✉✱ ❋✳ ❍✳ ❞❛ ❏♦3♥❛❞❛✱ ❙✳ ●✳ ▲♦✉✐❡✱ ❙❝"❡❡♥✐♥❣ ❛♥❞ ♠❛♥②✲❜♦❞② ❡✛❡❝/0 ✐♥

/✇♦✲❞✐♠❡♥0✐♦♥❛❧ ❝"②0/❛❧0✿ ▼♦♥♦❧❛②❡" ▼♦❙2✳✱ 9❤②<✳ ❘❡✈✳ ❇ ✾✸✱ ✷✸✺✹✸✺ ✭✷✵✶✻✮✳

❬✷✽❪ ❆✳ ❘❛♠❛<✉❜3❛♠❛♥✐❛♠✱ ▲❛"❣❡ ❡①❝✐/♦♥✐❝ ❡✛❡❝/0 ✐♥ ♠♦♥♦❧❛②❡"0 ♦❢ ♠♦❧②❜❞❡♥✉♠ ❛♥❞

/✉♥❣0/❡♥ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡0✱ 9❤②<✳ ❘❡✈✳ ❇ ✽✻✱ ✶✶✺✹✵✾ ✭✷✵✶✷✮✳

❬✷✾❪ ❑✳ ❋✳ ▼❛❦✱ ❈✳ ▲❡❡✱ ❏✳ ❍♦♥❡✱ ❏✳ ❙❤❛♥✱ ❚✳ ❋✳ ❍❡✐♥③✱ ❆/♦♠✐❝❛❧❧② ❚❤✐♥ ▼♦❙2✿ ❆ ◆❡✇

❉✐"❡❝/✲●❛♣ ❙❡♠✐❝♦♥❞✉❝/♦"✳ 9❤②<✳ ❘❡✈✳ ▲❡QQ✳ ✶✵✺✱ ✶✸✻✽✵✺ ✭✷✵✶✵✮✳

❬✸✵❪ ❆✳ ❙♣❧❡♥❞✐❛♥✐✱ ▲✳ ❙✉♥✱ ❨✳ ❩❤❛♥❣✱ ❚✳ ▲✐✱ ❏✳ ❑✐♠✱ ❈✳✲❨✳ ❈❤✐♠✱ ●✳ ●❛❧❧✐✱ ❋✳ ❲❛♥❣✱ ❊♠❡"❣✐♥❣

I❤♦/♦❧✉♠✐♥❡0❝❡♥❝❡ ✐♥ ▼♦♥♦❧❛②❡" ▼♦❙2✳✱ ◆❛♥♦ ▲❡QQ✳ ✶✵ ✭✹✮✱ ✶✷✼✶ ✭✷✵✶✵✮✳

❬✸✶❪ 9✳ ❚♦♥♥❞♦3❢✱ ❘✳ ❙❝❤♠✐❞Q✱ 9✳ ❇[QQ❣❡3✱ ❳✳ ❩❤❛♥❣✱ ❏✳ ❇[3♥❡3✱ ❆✳ ▲✐❡❜✐❣✱ ▼✳ ❆❧❜3❡❝❤Q✱ ❈✳ ❑❧♦❝✱

❖✳ ●♦3❞❛♥✱ ❉✳ ❘✳ ❚✳ ❩❛❤♥✱ ❙✳ ▼✳ ❞❡ ❱❛<❝♦♥❝❡❧❧♦<✱ ❘✳ ❇3❛Q<❝❤✐Q<❝❤✱ I❤♦/♦❧✉♠✐♥❡0❝❡♥❝❡

❡♠✐00✐♦♥ ❛♥❞ ❘❛♠❛♥ "❡0♣♦♥0❡ ♦❢ ♠♦♥♦❧❛②❡" ▼♦❙2✱ ▼♦❙❡2✱ ❛♥❞ ❲❙❡2✱ ❖♣Q✐❝<

❊①♣3❡<< ✷✶✱ ✹✾✵✽ ✭✷✵✶✸✮✳

❬✸✷❪ ❲✳ ❩❤❛♦✱ ❩✳ ●❤♦3❛♥♥❡✈✐<✱ ▲✳ ❈❤✉✱ ▼✳ ❚♦❤✱ ❈✳ ❑❧♦❝✱ 9✳✲❍✳ ❚❛♥✱ ●✳ ❊❞❛✱ ❊✈♦❧✉/✐♦♥ ♦❢

❊❧❡❝/"♦♥✐❝ ❙/"✉❝/✉"❡ ✐♥ ❆/♦♠✐❝❛❧❧② ❚❤✐♥ ❙❤❡❡/0 ♦❢ ❲❙2 ❛♥❞ ❲❙❡2✱ ❆❈❙ ◆❛♥♦✱

✼ ✭✶✮✱✼✾✶ ✭✷✵✶✸✮✳

❬✸✸❪ ❈✳ ❘✉♣♣❡3Q✱ ❖✳ ❇✳ ❆<❧❛♥✱ ❚✳ ❋✳ ❍❡✐♥③✱ ❖♣/✐❝❛❧ I"♦♣❡"/✐❡0 ❛♥❞ ❇❛♥❞ ●❛♣ ♦❢ ❙✐♥❣❧❡✲

❛♥❞ ❋❡✇✲▲❛②❡" ▼♦❚❡2 ❈"②0/❛❧0✳✱ ◆❛♥♦ ▲❡QQ✳ ✶✹ ✭✶✶✮✱ ✻✷✸✶ ✭✷✵✶✹✮✳

❬✸✹❪ ■✳ ●✳ ▲❡③❛♠❛✱ ❆✳ ❆3♦3❛✱ ❆✳ ❯❜❛❧❞✐♥✐✱ ❈✳ ❇❛33❡Q❡❛✉✱ ❊✳ ●✐❛♥♥✐♥✐✱ ▼✳ 9♦Q❡♠<❦✐✱ ❆✳ ❋✳ ▼♦3✲

♣✉3❣♦✱ ■♥❞✐"❡❝/✲/♦✲❉✐"❡❝/ ❇❛♥❞ ●❛♣ ❈"♦00♦✈❡" ✐♥ ❋❡✇✲▲❛②❡" ▼♦❚❡ 2✳ ◆❛♥♦ ▲❡QQ✳

✶✺ ✭✹✮✱ ✷✸✸✻ ✭✷✵✶✺✮✳

❬✸✺❪ ❏✳ ❆✳ ❲✐❧<♦♥✱ ❆✳ ❉✳ ❨♦✛❡✱ ❚❤❡ /"❛♥0✐/✐♦♥ ♠❡/❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡0 ❞✐0❝✉00✐♦♥ ❛♥❞

✐♥/❡"♣"❡/❛/✐♦♥ ♦❢ /❤❡ ♦❜0❡"✈❡❞ ♦♣/✐❝❛❧✱ ❡❧❡❝/"✐❝❛❧ ❛♥❞ 0/"✉❝/✉"❛❧ ♣"♦♣❡"/✐❡0✳

❆❞✈✳ 9❤②<✳ ✶✽✱ ✶✾✸ ✭✶✾✻✾✮✳

❬✸✻❪ ❘✳ ❈♦❡❤♦♦3♥✱ ❈✳ ❍❛❛<✱ ❏✳ ❉✐❥❦<Q3❛✱ ❈✳ ❏✳ ❋✳ ❋❧✐♣<❡✱ ❘✳ ❆✳ ❞❡ ●3♦♦Q✱ ❆✳ ❲♦❧❞✱ ❊❧❡❝✲

/"♦♥✐❝ 0/"✉❝/✉"❡ ♦❢ ▼♦❙❡2✱ ▼♦❙2✱ ❛♥❞ ❲❙❡2✳ ■✳ ❇❛♥❞✲0/"✉❝/✉"❡ ❝❛❧❝✉❧❛/✐♦♥0

❛♥❞ ♣❤♦/♦❡❧❡❝/"♦♥ 0♣❡❝/"♦0❝♦♣②✳✱ 9❤②<✳ ❘❡✈✳ ❇ ✸✺✱ ✻✶✾✺ ✭✶✾✽✼✮✳

❬✸✼❪ ❘✳ ❈♦❡❤♦♦3♥✱ ❈✳ ❍❛❛<✱ ❘✳ ❆✳ ❞❡ ●3♦♦Q✱ ❊❧❡❝/"♦♥✐❝ 0/"✉❝/✉"❡ ♦❢ ▼♦❙❡2✱ ▼♦❙2✱ ❲❙❡2✳

■■✳ ❚❤❡ ♥❛/✉"❡ ♦❢ /❤❡ ♦♣/✐❝❛❧ ❜❛♥❞ ❣❛♣0✳✱ 9❤②<✳ ❘❡✈✳ ❇ ✸✺✱ ✻✷✵✸ ✭✶✾✽✼✮✳
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❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✽✼

❬✸✽❪ ❆✳ ❑♦)♠+♥②♦.✱ ●✳ ❇✉)❦❛)❞✱ ▼✳ ●♠✐8)❛✱ ❏✳ ❋❛❜✐❛♥✱ ❱✳ ❩>❧②♦♠✐✱ ◆✳ ❉✳ ❉)✉♠♠♦♥❞✱

❱✳ ❋❛❧✬❦♦✱ ❦·♣ "❤❡♦&② ❢♦& "✇♦✲❞✐♠❡♥/✐♦♥❛❧ "&❛♥/✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡ /❡♠✐✲

❝♦♥❞✉❝"♦&/✳✱ ✷❉ ▼❛8❡)✐❛❧. ✷✱ ✵✷✷✵✵✶ ✭✷✵✶✺✮✳

❬✸✾❪ ❍✳ ❘♦.8❛♠✐✱ ❆✳ ●✳ ▼♦❣❤❛❞❞❛♠✱ ❘✳ ❆.❣❛)✐✱ ❊✛❡❝"✐✈❡ ❧❛""✐❝❡ ❍❛♠✐❧"♦♥✐❛♥ ❢♦& ♠♦♥♦✲

❧❛②❡& ▼♦❙2✿ ❚❛✐❧♦&✐♥❣ ❡❧❡❝"&♦♥✐❝ /"&✉❝"✉&❡ ✇✐"❤ ♣❡&♣❡♥❞✐❝✉❧❛& ❡❧❡❝"&✐❝ ❛♥❞
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❬✾✹❪ ❉✳ ●❛♠♠♦♥✱ ❊✳ ❙✳ ❙♥♦✇✱ ❇✳ ❱✳ ❙❤❛♥❛❜*♦♦❦✱ ❉✳ ❙✳ ❑❛F③❡*✱ ❉✳ 2❛*❦✱ ❋✐♥❡ ❙'$✉❝'✉$❡

❙♣❧✐''✐♥❣ ✐♥ '❤❡ ❖♣'✐❝❛❧ ❙♣❡❝'$❛ ♦❢ ❙✐♥❣❧❡ ●❛❆* ◗✉❛♥'✉♠ ❉♦'* ✱ 2❤②4✳ ❘❡✈✳ ▲❡FF✳

✼✻✱ ✸✵✵✺ ✭✶✾✾✻✮✳

❬✾✺❪ ▼✳ ❑♦♣❡*4❦✐✱ ❑✳ ◆♦❣❛❥❡✇4❦✐✱ ❆✳ ❆*♦*❛✱ ❱✳ ❈❤❡*❦❡③✱ 2✳ ▼❛❧❧❡F✱ ❏✳✲❨✳ ❱❡✉✐❧❧❡♥✱ ❏✳ ▼❛*❝✉4✱

2✳ ❑♦44❛❝❦✐✱ ▼✳ 2♦F❡♠4❦✐✱ ❙✐♥❣❧❡ ♣❤♦'♦♥ ❡♠✐''❡$* ✐♥ ❡①❢♦❧✐❛'❡❞ ❲❙❡2 *'$✉❝'✉$❡*✱

◆❛F✉*❡ ◆❛♥♦F❡❝❤♥♦❧♦❣② ✶✵✱ ✺✵✸ ✭✷✵✶✺✮✳

❬✾✻❪ ❆✳ ❙*✐✈❛4F❛✈❛✱ ▼✳ ❙✐❞❧❡*✱ ❆✳ ❱✳ ❆❧❧❛✐♥✱ ❉✳ ❙✳ ▲❡♠❜❦❡✱ ❆✳ ❑✐4✱ ❆✳ ■♠❛♠♦➜❧✉✱ ❖♣'✐❝❛❧❧②

❛❝'✐✈❡ O✉❛♥'✉♠ ❞♦'* ✐♥ ♠♦♥♦❧❛②❡$ ❲❙❡2✱ ◆❛F✉*❡ ◆❛♥♦F❡❝❤♥♦❧♦❣② ✶✵✱ ✹✾✶ ✭✷✵✶✺✮✳

❬✾✼❪ ❈✳ ❈❤❛❦*❛❜♦*F②✱ ▲✳ ❑✐♥♥✐4❝❤F③❦❡✱ ❑✳ ▼✳ ●♦♦❞❢❡❧❧♦✇✱ ❘✳ ❇❡❛♠4✱ ❆✳ ◆✳ ❱❛♠✐✈❛❦❛4✱

❱♦❧'❛❣❡✲❝♦♥'$♦❧❧❡❞ O✉❛♥'✉♠ ❧✐❣❤' ❢$♦♠ ❛♥ ❛'♦♠✐❝❛❧❧② '❤✐♥ *❡♠✐❝♦♥❞✉❝'♦$ ✱ ◆❛✲

F✉*❡ ◆❛♥♦F❡❝❤♥♦❧♦❣② ✶✵✱ ✺✵✼ ✭✷✵✶✺✮✳
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❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✾✸

❬✾✽❪ %✳ ❚♦♥♥❞♦+❢✱ ❘✳ ❙❝❤♠✐❞4✱ ❘✳ ❙❝❤♥❡✐❞❡+✱ ❏✳ ❑❡+♥✱ ▼✳ ❇✉;❝❡♠❛✱ ●✳ ❆✳ ❙4❡❡❧❡✱

❆✳ ❈❛;4❡❧❧❛♥♦;✲●♦♠❡③✱ ❍✳ ❙✳ ❏✳ ✈❛♥ ❞❡+ ❩❛♥4✱ ❙✳ ▼✐❝❤❛❡❧✐; ❞❡ ❱❛;❝♦♥❝❡❧❧♦;✱ ❘✳ ❇+❛4;✲

❝❤✐4;❝❤✱ ❙✐♥❣❧❡✲♣❤♦*♦♥ ❡♠✐,,✐♦♥ ❢.♦♠ ❧♦❝❛❧✐③❡❞ ❡①❝✐*♦♥, ✐♥ ❛♥ ❛*♦♠✐❝❛❧❧② *❤✐♥

,❡♠✐❝♦♥❞✉❝*♦.✱ ❖♣4✐❝❛ ✷✱ ✸✹✼ ✭✷✵✶✺✮✳

❬✾✾❪ ❙✳ ❑✉♠❛+✱ ❆✳ ❑❛❝③♠❛+❝③②❦✱ ❇✳ ❉✳ ●❡+❛+❞♦4✱ ❙*.❛✐♥✲■♥❞✉❝❡❞ ❙♣❛*✐❛❧ ❛♥❞ ❙♣❡❝*.❛❧

■,♦❧❛*✐♦♥ ♦❢ ◗✉❛♥*✉♠ ❊♠✐**❡., ✐♥ ▼♦♥♦✲ ❛♥❞ ❇✐❧❛②❡. ❲❙❡ 2✱ ◆❛♥♦ ▲❡44✳ ✶✺✱ ✼✺✻✼

✭✷✵✶✺✮✳

❬✶✵✵❪ ❏✳ ❑❡+♥✱ ■✳ ◆✐❡❤✉❡;✱ %✳ ❚♦♥♥❞♦+❢✱ ❘✳ ❙❝❤♠✐❞4✱ ❉✳ ❲✐❣❣❡+✱ ❘✳ ❙❝❤♥❡✐❞❡+✱ ❚✳ ❙4✐❡❤♠✱

❙✳ ▼✐❝❤❛❡❧✐; ❞❡ ❱❛;❝♦♥❝❡❧❧♦;✱ ❉✳ ❊✳ ❘❡✐4❡+✱ ❚✳ ❑✉❤♥✱ ❘✳ ❇+❛4;❝❤✐4;❝❤✱ ◆❛♥♦,❝❛❧❡ @♦✲

,✐*✐♦♥✐♥❣ ♦❢ ❙✐♥❣❧❡✲@❤♦*♦♥ ❊♠✐**❡., ✐♥ ❆*♦♠✐❝❛❧❧② ❚❤✐♥ ❲❙❡ 2✱ ❆❞✈✳ ▼❛4❡+✳ ✷✽✱

✼✶✵✶✱ ✭✷✵✶✻✮✳

❬✶✵✶❪ ❨✳✲▼✳ ❍❡✱ ●✳ ❈❧❛+❦✱ ❏✳ ❘✳ ❙❝❤❛✐❜❧❡②✱ ❨✳ ❍❡✱ ▼✳✲❈✳ ❈❤❡♥✱ ❨✳✲❏✳ ❲❡✐✱ ❳✳ ❉✐♥❣✱ ◗✳ ❩❤❛♥❣✱

❲✳ ❨❛♦✱ ❳✳ ❳✉✱ ❈✳✲❨✳ ▲✉✱ ❏✳✲❲✳ %❛♥✱ ❙✐♥❣❧❡ D✉❛♥*✉♠ ❡♠✐**❡., ✐♥ ♠♦♥♦❧❛②❡. ,❡♠✐✲

❝♦♥❞✉❝*♦.,✱ ◆❛4✉+❡ ◆❛♥♦4❡❝❤♥♦❧♦❣② ✶✵✱ ✹✾✼ ✭✷✵✶✺✮✳

❬✶✵✷❪ ❆✳ ❇+❛♥♥②✱ ●✳ ❲❛♥❣✱ ❙✳ ❑✉♠❛+✱ ❈✳ ❘♦❜❡+4✱ ❇✳ ▲❛;;❛❣♥❡✱ ❳✳ ▼❛+✐❡✱ ❇✳ ❉✳ ●❡+❛+❞♦4✱

❇✳ ❯+❜❛;③❡❦✱ ❉✐,❝.❡*❡ D✉❛♥*✉♠ ❞♦* ❧✐❦❡ ❡♠✐**❡., ✐♥ ♠♦♥♦❧❛②❡. ▼♦❙❡2✿ ❙♣❛✲

*✐❛❧ ♠❛♣♣✐♥❣✱ ♠❛❣♥❡*♦✲♦♣*✐❝,✱ ❛♥❞ ❝❤❛.❣❡ *✉♥✐♥❣ ✱ ❆♣♣❧✳ %❤②;✳ ▲❡44✳ ✶✵✽✱ ✶✹✷✶✵✶

✭✷✵✶✻✮✳

❬✶✵✸❪ ❈✳ %❛❧❛❝✐♦;✲❇❡++❛`✉❡+♦✱ ▼✳ ❇❛+❜♦♥❡✱ ❉✳ ▼✳ ❑❛+❛✱ ❳✳ ❈❤❡♥✱ ■✳ ●♦②❦❤♠❛♥✱ ❉✳ ❨♦♦♥✱

❆✳ ❑✳ ❖44✱ ❏✳ ❇❡✐4♥❡+✱ ❑✳ ❲❛4❛♥❛❜❡✱ ❚✳ ❚❛♥✐❣✉❝❤✐✱ ❆✳ ❈✳ ❋❡++❛+✐✱ ▼✳ ❆4❛4b+❡✱ ❆*♦♠✐❝❛❧❧②

*❤✐♥ D✉❛♥*✉♠ ❧✐❣❤*✲❡♠✐**✐♥❣ ❞✐♦❞❡,✱ ◆❛4✉+❡ ❈♦♠♠✉♥✐❝❛4✐♦♥; ✼✱ ✷✾✼✽ ✭✷✵✶✻✮✳

❬✶✵✹❪ ●✳ ❈❧❛+❦✱ ❏✳ ❘✳ ❙❝❤❛✐❜❧❡②✱ ❏✳ ❘♦;;✱ ❚✳ ❚❛♥✐❣✉❝❤✐✱ ❑✳ ❲❛4❛♥❛❜❡✱ ❏✳ ❘✳ ❍❡♥❞+✐❝❦;♦♥✱ ❙✳ ▼♦✉✱

❲✳ ❨❛♦✱ ❳✳ ❳✉✱ ❙✐♥❣❧❡ ❉❡❢❡❝* ▲✐❣❤*✲❊♠✐**✐♥❣ ❉✐♦❞❡ ✐♥ ❛ ✈❛♥ ❞❡. ❲❛❛❧, ❍❡*✲

❡.♦,*.✉❝*✉.❡✱ ◆❛♥♦ ▲❡44✳ ✶✻✱ ✸✾✹✹ ✭✷✵✶✻✮✳

❬✶✵✺❪ ❙✳ ❙❝❤✇❛3③✱ ❆✳ ❑♦③✐❦♦✈✱ ❋✳ ❲✐=❤❡3?✱ ❏✳ ❑✳ ▼❛❣✉✐3❡✱ ❆✳ D✳ ❋♦?=❡3✱ ❙✳ ❉✉✛❡3✇✐❡❧✱ ▲✳ ❍❛❣✉❡✱

▼✳ ◆✳ ▼❛❦❤♦♥✐♥✱ ▲✳ ❘✳ ❲✐❧?♦♥✱ ❆✳ ❑✳ ●❡✐♠✱ ❑✳ ❙✳ ◆♦✈♦?❡❧♦✈✱ ❆✳ ■✳ ❚❛3=❛❦♦✈?❦✐✐✱ ❊❧❡❝✲

'(✐❝❛❧❧② ♣✉♠♣❡❞ 0✐♥❣❧❡✲❞❡❢❡❝' ❧✐❣❤' ❡♠✐''❡(0 ✐♥ ❲❙❡2✱ ✷❉ ▼❛=❡3✐❛❧? ✸✱ ✵✷✺✵✸✽

✭✷✵✶✻✮✳
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✾✹ ❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡*

❬✶✵✻❪ ❲✳ ❏❛❡❣❡-♠❛♥♥✱ ❍✳ ❚-✐❜✉67❝❤✱ ▼✳ ▼✳ ❇❡♥❛♠❡✉-✱ ■♥"❡$❢❛❝✐❛❧ ♣$♦♣❡$"✐❡, ♦❢ ,❡♠✐❝♦♥✲

❞✉❝"✐♥❣ "$❛♥,✐"✐♦♥ ♠❡"❛❧ ❝❤❛❧❝♦❣❡♥✐❞❡,✱ <-♦❣✳ ❙✉-❢✳ ❙❝✐✳ ✷✾✱ ✶ ✭✶✾✽✽✮✳

❬✶✵✼❪ ❨✳✲▼✳ ❍❡✱ ❙✳ ❍F✢✐♥❣✱ ❈✳ ❙❝❤♥❡✐❞❡-✱ 5❤♦♥♦♥ ✐♥❞✉❝❡❞ ❧✐♥❡ ❜$♦❛❞❡♥✐♥❣ ❛♥❞ ♣♦♣✉❧❛✲

"✐♦♥ ♦❢ "❤❡ ❞❛$❦ ❡①❝✐"♦♥ ✐♥ ❛ ❞❡❡♣❧② "$❛♣♣❡❞ ❧♦❝❛❧✐③❡❞ ❡♠✐""❡$ ✐♥ ♠♦♥♦❧❛②❡$

❲❙❡2✱ ❖♣6✐❝7 ❊①♣-❡77 ✷✹✱ ✽✵✻✻ ✭✷✵✶✻✮✳

❬✶✵✽❪ ❙✳ ❑✉♠❛-✱ ▼✳ ❇-♦6P♥7✲●✐7❜❡-6✱ ❘✳ ❆❧✲❑❤✉③❤❡②-✐✱ ❆✳ ❇-❛♥♥②✱ ●✳ ❇❛❧❧❡76❡-♦7✲●❛-❝✐❛✱

❏✳ ❋✳ ❙X♥❝❤❡③✲❘♦②♦✱ ❇✳ ❉✳ ●❡-❛-❞♦6✱ ❘❡,♦♥❛♥" ❧❛,❡$ ,♣❡❝"$♦,❝♦♣② ♦❢ ❧♦❝❛❧✐③❡❞ ❡①✲

❝✐"♦♥, ✐♥ ♠♦♥♦❧❛②❡$ ❲❙❡2✱ ❖♣6✐❝❛ ✸✱ ✽✽✷ ✭✷✵✶✻✮✳

❬✶✵✾❪ ▲✳ ❇❡7♦♠❜❡7✱ ❑✳ ❑❤❡♥❣✱ ▲✳ ▼❛-7❛❧✱ ❍✳ ▼❛-✐❡66❡✱ ❆❝♦✉,"✐❝ ♣❤♦♥♦♥ ❜$♦❛❞❡♥✐♥❣ ♠❡❝❤✲

❛♥✐,♠ ✐♥ ,✐♥❣❧❡ A✉❛♥"✉♠ ❞♦" ❡♠✐,,✐♦♥✱ <❤②7✳ ❘❡✈✳ ❇ ✻✸✱ ✶✺✺✸✵✼ ✭✷✵✵✼✮✳

❬✶✶✵❪ ❘✳ ❙✳ ❙✉♥❞❛-❛♠✱ ▼✳ ❊♥❣❡❧✱ ❆✳ ▲♦♠❜❛-❞♦✱ ❘✳ ❑-✉♣❦❡✱ ❆✳ ❈✳ ❋❡--❛-✐✱ <❤✳ ❆✈♦✉-✐7✱

▼✳ ❙6❡✐♥❡-✱ ❊❧❡❝"$♦❧✉♠✐♥❡,❝❡♥❝❡ ✐♥ ❙✐♥❣❧❡ ▲❛②❡$ ▼♦❙2✳✱ ◆❛♥♦ ▲❡66✳ ✶✸ ✭✹✮✱ ✶✹✶✻

✭✷✵✶✸✮✳

❬✶✶✶❪ ❏✳ ❙✳ ❘♦77✱ <✳ ❑❧❡♠❡♥6✱ ❆✳ ▼✳ ❏♦♥❡7✱ ◆✳ ❏✳ ●❤✐♠✐-❡✱ ❏✳ ❨❛♥✱ ❉✳ ●✳ ▼❛♥❞-✉7✱ ❚✳ ❚❛♥✐❣✉❝❤✐✱

❑✳ ❲❛6❛♥❛❜❡✱ ❑✳ ❑✐6❛♠✉-❛✱ ❲✳ ❨❛♦✱ ❉✳ ❍✳ ❈♦❜❞❡♥✱ ❳✳ ❳✉✱ ❊❧❡❝"$✐❝❛❧❧② "✉♥❛❜❧❡ ❡①✲

❝✐"♦♥✐❝ ❧✐❣❤"✲❡♠✐""✐♥❣ ❞✐♦❞❡, ❜❛,❡❞ ♦♥ ♠♦♥♦❧❛②❡$ ❲❙❡2 ♣✲♥ ❥✉♥❝"✐♦♥,✱ ◆❛6✉-❡

◆❛♥♦6❡❝❤♥♦❧♦❣② ✾✱ ✷✻✽ ✭✷✵✶✹✮✳

❬✶✶✷❪ ❋✳ ❲✐6❤❡-7✱ ❖✳ ❉❡❧ <♦③♦✲❩❛♠✉❞✐♦✱ ❆✳ ▼✐7❤❝❤❡♥❦♦✱ ❆✳ <✳ ❘♦♦♥❡②✱ ❆✳ ●❤♦❧✐♥✐❛✱ ❑✳ ❲❛6❛♥✲

❛❜❡✱ ❚✳ ❚❛♥✐❣✉❝❤✐✱ ❙✳ ❏✳ ❍❛✐❣❤✱ ❆✳ ❑✳ ●❡✐♠✱ ❆✳ ■✳ ❚❛-6❛❦♦✈7❦✐✐✱ ❑✳ ❙✳ ◆♦✈♦7❡❧♦✈✱ ▲✐❣❤"✲

❡♠✐""✐♥❣ ❞✐♦❞❡, ❜② ❜❛♥❞✲,"$✉❝"✉$❡ ❡♥❣✐♥❡❡$✐♥❣ ✐♥ ✈❛♥ ❞❡$ ❲❛❛❧, ❤❡"❡$♦,"$✉❝✲

"✉$❡,✱ ◆❛6✉-❡ ▼❛6❡-✐❛❧7 ✶✹✱ ✸✵✶ ✭✷✵✶✺✮✳

❬✶✶✸❪ ❋✳ ❲✐6❤❡-7✱ ❖✳ ❉❡❧ <♦③♦✲❩❛♠✉❞✐♦✱ ❙✳ ❙❝❤✇❛-③✱ ❙✳ ❉✉✛❡-✇✐❡❧✱ <✳ ▼✳ ❲❛❧❦❡-✱ ❚✳ ●♦❞❞❡✱

❆✳ <✳ ❘♦♦♥❡②✱ ❆✳ ●❤♦❧✐♥✐❛✱ ❈✳ ❘✳ ❲♦♦❞7✱ <✳ ❇❧❛❦❡✱ ❙✳ ❏✳ ❍❛✐❣❤✱ ❑✳ ❲❛6❛♥❛❜❡✱

❚✳ ❚❛♥✐❣✉❝❤✐✱ ■✳ ▲✳ ❆❧❡✐♥❡-✱ ❆✳ ❑✳ ●❡✐♠✱ ❱✳ ■✳ ❋❛❧✬❦♦✱ ❆✳ ■✳ ❚❛-6❛❦♦✈7❦✐✐✱ ❑✳ ❙✳ ◆♦✈♦7❡❧♦✈✱

❲❙❡2 ▲✐❣❤"✲❊♠✐""✐♥❣ ❚✉♥♥❡❧✐♥❣ ❚$❛♥,✐,"♦$, ✇✐"❤ ❊♥❤❛♥❝❡❞ ❇$✐❣❤"♥❡,, ❛"

❘♦♦♠ ❚❡♠♣❡$❛"✉$❡✳✱ ◆❛♥♦ ▲❡66✳ ✶✺ ✭✶✷✮✱ ✽✷✷✸ ✭✷✵✶✺✮✳

❬✶✶✹❪ ❨✳✲▼✳ ❍❡✱ ❖✳ ■✛✱ ◆✳ ▲✉♥❞6✱ ❱✳ ❇❛✉♠❛♥♥✱ ▼✳ ❉❛✈❛♥❝♦✱ ❑✳ ❙-✐♥✐✈❛7❛♥✱ ❙✳ ❍F✢✐♥❣✱

❈✳ ❙❝❤♥❡✐❞❡-✱ ❈❛,❝❛❞❡❞ ❡♠✐,,✐♦♥ ♦❢ ,✐♥❣❧❡ ♣❤♦"♦♥, ❢$♦♠ "❤❡ ❜✐❡①❝✐"♦♥ ✐♥ ♠♦♥♦✲

❧❛②❡$❡❞ ❲❙❡2✱ ◆❛6✉-❡ ❈♦♠♠✉♥✐❝❛6✐♦♥7 ✼✱ ✶✸✹✵✾ ✭✷✵✶✻✮✳
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❬✶✶✺❪ ❈✳ '❛❧❛❝✐♦-✲❇❡11❛2✉❡1♦✱ ❉✳ ▼✳ ❑❛1❛✱ ❆✳ ❘✳✲'✳ ▼♦♥;❜❧❛♥❝❤✱ ▼✳ ❇❛1❜♦♥❡✱ '✳ ▲❛;❛✇✐❡❝✱

❉✳ ❨♦♦♥✱ ❆✳ ❑✳ ❖;;✱ ▼✳ ▲♦♥❝❛1✱ ❆✳ ❈✳ ❋❡11❛1✐✱ ▼✳ ❆;❛;C1❡✱ ▲❛"❣❡✲&❝❛❧❡ )✉❛♥,✉♠✲

❡♠✐,,❡" ❛""❛②& ✐♥ ❛,♦♠✐❝❛❧❧② ,❤✐♥ &❡♠✐❝♦♥❞✉❝,♦"& ✱ ❛1❳✐✈✿✶✻✵✾✳✵✹✷✹✹ ✭✷✵✶✻✮✳

❬✶✶✻❪ ❆✳ ❇1❛♥♥②✱ ❙✳ ❑✉♠❛1✱ ❘✳ '1♦✉①✱ ❇✳ ❉✳ ●❡1❛1❞♦;✱ ❉❡,❡"♠✐♥✐&,✐❝ &,"❛✐♥✲✐♥❞✉❝❡❞ ❛"✲

"❛②& ♦❢ )✉❛♥,✉♠ ❡♠✐,,❡"& ✐♥ ❛ ,✇♦✲❞✐♠❡♥&✐♦♥❛❧ &❡♠✐❝♦♥❞✉❝,♦" ✱ ❛1❳✐✈✿✶✻✶✵✳✵✶✹✵✻

✭✷✵✶✻✮✳

❬✶✶✼❪ ❈✳ ❘✳ ❉❡❛♥✱ ❆✳ ❋✳ ❨♦✉♥❣✱ ■✳ ▼❡1✐❝✱ ❈✳ ▲❡❡✱ ▲✳ ❲❛♥❣✱ ❙✳ ❙♦1❣❡♥❢1❡✐✱ ❑✳ ❲❛;❛♥❛❜❡✱

❚✳ ❚❛♥✐❣✉❝❤✐✱ '✳ ❑✐♠✱ ❑✳ ▲✳ ❙❤❡♣❛1❞✱ ❏✳ ❍♦♥❡✱ ❇♦"♦♥ ♥✐,"✐❞❡ &✉❜&,"❛,❡& ❢♦" ❤✐❣❤✲

)✉❛❧✐,② ❣"❛♣❤❡♥❡ ❡❧❡❝,"♦♥✐❝&✱ ◆❛;✉1❡ ◆❛♥♦;❡❝❤♥♦❧♦❣② ✺✱ ✼✷✷ ✭✷✵✶✵✮✳

❬✶✶✽❪ ❏✳ ❳✉❡✱ ❏✳ ❙❛♥❝❤❡③✲❨❛♠❛❣✐-❤✐✱ ❉✳ ❇✉❧♠❛-❤✱ '✳ ❏❛❝2✉♦❞✱ ❆✳ ❉❡-❤♣❛♥❞❡✱ ❑✳ ❲❛;❛♥❛❜❡✱

❚✳ ❚❛♥✐❣✉❝❤✐✱ '✳ ❏❛1✐❧❧♦✲❍❡11❡1♦✱ ❇✳ ❏✳ ▲❡❘♦②✱ ❙❝❛♥♥✐♥❣ ,✉♥♥❡❧❧✐♥❣ ♠✐❝"♦&❝♦♣② ❛♥❞

&♣❡❝,"♦&❝♦♣② ♦❢ ✉❧,"❛✲✢❛, ❣"❛♣❤❡♥❡ ♦♥ ❤❡①❛❣♦♥❛❧ ❜♦"♦♥ ♥✐,"✐❞❡ ✱ ◆❛;✉1❡ ▼❛;❡1✐❛❧-

✶✵✱ ✷✽✷ ✭✷✵✶✶✮✳

❬✶✶✾❪ ▼✳ ❖❦❛❞❛✱ ❚✳ ❙❛✇❛③❛❦✐✱ ❑✳ ❲❛;❛♥❛❜❡✱ ❚✳ ❚❛♥✐❣✉❝❤✱ ❍✳ ❍✐❜✐♥♦✱ ❍✳ ❙❤✐♥♦❤❛1❛✱ ❘✳ ❑✐✲

;❛✉1❛✱ ❉✐"❡❝, ❈❤❡♠✐❝❛❧ ❱❛♣♦" ❉❡♣♦&✐,✐♦♥ ●"♦✇,❤ ♦❢ ❲❙2 ❆,♦♠✐❝ ▲❛②❡"& ♦♥

❍❡①❛❣♦♥❛❧ ❇♦"♦♥ ◆✐,"✐❞❡✱ ❆❈❙ ◆❛♥♦ ✽✱ ✽✷✼✸ ✭✷✵✶✹✮✳

❬✶✷✵❪ ▲✳ ❍✳ ▲✐✱ ❊✳ ❏✳ ●✳ ❙❛♥;♦-✱ ❚✳ ❳✐♥❣✱ ❊✳ ❈❛♣♣❡❧❧✉;✐✱ ❘✳ ❘♦❧❞b♥✱ ❨✳ ❈❤❡♥✱ ❑✳ ❲❛;❛♥✲

❛❜❡✱ ❚✳ ❚❛♥✐❣✉❝❤✐✱ ❉✐❡❧❡❝,"✐❝ ❙❝"❡❡♥✐♥❣ ✐♥ ❆,♦♠✐❝❛❧❧② ❚❤✐♥ ❇♦"♦♥ ◆✐,"✐❞❡

◆❛♥♦&❤❡❡,&✱ ◆❛♥♦ ▲❡;;✳ ✶✺✱ ✷✶✽ ✭✷✵✶✺✮✳

❬✶✷✶❪ ❈✳ ❋❛✉❣❡1❛-✱ ❙✳ ❇❡1❝✐❛✉❞✱ '✳ ▲❡-③❝③②♥-❦✐✱ ❨✳ ❍❡♥♥✐✱ ❑✳ ◆♦❣❛❥❡✇-❦✐✱ ▼✳ ❖1❧✐;❛✱

❚✳ ❚❛♥✐❣✉❝❤✐✱ ❑✳ ❲❛;❛♥❛❜❡✱ ❈✳ ❋♦1-②;❤❡✱ '✳ ❑✐♠✱ ❘✳ ❏❛❧✐❧✱ ❆✳ ❑✳ ●❡✐♠✱ ❉✳ ▼✳ ❇❛-❦♦✱
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❬✶✷✷❪ ❘✳ ❱✳ ●♦1❜❛❝❤❡✈✱ ■✳ ❘✐❛③✱ ❘✳ ❘✳ ◆❛✐1✱ ❘✳ ❏❛❧✐❧✱ ▲✳ ❇1✐;♥❡❧❧✱ ❇✳ ❉✳ ❇❡❧❧❡✱ ❊✳ ❲✳ ❍✐❧❧✱

❑✳ ❙✳ ◆♦✈♦-❡❧♦✈✱ ❑✳ ❲❛;❛♥❛❜❡✱ ❚✳ ❚❛♥✐❣✉❝❤✐✱ ❆✳ ❑✳ ●❡✐♠✱ '✳ ❇❧❛❦❡✱ ❍✉♥,✐♥❣ ❢♦" ▼♦♥♦✲

❧❛②❡" ❇♦"♦♥ ◆✐,"✐❞❡✿ ❖♣,✐❝❛❧ ❛♥❞ ❘❛♠❛♥ ❙✐❣♥❛,✉"❡& ✱ ❙♠❛❧❧ ✼✱ ✹✻✺ ✭✷✵✶✶✮✳

❬✶✷✸❪ ❙✳ ▲❛1❛❝❤✱ ❘✳ ❊✳ ❙❤1❛❞❡1✱ ▼✉❧,✐❜❛♥❞ ▲✉♠✐♥❡&❝❡♥❝❡ ✐♥ ❇♦"♦♥ ◆✐,"✐❞❡ ✱ '❤②-✳ ❘❡✈✳

✶✵✹✱ ✻✽ ✭✶✾✺✻✮✳
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❬✶✷✺❪ ❈✳ ❆✳ ❚❛②❧♦.✱ ❙✳ ❲✳ ❇.♦✇♥✱ ❱✳ ❙✉❜.❛♠❛♥✐❛♠✱ ❙✳ ❑✐❞♥❡.✱ ❙✳ ❈✳ ❘❛♥❞✱ ❘✳ ❈❧❛.❦❡✱ ❖❜*❡'✲

✈❛"✐♦♥ ♦❢ ♥❡❛'✲❜❛♥❞✲❣❛♣ ❧✉♠✐♥❡*❝❡♥❝❡ ❢'♦♠ ❜♦'♦♥ ♥✐"'✐❞❡ ✜❧♠* ✱ ❆♣♣❧✐❡❞ 8❤②;✐❝;

▲❡22❡.; ✻✺✱ ✶✷✺✶ ✭✶✾✾✹✮✳

❬✶✷✻❪ ❑✳ ❲❛2❛♥❛❜❡✱ ❚✳ ❚❛♥✐❣✉❝❤✐✱ ❍✳ ❑❛♥❞❛✱ ❉✐'❡❝"✲❜❛♥❞❣❛♣ ♣'♦♣❡'"✐❡* ❛♥❞ ❡✈✐❞❡♥❝❡

❢♦' ✉❧"'❛✈✐♦❧❡" ❧❛*✐♥❣ ♦❢ ❤❡①❛❣♦♥❛❧ ❜♦'♦♥ ♥✐"'✐❞❡ *✐♥❣❧❡ ❝'②*"❛❧ ✱ ◆❛2✉.❡ ▼❛2❡.✐❛❧;

✸✱ ✹✵✹ ✭✷✵✵✹✮✳

❬✶✷✼❪ ❉✳ ❆✳ ❊✈❛♥;✱ ❆✳ ●✳ ▼❝●❧②♥♥✱ ❇✳ ▼✳ ❚♦✇❧;♦♥✱ ▼✳ ●✉♥♥✱ ❉✳ ❏♦♥❡;✱ ❚✳ ❊✳ ❏❡♥❦✐♥;✱ ❘✳ ❲✐♥✲

2❡.✱ ◆✳ ❘✳ ❏✳ 8♦♦❧2♦♥✱ ❉❡"❡'♠✐♥❛"✐♦♥ ♦❢ "❤❡ ♦♣"✐❝❛❧ ❜❛♥❞✲❣❛♣ ❡♥❡'❣② ♦❢ ❝✉❜✐❝ ❛♥❞

❤❡①❛❣♦♥❛❧ ❜♦'♦♥ ♥✐"'✐❞❡ ✉*✐♥❣ ❧✉♠✐♥❡*❝❡♥❝❡ ❡①❝✐"❛"✐♦♥ *♣❡❝"'♦*❝♦♣② ✱ ❏✳ 8❤②;✳✿

❈♦♥❞❡♥;✳ ▼❛22❡. ✷✵✱ ✵✼✺✷✸✸ ✭✷✵✵✽✮✳

❬✶✷✽❪ ▲✳ ▼✉;❡✉.✱ ❆✳ ❑❛♥❛❡✈✱ ◆❡❛' ❜❛♥❞✲❣❛♣ ♣❤♦"♦❧✉♠✐♥❡*❝❡♥❝❡ ♣'♦♣❡'"✐❡* ♦❢ ❤❡①❛❣♦✲

♥❛❧ ❜♦'♦♥ ♥✐"'✐❞❡✱ ❏♦✉.♥❛❧ ♦❢ ❆♣♣❧✐❡❞ 8❤②;✐❝; ✶✵✸✱ ✶✵✸✺✷✵ ✭✷✵✵✽✮✳

❬✶✷✾❪ ❆✳ 8✐❡..❡2✱ ❏✳ ▲♦❛②③❛✱ ❇✳ ❇❡.✐♥✐✱ ❆✳ ❇❡2③✱ ❇✳ 8❧❛\❛✐;✱ ❋✳ ❉✉❝❛;2❡❧❧❡✱ ❏✳ ❇❛.❥♦♥✱ ❆✳ ▲♦✐;❡❛✉✱

❊①❝✐"♦♥✐❝ '❡❝♦♠❜✐♥❛"✐♦♥* ✐♥ ❤✲❇◆✿ ❋'♦♠ ❜✉❧❦ "♦ ❡①❢♦❧✐❛"❡❞ ❧❛②❡'* ✱ 8❤②;✳ ❘❡✈✳

❇ ✽✾✱ ✵✸✺✹✶✹ ✭✷✵✶✹✮✳

❬✶✸✵❪ ●✳ ❈❛;;❛❜♦✐;✱ 8✳ ❱❛❧✈✐♥✱ ❇✳ ●✐❧✱ ❍❡①❛❣♦♥❛❧ ❜♦'♦♥ ♥✐"'✐❞❡ ✐* ❛♥ ✐♥❞✐'❡❝" ❜❛♥❞❣❛♣

*❡♠✐❝♦♥❞✉❝"♦'✱ ◆❛2✉.❡ 8❤♦2♦♥✐❝; ✶✵✱ ✷✻✷ ✭✷✵✶✻✮✳

❬✶✸✶❪ ▲✳ ▼✉;❡✉.✱ ❊✳ ❋❡❧❞❜❛❝❤✱ ❆✳ ❑❛♥❛❡✈✱ ❉❡❢❡❝"✲'❡❧❛"❡❞ ♣❤♦"♦❧✉♠✐♥❡*❝❡♥❝❡ ♦❢ ❤❡①❛❣♦✲

♥❛❧ ❜♦'♦♥ ♥✐"'✐❞❡✱ 8❤②;✳ ❘❡✈✳ ❇ ✼✽✱ ✶✺✺✷✵✹ ✭✷✵✵✽✮✳

❬✶✸✷❪ ❘✳ ❇♦✉..❡❧❧✐❡.✱ ❙✳ ▼❡✉.❡2✱ ❆✳ ❚❛.❛.❛♥✱ ❖✳ ❙2`♣❤❛♥✱ ▼✳ ❑♦❝✐❛❦✱ ▲✳ ❍✳ ●✳ ❚✐③❡✐✱ ❆✳ ❩♦✲

❜❡❧❧✐✱❇'✐❣❤" ❯❱ ❙✐♥❣❧❡ L❤♦"♦♥ ❊♠✐**✐♦♥ ❛" L♦✐♥" ❉❡❢❡❝"* ✐♥ ❤✲❇◆ ✱ ◆❛♥♦ ▲❡22✳

✶✻✱ ✹✸✶✼ ✭✷✵✶✻✮✳

❬✶✸✸❪ ❚✳ ❚✳ ❚.❛♥✱ ❑✳ ❇.❛②✱ ▼✳ ❏✳ ❋♦.❞✱ ▼✳ ❚♦2❤✱ ■✳ ❆❤❛.♦♥♦✈✐❝❤✱ ◗✉❛♥"✉♠ ❡♠✐**✐♦♥ ❢'♦♠

❤❡①❛❣♦♥❛❧ ❜♦'♦♥ ♥✐"'✐❞❡ ♠♦♥♦❧❛②❡'*✱ ◆❛2✉.❡ ◆❛♥♦2❡❝❤♥♦❧♦❣② ✶✶✱ ✸✼ ✭✷✵✶✺✮✳

❬✶✸✹❪ ❚✳ ❚✳ ❚.❛♥✱ ❈✳ ❩❛❝❤❡.;♦♥✱ ❆✳ ▼✳ ❇❡.❤❛♥❡✱ ❑✳ ❇.❛②✱ ❘✳ ●✳ ❙❛♥❞;2.♦♠✱ ▲✳ ❍✳ ▲✐✱

❚✳ ❚❛♥✐❣✉❝❤✐✱ ❑✳ ❲❛2❛♥❛❜❡✱ ■✳ ❆❤❛.♦♥♦✈✐❝❤✱ ▼✳ ❚♦2❤✱ ◗✉❛♥"✉♠ ❊♠✐**✐♦♥ ❢'♦♠ ❉❡✲

❇■❇▲■❖●❘❆8❍❨



❖♣"✐❝❛❧ ♣'♦♣❡'"✐❡* ♦❢ "❤✐♥ ❧❛②❡'* ♦❢ "'❛♥*✐"✐♦♥ ♠❡"❛❧ ❞✐❝❤❛❧❝♦❣❡♥✐❞❡* ✾✼

❢❡❝#$ ✐♥ ❙✐♥❣❧❡✲❈,②$#❛❧❧✐♥❡ ❍❡①❛❣♦♥❛❧ ❇♦,♦♥ ◆✐#,✐❞❡ ✱ #❤②&✳ ❘❡✈✳ ❆♣♣❧✐❡❞ ✺✱ ✵✸✹✵✵✺

✭✷✵✶✻✮✳

❬✶✸✺❪ ❚✳ ❚✳ ❚<❛♥✱ ❈✳ ❊❧❜❛❞❛✇✐✱ ❉✳ ❚♦E♦♥❥✐❛♥✱ ❈✳ ❏✳ ▲♦❜♦✱ ●✳ ●<♦&&♦✱ ❍✳ ▼♦♦♥✱ ❉✳ ❘✳ ❊♥❣❧✉♥❞✱

▼✳ ❏✳ ❋♦<❞✱ ■✳ ❆❤❛<♦♥♦✈✐❝❤✱ ▼✳ ❚♦E❤✱ ❘♦❜✉$# ▼✉❧#✐❝♦❧♦, ❙✐♥❣❧❡ :❤♦#♦♥ ❊♠✐$$✐♦♥

❢,♦♠ :♦✐♥# ❉❡❢❡❝#$ ✐♥ ❍❡①❛❣♦♥❛❧ ❇♦,♦♥ ◆✐#,✐❞❡ ✱ ❆❈❙ ◆❛♥♦ ✶✵✱ ✼✸✸✶ ✭✷✵✶✻✮✳

❬✶✸✻❪ ❆✳ ❲✳ ❙❝❤♥❡❧❧✱ ❚✳ ❚✳ ❚<❛♥✱ ❍✳ ❚❛❦❛&❤✐♠❛✱ ❙✳ ❚❛❦❡✉❝❤✐✱ ■✳ ❆❤❛<♦♥♦✈✐❝❤✱ ◆♦♥✲❧✐♥❡❛,

❡①❝✐#❛#✐♦♥ ♦❢ A✉❛♥#✉♠ ❡♠✐##❡,$ ✐♥ ❤❡①❛❣♦♥❛❧ ❜♦,♦♥ ♥✐#,✐❞❡ ♠✉❧✐#✐❧❛②❡,$ ✱ ❆#▲

#❤♦E♦♥✐❝& ✶✱ ✵✾✶✸✵✷ ✭✷✵✶✻✮✳

❬✶✸✼❪ ◆✳ ❘✳ ❏✉♥❣✇✐<E❤✱ ❇✳ ❈❛❧❞❡<♦♥✱ ❳✳ ❏✐✱ ▼✳ ●✳ ❙♣❡♥❝❡<✱ ▼✳ ❊✳ ❋❧❛EEX✱ ●✳ ❉✳ ❋✉❝❤&✱ ❚❡♠✲

♣❡,❛#✉,❡ ❉❡♣❡♥❞❡♥❝❡ ♦❢ ❲❛✈❡❧❡♥❣#❤ ❙❡❧❡❝#❛❜❧❡ ❩❡,♦✲:❤♦♥♦♥ ❊♠✐$$✐♦♥ ❢,♦♠

❙✐♥❣❧❡ ❉❡❢❡❝#$ ✐♥ ❍❡①❛❣♦♥❛❧ ❇♦,♦♥ ◆✐#,✐❞❡✱ ❛<❳✐✈✿✶✻✵✺✳✵✹✹✹✺ ✭✷✵✶✻✮✳

❬✶✸✽❪ ▲✳ ❏✳ ▼❛<E[♥❡③✱ ❚✳ #❡❧✐♥✐✱ ❱✳ ❲❛&❡❧♦✇&❦✐✱ ❏✳ ❘✳ ▼❛③❡✱ ❇✳ ●✐❧✱ ●✳ ❈❛&&❛❜♦✐&✱ ❱✳ ❏❛❝^✉❡&✱

❊✣❝✐❡♥# $✐♥❣❧❡ ♣❤♦#♦♥ ❡♠✐$$✐♦♥ ❢,♦♠ ❛ ❤✐❣❤✲♣✉,✐#② ❤❡①❛❣♦♥❛❧ ❜♦,♦♥ ♥✐#,✐❞❡

❝,②$#❛❧✱ ❛<❳✐✈✿✶✻✵✻✳✵✹✶✷✹ ✭✷✵✶✻✮✳

❬✶✸✾❪ ◆✳ ❈❤❡❥❛♥♦✈&❦②✱ ▼✳ ❘❡③❛✐✱ ❋✳ #❛♦❧✉❝❝✐✱ ❨✳ ❑✐♠✱ ❚✳ ❘❡♥❞❧❡<✱ ❲✳ ❘♦✉❛❜❡❤ ✱

❋✳ ❋✳ ❞❡ ❖❧✐✈❡✐<❛✱ #✳ ❍❡<❧✐♥❣❡<✱ ❆✳ ❉❡♥✐&❡❦♥♦✱ ❙✳ ❨❛♥❣✱ ■✳ ●❡<❤❛<❞E✱ ❆✳ ❋✐♥❦❧❡<✱ ❏✳ ❍✳ ❙♠❡E✱

❏✳ ❲<❛❝❤E<✉♣✱ ❚♦♣♦❧♦❣✐❝❛❧ ❛##,✐❜✉#❡$ ❛♥❞ ♣❤♦#♦✲❞②♥❛♠✐❝$ ♦❢ ✈✐$✐❜❧❡ $♣❡❝#,✉♠

A✉❛♥#✉♠ ❡♠✐##❡,$ ✐♥ ❤❡①❛❣♦♥❛❧ ❜♦,♦♥ ♥✐#,✐❞❡ ✱ ❛<❳✐✈✿✶✻✵✽✳✵✸✶✶✹ ✭✷✵✶✻✮✳

❬✶✹✵❪ ❆✳ ▲✳ ❊①❛<❤♦&✱ ❉✳ ❍♦♣♣❡<✱ ❘✳ ❘✳ ●<♦E❡✱ ❆✳ ❆❧❦❛✉&❦❛&✱ ▲✳ ❈✳ ❇❛&&❡EE✱ ❖♣#✐❝❛❧ ❙✐❣♥❛#✉,❡$

♦❢ ◗✉❛♥#✉♠ ❊♠✐##❡,$ ✐♥ ❙✉$♣❡♥❞❡❞ ❍❡①❛❣♦♥❛❧ ❇♦,♦♥ ◆✐#,✐❞❡ ✱ ❛<❳✐✈✿✶✻✵✾✳✵✷✻✹✶

✭✷✵✶✻✮✳

❬✶✹✶❪ ❆✳ ●<✉❜❡<✱ ❆✳ ❉<❛❜❡♥&E❡❞E✱ ❈✳ ❚✐❡E③✱ ▲✳ ❋❧❡✉<②✱ ❏✳ ❲<❛❝❤E<✉♣✱ ❈✳ ✈♦♥ ❇♦<❝③②&❦♦✇&❦✐✱

❙❝❛♥♥✐♥❣ ❈♦♥❢♦❝❛❧ ❖♣#✐❝❛❧ ▼✐❝,♦$❝♦♣② ❛♥❞ ▼❛❣♥❡#✐❝ ❘❡$♦♥❛♥❝❡ ♦♥ ❙✐♥❣❧❡

❉❡❢❡❝# ❈❡♥#❡,$✱ ❙❝✐❡♥❝❡ ✷✼✻✱ ✷✵✶✷ ✭✶✾✾✼✮✳

❬✶✹✷❪ ❘✳ ❇<♦✉<✐✱ ❆✳ ❇❡✈❡<❛E♦&✱ ❏✲#✳ #♦✐③❛E✱ #✳ ●<❛♥❣✐❡<✱ :❤♦#♦♥ ❛♥#✐❜✉♥❝❤✐♥❣ ✐♥ #❤❡ ✢✉♦✲

,❡$❝❡♥❝❡ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❝♦❧♦, ❝❡♥#❡,$ ✐♥ ❞✐❛♠♦♥❞ ✱ ❖♣E✳ ▲❡EE✳ ✷✺✱ ✶✷✾✹ ✭✷✵✵✵✮✳

❬✶✹✸❪ ❙✳ ❈❛&E❡❧❧❡EE♦✱ ❇✳ ❈✳ ❏♦❤♥&♦♥✱ ❱✳ ■✈d❞②✱ ◆✳ ❙E❛✈<✐❛&✱ ❚✳ ❯♠❡❞❛✱ ❆✳ ●❛❧✐ ✱ ❚✳ ❖❤&❤✐♠❛✱
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