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♦❢ ♥❡♠❛&✐❝ ❧✐*✉✐❞ ❝-②/&❛❧ ❞❡♣♦/✐&❡❞ ♦♥ ❛ /✉❜/&-❛&❡ ✐♥ ❤②❜-✐❞ ❝♦♥✜❣✉-❛&✐♦♥ ✭❛♥&❛❣♦♥✐/& ❛♥❝❤♦-✐♥❣

❝♦♥❞✐&✐♦♥/ ❛& &❤❡ ❜♦✉♥❞❛-✐❡/✮ ❤❛✈❡ ❛♥ ✉♥✉/✉❛❧ ✇❡&&✐♥❣ ❜❡❤❛✈✐♦✉-✿

• ❚❤❡-❡ ✐/ ❛ ❢♦-❜✐❞❞❡♥ &❤✐❝❦♥❡// ③♦♥❡✿ ✜❧♠/ &❤✐❝❦❡- &❤❛♥ 20− 30 ♥♠ ♦- &❤✐♥♥❡- &❤❛♥ 3.5 ♥♠

❢❛- ❢-♦♠ &❤❡ ♣❤❛/❡ &-❛♥/✐&✐♦♥✱ ❛-❡ ♦❜/❡-✈❡❞ ❛♥❞ ♠❛② ❡✈❡♥&✉❛❧❧② ❝♦❡①✐/&✳

• ❚❤❡ /&-✉❝&✉-❡ ♦❢ ✜❧♠/ &❤✐❝❦❡- &❤❛♥ 20−30 ♥♠ ✐/ *✉✐&❡ /♣❡❝✐✜❝✱ ❛& ❧❡❛/& ♦♥ ❧✐*✉✐❞ /✉❜/&-❛&❡/✿

&❤❡② /❤♦✇ /&-✐♣❡❞ ✐♥/&❛❜✐❧✐&② ♣❛&&❡-♥/ ✉♥❞❡-/&♦♦❞ ❛/ ❛ ✇❛② &♦ -❡❧❛① ♥❡♠❛&✐❝ ❡❧❛/&✐❝✐&②✳

■♥ ❛♥ ✐❞❡❛❧ /✐&✉❛&✐♦♥✱ ✐& ✇♦✉❧❞ ❜❡ ♣♦//✐❜❧❡ &♦ ❜✉✐❧❞ ✉♣ ❛ ✉♥✐*✉❡ ♠♦❞❡❧ ♦❢ &❤❡ ♥❡♠❛&✐❝ ❢-❡❡ ❡♥❡-❣②
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❛ ❧❛-❣❡ ♣❛-& ♦❢ ❡①♣❡-✐♠❡♥&❛❧ ♦❜/❡-✈❛&✐♦♥/ ❡/❝❛♣❡/ &♦ &❤❡ ❛♥❛❧②/✐/ ❛♥❞ &❤❡ ♠♦❞❡❧ ❞♦❡/ ♥♦& ❛❝✲
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❇❡❝❛✉/❡ ♦❢ &❤❡✐- ✈❡-② ❧♦✇ /❛&✉-❛&✐♥❣ ✈❛♣♦- ♣-❡//✉-❡✱ ✉/✐♥❣ ✐♦♥✐❝ ❧✐*✉✐❞/ ❞♦❡/ ✐♥❞❡❡❞ ♥♦& ❝♦♥&❛♠✲

✐♥❛&❡ &❤❡ ❛&♠♦/♣❤❡-❡✳ ❖♥❡ ♦❢ &❤❡ ♣♦//✐❜❧❡ ✇❛②/ ♦❢ ❝♦♥&❛♠✐♥❛&✐♦♥ ❢♦- &❤❡ ❡♥✈✐-♦♥♠❡♥& ✐/ &❤❡♥

❡❧✐♠✐♥❛&❡❞✱ &❤❛& ✐/ ✇❤② &❤❡② ❛-❡ ❝♦♥/✐❞❡-❡❞ ❛/ ❛♥ ❛❧&❡-♥❛&✐✈❡ &♦ ♦-❣❛♥✐❝ /♦❧✈❡♥&/✳ ❍♦✇❡✈❡-✱ ✐❢
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❛-❡ ♥♦& &♦①✐❝ ✦ M♦❧❧✉&✐♦♥ ❝❛✉/❡❞ ❜② ✐♦♥✐❝ ❧✐*✉✐❞/ ✐/ ❥✉/& ♠♦-❡ ❝♦♥&-♦❧❧❛❜❧❡ &❤❛♥ ❢♦- ✉/✉❛❧ ♦-❣❛♥✐❝
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❛) ✧✐♥✐%✐❛❧✧ ❝♦♥❞✐%✐♦♥)✳ ❚❤❡ )♣❛%✐❛❧ )❝❛❧❡) ❛"❡ ❞❡✜♥❡❞ ✐♥ "❡❢❡"❡♥❝❡ %♦ %❤❡ "❛♥❣❡ ♦❢ ✐♥%❡"❛❝%✐♦♥)✳

■♥ ✐♥%❡"❢❛❝❡ )❝✐❡♥❝❡✱ ❛ "❡❧❡✈❛♥% )❝❛❧❡ ✐) %❤❡ "❛♥❣❡ l ♦❢ %❤❡ ✐♥%❡"❛❝%✐♦♥ ❜❡%✇❡❡♥ ✐♥✜♥✐%❡ ❤❛❧❢✲)♣❛❝❡)

✷

)❡♣❛"❛%❡❞ ❜② ❛ %❤✐"❞ ♣❤❛)❡✱ %❤❛% ✐)✱ ✐♥%❡"❛❝%✐♦♥ ❛❝"♦)) ❛ ✢❛% ✜❧♠

✸

✳ ❚❤❡ ♠❛❝"♦)❝♦♣✐❝ )❝❛❧❡ ✐) ♠✉❝❤

❧❛"❣❡" %❤❛♥ l✳ ❆% %❤❡ ♠❡)♦)❝♦♣✐❝ )❝❛❧❡ ≈ l✱ %❤❡ ♠❡❞✐✉♠ ✐) ❝♦♥%✐♥✉♦✉)✳ ❚❤❡ ♠♦❧❡❝✉❧❛" )❝❛❧❡ ❞♦❡)

♥♦% "❡@✉✐"❡ )♣❡❝✐✜❝ ❞❡✜♥✐%✐♦♥✳

✶✳✶✳✷ ❚♦%❛❧ ✇❡%%✐♥❣✱ ♣❛/%✐❛❧ ✇❡%%✐♥❣✱ ❈♦♥%❛❝% ❛♥❣❧❡

❆) ❞❡)❝"✐❜❡❞ ❜❡❢♦"❡✱ ✇❤❡♥ ❧✐@✉✐❞ ✐) ❞❡♣♦)✐%❡❞ ♦♥ ❛ )✉❜)%"❛%❡ ✐% ❝❛♥ ❡✐%❤❡" )♣"❡❛❞ ♦" ❢♦"♠ ❛ ❞"♦♣✳

❲❤❡♥ %❤❡ ❧✐@✉✐❞ )♣"❡❛❞)✱ %❤❡ )✐%✉❛%✐♦♥ ✐) ❝❛❧❧❡❞ %♦%❛❧ ✇❡%%✐♥❣✳ ❲❤❡♥ %❤❡ ❧✐@✉✐❞ ❢♦"♠) ❛ ❞"♦♣✱ %❤❡

)✐%✉❛%✐♦♥ ✐) ❝❛❧❧❡❞ ♣❛"%✐❛❧ ✇❡%%✐♥❣✳

■♥ %❤❡ ❧❛%%❡" ❝❛)❡✱ ❧♦♦❦✐♥❣ ❛% ❛ ♠❛❝"♦)❝♦♣✐❝ ❞"♦♣ ❢"♦♠ %❤❡ )✐❞❡ ❡♥❛❜❧❡) ♦♥❡ %♦ ♦❜)❡"✈❡ %❤❛%

%❤❡ ❧✐@✉✐❞ ♠❛❦❡) ❛♥ ❛♥❣❧❡ ✇✐%❤ %❤❡ )✉❜)%"❛%❡✳ ■% ✐) ❝❛❧❧❡❞ %❤❡ ❝♦♥%❛❝% ❛♥❣❧❡ ✭)❡❡ ✜❣✉"❡ ✶✳✷✮✳ ❚❤✐)

❛♥❣❧❡ )%❛②) %❤❡ )❛♠❡ ❢♦" ❡❛❝❤ %❤"❡❡✲❝♦♠♣♦♥❡♥% )②)%❡♠✱ ❧✐@✉✐❞ ✴ )✉❜)%"❛%❡ ✴ ❛♠❜✐❡♥% ❡♥✈✐"♦♥♠❡♥%✱

✷l ✐! ♦❢ $❤❡ ♦'❞❡' ♦❢ ❤✉♥❞'❡❞ ♦❢ ♥❛♥♦♠❡$❡'! ❢♦' ❱❛♥ ❞❡' ❲❛❛❧! ✐♥$❡'❛❝$✐♦♥✳

✸

■$ ✐! ✇♦'$❤ ♥♦$✐♥❣ $❤❛$ ❞'♦♣❧❡$!✱ ♥❛♥♦♠❡$'✐❝ ❜♦$❤ ✐♥ '❛❞✐✉! ❛♥❞ $❤✐❝❦♥❡!!✱ ❝❛♥♥♦$ ❜❡ $'❡❛$❡❞ ❛! $❤❡ ❥✉①$❛♣♦✲

!✐$✐♦♥ ♦❢ !❧✐❝❡! ♦❢ ✢❛$ ✜❧♠!✳ ❚❤❡ ❝❤❛'❛❝$❡'✐!$✐❝ ❧❡♥❣$❤ ♦❢ $❤❡ '❛♥❣❡ ♦❢ ✐♥$❡'❛❝$✐♦♥ ✐! ♠✉❝❤ !❤♦'$❡' $❤❛♥ l✳



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

✹

✳ ❚❤❡

❝♦♥$❛❝$ ❛♥❣❧❡ ❝❛♥ $❛❦❡ ❛♥② ✈❛❧✉❡ ✐♥ $❤❡ &❛♥❣❡ 0◦ $♦ 180◦ ❛♥❞ $❤❡&❡❢♦&❡ ❛❧❧♦✇/ $♦ ❞❡/❝&✐❜❡ ❛♥②

♣♦//✐❜❧❡ ♣❛&$✐❛❧✲✇❡$$✐♥❣ /✐$✉❛$✐♦♥✳

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

♣♦/✐$❡❞ ♦♥ ❛ /✉❜/$&❛$❡ ✐♥ ❛✐&✳ ■❢ $❤❡ ❝♦♥$❛❝$ ❛♥❣❧❡ ✐/ ❧❡// $❤❛♥ 90◦✱ $❤❡ /✉❜/$&❛$❡ ✐/ ❝❛❧❧❡❞

❤②❞&♦♣❤✐❧✐❝ ❛♥❞ ✐❢ $❤❡ ❝♦♥$❛❝$ ❛♥❣❧❡ ✐/ ♠♦&❡ $❤❛♥ 90◦✱ ✐$ ✐/ ❝❛❧❧❡❞ ❤②❞&♦♣❤♦❜✐❝✳ ❲❤❡♥ $❤❡ ❝♦♥$❛❝$

❛♥❣❧❡ ❝♦♠❡/ ❝❧♦/❡ $♦ 180◦✱ $❤❡ /✉❜/$&❛$❡ ✐/ ❝❛❧❧❡❞ /✉♣❡&❤②❞&♦♣❤♦❜✐❝✳ ❙♦♠❡ /✉♣❡&❤②❞&♦♣❤♦❜✐❝

/✉❜/$&❛$❡/ ❛&❡ 1✉✐$❡ /♣❡❝✐✜❝ ❛/ $❤❡② ❛&❡ ❝♦✈❡&❡❞ ✇✐$❤ ♣✐❧❧❛&/✳ ❚❤❡ ♣✐❧❧❛&✬/ /❤❛♣❡ ❛♥❞ $❤❡ ❢&❛❝$✐♦♥

♦❢ $❤❡ /✉&❢❛❝❡ ♦❢ $❤❡ /✉❜/$&❛$❡ ❝♦✈❡&❡❞ ❜② $❤❡ ♣✐❧❧❛&/ ❝♦♥$&♦❧/ $❤❡ /✉♣❡&❤②❞&♦♣❤♦❜✐❝ ❜❡❤❛✈✐♦&✳

❘❡$✉&♥✐♥❣ $♦ $❤❡ ❝♦♠♠❡♥$/ ✐♥ ✶✳✶✳✶✱ ✐$ ❝♦♠❡/ $❤❛$✿

• ❈♦♥$❛❝$ ❛♥❣❧❡/ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ✉♥❛♠❜✐❣✉♦✉/❧② ♦♥❧② ❛$ $❤❡&♠♦❞②♥❛♠✐❝ ❡1✉✐❧✐❜&✐✉♠✱ ♦& ✐♥

$❤❡ ✧✐♥✐$✐❛❧✧ /✐$✉❛$✐♦♥ ✐❢ ✐$ ✐/ ♣&♦♣❡&❧② ❝♦♥$&♦❧❧❡❞✱

• ❚❤❡② ❛&❡ ❞❡✜♥❡❞ ❛$ $❤❡ ♠❛❝&♦/❝♦♣✐❝ /❝❛❧❡✳

✶✳✶✳✸ ■♥%❡'❢❛❝✐❛❧ %❡♥-✐♦♥

■♥$❡&❢❛❝✐❛❧ $❡♥/✐♦♥ ✐/ ❛ ♠❛❝&♦/❝♦♣✐❝ ❡①❝❡// ❢&❡❡ ❡♥❡&❣② ♣❡& ✉♥✐$ ❛&❡❛ ❞❡✜♥❡❞ ❜❡$✇❡❡♥ $✇♦ ✐♥✜✲

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

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

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

&❡1✉✐&❡❞✳

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

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

✹

❚❤❡ ♠❛❝&♦(❝♦♣✐❝ ❞&♦♣ ✐( ❛ (♣❤❡&✐❝❛❧ (❤❛♣❡ ✐❢ ❣&❛✈✐0② ✐( ♥❡❣❧✐❣✐❜❧❡✳ ❚❤✐( ♠❡❛♥( 0❤❛0 0❤❡ ❧❡♥❣0❤ (❝❛❧❡ ♦❢ 0❤❡

❞&♦♣✱ ✐✳❡✳ ✐0✬( &❛❞✐✉(✱ ❤❛( 0♦ ❜❡ (♠❛❧❧❡& 0❤❛♥ 0❤❡ ❝❛♣✐❧❧❛&② ❧❡♥❣0❤✱ κ−1
✳ ■0 ❝♦&&❡(♣♦♥❞( 0♦ 0❤❡ ❧❡♥❣0❤ (❝❛❧❡ ✇❤❡&❡

0❤❡ ❤②❞&♦(0❛0✐❝ ♣&❡((✉&❡ ❝♦♠♣❡♥(❛0❡( ❡①❛❝0❧② 0❤❡ ❝❛♣✐❧❧❛&② ♣&❡((✉&❡✿

γ

κ−1
= ρgκ−1

✇❤❡&❡ γ ✐( 0❤❡ (✉&❢❛❝❡ 0❡♥(✐♦♥
❀ ρ ✐( 0❤❡ ❞❡♥(✐0② ♦❢ 0❤❡ ❧✐=✉✐❞ ❛♥❞ g 0❤❡ ❛❝❝❡❧❡&❛0✐♦♥ ♦❢ ❣&❛✈✐0②✳ ❚❤❡ ❝❛♣✐❧❧❛&② ❧❡♥❣0❤ ❝❛♥ 0❤❡&❡❢♦&❡ ❜❡ ✇&✐00❡♥ ❛(

κ−1 =
√

γ
ρg
❀ κ−1

≈ 3 ♠♠ ❢♦& ✇❛0❡&✳

❋✐❣✉&❡ ✶✳✷✿ ❚❤❡ ✐❞❡❛❧ ❝❛/❡ ♦❢ $❤❡ /♣❤❡&✐❝❛❧ /❤❛♣❡❞ ❞&♦♣❧❡$ ✭♣❛&$✐❛❧ ✇❡$$✐♥❣✱ $❤❡ ❞&♦♣❧❡$ ✐/ /♠❛❧❧

❡♥♦✉❣❤ $♦ ❛✈♦✐❞ ❣&❛✈✐$② ❡✛❡❝$/ ❛♥❞ $❤❡ /✉❜/$&❛$❡ ✐/ /♠♦♦$❤✮✳ ❖♥ $❤❡ ❧❡❢$✱ 3D✳ ❖♥ $❤❡ &✐❣❤$✿

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

/✉❜/$&❛$❡ ❞❡✜♥❡/ $❤❡ ❝♦♥$❛❝$ ❛♥❣❧❡✱ θ



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

!❡♥*✐♦♥✱ γ✳ ■! ✐* ✐♥❞❡❡❞ !❤❡ ❡♥❡&❣② ♥❡❡❞❡❞ !♦ ✐♥❝&❡❛*❡ ✐♥ ❛ &❡✈❡&*✐❜❧❡ ✇❛② !❤❡ ❛&❡❛ ♦❢ ❛♥ ✐♥!❡&❢❛❝❡

❜② ♦♥❡ ✉♥✐! ❛! ❣✐✈❡♥ !❡♠♣❡&❛!✉&❡ ❛♥❞ ♣❤❛*❡ ✈♦❧✉♠❡*✳ ❚♦ ❞❡*❝&✐❜❡ !❤✐* ♣&♦❝❡**✱ !❤❡ ❢&❡❡ *✉&❢❛❝❡

❡♥❡&❣②✱ F ✱ ✐* ✐♥!&♦❞✉❝❡❞✿

F = γA ✭✶✳✶✮

✇❤❡&❡ A !❤❡ ❛&❡❛ ♦❢ !❤❡ ✢❛! ✐♥!❡&❢❛❝❡ ❛♥❞ γ ✐* !❤❡ *✉&❢❛❝❡ !❡♥*✐♦♥ ✭✐♥ J.m−2
♦& N.m−1

✮✳ ❚❤❡

✐♥!❡&❢❛❝✐❛❧ !❡♥*✐♦♥ ✐* !❤❡ ❡①❝❡** ❢&❡❡ ❡♥❡&❣② ♣❡& ✉♥✐! ❛&❡❛ ❛**♦❝✐❛!❡❞ !♦ !❤❡ ✐♥!❡&❢❛❝✐❛❧ ③♦♥❡✱ ✇❤✐❝❤

♣&♦♣❡&!✐❡* ❞✐✛❡& ❢&♦♠ !❤❡ ♦♥❡* ♦❢ !❤❡ ❜✉❧❦ ♣❤❛*❡* ✭❬✶✾❪✱ ❬✸✷❪✮✳ ■! ❝❛♥ ❜❡ ❝❛❧❝✉❧❛!❡❞ ❡①♣❧✐❝✐!❧② ✐❢

!❤❡ ✐♥!❡&❛❝!✐♦♥ ♣♦!❡♥!✐❛❧* ❜❡!✇❡❡♥ ♠♦❧❡❝✉❧❡* ❛&❡ ❦♥♦✇♥✳

❋♦& ❧✐H✉✐❞ ❞❡♣♦*✐!❡❞ ♦♥ ❛ *✉❜*!&❛!❡✱ ❛* ♠❡♥!✐♦♥❡❞ ❜❡❢♦&❡✱ !❤❡&❡ ❛&❡ !❤&❡❡ ♣❤❛*❡* !♦ !❛❦❡ ✐♥!♦

❛❝❝♦✉♥!✿ !❤❡ ❧✐H✉✐❞✱ !❤❡ *✉❜*!&❛!❡ ❛♥❞ !❤❡ ❛♠❜✐❡♥! ❡♥✈✐&♦♥♠❡♥!✳ ❖♥❡ ♠✉*! !❤❡♥ ❝♦♥*✐❞❡& !❤&❡❡

✐♥!❡&❢❛❝✐❛❧ !❡♥*✐♦♥*✿

• γsg✱ !❤❡ *✉&❢❛❝❡ !❡♥*✐♦♥ ❛**♦❝✐❛!❡❞ !♦ !❤❡ ✐♥!❡&❢❛❝❡ *✉❜*!&❛!❡ ✴ ❛♠❜✐❡♥! ❡♥✈✐&♦♥♠❡♥!✳ ❚❤❡

❛♠❜✐❡♥! ❡♥✈✐&♦♥♠❡♥! ✇✐❧❧ ❜❡ *②♠❜♦❧✐③❡❞ ❜② ❛ ✏❣✑✱ ❛* ✐♥ !❤❡ ♣&❡*❡♥! ❝❛*❡ ✐! ✐* ❛ ❣❛* ♣❤❛*❡✳

• γlg✱ !❤❡ ✐♥!❡&❢❛❝✐❛❧ !❡♥*✐♦♥ ❛**♦❝✐❛!❡❞ !♦ !❤❡ ✐♥!❡&❢❛❝❡ ❧✐H✉✐❞ ♣❤❛*❡ ✴ ❛♠❜✐❡♥! ❡♥✈✐&♦♥♠❡♥!

✺

✳

• γls✱ !❤❡ ✐♥!❡&❢❛❝✐❛❧ !❡♥*✐♦♥ ❛**♦❝✐❛!❡❞ !♦ !❤❡ ✐♥!❡&❢❛❝❡ ❧✐H✉✐❞ ♣❤❛*❡ ✴ *✉❜*!&❛!❡✳

❊❛❝❤ ✐♥!❡&❢❛❝✐❛❧ !❡♥*✐♦♥ ✐* ❞❡✜♥❡❞ ❢♦& ❛ ❝♦✉♣❧❡ ♦❢ !✇♦ ♣❤❛*❡* ✐♥ !❤❡ ❛❜*❡♥❝❡ ♦❢ !❤❡ !❤✐&❞ ♦♥❡

✭✇❤✐❝❤ ❝❛✉*❡* ♥♦ ❛♠❜✐❣✉✐!② ✐♥ !❤❡ ✐❞❡❛❧ ❝❛*❡ ❝♦♥*✐❞❡&❡❞ ❤❡&❡ ♦❢ *!&✐❝!❧② ✐♠♠✐*❝✐❜❧❡ ♣❤❛*❡*✮✳ ❚❤❡

✐♥!❡&❢❛❝✐❛❧ !❡♥*✐♦♥ ❜❡!✇❡❡♥ ❛ ❞❡♥*❡ ♣❤❛*❡✱ ❧✐H✉✐❞ ♦& *♦❧✐❞✱ ❛♥❞ ❛ ❣❛* ♣❤❛*❡ ✐* ❝♦♠♠♦♥❧② ❝❛❧❧❡❞

*✉&❢❛❝❡ !❡♥*✐♦♥✳ ❆* ♠❡♥!✐♦♥❡❞ ❛❜♦✈❡✱ *✉&❢❛❝❡ !❡♥*✐♦♥ ❝♦♠❡* ❢&♦♠ !❤❡ ❜❛❧❛♥❝❡ ♦❢ ✐♥!❡&❛❝!✐♦♥* ✐♥

❜❡!✇❡❡♥ !❤❡ ♠♦❧❡❝✉❧❡* ✐♥ !❤❡ ♣❤❛*❡*✳ ❆♠♦♥❣ !❤❡*❡ ✐♥!❡&❛❝!✐♦♥*✱ ♦♥❡ ♠❛② ♠❡♥!✐♦♥ ❱❛♥ ❞❡& ❲❛❛❧*

❢♦&❝❡*✱ ❤②❞&♦❣❡♥ ❜♦♥❞* ✭✐♥ !❤❡ ❝❛*❡ ♦❢ ✇❛!❡& ❢♦& ❡①❛♠♣❧❡✮✱ ✐♦♥✐❝ ❜♦♥❞* ♦& ♠❡!❛❧❧✐❝ ❜♦♥❞* ✭✐♥ !❤❡

❝❛*❡ ♦❢ ❧✐H✉✐❞ ♠❡!❛❧* ❧✐❦❡ ♠❡&❝✉&② ❢♦& ❡①❛♠♣❧❡✮✳

✶✳✶✳✹ ❨♦✉♥❣✬) ❧❛✇

f( )sg f( )
ls

f( )lg x
y

❋✐❣✉&❡ ✶✳✸✿ ❙✐❞❡ ✈✐❡✇ ♦❢ ❛ ♠❛❝&♦*❝♦♣✐❝ ❞&♦♣✳ ❚❤❡ ❢♦&❝❡* ✐♥❞✉❝❡❞ ❜② ✐♥!❡&❢❛❝✐❛❧ !❡♥*✐♦♥* ♦♥ !❤❡

!❤&❡❡✲♣❤❛*❡ ❝♦♥!❛❝! ❧✐♥❡ ❛&❡ ❞&❛✇♥ ❛* ❛&&♦✇*✳ γsg✱γlg ❛♥❞ γls *!❛♥❞ &❡*♣❡❝!✐✈❡❧② ❢♦& !❤❡ ✐♥!❡&❢❛❝✐❛❧

!❡♥*✐♦♥ ♦❢ !❤❡ ❣❛* ♣❤❛*❡ ✈✳*✳ !❤❡ *✉❜*!&❛!❡✱ ♦❢ !❤❡ ❧✐H✉✐❞ ♣❤❛*❡ ✈✳*✳ !❤❡ ❣❛* ♣❤❛*❡ ❛♥❞ ♦❢ !❤❡

❧✐H✉✐❞ ♣❤❛*❡ ✈✳*✳ !❤❡ *✉❜*!&❛!❡

✺

❆! !❤❡ ❛♠❜✐❡♥! !❡♠♣❡*❛!✉*❡✱ ❛♥ ♦*❞❡* ♦❢ ♠❛❣♥✐!✉❞❡ ♦❢ γlg ✐1✿ ≈ 20 ♠◆✴♠ ❢♦* ♠♦1! ♦✐❧1✱ ≈ 72 ♠◆✴♠ ❢♦*

✇❛!❡* ❜❡❝❛✉1❡ ♦❢ ❤②❞*♦❣❡♥ ❜♦♥❞1✱ ≈ 500 ♠◆✴♠ ❢♦* ♠❡*❝✉*② ❜❡❝❛✉1❡ !❤❡ ❝♦❤❡1✐♦♥ ✇✐!❤✐♥ !❤✐1 ❧✐9✉✐❞ ♠❡!❛❧ ✐1 ✈❡*②

1!*♦♥❣✳



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

❛♥❞ "❤❡ ❝♦♥"❛❝" ❛♥❣❧❡ ❝❛♥ ❜❡ ✇-✐""❡♥ ✉♥❛♠❜✐❣✉♦✉*❧②✳ ❖♥ *♦❧✐❞✱ ♥♦♥ ❞❡❢♦-♠❛❜❧❡ *✉❜*"-❛"❡*✱ "❤✐*

-❡❧❛"✐♦♥*❤✐♣ ✐* ❝❛❧❧❡❞ ❨♦✉♥❣✬* ❧❛✇✳ ❚✇♦ ❞✐✛❡-❡♥" ❛♣♣-♦❛❝❤❡* ❝❛♥ ❜❡ ✉*❡❞ "♦ ✐♥"-♦❞✉❝❡ ✐"✳ ❚❤❡

✜-*" ♦♥❡ ✐* ❜❛*❡❞ ♦♥ ❢♦-❝❡* ❛♥❞ "❤❡ *❡❝♦♥❞ ♦♥❡ ♦♥ ❡♥❡-❣②✳ ❚❤❡② ✇✐❧❧ ❜❡ ♣-❡*❡♥"❡❞ ✐♥ "❤❡ ✷❉ ❝❛*❡

♦❢ ❛ ❧✐?✉✐❞ ✇❡❞❣❡ ♦♥ "❤❡ *♦❧✐❞ *✉❜*"-❛"❡✳

■♥ "❤❡ ✜-*" ❛♣♣-♦❛❝❤✱ "❤❡ ❢♦-❝❡* ❛❝"✐♥❣ ♣❡- ❧❡♥❣"❤ ✉♥✐" ♦♥ "❤❡ ❝♦♥"❛❝" ❧✐♥❡ ❛-❡ ❝♦✉♥"❡❞ ✭*❡❡

✜❣✉-❡ ✶✳✸✮✳ ❖♥ ❛ ✢❛"✱ ♥♦♥ ❞❡❢♦-♠❛❜❧❡ *✉❜*"-❛"❡✱ ❛* "❤❡ ❞-♦♣ ✐* ❛" "❤❡ ❡?✉✐❧✐❜-✐✉♠✱ "❤❡ ❝❛♥❝❡❧❧❛"✐♦♥

♦❢ "❤❡ "❤-❡❡ ❢♦-❝❡* ❝♦♠♣♦♥❡♥"* ♣❡- ❧❡♥❣"❤ ✉♥✐" ❛❧♦♥❣ "❤❡ *✉❜*"-❛"❡ ❧❡❛❞* "♦✿

−fsg + flg ∗ cosθ + fls = 0 ✭✶✳✷✮

❨♦✉♥❣✬* ❧❛✇ ✐* ♦❜"❛✐♥❡❞✿

−γsg + γlg ∗ cosθ + γls = 0 or cosθ =
γsg − γls

γlg
✭✶✳✸✮

❚❤❡ *❡❝♦♥❞ ❛♣♣-♦❛❝❤ -❡❧✐❡* ♦♥ "❤❡ ❝❛❧❝✉❧❛"✐♦♥ ♦❢ "❤❡ -❡✈❡-*✐❜❧❡ ✈✐-"✉❛❧ ✇♦-❦✱ dW ❞♦♥❡ ❜② ❛

♠♦✈✐♥❣ ❧✐?✉✐❞ ✇❡❞❣❡ ❛❤❡❛❞ ♦❢ "❤❡ ❝♦♥"❛❝" ❧✐♥❡ ❜② ❛ *♠❛❧❧ ❞✐*"❛♥❝❡✱ dx✱ ❝♦--❡*♣♦♥❞✐♥❣ "♦ ❛ *♠❛❧❧

❝❤❛♥❣❡ dA ♦❢ "❤❡ ❛-❡❛ ❝♦✈❡-❡❞ ♦♥ "❤❡ *✉❜*"-❛"❡✳ ❚❤❡ -❡✈❡-*✐❜❧❡ ✇♦-❦ ❞♦♥❡ ✐* "❤❡ ❝❤❛♥❣❡ ✐♥ ❢-❡❡

❡♥❡-❣② ❛♥❞ ❝❛♥ ❜❡ ❡①♣-❡**❡❞ ❛*✿

dW = −γsg ∗ dA+ γlg ∗ cosθ ∗ dA+ γls ∗ dA ✭✶✳✹✮

❆" "❤❡ ❡?✉✐❧✐❜-✐✉♠✱

dW
dA = 0

0 = −γsg + γlg ∗ cosθ + γls ✭✶✳✺✮

❲❤✐❝❤ ✐* ❛❣❛✐♥ "❤❡ ❡①♣-❡**✐♦♥ ♦❢ ❨♦✉♥❣✬* ❧❛✇✳

❨♦✉♥❣✬* ❧❛✇ ✐* ❛ ♣♦✇❡-❢✉❧ "♦♦❧ ❛* ✐" ❧✐♥❦* "❤❡ ❡?✉✐❧✐❜-✐✉♠ ❝♦♥"❛❝" ❛♥❣❧❡ ♦❢ ❛ ❞-♦♣ "♦ "❤❡ "❤-❡❡

✐♥"❡-❢❛❝✐❛❧ "❡♥*✐♦♥* ✐♥✈♦❧✈❡❞✳ ❍♦✇❡✈❡-✱ ♦♥❡ ♠✉*" ❦❡❡♣ ✐♥ ♠✐♥❞ "❤❛" -❡✈❡-*✐❜✐❧✐"② ✐* ❛**✉♠❡❞ ✐♥

"❤❡ ❞❡-✐✈❛"✐♦♥ ✭❡✈❡♥ ✐❢ ✐" ✐* ✐♠♣❧✐❝✐" ✐♥ "❤❡ ❢♦-❝❡ ❛♣♣-♦❛❝❤✮✳ ▼♦-❡♦✈❡-✱ "❤❡ ✉♥-❡❛❧✐*"✐❝ ❛**✉♠♣"✐♦♥

♦❢ ❝♦♠♣❧❡"❡ ✐♠♠✐*❝✐❜✐❧✐"② ♠✉*" ♥♦✇ ❜❡ -❡❝♦♥*✐❞❡-❡❞✿ "✇♦ ♣❤②*✐❝❛❧❧② ✇❡❧❧✲❞❡✜♥❡❞ *✐"✉❛"✐♦♥* ❛-❡✱

(i) ✧✐♥✐"✐❛❧ ❝♦♥❞✐"✐♦♥*✧ ✐♠♣❧②✐♥❣ "❤❡ ❛❝❤✐❡✈❡♠❡♥" ♦❢ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ "❤❡-♠❛❧ ❡?✉✐❧✐❜-✐✉♠✱ ❜✉" ❛

♥❡❣❧✐❣✐❜❧❡ "-❛♥*❢❡- ♦❢ ♠♦❧❡❝✉❧❡* ❜❡"✇❡❡♥ ♣❤❛*❡*✱ ❛♥❞ (ii) "❤❡ "❤❡-♠♦❞②♥❛♠✐❝ ❡?✉✐❧✐❜-✐✉♠✳

✶✳✶✳✺ ■♥✐&✐❛❧ )♣+❡❛❞✐♥❣ ♣❛+❛♠❡&❡+✱ &❤❡+♠♦❞②♥❛♠✐❝ ❡5✉✐❧✐❜+✐✉♠

✏■♥✐$✐❛❧ ❝♦♥❞✐$✐♦♥*✑ ✐♠♣❧②✐♥❣ $❤❡ ❛❝❤✐❡✈❡♠❡♥$ ♦❢ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ $❤❡4♠❛❧ ❡5✉✐❧✐❜4✐✉♠✱

❜✉$ ❛ ♥❡❣❧✐❣✐❜❧❡ $4❛♥*❢❡4 ♦❢ ♠♦❧❡❝✉❧❡* ❜❡$✇❡❡♥ ♣❤❛*❡*

❚❤❡ ✐♥✐"✐❛❧ *♣-❡❛❞✐♥❣ ♣❛-❛♠❡"❡-✱ S0✱ ❝♦♠♣❛-❡* "❤❡ ❢-❡❡ ❡♥❡-❣② ♣❡- ❛-❡❛ ✉♥✐" ♦❢ ❛ *✉❜*"-❛"❡ ❝♦✈❡-❡❞

❜② ❛ ♠❛❝-♦*❝♦♣✐❝ ❧✐?✉✐❞ ✜❧♠ "♦ "❤❡ ♦♥❡ ♦❢ "❤❡ ❞-② *✉❜*"-❛"❡ ✐♥ ❝♦♥"❛❝" ✇✐"❤ "❤❡ *❛♠❡ ✭❤❡-❡ ❣❛*✮



♣❤❛#❡✳ ❚❤✐# ✐# ❛ ♠❛❝*♦#❝♦♣✐❝ ,✉❛♥/✐/②✳

S0 =
∆F

A
= γsg − (γlg + γls) ✭✶✳✻✮

❚❤❡ #✐❣♥ ♦❢ /❤❡ ✐♥✐/✐❛❧ #♣*❡❛❞✐♥❣ ♣❛*❛♠❡/❡* ❛❧❧♦✇# ♦♥❡ /♦ ♣*❡❞✐❝/ ✐❢ ❛ ♠❛❝*♦#❝♦♣✐❝ ❧✐,✉✐❞ ❞*♦♣

❥✉#/ ❞❡♣♦#✐/❡❞ ♦♥ /❤❡ #✉❜#/*❛/❡ ✇✐❧❧ #♣*❡❛❞ ❝♦♠♣❧❡/❡❧② ♦* ♥♦/✳ ■❢ S0 ✐# ♣♦#✐/✐✈❡✱ γsg > γlg + γls✱

❧✐,✉✐❞ ❝♦✈❡*✐♥❣ /❤❡ #✉❜#/*❛/❡ ✐# ♠♦*❡ ❢❛✈♦*❛❜❧❡ /❤❛♥ ❤❛✈✐♥❣ /❤❡ #✉❜#/*❛/❡ ✐♥ ❞✐*❡❝/ ❝♦♥/❛❝/ ✇✐/❤

/❤❡ ❛♠❜✐❡♥/ ❡♥✈✐*♦♥♠❡♥/✳ ❚❤❡ ❞*♦♣ #♣*❡❛❞#✿ ✐/ ✐# /❤❡ ❝❛#❡ ♦❢ /♦/❛❧ ✇❡//✐♥❣✳ ❖♥ /❤❡ ❝♦♥/*❛*②✱

✐❢ S0 ✐# ♥❡❣❛/✐✈❡✱ γsg < γlg + γls✱ ❧✐,✉✐❞ ❝♦✈❡*✐♥❣ /❤❡ #✉❜#/*❛/❡ ✐# ❧❡## ❢❛✈♦*❛❜❧❡ /❤❛♥ ❤❛✈✐♥❣ /❤❡

#✉❜#/*❛/❡ ✐♥ ❞✐*❡❝/ ❝♦♥/❛❝/ ✇✐/❤ /❤❡ ❛♠❜✐❡♥/ ❡♥✈✐*♦♥♠❡♥/✳ ❚❤❡ ❞*♦♣ ❞♦❡# ♥♦/ #♣*❡❛❞✳ ❚❤✐# ✐#

/❤❡ ❝❛#❡ ♦❢ ♣❛*/✐❛❧ ✇❡//✐♥❣✳

■/ ✐# ✉#✉❛❧ /♦ ❞❡✜♥❡ /✇♦ ❝❛/❡❣♦*✐❡# ♦❢ #✉❜#/*❛/❡#✿ ❤✐❣❤✲❡♥❡*❣② #✉❜#/*❛/❡# ❛♥❞ ❧♦✇✲❡♥❡*❣②

#✉❜#/*❛/❡#✳ ❋♦* ❝❧❡❛♥ ❤✐❣❤✲❡♥❡*❣② #✉❜#/*❛/❡# ✭❡✳❣✳ ❝❧❡❛♥ ❣❧❛##✮✱ /❤❡ #✉*❢❛❝❡ /❡♥#✐♦♥ ✐# ✈❡*② ❤✐❣❤

γsg ≈ 500 /♦ 5000 ♠◆✴♠✳ ❚❤✐# ❦✐♥❞ ♦❢ #✉❜#/*❛/❡# ❝♦♥/❛✐♥# ✐♦♥✐❝✱ ❝♦✈❛❧❡♥/ ♦* ♠❡/❛❧❧✐❝ ❜♦♥❞#✳

▼♦#/ ❧✐,✉✐❞# #♣*❡❛❞ ♦♥ /❤❡♠ ✭#❡❡ ❡,✉❛/✐♦♥ ✶✳✻✮✳ ❋♦* ❧♦✇✲❡♥❡*❣② #✉❜#/*❛/❡# ✭❡✳❣✳ /❡✢♦♥✮✱ γsg ≈ 10

/♦ 20 ♠◆✴♠✱ /❤❡② ❤❛✈❡ ❛ ♣♦♦* ✇❡//❛❜✐❧✐/②✳ ❚❤✐# ❦✐♥❞ ♦❢ #✉❜#/*❛/❡# ❛*❡ ♠♦#/❧② ♠♦❧❡❝✉❧❛* ❝*②#/❛❧#

♦* ♣❧❛#/✐❝#✳

❚❤❡#♠♦❞②♥❛♠✐❝ ❡,✉✐❧✐❜#✐✉♠

❆/ /❤❡ /❤❡*♠♦❞②♥❛♠✐❝ ❡,✉✐❧✐❜*✐✉♠✱ /❤❡ ♣❤❛#❡# ❛*❡ ♠✉/✉❛❧❧② #❛/✉*❛/❡❞✱ ✇❤✐❝❤ ♠❡❛♥# /❤❛/ /❤❡

❣❛# ♣❤❛#❡ ✐# #❛/✉*❛/❡❞ ✇✐/❤ ❡✈❛♣♦*❛/❡❞ ❧✐,✉✐❞ ♠♦❧❡❝✉❧❡# ✭❛♥❞ /❤❛/ /❤❡ ❧✐,✉✐❞ ✐# #❛/✉*❛/❡❞ ✇✐/❤

❣❛# ❀ /❤❡ #♦❧✐❞ ✐# ♥♦/ ❝♦♥#✐❞❡*❡❞✮✳ ■♥ ♣❛*/✐❛❧ ✇❡//✐♥❣✱ ❛ ♠✐❝*♦#❝♦♣✐❝ ✜❧♠ ♦❢ ❧✐,✉✐❞ ✐# ❛❞#♦*❜❡❞ ♦♥

/❤❡ #♦❧✐❞ ❛♥❞ ✐# ❛ ♣❛*/ ♦❢ /❤❡ #♦❧✐❞✲❣❛# ✐♥/❡*❢❛❝❡✱ ✇❤✐❝❤ #✉*❢❛❝❡ /❡♥#✐♦♥ ♠❛② #✐❣♥✐✜❝❛♥/❧② ❞✐✛❡*

❢*♦♠ /❤❡ ♦♥❡ ♦❢ /❤❡ ✧❞*②✧ #♦❧✐❞✳ ❚❤❡*❡❢♦*❡✱ /❤❡ ✐♥✐/✐❛❧ #♣*❡❛❞✐♥❣ ♣❛*❛♠❡/❡* S0 ❞✐✛❡*# ❢*♦♠ /❤❡

❡,✉✐❧✐❜*✐✉♠ ♦♥❡ S✳ ■♥ ❝♦♠♣❧❡/❡ ✇❡//✐♥❣✱ ❛ ♠❛❝*♦#❝♦♣✐❝ ✜❧♠ ♦❢ ❧✐,✉✐❞ ✐# ♣*❡#❡♥/ ♦♥ /❤❡ #♦❧✐❞ ❛♥❞

✐# ❛ ♣❛*/ ♦❢ /❤❡ #♦❧✐❞✲❣❛# ✐♥/❡*❢❛❝❡✳ ❚❤❡ ❡,✉✐❧✐❜*✐✉♠ #♣*❡❛❞✐♥❣ ♣❛*❛♠❡/❡* ✐# ③❡*♦ ✭S0 > 0✱ S = 0✮✳

❙/*✐❦✐♥❣ ❡①❛♠♣❧❡# ♦❢ ❛♥ ✐♥✐/✐❛❧ #♣*❡❛❞✐♥❣ ✭S0 > 0✮ ❢♦❧❧♦✇❡❞ ❜② ❛ *❡/*❛❝/✐♦♥ ✭S < 0✮✱ ❛# ❜❡♥③❡♥❡

♦♥ ✇❛/❡*✱ ❛*❡ ✇❛*♥✐♥❣# ❛❣❛✐♥#/ ✉♥❝♦♥/*♦❧❧❡❞ ✉#❡ ♦❢ ❢♦*♠✉❧❛❡ ❛/ ✐♥/❡*❢❛❝❡#✳

✶✳✶✳✻ ❈♦♥&❛❝& ❛♥❣❧❡ ❤②.&❡/❡.✐.

❙♦ ❢❛*✱ /❤❡ #✉❜#/*❛/❡# ❤❛✈❡ ❜❡❡♥ ❝♦♥#✐❞❡*❡❞ /♦ ❜❡ ✐❞❡❛❧❧② #♠♦♦/❤ ❛♥❞ ❤♦♠♦❣❡♥❡♦✉#✱ ❛# ❢♦* /❤❡

❞❡*✐✈❛/✐♦♥ ♦❢ ❨♦✉♥❣✬# ❧❛✇✱ ❢♦* ✇❤✐❝❤ *❡✈❡*#✐❜✐❧✐/② ✐# ❛##✉♠❡❞✳ ❍♦✇❡✈❡*✱ ♠♦#/ #♦❧✐❞ #✉❜#/*❛/❡#

❛*❡ ♥♦/✳ ❘♦✉❣❤♥❡## ♦* ❝❤❡♠✐❝❛❧ ❤❡/❡*♦❣❡♥❡✐/✐❡# ❝❛♥ ✐♥❞✉❝❡ ✐**❡❣✉❧❛*✐/✐❡# ❛♥❞ ❡✈❡♥ ♣✐♥♥✐♥❣ ♦❢ /❤❡

/❤*❡❡✲♣❤❛#❡ ❝♦♥/❛❝/ ❧✐♥❡ ✭#❡❡ ✜❣✉*❡ ✶✳✹✮✳ ■♥ /❤❡ ♣*❡#❡♥❝❡ ♦❢ ✇❡//❛❜❧❡ ❞❡❢❡❝/#✱ ✇❤❡♥ /❤❡ ♠✉/✉❛❧

❛✣♥✐/② ❜❡/✇❡❡♥ /❤❡ ❧✐,✉✐❞ ❛♥❞ /❤❡ ❞❡❢❡❝/# ✐# #/*♦♥❣❡* /❤❛♥ /❤❡ ❛✈❡*❛❣❡ ✈❛❧✉❡ ♦♥ /❤❡ #✉❜#/*❛/❡✱

❛ *❡❝❡❞✐♥❣ ❝♦♥/❛❝/ ❧✐♥❡ /❡♥❞# /♦ #/❛② ❧♦♥❣❡* ♦♥ /❤❡ ❞❡❢❡❝/#✳ ❖♥ /❤❡ ❝♦♥/*❛*②✱ ✇❤❡♥ /❤❡ ❛✣♥✐/②

❜❡/✇❡❡♥ /❤❡ ❧✐,✉✐❞ ❛♥❞ /❤❡ ❞❡❢❡❝/# ✐# ✇❡❛❦❡*✱ ❛♥ ❛❞✈❛♥❝✐♥❣ ❝♦♥/❛❝/ ❧✐♥❡ ❤❛# ❞✐✣❝✉❧/✐❡# /♦ ❝♦✈❡*

/❤❡♠✳ ❉❡❢❡❝/# ❝❛♥ ♣❧❛② ❛/ /❤❡ ♠✐❝*♦#❝♦♣✐❝ #❝❛❧❡✱ ✐♥ ✇❤✐❝❤ ❝❛#❡ /❤❡ ♠❛❝*♦#❝♦♣✐❝ ❝♦♥/❛❝/ ❧✐♥❡ ❧♦♦❦#



ADVANCING 

RECEDING 

favorable defect

non-favorable defect

❋✐❣✉$❡ ✶✳✹✿ ❙❝❤❡♠❛/✐❝ /♦♣ ✈✐❡✇ ♦❢ /❤❡ ♠✐❝$♦5❝♦♣✐❝ ♣✐♥♥✐♥❣ ♦❢ /❤❡ ❝♦♥/❛❝/ ❧✐♥❡ ♦♥ ❛ ❤❡/❡$♦❣❡♥❡♦✉5

5✉❜5/$❛/❡ ✐♥ ♣$❡5❡♥❝❡ ♦❢ ❢❛✈♦$❛❜❧❡ ❛♥❞ ♥♦♥✲❢❛✈♦$❛❜❧❡ ❞❡❢❡❝/5✳ ❲❤✐/❡✿ 5✉❜5/$❛/❡❀ ❣$❡②✿ ❧✐>✉✐❞✳

❚❤❡ ❞♦//❡❞ ❧✐♥❡5 $❡♣$❡5❡♥/ /❤❡ ♣♦5✐/✐♦♥ ♦❢ /❤❡ ❝♦♥/❛❝/ ❧✐♥❡ ✐♥ /❤❡ ❛❜5❡♥❝❡ ♦❢ ❞❡❢❡❝/5✳ ❚♦♣✿ ❚❤❡

❛❞✈❛♥❝✐♥❣ ❝♦♥/❛❝/ ❧✐♥❡ ✐5 /$❛♥5✐/♦$✐❧② ♣✐♥♥❡❞ ♦♥ /❤❡ ♥♦♥✲❢❛✈♦$❛❜❧❡ ③♦♥❡5 ❛♥❞ ♠❡$❡❧② ❝♦✈❡$5 /❤❡

❢❛✈♦$❛❜❧❡ ♦♥❡5✳ ❇♦//♦♠✿ ❚❤❡ $❡❝❡❞✐♥❣ ❝♦♥/❛❝/ ❧✐♥❡ 5/❛②5 /$❛♥5✐/♦$✐❧② ♣✐♥♥❡❞ ✐♥ /❤❡ ❢❛✈♦$❛❜❧❡

③♦♥❡5 ❛♥❞ ♠❡$❡❧② ❡5❝❛♣❡5 ❢$♦♠ /❤❡ ♥♦♥✲❢❛✈♦$❛❜❧❡ ♦♥❡5✳ ❚❤❡$❡ ✐5 ❡❧❛5/✐❝✐/② ♦❢ /❤❡ ❝♦♥/❛❝/ ❧✐♥❡ ❛♥❞

❛5 >✉♦/❡❞ ✐♥ /❤❡ /❡①/✱ /❤✐5 5❝❤❡♠❛/✐❝ ✜❣✉$❡ $❡❢❡$5 /♦ ✇❡❛❦ ♣✐♥♥✐♥❣ ❬✷✹❪✳

5♠♦♦/❤✳ ❚❤✐5 ✐5 /❤❡ ❝❛5❡ ❝♦♥5✐❞❡$❡❞ ❤❡$❡ ✭❬✷✹❪✮✳ ❚❤❡ ❣❡♥❡$❛❧ ♣$♦❜❧❡♠ ♦❢ ❤②5/❡$❡5✐5 ✐5 ♠✉❝❤ ♠♦$❡

❝♦♠♣❧❡① ✭❬✶❪✮✳

❚❤❡5❡ ♠✐❝$♦5❝♦♣✐❝ ♣$♦❝❡55❡5 ❤❛✈❡ ❛ ♠❛❝$♦5❝♦♣✐❝ ❝♦♥5❡>✉❡♥❝❡ ♦♥ /❤❡ ❝♦♥/❛❝/ ❛♥❣❧❡ ♦❢ ❞$♦♣5✿
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dxdx

Wenzel Cassie-Baxter

dW
dA = 0

cosθ∗ = rcosθ

r > 1 cos θ θ

0◦ 90◦ cosθ > 0 θ∗ < θ

θ 90◦ 180◦ cosθ < 0 θ∗ > θ

r∗

r∗ r cosθ∗

1 −1

θ1 θ2

f1 f2 f1 + f2 = 1

θ∗

dW dx

dW = f1(γls − γsg)1dA+ f2(γls − γsg)2dA+ γlgcosθ
∗dA

dW
dA = 0

cosθ∗ = f1cosθ1 + f2cosθ2
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✶✳✷✳✶ ▼❛❝&♦(❝♦♣✐❝✱ ♠❡(♦(❝♦♣✐❝ ❛♥❞ ♠✐❝&♦(❝♦♣✐❝ (❝❛❧❡

❚❤❡ ✜,-. -❡❝.✐♦♥ ♦❢ .❤✐- ❝❤❛♣.❡, ✇❛- ❢♦❝✉-❡❞ ♦♥ ❞,♦♣- ❞❡♣♦-✐.❡❞ ♦♥ ❛ -✉❜-.,❛.❡✳ ▼❛❝,♦-❝♦♣✐❝

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

♠❛❝,♦-❝♦♣✐❝ -❝❛❧❡ ❝♦,,❡-♣♦♥❞- .♦ ❧❡♥❣.❤- ♦, ✜❧♠ .❤✐❝❦♥❡--❡- ♠✉❝❤ ❧❛,❣❡, .❤❛♥ .❤❡ ❝❤❛,❛❝.❡,✐-.✐❝

❧❡♥❣.❤ l ✐♥.,♦❞✉❝❡❞ ❛❜♦✈❡ ✭❝❢ ✶✳✶✳✶✮✱ ✇❤✐❝❤ ❝❤❛,❛❝.❡,✐③❡- .❤❡ ,❛♥❣❡ ♦❢ ✐♥.❡,❛❝.✐♦♥ ❛❝,♦-- ❛ ✢❛.

✜❧♠✳ ❚❤✐- ♠❡❛♥- .❤❛. .❤❡ ❢,❡❡ ❡♥❡,❣② ♣❡, ❛,❡❛ ✉♥✐. ♦❢ ❛ ✜❧♠ ♦❢ ♠❛❝,♦-❝♦♣✐❝ .❤✐❝❦♥❡-- ❞♦❡- ♥♦.

❞❡♣❡♥❞ ♦♥ .❤❡ .❤✐❝❦♥❡--✳ ❆- ♣,❡✈✐♦✉-❧② ♠❡♥.✐♦♥❡❞✱ .❤❡ ♠❡-♦-❝♦♣✐❝ -❝❛❧❡ ❝♦,,❡-♣♦♥❞- .♦ ❧❡♥❣.❤-

♦, ✜❧♠ .❤✐❝❦♥❡--❡- ♦❢ ♦,❞❡, l✳ ❆ ❝♦♥.✐♥✉♦✉- ❞❡-❝,✐♣.✐♦♥ ✐- -.✐❧❧ ✈❛❧✐❞✱ ❜✉. ♥♦✇ .❤❡ ❢,❡❡ ❡♥❡,❣② ♦❢

❛ ✜❧♠ ❞❡♣❡♥❞- ♦♥ ✐.- .❤✐❝❦♥❡--✳ ❙✉❝❤ ✜❧♠- ❛,❡ ❢,❡D✉❡♥.❧② ,❡❢❡,,❡❞ .♦ ❛- ✧.❤✐♥✧ ✜❧♠-✳ ❋✐♥❛❧❧②✱ ❛.

.❤❡ ♠♦❧❡❝✉❧❛, -❝❛❧❡✱ .❤❡ ♠❡❞✐❛ ❛,❡ ♥♦. ❝♦♥.✐♥✉♦✉- ❛♥②♠♦,❡✳ ❲❡..✐♥❣ ❤❛- ♥♦✇ ❣,❛❞✉❛❧❧② ❝❤❛♥❣❡❞

❢,♦♠ ❛ .❤,❡❡✲❞✐♠❡♥-✐♦♥❛❧ ♠❛❝,♦-❝♦♣✐❝ ♣,♦❜❧❡♠ .♦ ❛ .✇♦✲❞✐♠❡♥-✐♦♥❛❧ ♣,♦❜❧❡♠✳ ❋✐❧♠- ♦❢ ♠♦❧❡❝✉❧❛,

.❤✐❝❦♥❡-- ❛,❡ ❢,❡D✉❡♥.❧② ,❡❢❡,,❡❞ .♦ ❛- ✧✉❧.,❛✲.❤✐♥✧✳

✶✳✷✳✷ ❚❤✐♥ ✢❛4 ✜❧♠(

▲❡. ✉- ✇,✐.❡ ❡①♣❧✐❝✐.❧② .❤❡ ❢,❡❡ ✐♥.❡,❢❛❝✐❛❧ ❡♥❡,❣② ♦❢ .❤❡ .❤,❡❡✲♣❤❛-❡ -②-.❡♠✿ -✉❜-.,❛.❡✱ ✢❛. ✜❧♠

♦❢ .❤✐❝❦♥❡-- z✱ ❛♠❜✐❡♥. ❡♥✈✐,♦♥♠❡♥.✳ ■. ❞❡♣❡♥❞- ♥♦✇ ♦♥ z✳ ❋♦, .❤❡ -❛❦❡ ♦❢ -✐♠♣❧✐❝✐.②✱ ✇❡

-❤❛❧❧ ,❡-.,✐❝. .❤❡ ♣,❡-❡♥.❛.✐♦♥ .♦ .❤❡ ✧✐♥✐.✐❛❧ -✐.✉❛.✐♦♥✧✱ ✇❤❡,❡ .❤❡,❡ ✐- ♥♦ ❡①❝❤❛♥❣❡ ♦❢ ♠♦❧❡❝✉❧❡-

❜❡.✇❡❡♥ ♣❤❛-❡-✳ ▲✐♠✐.✐♥❣ ❝❛-❡- ❛,❡ ❛❧,❡❛❞② ❦♥♦✇♥✳ ■❢ z ✐- ♠❛❝,♦-❝♦♣✐❝✱ .❤❡ ❢,❡❡ ❡♥❡,❣② ♣❡,

-✉,❢❛❝❡ ✉♥✐.✱

F
A ✱ ✐- ♠❡,❡❧② .❤❡ -✉♠ ♦❢ .❤❡ ✐♥.❡,❢❛❝✐❛❧ .❡♥-✐♦♥- ♦❢ .❤❡ .✇♦ ✐♥.❡,❢❛❝❡-✿ ❧✐D✉✐❞ ✴

-✉❜-.,❛.❡✱ γls✱ ❛♥❞ ❧✐D✉✐❞ ✴ ❛♠❜✐❡♥. ❡♥✈✐,♦♥♠❡♥.✱ γlg✳ ■♥ .❤❡ ♦♣♣♦-✐.❡ ❧✐♠✐.✱ ✐✳❡✳ .❤❡ ❧✐♠✐. ✇❤❡,❡

z ✐- 0✱ .❤❡ ❡♥❡,❣② ♣❡, -✉,❢❛❝❡ ✉♥✐. ✐- .❤❡ ♦♥❡ ♦❢ .❤❡ ✐♥.❡,❢❛❝❡ -✉❜-.,❛.❡ ✴ ❛♠❜✐❡♥. ❡♥✈✐,♦♥♠❡♥.✱

γsg✳ ■♥ .❤❡ ❣❡♥❡,❛❧ ❝❛-❡✱ ✐. ✐- ♣♦--✐❜❧❡ .♦ ❞❡✜♥❡ ❛♥ ❡①♣,❡--✐♦♥ ♦❢ .❤❡ ❡♥❡,❣② ♣❡, -✉,❢❛❝❡ ❛,❡❛ ❛-

❢♦❧❧♦✇-✿

F

A
= γls + γlg + P(z) ✭✶✳✶✶✮

✇✐.❤ P(∞) = 0 ❛♥❞ P(0) = γsg − (γlg + γls) = S0✳ ❚❤❡ ✐♥.❡,❢❛❝✐❛❧ ❡♥❡,❣②✱ P(z)✱ ❛❝❝♦✉♥.- ❢♦, .❤❡

✐♥.❡,❛❝.✐♦♥ ❛❝,♦-- .❤❡ ✜❧♠✳ ❆ ❢♦,❝❡ ♣❡, ❛,❡❛ ✉♥✐.✱ ✐✳❡✳ ❛ ♣,❡--✉,❡✱ ❝❛♥ .❤❡,❡❢♦,❡ ❜❡ ❞❡✜♥❡❞ ❛-✿

Π(z) = −
dP

dz
✭✶✳✶✷✮



- (0) =  2

❋✐❣✉$❡ ✶✳✼✿ ❖♥❡ ♣❤❛/❡ ✐/ /❡♣❛$❛0❡❞ ✐♥ 0✇♦ ♣❛$0/ ✐♥ ✈❛❝✉✉♠✳ ❚❤❡ 0✇♦ ♣❛$0/ ❛$❡ 0❛❦❡♥ ❛♣❛$0 ✉♥0✐❧

❛❧❧ ✐♥0❡$❛❝0✐♦♥/ ❛$❡ ♥♦0 /✐❣♥✐✜❝❛♥0 ❛♥②♠♦$❡✳ ❚✇♦ ✐♥0❡$❢❛❝❡/ ✇❡$❡ 0❤❡♥ ❝$❡❛0❡❞ ❛♥❞ 0❤❡ ❛♠♦✉♥0

♦❢ ❝♦$$❡/♣♦♥❞✐♥❣ ✐♥0❡$❢❛❝✐❛❧ ❡♥❡$❣② ✐/ −P(0) = 2γ✳

Π(z) ✐/ ❝❛❧❧❡❞ 0❤❡ ❞✐/❥♦✐♥✐♥❣ ♣$❡//✉$❡✱ ✐0 ❤❛/ ❜❡❡♥ ✐♥0$♦❞✉❝❡❞ ❜② ❉❡$❥❛❣✉✐♥ ✭❬✶✹❪✮✳ ❚❤❡ ❞✐/❥♦✐♥✐♥❣

♣$❡//✉$❡ ✐/ ❛ ♣♦✇❡$❢✉❧ 0♦♦❧ 0♦ ❞❡/❝$✐❜❡ 0❤✐♥ ✜❧♠/✳ ▼♦$❡♦✈❡$✱ ♦♥❡ ♠✉/0 ❦❡❡♣ ✐♥ ♠✐♥❞ 0❤❛0 ❛ 0❤✐♥

✜❧♠ ✐/ ♥♦0 ❛♥ ✐/♦0$♦♣✐❝ ♠❡❞✐✉♠✱ ❥✉/0 ❧✐❦❡ 0❤❡ ✐♥0❡$❢❛❝✐❛❧ ③♦♥❡ ❜❡0✇❡❡♥ 0✇♦ ❝♦❡①✐/0✐♥❣ ♣❤❛/❡/✳

✶✳✷✳✸ ❙✉&❢❛❝❡ +❡♥-✐♦♥✿ ❧♦♥❣ &❛♥❣❡ ❛♥❞ -❤♦&+ &❛♥❣❡ ✐♥+❡&❛❝+✐♦♥-

❇♦0❤ ❧♦♥❣ $❛♥❣❡✱ ✐✳❡✳ ♠❡/♦/❝♦♣✐❝ /❝❛❧❡✱ ❛♥❞ /❤♦$0 $❛♥❣❡✱ ✐✳❡✳ ♠♦❧❡❝✉❧❛$ /❝❛❧❡✱ ✐♥0❡$❛❝0✐♦♥/ ❝♦♥✲

0$✐❜✉0❡ 0♦ ✐♥0❡$❢❛❝✐❛❧ 0❡♥/✐♦♥✳ ❆❝0✉❛❧❧②✱ 0❤❡ ✐♥0❡$❢❛❝✐❛❧ 0❡♥/✐♦♥ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛0❡❞ ✐❢ ❢♦$♠✉❧❛❡ ❢♦$

0❤❡/❡ ✐♥0❡$❛❝0✐♦♥/ ❛$❡ ❦♥♦✇♥✳ ■♥ ♠❛♥② ❝❛/❡/✱ 0❤❡ ❧♦♥❣ $❛♥❣❡ ❝♦♥0$✐❜✉0✐♦♥ ✐/ ❱❛♥ ❞❡$ ❲❛❛❧/ ✐♥✲

0❡$❛❝0✐♦♥✱ 0❤❛0 ✐/✱ ❞✐♣♦❧❡✲❞✐♣♦❧❡ ✐♥❞✉❝❡❞ ✐♥0❡$❛❝0✐♦♥✱ ❛♥❞ /❝$❡❡♥❡❞ ❝♦✉❧♦♠❜✐❝ ✐♥0❡$❛❝0✐♦♥ ✐♥ ♣♦❧❛$

♠❡❞✐❛✳ ■0 ✐/ 0❤❡♥ ♣♦//✐❜❧❡ 0♦ ✉/❡ ❣❡♥❡$❛❧ ❢♦$♠✉❧❛❡✳ ❖♥ 0❤❡ ❝♦♥0$❛$②✱ /❤♦$0 $❛♥❣❡ ✐♥0❡$❛❝0✐♦♥/

❛$❡ ♠✉❝❤ ♠♦$❡ /♣❡❝✐✜❝✳ ❚❤❡② ❢♦$ ❡①❛♠♣❧❡ ✐♥❝❧✉❞❡ /0$✉❝0✉$❛❧ ❡✛❡❝0/✳ ■♥0❡$❢❛❝✐❛❧ 0❡♥/✐♦♥/✱ ♦$

♠♦$❡ ♣$❡❝✐/❡❧② 0❤❡ ✐♥✐0✐❛❧ /♣$❡❛❞✐♥❣ ♣❛$❛♠❡0❡$ S0✱ ❝❛♥ ❜❡ $❡❝♦♥/✐❞❡$❡❞ ✐♥ 0❡$♠/ ♦❢ 0❤❡ ✐♥0❡$❢❛❝✐❛❧

❡♥❡$❣② P(z) ❞❡✜♥❡❞ ❛❜♦✈❡✳ ▲❡0 ✉/ ♥♦✇ ❝♦♥/✐❞❡$ ❛ /✐♠♣❧❡ /✐0✉❛0✐♦♥✿ 0❤❡ /✉$❢❛❝❡ 0❡♥/✐♦♥ ❜❡0✇❡❡♥

❛ ♥♦♥✲✈♦❧❛0✐❧❡ ❝♦♥❞❡♥/❡❞ ♠❡❞✐✉♠ ❛♥❞ ✈❛❝✉✉♠✳

❚❤❡ /✉$❢❛❝❡ 0❡♥/✐♦♥✱ γ✱ ✐/ 0❤❡ ♥❡❝❡//❛$② ❛♠♦✉♥0 ♦❢ ❡♥❡$❣② 0♦ ❝$❡❛0❡ ❛♥ ✉♥✐0 ♦❢ ✐♥0❡$❢❛❝❡

$❡✈❡$/✐❜❧② ❛♥❞ ✐/♦0❤❡$♠❛❧❧②✳ ■♥ 0❤❡ /✐0✉❛0✐♦♥✱ ✇❤❡$❡ ♦♥❡ ♣❤❛/❡ ✐/ ❝✉0 ✐♥ 0✇♦ ♣❛$0/ ❛♥❞ 0❤❡ 0✇♦

♣❛$0/ ❛$❡ 0❛❦❡♥ ❛♣❛$0 ✉♥0✐❧ ❛❧❧ ✐♥0❡$❛❝0✐♦♥/ ❛$❡ ♥♦0 /✐❣♥✐✜❝❛♥0 ❛♥②♠♦$❡✱ 0❤❡ ❣❛✐♥ ✐♥ ❡♥❡$❣② ♣❡$

/✉$❢❛❝❡ ✉♥✐0 ❝♦$$❡/♣♦♥❞/ 0♦ 0❤❡ ❝$❡❛0✐♦♥ ♦❢ 0❤❡ 0✇♦ ♥❡✇ ✐♥0❡$❢❛❝❡/ ✭/❡❡ ✜❣✉$❡ ✶✳✼✮✳ ■0 ✐/ 0❤❡♥

❡Q✉❛❧ 0♦ 2γ✳ ❚❤✐/ ✐/ ❛❧/♦ 0❤❡ ♦♣♣♦/✐0❡ ♦❢ 0❤❡ ✐♥0❡$❛❝0✐♦♥ ❡♥❡$❣②✱ P(0)✱ ✇❤✐❝❤ ✐/ ♣$❡❝✐/❡❧② S0 ❢♦$

0❤❡ /②/0❡♠ ✭♣❤❛/❡ ✶ ✴ ✈❛❝✉✉♠ ✴ ♣❤❛/❡ ✶✮✿ P(0)− P(∞) = P(0) = −2γ

■♥ 0❤❡ ❢$❡Q✉❡♥0 ❝❛/❡ ✇❤❡$❡ ❱❛♥ ❞❡$ ❲❛❛❧/ ✐♥0❡$❛❝0✐♦♥ ✐/ 0❤❡ ♠♦/0 ✐♠♣♦$0❛♥0✱ 0❤❡ ❧♦♥❣ $❛♥❣❡

♣❛$0 ♦❢ 0❤❡ ✐♥0❡$❛❝0✐♦♥ ❜❡0✇❡❡♥ ♠♦❧❡❝✉❧❡/ /❝❛❧❡/ ❛/

1
r6 ✿

u(r) = −
K

r6
✭✶✳✶✸✮

✇❤❡$❡ K ✐/ ❛ ❝♦♥/0❛♥0✳ ■♥ 0❤❛0 ❝❛/❡✱ 0❤❡ ❞✐$❡❝0 ❝❛❧❝✉❧❛0✐♦♥ ♦❢ P(z) ❢♦$ 0❤❡ 0✇♦ /❡♣❛$❛0❡❞ ♣❛$0/



P
0

P
0

P = P  - 2  /R
0

P  = P  = P + 
 0!

P

P

Thin flat

film

❋✐❣✉$❡ ✶✳✽✿ ❚❤❡ ❝❛♣/✐✈❡ ❜✉❜❜❧❡ ❡①♣❡$✐♠❡♥/✱ 7❝❤❡♠❛/✐❝ ✈✐❡✇✳ ❚❤❡ ❜✉❜❜❧❡ ✐7 ♠❛❝$♦7❝♦♣✐❝✳ ■/

✢❛//❡♥7 ❝❧♦7❡ /♦ /❤❡ 7✉❜7/$❛/❡ ❛♥❞ ❝$❡❛/❡7 ❛ ③♦♥❡ ✇❤❡$❡ /❤❡ ❧✐>✉✐❞ ❢♦$♠7 ❛ /❤✐♥ ✢❛/ ✜❧♠✳

♦❢ /❤❡ 7❛♠❡ ✐♥✐/✐❛❧ ♣❤❛7❡ ❧❡❛❞7 /♦✿

P(z) = −
πρ2K

12z2
= −

AH

12πz2
✭✶✳✶✹✮

✇❤❡$❡ ρ ✐7 /❤❡ ❞❡♥7✐/② ♦❢ ♠♦❧❡❝✉❧❡7 ❛♥❞ AH ✱ /❤❡ ❍❛♠❛❦❡$ ❝♦♥7/❛♥/✳ ■❢ /❤❡ 7❤♦$/ $❛♥❣❡ ✐♥/❡$❛❝/✐♦♥7

❞♦ ♥♦/ ♣❧❛② 7✐❣♥✐✜❝❛♥/❧②✱ ✐/ ✐7 /❤❡♥ ♣♦77✐❜❧❡ /♦ ❞❡✜♥❡ ❛ ❝✉/♦✛ ❧❡♥❣/❤ D0 ✉7✐♥❣ ❡>✉❛/✐♦♥ ✶✳✶✹✿

P(D0) = −2γ ≈ −
AH

12πD2
0

✭✶✳✶✺✮

γ ≈
AH

24πD2
0

✭✶✳✶✻✮

❚❤❡ ❧❡♥❣/❤D0 ✐7 ❛❧♠♦7/ /❤❡ 7❛♠❡ ✭0.165 ♥♠✮ ❢♦$ ♠❛♥② ❧✐>✉✐❞7 ✇❤❡$❡ ❱❛♥ ❞❡$ ❲❛❛❧7 ✐♥/❡$❛❝/✐♦♥

✐7 ❞♦♠✐♥❛♥/✳ D0 ❛❧❧♦✇7 /♦ ❛✈♦✐❞ ❞✐✣❝✉❧/✐❡7 ❧✐♥❦❡❞ /♦ /❤❡ ❞✐✈❡$❣❡♥❝❡ ♦❢ ❡>✉❛/✐♦♥ ✶✳✶✹ ❛/ ✈❛♥✐7❤✐♥❣

z✱ ✇❤❡$❡ /❤❡ ❢♦$♠✉❧❛ ✐7 ♥♦ ❧♦♥❣❡$ ✈❛❧✐❞✳ ❋♦$ ❛♥ ❡①❛❝/ ❝❛❧❝✉❧❛/✐♦♥ ♦❢ P(z) ❛/ ❛♥② 7❝❛❧❡✱ ♦♥❡ 7❤♦✉❧❞

✜$7/ ✉7❡ /❤❡ ♣$♦♣❡$ ❝♦♠♣❧❡/❡ ❡①♣$❡77✐♦♥ ♦❢ /❤❡ ♣♦/❡♥/✐❛❧✳ ❙❡❝♦♥❞✱ /❛❦✐♥❣ ❛♥ ✉♥✐❢♦$♠ ❞❡♥7✐/②

ρ ✐7 ♥♦/ ♣♦77✐❜❧❡ ❛♥②♠♦$❡ ❛/ /❤❡ ♠♦❧❡❝✉❧❛$ 7❝❛❧❡ ✇❤❡$❡ /❤❡ ♣❛✐$ ❝♦$$❡❧❛/✐♦♥ ❢✉♥❝/✐♦♥ ♠✉7/ ❜❡

✐♥/$♦❞✉❝❡❞ ✐♥ /❤❡ ❝❛❧❝✉❧❛/✐♦♥7✳

✶✳✷✳✹ ❙%❛%✐❝ ♥♦♥✲✢❛% ✜❧♠0✱ %2❛♥0✐%✐♦♥ ③♦♥❡

❙♦ ❢❛$✱ ✜❧♠7 ❤❛✈❡ ❜❡❡♥ ❝♦♥7✐❞❡$❡❞ /♦ ❜❡ ✢❛/✳ ❍♦✇❡✈❡$✱ ✐♥ /❤❡ /$❛♥7✐/✐♦♥ ③♦♥❡ ✇❤❡$❡ /❤❡ ✜❧♠

❝♦♥♥❡❝/7 ✐/7❡❧❢ /♦ ❛ ♠❛❝$♦7❝♦♣✐❝ ✇❡❞❣❡✱ /❤❡ ❝✉$✈❛/✉$❡ ♦❢ /❤❡ ✐♥/❡$❢❛❝❡ ♠✉7/ ❜❡ /❛❦❡♥ ✐♥/♦ ❛❝✲

❝♦✉♥/✳ ❚❤✐7 ♣$♦❜❧❡♠ ❤❛7 ❜❡❡♥ ❡①/❡♥7✐✈❡❧② /$❡❛/❡❞ ❜② ❉❡$❥❛❣✉✐♥✱ ■✈❛♥♦✈ ❛♥❞ ❝♦❧❧❛❜♦$❛/♦$7 ❬✶✹❪

❢♦$ ♠❡7♦7❝♦♣✐❝ ✜❧♠7 ❛♥❞ 7❧♦✇❧② ✈❛$②✐♥❣ ❝✉$✈❛/✉$❡7✳ ❲❡❧❧✲❦♥♦✇♥ ❡①♣❡$✐♠❡♥/❛❧ 7❡/✉♣7✱ ❛7 /❤❡

❝❛♣/✐✈❡ ❜✉❜❜❧❡ ♦$ /❤❡ ♣♦$♦✉7 $✐♥❣✱ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✱ ❛❧❧♦✇✐♥❣ /♦ ♠❡❛7✉$❡ ❜♦/❤ /❤❡ ❞✐7❥♦✐♥✐♥❣

♣$❡77✉$❡ ❛♥❞ /❤❡ /❤✐❝❦♥❡77 ♣$♦✜❧❡ ♦❢ ✜❧♠7 ✭❬✷✸❪✮✳

❚❤❡ ❝❛♣/✐✈❡ ❜✉❜❜❧❡ 7❡/✉♣ ✐7 ❛ ❝♦♥✈❡♥✐❡♥/ ✐♥/$♦❞✉❝/✐♦♥ /♦ ♥♦♥✲✢❛/ ✜❧♠7✱ 7❡❡ ✜❣✉$❡ ✶✳✽✳ ❚❤❡

❧✐>✉✐❞ ✐7 ♥♦♥✲✈♦❧❛/✐❧❡ ❛♥❞ ✇❡/7 /♦/❛❧❧② /❤❡ 7✉❜7/$❛/❡✳ ◆❡❣❧❡❝/✐♥❣ ❣$❛✈✐/②✱ /❤❡ ♣$❡77✉$❡ ✐♥ /❤❡



ff

Thin flat film

Drop

❋✐❣✉$❡ ✶✳✾✿ ●❡♦♠❡-$② ✐♥ ♣❛$-✐❛❧ ✇❡--✐♥❣✿ -❤❡ ❞$♦♣ ✐6 ✐♥ ❡7✉✐❧✐❜$✐✉♠ ✇✐-❤ -❤❡ -❤✐♥ ✜❧♠ ✭-❤❡ ✜❣✉$❡

❞♦❡6 ♥♦- $❡6♣❡❝- -❤❡ $❡❛❧ 6❝❛❧❡ ✦✮✳

♠❛❝$♦6❝♦♣✐❝ ❧✐7✉✐❞ ✐6 -❤❡ ❡①-❡$♥❛❧ ♣$❡66✉$❡ P ✳ ❚❤❡ ♣$❡66✉$❡ ✐♥ -❤❡ ❜✉❜❜❧❡ ✐6 P0 > P ✳ ■♥ ✐-6

♠❛❝$♦6❝♦♣✐❝ ♣❛$- -❤❡ ❜✉❜❜❧❡ ✐6 6♣❤❡$✐❝❛❧✱ ✇✐-❤ ❛ $❛❞✐✉6 R✱ 6♦ P = P0 −
2γ
R

✾

✭▲❛♣❧❛❝❡ ❧❛✇✮✳ ❆-

✐-6 ❜♦--♦♠✱ -❤❡ ❜✉❜❜❧❡ ✢❛--❡♥6 ♦✉- ❛♥❞ ❛ -❤✐♥ ✢❛- ✜❧♠ ✐6 ❢♦$♠❡❞ ♦❢ -❤✐❝❦♥❡66 ξff ✳ ❚❤❡ ♥♦$♠❛❧

♣$❡66✉$❡ ✐♥ -❤❡ -❤✐♥ ✜❧♠ ✐6 -❤❡♥ Pflat film = P0✳ ❚❤✐6 ✜❧♠ ✐6 ❝♦♥♥❡❝-❡❞ -♦ -❤❡ ♠❛❝$♦6❝♦♣✐❝

❧✐7✉✐❞ $❡6❡$✈♦✐$✱ -❤❡♥ Pflat film = P +Π(ξff ) ✳ ❚❤❡ ❞✐✛❡$❡♥❝❡ P −P0 ✐6 −
2γ
R ✐♥ -❤❡ ♠❛❝$♦6❝♦♣✐❝

♣❛$- ❛♥❞ −Π(ξff ) ✐♥ -❤❡ ✢❛- ✜❧♠✳ ❋♦$ -❤❡ ❧♦❝❛❧ -❤✐❝❦♥❡66 ξ✱ -❤❡ ✭❝♦♥6-❛♥-✮ ❞✐✛❡$❡♥❝❡ P − P0 ✐6

6❤♦✇♥ -♦ ❜❡ −γC(ξ) − Π(ξ)✱ ✇❤❡$❡ C(ξ) ✐6 -❤❡ ❧♦❝❛❧ ❝✉$✈❛-✉$❡ ♦❢ -❤❡ ✐♥-❡$❢❛❝❡ ✭❛♥-✐❝✐♣❛-✐♥❣ ♦♥

-❤❡ ❢♦$-❤❝♦♠✐♥❣ ❞✐6❝✉66✐♦♥ ♦❢ ✜❧♠6✱ -❤❡ ❝✉$✈❛-✉$❡ ❤❡$❡ ✐6 ❞❡✜♥❡❞ ❛6 -❤❡ ♠❛-❤❡♠❛-✐❝❛❧ ♦♥❡ ♦❢ -❤❡

✐♥-❡$❢❛❝❡ ♣$♦✜❧❡✮✳ ❖♥❡ -❤❡♥ ❤❛6✿

γC(ξ) + Π(ξ) = Constant = Π(ξff ) = γCbulk ✭✶✳✶✼✮

✇❤❡$❡ Cbulk ✐6 -❤❡ ❝✉$✈❛-✉$❡ ♦❢ -❤❡ ❜✉❜❜❧❡✱ Cbulk = 2γ
R ✳ ❚❤✐6 $❡❧❛-✐♦♥ ❝♦$$❡6♣♦♥❞6 -♦ -❤❡ 6✉♠

♦❢ ❜♦-❤ ▲❛♣❧❛❝❡ ❛♥❞ ❞✐6❥♦✐♥✐♥❣ ♣$❡66✉$❡ ❝♦♥-$✐❜✉-✐♦♥6✱ ♣$♦✈✐❞❡❞ -❤❡ ✜❧♠ ✐6 ♠❡6♦6❝♦♣✐❝ ❛♥❞ -❤❡

❝✉$✈❛-✉$❡ ✈❛$✐❡6 6❧♦✇❧②✳

❚❤✐6 ❝♦♥6-❛♥- 7✉❛♥-✐-② ✐6 ❛ ❝❤❛$❛❝-❡$✐6-✐❝ ♦❢ -❤❡ ✐♥-❡$❢❛❝❡

✶✵

✱ -❤✐6 ✐6 ❛ ❣❡♥❡$❛❧ ❡①♣$❡66✐♦♥✱ ❛❧6♦

✈❛❧✐❞ ✐♥ -❤❡ ♣❛$-✐❛❧✲✇❡--✐♥❣ ❝❛6❡✳ ■♥ -❤❡ ♣❛$-✐❛❧✲✇❡--✐♥❣ ❝❛6❡✱ ✐- ✐6 ❛ $❡❧❡✈❛♥- ♣❛$❛♠❡-❡$ ❢♦$ -❤❡

❛♥❛❧②6✐6 ♦❢ ❞$♦♣6 ❝♦❡①✐6-✐♥❣ ✇✐-❤ -❤✐♥ ✜❧♠6 ❛6 ❧♦♥❣ ❛6 -❤❡ ❞$♦♣ ✐♥ 7✉❡6-✐♦♥ ❤❛6 ❛ ♠❛❝$♦6❝♦♣✐❝

♣❛$- ✭✐♥ ♦$❞❡$ -♦ ❞❡✜♥❡ -❤❡ ❝✉$✈❛-✉$❡✱ Cbulk✮✱ 6❡❡ -❤❡ ❝♦$$❡6♣♦♥❞✐♥❣ ❣❡♦♠❡-$② ✐♥ ✜❣✉$❡ ✶✳✾✳

■♥ ♣❛$-✐❛❧ ✇❡--✐♥❣✱ -❤❡ ❧✐♠✐-✐♥❣ ❝❛6❡ ♦❢ ❛ ✈❡$② ❧❛$❣❡ ❞$♦♣✱ -❤❡$❡❢♦$❡ ❛ $❡6❡$✈♦✐$✱ ❞❡✜♥❡6 -❤❡

✢❛- ✜❧♠ ♦❢ -❤✐❝❦♥❡66 ξff = ξ∞ ✇❤❡$❡ Π(ξ∞) = 0✳ ■- ✐6 ✇♦$-❤ ♥♦-✐♥❣ -❤❛- -❤❡ ♦♥❧② ✇❡❧❧✲❞❡✜♥❡❞

❡①♣❡$✐♠❡♥-❛❧ ❡7✉✐❧✐❜$✐✉♠ 6✐-✉❛-✐♦♥ ✐6 ❛ ❝♦♥-$♦❧ ❜② -❤❡ ✈❛♣♦$ ♣❤❛6❡ ❛- 6❛-✉$❛-✐♦♥✳ ❚❤❡ ❞✐6❥♦✐♥✐♥❣

♣$❡66✉$❡ ✐6 -❤❡♥ 6-$✐❝-❧② ③❡$♦ ❛♥❞ -❤❡ ♣$♦♣❡$ 6-$✉❝-✉$❡ ♦❢ -❤❡ ✜❧♠ ✇✐-❤ ξ∞ ✐6 ❛❝❤✐❡✈❡❞ -❤$♦✉❣❤

❡①❝❤❛♥❣❡6 ✇✐-❤ -❤❡ ✈❛♣♦$ ♣❤❛6❡✳

▼♦$❡ ❣❡♥❡$❛❧❧②✱ -❤❡ ✐♥-❡$❢❛❝❡ ✐♥✈❛$✐❛♥- ❣✐✈❡6 -❤❡ ❡7✉✐❧✐❜$✐✉♠ ❝♦♥❞✐-✐♦♥ ❜❡-✇❡❡♥ ✢❛- ✜❧♠ ❛♥❞

❞$♦♣✱ ❜✉- ♥♦-❤✐♥❣ ♦♥ -❤❡ ❛❝-✉❛❧ 6✐③❡ ♦❢ -❤❡ ❞$♦♣✳ ❋♦$ ✈♦❧❛-✐❧❡ ❧✐7✉✐❞6✱ ❡7✉✐❧✐❜$❛-✐♦♥ -✐♠❡6 ❛$❡

♥♦- -♦♦ ❧♦♥❣✱ -❤❡$❡❢♦$❡ -❤❡ ♣$♦❜❧❡♠ ♠❛② ✐♥ ♣$✐♥❝✐♣❧❡ ❜❡ ✇❡❧❧✲♣♦6❡❞ ✐❢ -❤❡ ❡①♣❡$✐♠❡♥-❛❧ 6②6-❡♠

✾γlg ✇✐❧❧ ♥♦✇ ❜❡ ♥♦'❡❞ ❛* γ '♦ *✐♠♣❧✐❢② '❤❡ ♥♦'❛'✐♦♥*✳
✶✵

❚❤❡ ❝✉4✈❛'✉4❡ ✇❛* ✐♥✐'✐❛❧❧② ❞❡✜♥❡❞ ❛* ♣♦*✐'✐✈❡ ✐❢ '❤❡ ❝❡♥'❡4 ♦❢ ❝✉4✈❛'✉4❡ ✐* ✐♥ '❤❡ ❧✐7✉✐❞✿ ❘✉**✐❛♥ ❝♦♥✈❡♥'✐♦♥✱

*❡❡ ❬✶✹❪✳



✐! ♣#♦♣❡#❧② ❝♦♥*#♦❧❧❡❞✳ ❋♦# ♥♦♥✲✈♦❧❛*✐❧❡ ♦♥❡!✱ ❡2✉✐❧✐❜#❛*✐♦♥ *✐♠❡! *❤#♦✉❣❤ ✜❧♠! ♠✐❣❤* ✇❡❧❧ ❜❡

❡①*#❡♠❡❧② ❧♦♥❣✳ ❋♦# !✐♠♣❧❡ !②!*❡♠!✱ *❤❡ ✜❧♠ ✐! !✉❜✲♠♦❧❡❝✉❧❛# ❛! !♦♦♥ ❛! *❤❡ ❝♦♥*❛❝* ❛♥❣❧❡

❡①❝❡❡❞! ❛ ❢❡✇ ❞❡❣#❡❡!✳ ❍♦✇❡✈❡#✱ ✇✐*❤ ❝♦♠♣❧❡① ♠♦❧❡❝✉❧❡! ❛♥❞ !✉❜!*#❛*❡!✱ *❤❡ ✜❧♠ ♠❛② ❜❡❝♦♠❡ ❛

❝♦♠♣❛❝* !*#✉❝*✉#❡✱ ♠♦♥♦✲ ♦# ♠✉❧*✐❧❛②❡#✳ ■♥ *❤❡ ♣#❡!❡♥❝❡ ♦❢ ❧❛②❡#✐♥❣✱ *❤❡ ❞✐!❥♦✐♥✐♥❣ ♣#❡!!✉#❡ ✇✐❧❧

♦!❝✐❧❧❛*❡✳

■* ✐! ✇♦#*❤ ♥♦*✐♥❣ ❛* *❤❛* *❤❡ ♣#❡!❡♥* ❞✐!❝✉!!✐♦♥ ❤♦❧❞! ♦♥❧② ❢♦# ✈❡#② ✢❛* ✜❧♠!✱ *❤❛* ✐! !✐*✉❛*✐♦♥!

✇❤❡#❡ *❤❡ !♣❛*✐❛❧ !❝❛❧❡ ❛❧♦♥❣ *❤❡ !✉❜!*#❛*❡ ✐! ♠✉❝❤ ❧❛#❣❡# *❤❛♥ *❤❡ ❧♦❝❛❧ ✜❧♠ *❤✐❝❦♥❡!!

✶✶

✳

✶✳✷✳✺ ❉②♥❛♠✐❝ ❝❛+❡✿ ❆❞✐❛❜❛1✐❝ ♣3❡❝✉3+♦3 ✜❧♠+✱ ❞✐✛✉+✐✈❡ ✜❧♠+

❚❤✐! ♣❛#❛❣#❛♣❤ ❝♦♠♣❧❡*❡! *❤❡ ❛♥❛❧②!✐! ✇✐*❤ ❛ ❜#✐❡❢ ❞❡!❝#✐♣*✐♦♥ ♦❢ *❤❡ ❞②♥❛♠✐❝! ✐♥ *❤❡ !✐♠♣❧❡

❝❛!❡ ♦❢ *♦*❛❧ ✇❡**✐♥❣✱ ✇❤❡♥ ❛ ♥♦♥✲✈♦❧❛*✐❧❡ ❧✐2✉✐❞ !♣#❡❛❞! ♦♥ ❛ !♠♦♦*❤ !✉❜!*#❛*❡ ✭S0 > 0✮✳ ❚❤❡

!♣❡❝✐✜❝ ❝❛!❡ ♦❢ ❞✐✛✉!✐✈❡ ✜❧♠! ✇✐❧❧ ❜❡ ✉!❡❢✉❧ ❢♦# ❛ ❢✉#*❤❡# ✉♥❞❡#!*❛♥❞✐♥❣ ♦❢ ❡①♣❡#✐♠❡♥*! ✇✐*❤

❧✐2✉✐❞ ❝#②!*❛❧!✳ ❆ ♠❛❝#♦!❝♦♣✐❝ ❞#♦♣ ♦❢ ❧✐2✉✐❞ ✐! ✜#!* ❞❡♣♦!✐*❡❞ ♦♥ *❤❡ !✉❜!*#❛*❡✳ ❚❤❡ ♠❛❝#♦!❝♦♣✐❝

❞②♥❛♠✐❝ ❝♦♥*❛❝* ❛♥❣❧❡ ♦❢ *❤❡ ❞#♦♣✱ θD ❞❡❝#❡❛!❡! ❛! *❤❡ ❞#♦♣ !♣#❡❛❞! ♠♦#❡ ❛♥❞ ♠♦#❡✳ ❚❛♥♥❡#✬!

❧❛✇ ✭❬✹✷❪✱ ❬✸✽❪✱ ❬✶✺❪✱ ❬✾❪✱ ❬✶✵❪✮

✶✷

❞❡!❝#✐❜❡! !❛*✐!❢❛❝*♦#✐❧② *❤❡ ❡✈♦❧✉*✐♦♥ ♦❢ !♠❛❧❧ ❝♦♥*❛❝* ❛♥❣❧❡!✿

θ3D = KTanner
ηU

γ
✭✶✳✶✽✮

✇❤❡#❡ KTanner ✐! ❛♣♣#♦①✐♠❛*❡❧② ❝♦♥!*❛♥* ❀ U ✐! *❤❡ ❝♦♥*❛❝* ❧✐♥❡ ✈❡❧♦❝✐*② ❀ η *❤❡ ✈✐!❝♦!✐*② ♦❢ *❤❡

!♣#❡❛❞✐♥❣ ✢✉✐❞✳

❆! KTanner ✐! ❛♣♣#♦①✐♠❛*❡❧② ❝♦♥!*❛♥*✱ *❤❡ ♠❛❝#♦!❝♦♣✐❝ ❞②♥❛♠✐❝ ❝♦♥*❛❝* ❛♥❣❧❡ ✐! ♣#❛❝*✐❝❛❧❧②

✐♥❞❡♣❡♥❞❡♥* ♦❢ *❤❡ ✐♥✐*✐❛❧ !♣#❡❛❞✐♥❣ ♣❛#❛♠❡*❡#✱ S0✱ ❛❧*❤♦✉❣❤ *❤❡ ❢♦#❝❡ ✇❤✐❝❤ ♣✉❧❧! *❤❡ ❧✐2✉✐❞ ✐!

❡!!❡♥*✐❛❧❧② ❡2✉❛❧ *♦ S0✳ ❚❤❡ #❡❛!♦♥ ✐! *❤❛* ❛ ♣#❡❝✉#!♦# ✜❧♠ ❞❡✈❡❧♦♣! ❛❤❡❛❞ ♦❢ *❤❡ !♣#❡❛❞✐♥❣ ❞#♦♣✳

❖♥ ♠♦!* ♦❢ *❤❡✐# ❡①*❡♥*✱ *❤❡ ♣#❡❝✉#!♦# ✜❧♠! ❛#❡ ♦❢ ♠♦❧❡❝✉❧❛# *❤✐❝❦♥❡!! ❛♥❞ ❧❛②❡#✐♥❣ ✐! ❢#❡2✉❡♥*✳

■♥ *❤❡ ✐♠♠❡❞✐❛*❡ ✈✐❝✐♥✐*② ♦❢ *❤❡ ❞#♦♣✱ *❤❡✐# *❤✐❝❦♥❡!! ✐! ✐♥ *❤❡ ♠❡!♦!❝♦♣✐❝ #❛♥❣❡✳

▼❡!♦!❝♦♣✐❝ ♣#❡❝✉#!♦#! ❝❛♥ ❜❡ ❞❡!❝#✐❜❡❞ ❜② !♦❧✈✐♥❣ ❤②❞#♦❞②♥❛♠✐❝ ❡2✉❛*✐♦♥! *❛❦✐♥❣ ✐♥*♦ ❛❝✲

❝♦✉♥* ❞✐!❥♦✐♥✐♥❣ ♣#❡!!✉#❡ ✐♥ *❤✐♥ ③♦♥❡!✳ ❊2✉❛*✐♦♥! ❛#❡ ✇#✐**❡♥ ❜❡❧♦✇ ✐♥ *❤❡ !✐♠♣❧❡ 1❉ ❝❛!❡ ♦❢ ❛

❧✐2✉✐❞ ✇❡❞❣❡✳

❆❞✐❛❜❛%✐❝ ✜❧♠* ▲❡* ✉! ❝♦♥!✐❞❡# *❤❡ ❝♦#♥❡# ♦❢ ❛ ♠❛❝#♦!❝♦♣✐❝ !♣#❡❛❞✐♥❣ ❞#♦♣ ❛♥❞ ✐*! ♠❡!♦!❝♦♣✐❝

♣#❡❝✉#!♦# ✭!❡❡ ✜❣✉#❡ ✶✳✶✵✮✳ ◆❛✈✐❡#✲❙*♦❦❡! ❡2✉❛*✐♦♥ ✐! ✇#✐**❡♥ ✇✐*❤ *❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐*✐♦♥!✿

*❤❡ !✐*✉❛*✐♦♥ ✐! !*❛*✐♦♥❛#② ✭*❤❡ ♠❛❝#♦!❝♦♣✐❝ ❡❞❣❡ ✈❡❧♦❝✐*② U ✐! ❝♦♥!*❛♥*✮✱ ✐♥ *❤❡ ❝♦♥*❡①* ♦❢ *❤❡

❧✉❜#✐❝❛*✐♦♥ ❛♣♣#♦①✐♠❛*✐♦♥ ❛♥❞ ✇✐*❤ ❛ ♥♦✲!❧✐♣ ❝♦♥❞✐*✐♦♥ ❛* *❤❡ ❜♦✉♥❞❛#② ❜❡*✇❡❡♥ *❤❡ ❧✐2✉✐❞ ❛♥❞

*❤❡ !✉❜!*#❛*❡✳ ❚❤❡!❡ ✜❧♠! ❛#❡ ❝❛❧❧❡❞ ✧❛❞✐❛❜❛*✐❝ ✜❧♠!✧✱ *❤❡✐# ❧❡♥❣*❤ ❛♥❞ ♣#♦✜❧❡ ❞❡♣❡♥❞ ♦♥❧② ♦♥

✶✶

■♥ ❝♦♥$%❛'$✱ ❢♦%$❤❝♦♠✐♥❣ ❞✐'❝✉''✐♦♥' ♦♥ ♥❛♥♦♠❡$%✐❝ ❞%♦♣❧❡$' ✇✐$❤ ♥♦♥✲✈❛♥✐'❤✐♥❣ ❝♦♥$❛❝$ ❛♥❣❧❡' ✇✐❧❧ %❡6✉✐%❡

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

♠✉❝❤ '❤♦%$❡%✳

✶✷

❚❤❡ ❞❡♠♦♥'$%❛$✐♦♥ ♦❢ ❚❛♥♥❡%✬' ❧❛✇ ✇✐❧❧ ❜❡ ❞❡'❝%✐❜❡❞ ✐♥ $❤❡ ♥❡①$ ♣❛%❛❣%❛♣❤ ❝♦♥❝❡%♥✐♥❣ ❛❞✐❛❜❛$✐❝ ✜❧♠'✳



x

U

(x)
0

x0

❋✐❣✉$❡ ✶✳✶✵✿ ❚♦,❛❧ ✇❡,,✐♥❣✱ 2❝❤❡♠❛,✐❝ 2✐❞❡ ✈✐❡✇✳ ❚❤❡ ❝♦$♥❡$ ♦❢ ❛ 2♣$❡❛❞✐♥❣ ❞$♦♣ ❛♥❞ ✐,2 ♣$❡❝✉$2♦$

✜❧♠✳

,❤❡ ♠❛❝$♦2❝♦♣✐❝ ❡❞❣❡ ✈❡❧♦❝✐,②✳ ■, ❝♦♠❡2 ,❤❡♥✿

ηU = −
1

3
ξ2

∂P

∂x
✭✶✳✶✾✮

✇❤❡$❡ η ✐2 ,❤❡ ✈✐2❝♦2✐,② ♦❢ ,❤❡ 2♣$❡❛❞✐♥❣ ✢✉✐❞ ❀ U ✱ ✐,2 ✈❡❧♦❝✐,② ❀ ξ✱ ,❤❡ ,❤✐❝❦♥❡22 ♦❢ ,❤❡ ✜❧♠ ❀ x✱

,❤❡ ❤♦$✐③♦♥,❛❧ ❝♦♦$❞✐♥❛,❡ ❛♥❞ P (ξ)✱ ,❤❡ ♣$❡22✉$❡ ✐♥ ,❤❡ ✜❧♠✳ P (ξ) ✐2 ❣✐✈❡♥ ❜②✿

P (ξ) = P0 − γC(ξ)−Π(ξ) ✭✶✳✷✵✮

❚❤❡ ◆❛✈✐❡$✲❙,♦❦❡2 ❡I✉❛,✐♦♥ ✐2 ,❤❡♥✿

ηU =
1

3
ξ2

∂

∂x

[

γ
∂2ξ

∂x2
+Π(ξ)

]

✭✶✳✷✶✮

■♥ ,❤❡ ③♦♥❡ ❝♦$$❡2♣♦♥❞✐♥❣ ,♦ ,❤❡ ♣$❡❝✉$2♦$✱ ,❤❡ ,❡$♠ ❧✐♥❦❡❞ ,♦ ❝✉$✈❛,✉$❡ ✐2 ♥❡❣❧✐❣✐❜❧❡✳

■♥ ,❤❡ ♠❛❝$♦2❝♦♣✐❝ $❛♥❣❡✱ ✐, ✐2 ,❤❡ ❞✐2❥♦✐♥✐♥❣ ♣$❡22✉$❡ ✇❤✐❝❤ ✐2 ♥❡❣❧✐❣✐❜❧❡ ✭$❡❧❛,✐✈❡❧② ,❤✐❝❦

③♦♥❡✮✳ ❚❤❡ ❡I✉❛,✐♦♥ ✶✳✷✶ ✐2 ,❤❡♥✿ ηU = 1
3ξ

2γ ∂3ξ
∂x3 ✱ ✇❤♦2❡ ❛♣♣$♦①✐♠❛,❡ 2♦❧✉,✐♦♥ ✐2 ❚❛♥♥❡$✬2 ❧❛✇

❬✹✷❪✱ ❬✸✽❪✱ ❬✶✺❪✱ ❬✾❪✱ ❬✶✵❪✳

■♥ ,❤❡ ♠✐❝$♦2❝♦♣✐❝ $❛♥❣❡✱ ❝♦♠✐♥❣ ❜❛❝❦ ,♦ ❡I✉❛,✐♦♥ ✶✳✷✶✱ ♦♥❡ ❝❛♥ $❡❞✉❝❡ ✐, ,♦✿

ηU =
1

3
ξ2

∂Π(ξ)

∂x
✭✶✳✷✷✮

❑♥♦✇✐♥❣ ,❤❡ ❞✐2❥♦✐♥✐♥❣ ♣$❡22✉$❡✱ ✐, ✐2 ,❤❡♥ ♣♦22✐❜❧❡ ,♦ ❝❛❧❝✉❧❛,❡ ,❤❡ ♣$♦✜❧❡ ♦❢ ,❤❡ ♣$❡❝✉$2♦$ ✜❧♠✳

❉✐✛✉$✐✈❡ ✜❧♠$ ■♥ ♣$❛❝,✐❝❡✱ 2,✉❞②✐♥❣ ❛ ✜❧♠ ❛❤❡❛❞ ❛ ♠♦✈✐♥❣ ✇❡❞❣❡ ✐2 ♥♦, ❡❛2②✳ ▼♦2, ♦❢ ,❤❡ ,✐♠❡✱

✜❧♠2 ❛$❡ ♦❜2❡$✈❡❞ ✇✐,❤♦✉, ♠❛❝$♦2❝♦♣✐❝ ✈❡❧♦❝✐,② ✭❝❧✐♠❜✐♥❣ ✜❧♠ ❝♦♥♥❡❝,❡❞ ,♦ ❛ 2,❛,✐❝ ♠❡♥✐2❝✉2✮

♦$ ✇✐,❤♦✉, ♠❛❝$♦2❝♦♣✐❝ $❡2❡$✈♦✐$✳ ❙✉❝❤ ✜❧♠2 ❛$❡ ♥♦, 2,❛,✐♦♥❛$②✳ ❚❤❡② ♦❜❡② ❛ ❞✐✛✉2✐♦♥✲❧✐❦❡

❡I✉❛,✐♦♥✱ ❛2 ✜$2, ❞❡2❝$✐❜❡❞ ❜② ❉❡$❥❛❣✉✐♥ ❢♦$ ♠❡2♦2❝♦♣✐❝ ✜❧♠2✳ ❚❤❡ ❝❛❧❝✉❧❛,✐♦♥ 2,❛$,2 ❥✉2, ❧✐❦❡



❋✐❣✉$❡ ✶✳✶✶✿ ❊①+$❛❝+ ♦❢ ❙✳ ❇❛$❞♦♥ 4❤❉ +❤❡7✐7✿ ❊❧❧✐♣7♦♠❡+$✐❝ ♠❡❛7✉$❡♠❡♥+ ♦❢ +❤❡ ♣$♦✜❧❡ ♦❢ ❛

♠✐❝$♦❞$♦♣❧❡+ ♦❢ 5CB ✐♥ ♥❡♠❛+✐❝ ♣❤❛7❡ 7♣$❡❛❞✐♥❣ 7❧♦✇❧② ♦♥ ❛ 7✐❧✐❝♦♥ ✇❛❢❡$✳ ❙+❡❡♣ ③♦♥❡7 ❛$❡

♦❜7❡$✈❡❞✳ ❚❤❡② 7✉❣❣❡7+ +❤❡ ❡①✐7+❡♥❝❡ ♦❢ ❧❡✈❡❧7 ✐♥ +❤❡ ❞✐7❥♦✐♥✐♥❣ ♣$❡77✉$❡✳ ❚❤❡ ✜❧♠ ✇✐+❤ ❛

+❤✐❝❦♥❡77 ♥♦+❡❞ ❛7 L1 ✐7 ❛ +$✐❧❛②❡$ ♦❢ ♠♦❧❡❝✉❧❡7✳ ◆♦+❡ +❤❡ ❤✉❣❡ ❞✐✛❡$❡♥❝❡ ✐♥ +❤✐❝❦♥❡77 ❛♥❞ ❧❛+❡$❛❧

7❝❛❧❡7✳

+❤❡ ♣$❡✈✐♦✉7 ♦♥❡✱ ❜✉+ ♥♦✇ +❤❡ ❞②♥❛♠✐❝7 ✐7 ❞❡7❝$✐❜❡❞ ❜② +❤❡ ❝♦♥7❡$✈❛+✐♦♥ ❡G✉❛+✐♦♥✿

∂ξ

∂t
+

∂(ξU)

∂x
= 0 ✭✶✳✷✸✮

❆7 +❤❡ +✐♠❡ ♦❢ ❡G✉✐❧✐❜$❛+✐♦♥ ❢♦$ +❤❡ ✈❡❧♦❝✐+② ♣$♦✜❧❡ ✐7 ♠✉❝❤ 7❤♦$+❡$ +❤❛♥ +❤❡ ❝❤❛$❛❝+❡$✐7+✐❝ 7♣$❡❛❞✲

✐♥❣ +✐♠❡✱ ❡G✉❛+✐♦♥ ✶✳✷✷ ❝❛♥ ❜❡ ✉7❡❞ ❢♦$ U ✐♥ +❤❡ ❝♦♥7❡$✈❛+✐♦♥ ❡G✉❛+✐♦♥✿

∂ξ

∂t
+

∂

∂x

[

ξ3

3η

∂Π(ξ)

∂x

]

= 0 ✭✶✳✷✹✮

∂ξ

∂t
+

∂

∂x

[

ξ3

3η

∂Π(ξ)

∂ξ

∂ξ

∂x

]

= 0 ✭✶✳✷✺✮

❉❡✜♥✐♥❣ +❤❡♥ D(ξ) = − ξ3

3η
∂Π(ξ)
∂ξ ✱ +❤❡ ❡G✉❛+✐♦♥ ✶✳✷✺ +❛❦❡7 +❤❡ 7❤❛♣❡ ♦❢ ❛ ❞✐✛✉7✐♦♥ ❡G✉❛+✐♦♥ ✭✇❤✐❝❤

❥✉7+✐✜❡7 +❤❡ ♥❛♠❡ ♦❢ ❞✐✛✉7✐✈❡ ✜❧♠7✮✿

∂ξ

∂t
−

∂

∂x

[

D(ξ)
∂ξ

∂x

]

= 0 ✭✶✳✷✻✮

❚❤❡ ♣$♦✜❧❡ ♦❢ +❤❡ ♣$❡❝✉$7♦$ ✐7 ❝❤❛♥❣✐♥❣ 7❧♦✇❧②✳ ■+ ✐7 +❤❡$❡❢♦$❡ ♣♦77✐❜❧❡ +♦ ❤❛✈❡ ❧♦❝❛❧ ✐♥❢♦$♠❛+✐♦♥

❛❜♦✉+ ✐+ ❝♦♥7✐❞❡$✐♥❣✿

D(ξ)
∂ξ

∂x
≈ Constant ✭✶✳✷✼✮

■❢ (❤❡+❡ ❛+❡ ❧❡✈❡❧/ ✐♥ (❤❡ ❞✐/❥♦✐♥✐♥❣ ♣+❡//✉+❡ ✭❝❢ ▼❛①✇❡❧❧✬/ ❡=✉❛❧ ❝♦♥/(+✉❝(✐♦♥ +✉❧❡✮✱ /(❡❡♣ ③♦♥❡/

❛+❡ ♦❜/❡+✈❡❞ ✐♥ (❤❡ ♣+♦✜❧❡ ♦❢ (❤❡ ✜❧♠ ✭/❡❡ ✜❣✉+❡ ✶✳✶✶✮✳



❚♦ "✉♠♠❛&✐③❡✱ ✐♥ ,♦,❛❧ ✇❡,,✐♥❣ ❝♦♥❞✐,✐♦♥" ❛♥❞ ✇✐,❤ ♥♦♥✲✈♦❧❛,✐❧❡ ❧✐5✉✐❞"✱ ❛ ❞❡♣♦"✐,❡❞ ❞&♦♣

❞♦❡" ♥♦, "♣&❡❛❞ ♦♥ ❛ ❝♦♠♣❧❡,❡❧② ❞&② "✉❜",&❛,❡✱ ,❤❡&❡ ✐" ❛ ♣&❡❝✉&"♦& ✜❧♠ ✇❤✐❝❤ ❞❡✈❡❧♦♣" ❛❤❡❛❞ ♦❢

,❤❡ ♠❛❝&♦"❝♦♣✐❝ ❢&♦♥,✳ ▼♦", ♦❢ ,❤❡ ♣&❡❝✉&"♦& ✜❧♠ ✐" ♦❢ ❛ ♠♦❧❡❝✉❧❛& ,❤✐❝❦♥❡"" ❛♥❞ ♠❛② ✉♥❞❡&❣♦ ❛

",&✉❝,✉&❛,✐♦♥ ❞✉❡ ,♦ ,❤❡ "✉❜",&❛,❡✳ ❆ ♠❡"♦"❝♦♣✐❝ ❞❡"❝&✐♣,✐♦♥ ",✐❧❧ ❛❧❧♦✇" ♦♥❡ ,♦ ❞❡,❡&♠✐♥❡ ,❤❛,

",❡♣" ❛&❡ ❝❛✉"❡❞ ❜② ✏▼❛①✇❡❧❧✬" ❧❡✈❡❧"✑ ✐♥ ,❤❡ ❞✐"❥♦✐♥✐♥❣ ♣&❡""✉&❡✳

✶✳✷✳✻ ▲✐♥❡ (❡♥)✐♦♥ ❛♥❞ ♠♦❞✐✜❡❞ ❨♦✉♥❣ ❡2✉❛(✐♦♥

▲❡, ✉" ❣♦ ❜❛❝❦ ,♦ ♣❛&,✐❛❧ ✇❡,,✐♥❣✱ ❛♥❞ ♠♦&❡ "♣❡❝✐✜❝❛❧❧② ,♦ ,❤❡ ❞❡"❝&✐♣,✐♦♥ ♦❢ "♠❛❧❧ ❞&♦♣❧❡,"✳

❆❝,✉❛❧❧②✱ "♠❛❧❧ "❝❛❧❡" ❞♦ ♥♦, ♦♥❧② ♠❡❛♥ ,❤✐♥ ✜❧♠"✿ "♠❛❧❧✲"❝❛❧❡ ❡✛❡❝," ❛&❡ "✉♣♣♦"❡❞ ,♦ ❛✛❡❝,

❞&♦♣" ✇❤✐❝❤ ❞✐❛♠❡,❡& ✐" ❜❡❧♦✇ ,❤❡ ♠✐❝&♦♠❡,❡& &❛♥❣❡✳

❆" ♣&❡✈✐♦✉"❧② ❞✐"❝✉""❡❞✱ ,❤❡ ❝♦♥,❛❝, ❛♥❣❧❡ ♦❢ ❛ ♠❛❝&♦"❝♦♣✐❝ ❞&♦♣ ✐" ❞❡"❝&✐❜❡❞ ❜② ❨♦✉♥❣✬" ❧❛✇✿

cosθ =
γsg−γls

γlg
✳ ❙✉&❢❛❝❡ ,❡&♠" ✐♥ ,❤❡ ❢&❡❡ ❡♥❡&❣② ♣❡& "✉&❢❛❝❡ ✉♥✐,✱ ✐✳❡✳ "✉&❢❛❝❡ ,❡♥"✐♦♥ ,❡&♠"✱

❛&❡ &❡"♣♦♥"✐❜❧❡ ❢♦& ,❤❡ ✈❛❧✉❡ ♦❢ ,❤❡ ♠❛❝&♦"❝♦♣✐❝ ❝♦♥,❛❝, ❛♥❣❧❡✳ ❋♦& "♠❛❧❧❡&✲"✐③❡❞ ❞&♦♣"✱ ,❤❡

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

✏▲✐♥❡✲❡✛❡❝,"✑ ❜❡❣✐♥ ,♦ ♠❛,,❡& ❛♥❞ ♠✉", ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ ,❤❡ ❢&❡❡ ❡♥❡&❣② ♦❢ ,❤❡ "②",❡♠✳ ❲✐,❤♦✉,

❞✐"❝✉""✐♥❣ ❞❡,❛✐❧" ❢♦& ,❤❡ ♠♦♠❡♥,✱ ,❤❡ ♠✐♥✐♠✐③❛,✐♦♥ ♦❢ ,❤❡ ❢&❡❡ ❡♥❡&❣② ❛, ❡5✉✐❧✐❜&✐✉♠ ❧❡❛❞" ,♦✿

−γsg + γlg ∗ cosθmicro + γls +
τ

r
= 0 ✭✶✳✷✽✮

❲❤❡&❡ θmicro ✐" ,❤❡ ❝♦♥,❛❝, ❛♥❣❧❡ ♦❢ ,❤❡ ❞&♦♣❧❡,✱ τ ✐" ,❤❡ ❡♥❡&❣② ♣❡& ✉♥✐, ❧❡♥❣,❤ ❛""♦❝✐❛,❡❞ ,♦

,❤❡ ,❤&❡❡ ♣❤❛"❡ ❝♦♥,❛❝, ❧✐♥❡✱ ❝❛❧❧❡❞ ,❤❡ ❧✐♥❡ ,❡♥"✐♦♥ ❛♥❞ r✱ ,❤❡ &❛❞✐✉" ♦❢ ,❤❡ ♣❡&✐♠❡,❡& ♦❢ ,❤❡

❞&♦♣❧❡,✬" ❜❛"❡✳ ❚❤❡ ❝♦♥,❛❝, ❛♥❣❧❡ ✐" ❞❡❞✉❝❡❞ ❛"✿

cosθmicro =
γsv − γls

γlv
−

τ

r ∗ γlv
✭✶✳✷✾✮

cosθmicro = cosθ −
τ

r ∗ γlv
✭✶✳✸✵✮

❚❤✐" ✐" ,❤❡ ♠♦❞✐✜❡❞ ❨♦✉♥❣ ❡5✉❛,✐♦♥✳ ❋♦& ❞&♦♣❧❡,"✱ ,❤❡&❡ ✐" ❛ "✐③❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ,❤❡ ❝♦♥,❛❝,

❛♥❣❧❡✳

❆♥ ❡①❡♠♣❧❡ ♦❢ ❛ "✉❝❤ ❛ ❞❡♣❡♥❞❡♥❝❡ ❢♦& ♥♦♥✲✈♦❧❛,✐❧❡ ❧✐5✉✐❞" ✇❛" ",✉❞✐❡❞ ❜② ❇❡&❣ ❡, ❛❧✳ ❬✸❪ ✭"❡❡

✜❣✉&❡ ✶✳✶✷✮✳ ❋♦& ❞&♦♣" ✇✐,❤ &❛❞✐✐ ❛❜♦✈❡ 30 ♥♠✱ ,❤❡ ❞&♦♣❧❡," "❤♦✇ ,❤❡ ♠❛❝&♦"❝♦♣✐❝ ❝♦♥,❛❝, ❛♥❣❧❡✳

❇❡❧♦✇ ,❤❡ ✈❛❧✉❡ ♦❢ 30 ♥♠✱ ❧✐♥❡ ❡✛❡❝," ❜❡❣✐♥ ,♦ ♠❛,,❡& ❛♥❞ ,❤❡&❡ ✐" ❛ ❞❡❝&❡❛"❡ ♦❢ ,❤❡ ❝♦♥,❛❝,

❛♥❣❧❡ ♦❢ ,❤❡ ❞&♦♣" ✐♥ ❢✉♥❝,✐♦♥ ♦❢ ,❤❡✐& &❛❞✐✉"✳ ❚❤✐" ❝♦&&❡"♣♦♥❞" ,♦ ❛ ♥❡❣❛,✐✈❡ ❧✐♥❡ ,❡♥"✐♦♥ ,❡&♠

≈ 10−11
❏✴♠✳ ■, ✐" ✇♦&,❤ ♥♦,✐♥❣ ,❤❛, ❧✐♥❡ ,❡♥"✐♦♥ ❝❛♥ ❜❡ ❡✐,❤❡& ♣♦"✐,✐✈❡ ♦& ♥❡❣❛,✐✈❡ ❬✸✷❪✱ ❬✷❪✳



❋✐❣✉$❡ ✶✳✶✷✿ ❋✐❣✉$❡* +❛❦❡♥ ❢$♦♠ ❬✸❪✳ ❖♥ +❤❡ ❧❡❢+ *✐❞❡✱ ❆❋▼ ♣$♦✜❧❡* ♦❢ *❡**✐❧❡ ❢✉❧❧❡$❡♥❡ ❞$♦♣❧❡+*

❞❡♣♦*✐+❡❞ ♦♥ *✐❧✐❝♦♥ ✇❛❢❡$*✳ ❖♥ +❤❡ $✐❣❤+ *✐❞❡✱ ❡✈♦❧✉+✐♦♥ ♦❢ +❤❡ ❝♦♥+❛❝+ ❛♥❣❧❡ ♦❢ *❡**✐❧❡ ❢✉❧❧❡$❡♥❡

❞$♦♣❧❡+* ✐♥ ❢✉♥❝+✐♦♥ ♦❢ +❤❡ $❛❞✐✉*✳

✶✳✷✳✼ $%❡❧✐♠✐♥❛%② ❝♦♠♠❡♥/✿ ▲✐♥❡ /❡♥2✐♦♥ ✈❡%2✉2 ❜♦✉♥❞❛%② /❡♥2✐♦♥

❇❡❢♦$❡ ❣♦✐♥❣ ❛♥② ❢✉$+❤❡$✱ ❧❡+ ✉* $❡❝❛❧❧ +❤❡ ❞✐✛❡$❡♥❝❡ ✐♥ ❜❡+✇❡❡♥ ❧✐♥❡ +❡♥*✐♦♥ ❛♥❞ ❜♦✉♥❞❛$② +❡♥*✐♦♥✳

■♥ ❜♦+❤ ❝❛*❡*✱ +❤❡ ❞❡*❝$✐♣+✐♦♥ ✐♥ +❡$♠* ♦❢ ❢$❡❡ ❡♥❡$❣② ✐* +❤❡ *❛♠❡✳ ❚❤❛+ ✐* ✇❤② +❤❡✐$ ♥❛♠❡* ❛$❡

♦❢+❡♥ ♠✐①❡❞ ✉♣ ✐♥ +❤❡ ❧✐+❡$❛+✉$❡✳ ▲✐♥❡ +❡♥*✐♦♥ ❛♥❞ ❜♦✉♥❞❛$② +❡♥*✐♦♥ $❡♣$❡*❡♥+ +❤♦✉❣❤ +✇♦

❞✐✛❡$❡♥+ ❝♦♥❝❡♣+*✳

❲❡ ❤❛✈❡ ✐♥+$♦❞✉❝❡❞ +❤❡ ❧✐♥❡ +❡♥*✐♦♥ +❤$♦✉❣❤ ✐+* ✐♥✢✉❡♥❝❡ ♦♥ +❤❡ ❝♦♥+❛❝+ ❛♥❣❧❡ ♦❢ *♠❛❧❧

❞$♦♣❧❡+*✳ ▼♦$❡ ❢✉♥❞❛♠❡♥+❛❧❧②✱ ✐+ ❝♦$$❡*♣♦♥❞* +♦ +❤❡ ❡①❝❡** ❡♥❡$❣② ♣❡$ ✉♥✐+ ❧❡♥❣+❤ ❛**♦❝✐❛+❡❞

+♦ +❤❡ ❝♦♥+❛❝+ ❜❡+✇❡❡♥ +❤$❡❡ ❜✉❧❦ ♣❤❛*❡* ❛❧♦♥❣ ❛ +❤$❡❡✲♣❤❛*❡ ❝♦♥+❛❝+ ❧✐♥❡ ❬✸✷❪✳ ❖♥ +❤❡ ♦+❤❡$

❤❛♥❞✱ +❤❡ ❜♦✉♥❞❛$② +❡♥*✐♦♥ ❞❡*❝$✐❜❡* +❤❡ ❡♥❡$❣② ❛**♦❝✐❛+❡❞ +♦ +❤❡ ♣❡$✐♠❡+❡$ ❜❡+✇❡❡♥ +✇♦ ♣❤❛*❡*

✐♥ *✉$❢❛❝❡✳ L❤❛*❡* ✐♥ *✉$❢❛❝❡ ❛$❡ ✉*✉❛❧❧② ♠♦❧❡❝✉❧❛$ ❧❛②❡$* ♦$ +❤✐♥ ✜❧♠*✳ ■♥ +❤✐* ❧❛++❡$ ❝❛*❡✱ +❤❡

❜♦✉♥❞❛$② +❡♥*✐♦♥ ✐* +❤❡ +✇♦✲❞✐♠❡♥*✐♦♥❛❧ ❡M✉✐✈❛❧❡♥+ ♦❢ +❤❡ *✉$❢❛❝❡ +❡♥*✐♦♥ ♦$ +❤✐♥ ✜❧♠*✳ ■+ ✐*

❛❧✇❛②* ♣♦*✐+✐✈❡ ✉♥❧✐❦❡ ❧✐♥❡ +❡♥*✐♦♥✳ ❙✐+✉❛+✐♦♥* ✇❤❡$❡ ❜♦✉♥❞❛$② +❡♥*✐♦♥ ♣❧❛②* ❛ $♦❧❡ ❛$❡ ❢♦✉♥❞ ✐♥

❈❤❛♣+❡$ ✷ ❢♦$ ❧✐M✉✐❞ ❝$②*+❛❧ ✜❧♠*✳ ❙✐+✉❛+✐♦♥* ✇❤❡$❡ ❧✐♥❡ +❡♥*✐♦♥ ♣❧❛②* ❛ $♦❧❡ ❛$❡ ❢♦✉♥❞ ✐♥ ❈❤❛♣+❡$

✸ ❢♦$ ✐♦♥✐❝ ❧✐M✉✐❞ ❞$♦♣❧❡+*✳ ■♥ +❤❡ ❢♦❧❧♦✇✐♥❣✱ *♦♠❡ ♠❡+❤♦❞* ♦❢ ♠❡❛*✉$❡♠❡♥+ ♦❢ ❜♦✉♥❞❛$② ♦$ ❧✐♥❡

+❡♥*✐♦♥ ❛$❡ ♣$❡*❡♥+❡❞ ❛♥❞ ❞✐*❝✉**❡❞✳

✶✳✷✳✽ ▼❡❛2✉%❡♠❡♥/ ♦❢ ❜♦✉♥❞❛%② /❡♥2✐♦♥

❆* ❡♥❡$❣② ✐* ❛**♦❝✐❛+❡❞ +♦ +❤❡ ♣❡$✐♠❡+❡$ ❜❡+✇❡❡♥ +✇♦ ♣❤❛*❡* ✐♥ *✉$❢❛❝❡✱ ❛ ♥♦♥✲♣❡$+✉$❜❡❞ ♣❤❛*❡

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

✐♥ ✐♥❝$❡❛*✐♥❣ +❤✐* ♣❡$✐♠❡+❡$ ❜② ❞❡❢♦$♠✐♥❣ ✐+ ❛♥❞ ♦❜*❡$✈✐♥❣ +❤❡ $❡❧❛①❛+✐♦♥ +♦✇❛$❞* +❤❡ ❡M✉✐❧✐❜$✐✉♠✳

❚❤❡ $❡❧❛①❛+✐♦♥ ❝❛♥ +❤❡♥ ❜❡ ♠♦❞❡❧❡❞ ❛♥❞ +❤❡ ❜♦✉♥❞❛$② +❡♥*✐♦♥ ❝❛❧❝✉❧❛+❡❞✳ ❚❤❡ ❞❡❢♦$♠❛+✐♦♥ ♦❢

+❤❡ ❞♦♠❛✐♥ ❝❛♥ ❜❡ ❞✉❡ +♦ ❛♥ ❡①+❡$♥❛❧ ❝♦♥*+$❛✐♥+ ✭*♠❛❧❧ ♦$ ❧❛$❣❡ ❞❡❢♦$♠❛+✐♦♥* ❛♣♣❧✐❡❞ ❞✐$❡❝+❧② ❜②

+❤❡ ✉*❡$ ✭❬✹✽❪✱ ❬✷✺❪✮ ♦$ ❤②❞$♦❞②♥❛♠✐❝❛❧❧② ✭❡❧♦♥❣❛+✐♦♥ ❞✉❡ +♦ ✢♦✇* ❝$❡❛+❡❞ ❜② $♦+❛+✐♥❣ ❝②❧✐♥❞❡$*✮

♦$ ❜② ❛ ❝♦❛❧❡*❝❡♥❝❡ ♦❢ *❡✈❡$❛❧ ❞♦♠❛✐♥* ✭$❡♦$❣❛♥✐③❛+✐♦♥ ✇✐+❤✐♥ +❤❡ *②*+❡♠✮✳ ❚❤✐* ❞②♥❛♠✐❝ ♠❡+❤♦❞



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

♦♥❡✱ ✇❤✐❝❤ ✐$ ❜❛$❡❞ ♦♥ '❤❡ ❝♦♥❝❡♣' ♦❢ '❤❡ 2❉ ❡8✉✐✈❛❧❡♥' ♦❢ ▲❛♣❧❛❝❡ ♣.❡$$✉.❡ ❛❧❧♦✇$ '♦ ♠❡❛$✉.❡

.❛'✐♦$ ♦❢ ❜♦✉♥❞❛.② '❡♥$✐♦♥$ ❬✶✷❪✳

❚❤❡$❡ ♠❡'❤♦❞$ ✇✐❧❧ ❜❡ ♣.❡$❡♥'❡❞ ✐♥ '❤❡ ❝❛$❡ ♦❢ '❤✐♥ ✜❧♠$ ♦❢ ♥❡♠❛'✐❝ ❧✐8✉✐❞ ❝.②$'❛❧$ ♦♥ ❛ ✇❛'❡.

$✉❜$'.❛'❡ $'✉❞✐❡❞ ❜❡❧♦✇ ✐♥ ❈❤❛♣'❡. ✷✳ ❍❡.❡✱ '❤❡ ❧✐8✉✐❞ ❝.②$'❛❧ ✐$ ✻❈❇ ❢❛. ❢.♦♠ '❤❡ ♥❡♠❛'✐❝✲

✐$♦'.♦♣✐❝ '.❛♥$✐'✐♦♥✳ ❲❡ ❤❛✈❡ ❛❧.❡❛❞② .❡♣♦.'❡❞ '❤❡ $'❡♣♣❡❞ ♣.♦✜❧❡$ ♦❢ ✺❈❇ ♠✐❝.♦❞.♦♣❧❡'$ ♦♥

$✐❧✐❝❛ ✭$❡❡ ✜❣✉.❡ ✶✳✶✶✮✳ ❲✐'❤ ✻❈❇ ♦♥ ✇❛'❡.✱ ♦♥❡ ♦❜$❡.✈❡$ ❛ ❝♦❡①✐$'❡♥❝❡ ❜❡'✇❡❡♥ ✢❛' ✜❧♠$ ♦❢

✈❛.✐♦✉$ '❤✐❝❦♥❡$$❡$✳ ●♦✐♥❣ ❢.♦♠ '❤❡ '❤✐♥♥❡$' '♦ '❤❡ '❤✐❝❦❡$'✱ ♦♥❡ ✜♥❞$✿ ♠♦♥♦❧❛②❡. ✭≈ 1.2 ♥♠✮✱

'.✐❧❛②❡. ✭≈ 3.5 ♥♠✮ ❛♥❞ ✢❛' $'.✐♣❡❞ ❞♦♠❛✐♥$ ✭20− 30 ♥♠ '♦ 600− 800 ♥♠✮

✶✸

✳ ❚❤❡ $❤❛♣❡ ♦❢ ♦♥❡

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

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

✇✐❧❧ ❜❡ ♥♦'❡❞ ❛$ τ(h) ❛$ ✐' ❞❡♣❡♥❞$ ♦♥ '❤❡ '❤✐❝❦♥❡$$ h ♦❢ '❤❡ $'.✐♣❡❞ ❞♦♠❛✐♥

✶✹

✳

❚❤❡ ❞②♥❛♠✐❝ ♠❡*❤♦❞

47.78 47.86 47.98

48.26 48.50 57.26

L

W

L
 /

 W
 -

1

Time (s)
0 1 2 3

1

0.1

0.01

❋✐❣✉.❡ ✶✳✶✸✿ ❊①'.❛❝' ♦❢ ❬✶✷❪✳ ❖♥ '❤❡ ❧❡❢' $✐❞❡✱ ❛ ❝♦❛❧❡$❝❡♥❝❡ ♦❢ '✇♦ $'.✐♣❡❞ ❞♦♠❛✐♥$ ❝♦♠♣❧❡'❡❧②

$✉..♦✉♥❞❡❞ ❜② '❤❡ '.✐❧❛②❡. ✭♥♦ ♠♦♥♦❧❛②❡. ♣.❡$❡♥'✮ ✐$ ❢♦❧❧♦✇❡❞ ✉♥❞❡. ♦♣'✐❝❛❧ ♠✐❝.♦$❝♦♣❡ ✭'❤❡ '✐♠❡

✐$ ✐♥❞✐❝❛'❡❞ ✐♥ $❡❝♦♥❞$ ♦♥ ❡❛❝❤ ✐♠❛❣❡✮✳ ❖♥ '❤❡ .✐❣❤' $✐❞❡✱ ❛ '②♣✐❝❛❧ $❡♠✐✲❧♦❣❛.✐'❤♠✐❝ ♣❧♦' $❤♦✇✐♥❣

'❤❡ ❛♥✐$♦'.♦♣② ♦❢ ❛ ♥❡✇ ❞♦♠❛✐♥ ✈$ '✐♠❡✳

❆$ ♠❡♥'✐♦♥❡❞ ❛❜♦✈❡✱ '❤❡ ❞②♥❛♠✐❝ ♠❡'❤♦❞ ✐$ ❜❛$❡❞ ♦♥ ❞❡❢♦.♠❛'✐♦♥$ ♦❢ ❞♦♠❛✐♥$✳ ❙♠❛❧❧ ❞❡❢♦.✲

♠❛'✐♦♥$ ❛.❡ ❡❛$✐❡. '♦ ❢♦❧❧♦✇ ❢.♦♠ ❛♥ ❡①♣❡.✐♠❡♥'❛❧ ♣♦✐♥' ♦❢ ✈✐❡✇ ✐♥ '❤❡ ❝❛$❡ ♦❢ ❧✐8✉✐❞ ❝.②$'❛❧$✳

❆❝'✉❛❧❧②✱ $♠❛❧❧ ❞❡❢♦.♠❛'✐♦♥$ ✐♥ '❤✐♥ ✜❧♠$ ♦❢ ❧✐8✉✐❞ ❝.②$'❛❧$ ❞❡♣♦$✐'❡❞ ♦♥ ✇❛'❡. ❝❛♥ ❜❡ ♦❜$❡.✈❡❞

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

'❤❡ ❜♦✉♥❞❛.② '❡♥$✐♦♥ τ(h) ❞❡♣❡♥❞$ ♦♥ '❤❡ '❤✐❝❦♥❡$$ h ♦❢ '❤❡ ❞♦♠❛✐♥ ♦❢ $'.✐♣❡❞ ✜❧♠✱ ♠❡❛$✉.❡✲

✶✸

❚❤❡ #$%✐♣❡❞ #$%✉❝$✉%❡ ♦❢ $❤❡ $❤✐❝❦❡#$ ✜❧♠# ✇✐❧❧ ❜❡ ❛♥❛❧②#❡❞ ✐♥ ❈❤❛♣$❡% ✷✳

✶✹

❚❤❡ $❤✐❝❦♥❡## ♦❢ $❤❡ #$%✐♣❡❞ ❞♦♠❛✐♥ ❝❛♥ ❜❡ ❡❛#✐❧② ♠❡❛#✉%❡❞✳ ❚❤❡ ♠❡$❤♦❞ ✉#❡❞ ✐# ❣♦✐♥❣ $♦ ❜❡ ❞❡#❝%✐❜❡❞ ❧❛$❡%✱

#❡❡ ❈❤❛♣$❡% ✷✳



4

3
2

1

❋✐❣✉$❡ ✶✳✶✹✿ ❊①,$❛❝, ♦❢ ❬✶✷❪✿ ♠✐❝$♦5❝♦♣❡ ✐♠❛❣❡5 ♦❢ ✻❈❇ ✜❧♠5 ♦♥ ✇❛,❡$ ❛, ❛♠❜✐❡♥, ,❡♠♣❡$❛,✉$❡✳

❖♥ ,❤❡ ❧❡❢, 5✐❞❡✱ ,❤❡ ❝♦♥,$❛5, ♦❢ ,❤❡ ✐♠❛❣❡ ✐5 ♠♦❞✐✜❡❞ ✐♥ ♦$❞❡$ ,♦ 5❡❡ ,❤❡ ❧✐♠✐,5 ❜❡,✇❡❡♥ ,❤❡

❞✐✛❡$❡♥, ❧❛②❡$5✳ ❖♥ ,❤❡ $✐❣❤, 5✐❞❡✱ ,❤❡ ✉♥♠♦❞✐✜❡❞ ✐♠❛❣❡ ✐5 ♣$❡5❡♥,❡❞✳ ■, ❛❧❧♦✇5 ♦♥❡ ,♦ 5❡❡ ,❤❛,

,❤❡ ❞♦♠❛✐♥5 ✇❤✐❝❤ ❛♣♣❡❛$❡❞ ❛5 5❛,✉$❛,❡❞ ✐♥ ,❤❡ ♣✐❝,✉$❡ ♦♥ ,❤❡ ❧❡❢, 5✐❞❡ ♣♦55❡55 ✐♥ ❢❛❝, ❛ 5,$✐♣❡❞

5,$✉❝,✉$❡✳ 1✿ ♠♦♥♦❧❛②❡$✱ 2 ❛♥❞ 4✱ ,$✐❧❛②❡$✱ 3 5,$✐♣❡❞ ❞♦♠❛✐♥✳ ❍❡$❡✱ ,❤❡ 5,$✐♣❡❞ ❞♦♠❛✐♥ ❝♦♥,❛❝,5
5✐♠✉❧,❛♥❡♦✉5❧② ,❤❡ ♠♦♥♦❧❛②❡$ ❛♥❞ ,$✐❧❛②❡$ ❞♦♠❛✐♥5✳ ❚❤✐5 ❡①♣❧❛✐♥5 ,❤❡ ❛♥❣✉❧❛$ 5❤❛♣❡✳

♠❡♥,5 ♦❢ τ(h) ❝❛♥ ♦♥❧② ❜❡ ♣❡$❢♦$♠❡❞ ❢♦$ ❝♦❛❧❡5❝✐♥❣ ❞♦♠❛✐♥5 5❤❛$✐♥❣ ,❤❡ 5❛♠❡ ,❤✐❝❦♥❡55✳ ❖♥❝❡

,❤✐5 ❝♦♥❞✐,✐♦♥ ✐5 ❢✉❧✜❧❧❡❞✱ ,❤❡ ❝♦❛❧❡5❝❡♥❝❡ ♣$♦❝❡55 ❝❛♥ ❜❡ ❞❡5❝$✐❜❡❞ ✐♥ ,✇♦ 5,❡♣5✿ ♦♥ 5❤♦$, ,✐♠❡

5❝❛❧❡5✱ ,❤❡ ,✇♦ ❞♦♠❛✐♥5 ♠❡❡, ❡❛❝❤ ♦,❤❡$ ❛♥❞ ♠❡$❣❡ ❀ ♦♥ ❧♦♥❣ ,✐♠❡ 5❝❛❧❡5✱ ,❤❡ ♥❡✇ ❞♦♠❛✐♥ $❡❧❛①❡5

✐,5 ✭♥♦✇✮ ❡❧❧✐♣,✐❝❛❧ 5❤❛♣❡ ,♦✇❛$❞5 ❛ ❝✐$❝✉❧❛$ 5❤❛♣❡ ✭5❡❡ ✜❣✉$❡ ✶✳✶✸✮✳ ❆5 ,❤❡ ❞✐55✐♣❛,✐♦♥ ✐♥ ,❤❡

5✉❜✲♣❤❛5❡ ❞♦♠✐♥❛,❡5 ,❤❡ ❞✐55✐♣❛,✐♦♥ ✐♥ 5✉$❢❛❝❡ ❬✷✺❪✱ ,❤❡ $❡❧❛①❛,✐♦♥ ❞②♥❛♠✐❝5 ,♦✇❛$❞5 ❛ ❝✐$❝✉❧❛$

5❤❛♣❡ ♦❢ $❛❞✐✉5 R0 ❜❡❝♦♠❡5 ❡①♣♦♥❡♥,✐❛❧ ✇✐,❤ ❛ ❝❤❛$❛❝,❡$✐5,✐❝ ,✐♠❡ Trelax ❬✸✼❪✳ ❚❤✐5 ❝❤❛$❛❝,❡$✐5,✐❝

,✐♠❡ ✐5 ❣✐✈❡♥ ❜② ,❤❡ ❢♦$♠✉❧❛ ♦❢ ❙,♦♥❡ ❛♥❞ ▼❝ ❈♦♥♥❡❧❧

✶✺

✿

Trelax ≈
5π

16

ηBR
2
0

τ(h)
✭✶✳✸✶✮

✇❤❡$❡ ηB ✐5 ,❤❡ ✈✐5❝♦5✐,② ♦❢ ,❤❡ 5✉❜✲♣❤❛5❡ ✭✇❛,❡$ ✐♥ ♦✉$ ❝❛5❡✮✳ ❚❤❡ ♠❡❛5✉$❡♠❡♥, ♦❢ ,❤❡ ❛♥✐5♦,$♦♣②

♦❢ ,❤❡ ♥❡✇ ❞♦♠❛✐♥ ✈❡$5✉5 ,✐♠❡ ,❤❡♥ ❛❧❧♦✇5 ♦♥❡ ,♦ ❝❛❧❝✉❧❛,❡ ,❤❡ ✈❛❧✉❡ ♦❢ ,❤❡ ❜♦✉♥❞❛$② ,❡♥5✐♦♥

✭5❡❡ ✜❣✉$❡ ✶✳✶✸✮✳

❚❤❡ #$❛$✐❝ ♠❡$❤♦❞✳

❚❤❡ 5,❛,✐❝ ♠❡,❤♦❞ ✐5 ❜❛5❡❞ ♦♥ ,❤❡ ❝♦♥❝❡♣, ♦❢ 2❉ ❡U✉✐✈❛❧❡♥, ♦❢ ▲❛♣❧❛❝❡ ♣$❡55✉$❡

✶✻

✭5❡❡ ✜❣✉$❡

✶✳✶✹✮✳ ❋♦$ ❛ 5②5,❡♠ ❛, ,❤❡ ❡U✉✐❧✐❜$✐✉♠ ♦$ ♠❡,❛5,❛❜❧❡ ✭✇❤✐❝❤ ✐5 ,❤❡ ❝❛5❡ ❤❡$❡✮✱ ,❤❡ 2❉ ♣$❡55✉$❡5

♦♥ ❜♦,❤ 5✐❞❡5 ♦❢ ❛ ❜♦✉♥❞❛$② ❜❡,✇❡❡♥ ,✇♦ ❝♦❡①✐5,✐♥❣ ✜❧♠5 ✭✐ ❛♥❞ ❥✮ ❛$❡ ❧✐♥❦❡❞ ❜② ❛ $❡❧❛,✐♦♥ 5✐♠✐❧❛$

✶✺

❚❤❡ ♠❡$❤♦❞ ♦❢ ❙$♦♥❡ ❛♥❞ ▼❝ ❈♦♥♥❡❧❧ ✐0 ❜❛0❡❞ ♦♥ ❛ ❞❡❝♦♠♣♦0✐$✐♦♥ ♦❢ $❤❡ 0❤❛♣❡ ♦❢ $❤❡ ❞♦♠❛✐♥ ✐♥ ❋♦✉5✐❡5

♠♦❞❡0✳

✶✻

❚❤❡ 0✉5❢❛❝❡ ♣5❡00✉5❡ π ✐0 ♣5❡0❡♥$❡❞ ✐♥ $❤❡ ❆♣♣❡♥❞✐① ❛❜♦✉$ ▲❛♥❣♠✉✐5 ✐0♦$❤❡5♠0✳



 ♦  ❤❡ 3❉ ▲❛♣❧❛❝❡ ❧❛✇

✶✼

✿

∆π = πi − πj =
τ

Rij
✭✶✳✸✷✮

✇❤❡2❡ πi ❛♥❞ πj ❛2❡  ❤❡ ✜❧♠ ♣2❡77✉2❡7✱ 2❡7♣❡❝ ✐✈❡❧② ❢♦2 ✜❧♠ i ❛♥❞ ✜❧♠ j ❀ τ  ❤❡ ❜♦✉♥❞❛2②  ❡♥7✐♦♥

❛♥❞ Rij ✱  ❤❡ ❝✉2✈❛ ✉2❡ 2❛❞✐✉7 ♦❢  ❤❡ 2❉ ❜♦✉♥❞❛2② ❜❡ ✇❡❡♥  ❤❡ ✜❧♠7✳ ❋♦2 ❡①❛♠♣❧❡✱ ❝♦♥7✐❞❡2✐♥❣

 ❤❡ ♠♦♥♦❧❛②❡2 1 ❛♥❞  ❤❡  2✐❧❛②❡2 2 ♦❢ ✜❣✉2❡ ✶✳✶✹✱ ❡D✉❛ ✐♦♥ ✶✳✸✷ ✇2✐ ❡7✿

π2 − π1 =
τ0
R21

✭✶✳✸✸✮

✇❤❡2❡ τ0 ✐7  ❤❡ ❜♦✉♥❞❛2②  ❡♥7✐♦♥ ❜❡ ✇❡❡♥  ❤❡ ♠♦♥♦❧❛②❡2 ❛♥❞  ❤❡  2✐❧❛②❡2✳ ❆ 7②7 ❡♠❛ ✐❝ ❝♦♠❜✐✲

♥❛ ✐♦♥ ♦❢  ❤❡ ✈❛2✐♦✉7 ♣♦77✐❜❧❡ ❡D✉❛ ✐♦♥7 ❛❧❧♦✇7 ♦♥❡  ♦ ♦❜ ❛✐♥  ❤❡ 2❛ ✐♦

τ(h)
τ0

✿

τ(h)

τ0
=

( 1
R41

− 1
R21

)

( 1
R32

− 1
R34

)
✭✶✳✸✹✮

❯7✐♥❣  ❤❡ 7 ❛ ✐❝ ♠❡ ❤♦❞✱  ❤❡ 2❛ ✐♦ ♦❢  ❤❡ 7 2✐♣❡❞ ❞♦♠❛✐♥7 ✴  2✐❧❛②❡2 ♦✈❡2  ❤❡  2✐❧❛②❡2 ✴ ♠♦♥♦❧❛②❡2

❜♦✉♥❞❛2②  ❡♥7✐♦♥7 ❝❛♥  ❤❡♥ ❜❡ ❝❛❧❝✉❧❛ ❡❞ ❜② 2❡♣❡❛ ❡❞ ♠❡❛7✉2❡♠❡♥ 7 ♦❢ ❝✉2✈❛ ✉2❡ 2❛❞✐✐✳

✶✳✷✳✾ ▼❡❛'✉)❡♠❡♥, ♦❢ ❧✐♥❡ ,❡♥'✐♦♥

■♥"#♦❞✉❝"♦#② ❝♦♠♠❡♥"

▼♦ ✐✈❛ ❡❞ ❜②  ❤❡ ❞❡✈❡❧♦♣♠❡♥ ♦❢ ♠✐♥✐❛ ✉2✐③❛ ✐♦♥ ✭❡✳❣✳ ♠✐❝2♦✢✉✐❞✐❝7✮✱ ❛  ❡♠♣ 7  ♦ ♠❡❛7✉2❡ ❧✐♥❡

 ❡♥7✐♦♥ ❡✛❡❝ 7 ❤❛✈❡ ❜❡❡♥ ♥✉♠❡2♦✉7 ✐♥  ❤❡ ❧❛7 ❢❡✇ ②❡❛27✳ ❍♦✇❡✈❡2✱ ✉♣  ♦ ❞❛ ❡✱ ❧✐♥❡  ❡♥7✐♦♥

♠❡❛7✉2❡♠❡♥ 7 ❛2❡ ❤✐❣❤❧② ❝♦♥ 2♦✈❡27✐❛❧ ❛♥❞  ❤❡ ♦2❞❡27 ♦❢ ♠❛❣♥✐ ✉❞❡ ♦❜ ❛✐♥❡❞ 7❤♦✇ ❛ ❧❛2❣❡ 7❝❛  ❡2

✭❢2♦♠ 10−12
 ♦ 10−5

◆✮✳

❚❤❡2❡ ❛2❡ ❣♦♦❞ 2❡❛7♦♥7 ❢♦2 7✉❝❤ ❛ 7❝❛  ❡2✳ ▲✐❦❡ 7✉2❢❛❝❡  ❡♥7✐♦♥✱ ❧✐♥❡  ❡♥7✐♦♥ ✐7 ❛♥ ❡①❝❡77 ❡♥❡2❣②✳

■ ✐7 ✇❡❧❧ ❞❡✜♥❡❞ ✐♥  ❤❡ ✐❞❡❛❧ ❝❛7❡ ✇❤❡2❡  ❤2❡❡ ❜✉❧❦ ♣❤❛7❡7 ✇✐ ❤ ✢❛ ♠❛❝2♦7❝♦♣✐❝ ✐❞❡❛❧ ✐♥ ❡2❢❛❝❡7

♠❡❡ ❛❧♦♥❣ ❛ 7 2❛✐❣❤ ❝♦♥ ❛❝ ❧✐♥❡ ❬✸✷❪✿  ❤❡ ❧✐♥❡  ❡♥7✐♦♥ ✐7 ♠❡2❡❧②  ❤❡ ❡①❝❡77 ❡♥❡2❣② ❛77♦❝✐❛ ❡❞

 ♦  ❤❡ ✈✐❝✐♥✐ ② ♦❢  ❤❡ ❝♦♥ ❛❝ ❧✐♥❡✱ ✇❤❡2❡  ❤❡ ♣2♦♣❡2 ✐❡7 ❞✐✛❡2 ❢2♦♠  ❤❡ ♦♥❡7 ♦❢  ❤❡ ✐7♦❧❛ ❡❞

✐♥ ❡2❢❛❝❡7✳ ❊①♣❡2✐♠❡♥ ❛❧ 7✐ ✉❛ ✐♦♥7 ✇✐ ❤ 7♦❧✐❞ 7✉❜7 2❛ ❡7✱  ❤❡2❡❢♦2❡ ✉♥❛✈♦✐❞❛❜❧❡ ❤❡ ❡2♦❣❡♥❡✐ ✐❡7✱

❛♥❞ ❛❧7♦ ❝✉2✈❡❞ ✐♥ ❡2❢❛❝❡7✱  ❤❡2❡❢♦2❡ ▲❛♣❧❛❝❡ ♣2❡77✉2❡✱ ❛2❡ ♥♦ ❡❛7✐❧② ✐♥ ❡2♣2❡ ❡❞ ✐♥ 2❡❢❡2❡♥❝❡  ♦

 ❤✐7 ✐❞❡❛❧ ♠♦❞❡❧ ❝❛7❡✳

▲❡ ✉7 ❤♦✇❡✈❡2 ❛❞❞ 7♦♠❡ ❝♦♠♠❡♥ 7✿

❖♥ ❛ ✐❞❡❛❧✱ 7♠♦♦ ❤ 7♦❧✐❞ 7✉❜7 2❛ ❡✱  ❤❡ ❡✛❡❝ ♦❢ ❧✐♥❡  ❡♥7✐♦♥ ♦♥ ❛ ♠❛❝2♦7❝♦♣✐❝ ❧✐D✉✐❞ ✇❡❞❣❡

✐7  ♦ ❞❡❢♦2♠  ❤❡ ❧✐D✉✐❞✲❣❛7 ✐♥ ❡2❢❛❝❡ ✐♥  ❤❡ ✈✐❝✐♥✐ ② ♦❢  ❤❡ 7♦❧✐❞✳ ❋2♦♠  ❤❡ ❞❡❢♦2♠❛ ✐♦♥✱  ❤❡

❧✐♥❡  ❡♥7✐♦♥ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛ ❡❞✱  ❤✐7 ✐7  ❤❡ ✐♥ ❡2❢❛❝❡ ♣♦ ❡♥ ✐❛❧ ♠❡ ❤♦❞ ✭❬✷✾❪✱ ❬✷❪✱ ❬✶✽❪✮✳ ❆ ♣2❡❝✐7❡

❦♥♦✇❧❡❞❣❡ ♦❢  ❤❡ ✐♥ ❡2❢❛❝❡ ♣2♦✜❧❡ ✐♥  ❤❡ ♥❛♥♦♠❡ ❡2 2❛♥❣❡ ✐7 2❡D✉✐2❡❞✳

■ 7❡❡♠7 ❡❛7✐❡2  ♦ ♠❡❛7✉2❡  ❤❡ ❝♦♥ ❛❝ ❛♥❣❧❡ ♦❢ 7♠❛❧❧ ❞2♦♣❧❡ 7 ❛♥❞ ✉7❡ ♠♦❞✐✜❡❞ ❨♦✉♥❣✬7

❡D✉❛ ✐♦♥✳ ❚❤❡ ♠♦❞✐✜❡❞ ❝♦♥ ❛❝ ❛♥❣❧❡ 2❡7✉❧ 7 ❢2♦♠  ❤❡ ♠✐♥✐♠✐③❛ ✐♦♥ ♦❢  ❤❡ ❢2❡❡ ❡♥❡2❣②✳ ■ ✐7

✶✼

❚❤❡ 2❉ $✉&❢❛❝❡ ♣&❡$$✉&❡ ❤❛$ +❤❡ ❞✐♠❡♥$✐♦♥$ ♦❢ ❛ $✉&❢❛❝❡ +❡♥$✐♦♥✱ +❤❛+ ✐$ ♦❢ ❛ ❢♦&❝❡ ♦✈❡& ❛ ❧❡♥❣+❤



macromacro

micro

c/ Droplet

a/ Wedge, macroscopic

 scale
b/ Wedge, microscopic

 scale

❋✐❣✉$❡ ✶✳✶✺✿ ❛✴ ❛♥❞ ❜✴✿ ❈❛0❡ ♦❢ ❛ ✇❡❞❣❡✳ ❚❤❡ ✇❡❞❣❡ ✐0 ✉♥❞❡❢♦$♠❡❞ ✇❤❡♥ ✐7 ✐0 ♠❛❝$♦0❝♦♣✐❝ ✭❛✴✮✱

❜✉7 0❤♦✇0 ❛ ❧♦❝❛❧ ❞❡❢♦$♠❛7✐♦♥ ❛7 7❤❡ ❝♦♥7❛❝7 ❧✐♥❡ ❞✉❡ 7♦ ❧✐♥❡ 7❡♥0✐♦♥ ✇❤❡♥ ❣♦✐♥❣ 7♦✇❛$❞0 0♠❛❧❧

0❝❛❧❡0 ✭❜✴✮✳ ❝✴✿ ❈❛0❡ ♦❢ ❛ ❞$♦♣❧❡7✳ ❚❤❡$❡ ✐0 ❛ ❧♦❝❛❧ ❞❡❢♦$♠❛7✐♦♥ ❛7 7❤❡ ❝♦♥7❛❝7 ❧✐♥❡ ❢$♦♠ 7❤❡

0♣❤❡$✐❝❛❧ 0❤❛♣❡ ✭❞♦77❡❞ ❧✐♥❡✮✳ ❚❤❡ ❝♦♥7❛❝7 ❛♥❣❧❡ ♠❡❛0✉$❡♠❡♥7 ✐0 ♠❛❞❡ ❢$♦♠ 7❤❡ 0♣❤❡$✐❝❛❧ 0❤❛♣❡

✜77✐♥❣ 7❤❡ ❜✉❧❦ ♣❛$7 ♦❢ 7❤❡ ❞$♦♣❧❡7✳

❞❡❞✉❝❡❞ ❢$♦♠ 7❤❡ ❡①7$❛♣♦❧❛7✐♦♥ ♦❢ 7❤❡ 0♣❤❡$✐❝❛❧ ❝❛♣ ✇❤✐❝❤ ✜70 7❤❡ ♥♦♥✲❞❡❢♦$♠❡❞ 7♦♣ ♦❢ 7❤❡

❞$♦♣❧❡7 ✭0❡❡ ✜❣✉$❡ ✶✳✶✺✮✳ ❘❡✈❡$0✐❜✐❧✐7② ✐0 ❛00✉♠❡❞✳

■♥ ❜♦7❤ ❝❛0❡0✱ ❡✈❡$② ❧✐♥❡❛$ ❝♦♥7$✐❜✉7✐♦♥ 7♦ 7❤❡ ❢$❡❡ ❡♥❡$❣② ✐0 ❝♦✉♥7❡❞ ❛0 ✧❧✐♥❡ 7❡♥0✐♦♥✧✱ ❡✳❣✳

7❤❡ ❤❡7❡$♦❣❡♥❡✐7✐❡0 ❢♦$ $❡❛❧ 0✉$❢❛❝❡0 ❬✼❪✱ ❬✽❪✳

▼❡"❤♦❞ ♦❢ "❤❡ ✐♥"❡)❢❛❝❡ ♣♦"❡♥"✐❛❧

❖♥ ❛ ❧✐L✉✐❞ ✇❡❞❣❡✱ ✐✳❡✳ ❛ ③♦♥❡ ♦❢ 7❤❡ 7❤$❡❡✲♣❤❛0❡ ❝♦♥7❛❝7 ❧✐♥❡ 0❤♦✇✐♥❣ ♥♦ ♦$ ♥❡❣❧✐❣✐❜❧❡ ♠❛❝$♦0❝♦♣✐❝

❝✉$✈❛7✉$❡0✱ ✐7 ✐0 ♣♦00✐❜❧❡ 7♦ ♠❡❛0✉$❡ 7❤❡ ❡✛❡❝7✐✈❡ ✐♥7❡$❢❛❝❡ ♣♦7❡♥7✐❛❧ ✇✐7❤♦✉7 ❛$7✐❢❛❝70 ❡❧0❡ 7❤❛♥

7❤❡ ❞❡❢❡❝70 ♦❢ 7❤❡ 0♦❧✐❞ 0✉❜07$❛7❡✳ ❋$♦♠ 7❤❡ ❆❋▼ ✐♠❛❣❡ ♦❢ 7❤❡ ✇❡❞❣❡✱ 7❤❡ ❞❡✈✐❛7✐♦♥ ❛7 7❤❡

❧❡✈❡❧ ♦❢ 7❤❡ ❝♦♥7❛❝7 ❧✐♥❡ ❢$♦♠ 7❤❡ ❛❝7✉❛❧ ❡①7❡♥0✐♦♥ ♦❢ 7❤❡ 7❤$❡❡✲❞✐♠❡♥0✐♦♥❛❧ ♣$♦✜❧❡ ♦❢ 7❤❡ ❞$♦♣

✐0 ♠❡❛0✉$❡❞✳ ■7 ❛❧❧♦✇0 ❢♦$ 7❤❡ ❝❛❧❝✉❧❛7✐♦♥ ♦❢ 7❤❡ ❢$❡❡ ❡♥❡$❣② ❝♦♥7$✐❜✉7✐♦♥ ♦❢ 7❤❡ 7❤$❡❡✲♣❤❛0❡

✐♥7❡$❛❝7✐♦♥ ✐♥ 7❤❡ ❝♦♥7❛❝7 $❡❣✐♦♥✳ ❚❤❡ ❡✛❡❝7✐✈❡ ✐♥7❡$❢❛❝✐❛❧ ♣♦7❡♥7✐❛❧ ✐0 7❤❡♥ ♦❜7❛✐♥❡❞ ❢$♦♠ 7❤❡

❊✉❧❡$✲▲❛❣$❛♥❣❡ ❡L✉❛7✐♦♥ ❢♦$ 7❤❡ ♣$♦✜❧❡✳ ▲✐♥❡ 7❡♥0✐♦♥ ✐0 ✜♥❛❧❧② ❞❡❞✉❝❡❞ ❬✷✾❪✳

▼♦❞✐✜❡❞ ❨♦✉♥❣ ❡2✉❛"✐♦♥

❚❤❡ ♠♦❞✐✜❡❞ ❨♦✉♥❣ ❡L✉❛7✐♦♥ ✭cosθmicro = cosθ− τ
r∗γlg

✱ ✶✳✸✵✮ ❡①♣$❡00❡0 7❤❡ ❝♦0✐♥❡ ♦❢ 7❤❡ ♠✐❝$♦✲

0❝♦♣✐❝ ❝♦♥7❛❝7 ❛♥❣❧❡ ❛0 7❤❡ ❝♦0✐♥❡ ♦❢ 7❤❡ ♠❛❝$♦0❝♦♣✐❝ ❝♦♥7❛❝7 ❛♥❣❧❡ ❧✐♥❡❛$❧② ❝♦$$❡❝7❡❞ ❜② ❛ ❧✐♥❡

7❡♥0✐♦♥ 7❡$♠✳ ❚❤❡ ✈❛❧✉❡ ♦❢ 7❤❡ ❧✐♥❡ 7❡♥0✐♦♥ ✐0 ❞❡❞✉❝❡❞ ❢$♦♠ 7❤❡ 0❧♦♣❡ ♦❢ 7❤❡ ✭❧✐♥❡❛$✮ ♣❧♦7 ❢♦$♠❡❞

❜② 7❤❡ ♠❡❛0✉$❡♠❡♥70 ♦❢ cosθmicro ✐♥ ❢✉♥❝7✐♦♥ ♦❢ 1/r✱ ✇❤❡$❡ r ✐0 7❤❡ ❜❛0❡ $❛❞✐✉0 ♦❢ 7❤❡ ❞$♦♣❧❡7✳

❉$♦♣❧❡70 ✇❤♦0❡ $❛❞✐✉0 ✐0 ♦❢ 7❤❡ ♦$❞❡$ ♦❢ ❛ ❢❡✇ 7❡♥0 ♦❢ ♥❛♥♦♠❡7❡$0 ❛$❡ 0♣❤❡$✐❝❛❧ ❝❛♣0 ❡①❝❡♣7 ❢♦$ 7❤❡

❧❛07 ♥❛♥♦♠❡7❡$0 ❝❧♦0❡ 7♦ 7❤❡ 0✉❜07$❛7❡✳ ❉❡❞✉❝✐♥❣ ❧✐♥❡ 7❡♥0✐♦♥ ❢$♦♠ 7❤❡ ♠♦❞✐✜❡❞ ❨♦✉♥❣ ❡L✉❛7✐♦♥



♠❡❛♥$ ♠❡❛$✉&✐♥❣ ♠✐❝&♦$❝♦♣✐❝ ❝♦♥,❛❝, ❛♥❣❧❡$✳ ❋♦& ❞&♦♣$✬ ❞✐❛♠❡,❡&$ ✐♥ ,❤❡ ♠✐❝&♦♠❡,❡& &❛♥❣❡✱

♠✉❝❤ $♠❛❧❧❡& ,❤❛♥ ,❤❡ ❝❛♣✐❧❧❛&② ❧❡♥❣②❤✱ κ−1 =
√

γlg

ρg ❀ ,❤❡✐& $❤❛♣❡ ✐$ $♣❤❡&✐❝❛❧ ❡①❝❡♣, ✈❡&② ❝❧♦$❡

,♦ ,❤❡ $✉❜$,&❛,❡✳ ❆$ ❛❧&❡❛❞② :✉♦,❡❞✱ ,❤❡ $♣❤❡&✐❝❛❧ $❤❛♣❡ ♣❛&, ✐$ &❡:✉✐&❡❞ ❛$ ♠♦❞✐✜❡❞ ❨♦✉♥❣

❡:✉❛,✐♦♥ ✐$ ❞❡❞✉❝❡❞ ❢&♦♠ ,❤❡ ♠✐♥✐♠✐③❛,✐♦♥ ♦❢ ❢&❡❡ ❡♥❡&❣② ✇✐,❤ ✈♦❧✉♠❡✱ $✉&❢❛❝❡ ❛♥❞ ❧✐♥❡ ,❡&♠$✳

❙❤♦&,❧② ❛❢,❡& ✜&$, ❛,,❡♠♣,$ ✉$✐♥❣ ✐♥,❡&❢❡&♦♠❡,&② ✭❡✳❣✳ ❙,B❝❦❡❧❤✉❜❡& ❡, ❛❧✳ ❬✸✻❪✮✱ ,❤❡ ❆,♦♠✐❝

❋♦&❝❡ ▼✐❝&♦$❝♦♣❡ ✭❆❋▼✮ ✐♥ ,❤❡ ♥♦♥✲❝♦♥,❛❝, ♠♦❞❡ ❜❡❝❛♠❡ ❛ ♣&✐✈✐❧❡❣❡❞ ✐♠❛❣✐♥❣ ,♦♦❧✳ ❆❋▼

✐♠❛❣✐♥❣ ♣&♦✈✐❞❡$ ,❤❡ $❤❛♣❡ ♦❢ ,❤❡ ❞&♦♣❧❡,$ ❛♥❞ ♦❢ ,❤❡ $✉&&♦✉♥❞✐♥❣ $✉❜$,&❛,❡✳ ❋&♦♠ ,❤❡ ❆❋▼

✐♠❛❣❡$✱ ,❤❡ ♠❡,❤♦❞ ♦❢ ♠❡❛$✉&❡♠❡♥, ❢♦& ,❤❡ ❝♦♥,❛❝, ❛♥❣❧❡ ♦❢ ❛ ❞&♦♣❧❡, ✐$ ♥♦, ❞✐✛❡&❡♥, ,❤❛♥ ,❤❡

♦♥❡ ✉$❡❞ ❢♦& ❛ ♠❛❝&♦$❝♦♣✐❝ ❞&♦♣ ✭❢♦& ❢✉&,❤❡& ❞❡,❛✐❧$✱ $❡❡ ,❤❡ ❆♣♣❡♥❞✐① ❛❜♦✉, ❆❋▼ ❛♥❞ ❙❚▼

✐♠❛❣✐♥❣✮✳ ❆ ❣❡♥❡&❛❧ &✉❧❡ ❢♦& ,❤❡ ✜, ♦❢ ,❤❡ $♣❤❡&✐❝❛❧ $❤❛♣❡ ✐$ ,♦ ❡①❝❧✉❞❡ ,❤❡ &❡❣✐♦♥ ❧✐♥❦✐♥❣ ,❤❡

❞&♦♣❧❡, ,♦ ,❤❡ $✉❜$,&❛,❡ ✇❤❡&❡ ❞❡✈✐❛,✐♦♥$ ,❛❦❡ ♣❧❛❝❡✳ ❍♦✇❡✈❡&✱ ✐, ✐$ ❝❧❡❛& ,❤❛, ,❤❡ ❡①❛❝, ❧♦❝❛,✐♦♥

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

✐♥,❡&❢❛❝❡ ♣♦,❡♥,✐❛❧✳ ❙♣❡❝✐✜❝ ❞✐$❝✉$$✐♦♥ ♦❢ ♥❛♥♦♠❡,&✐❝ ❞&♦♣❧❡,$ ✇✐❧❧ ❜❡ ❢♦✉♥❞ ✐♥ ❈❤❛♣,❡& ✸✳

❆$ ♠❡♥,✐♦♥❡❞ ✐♥ ,❤❡ ✐♥,&♦❞✉❝,♦&② ❝♦♠♠❡♥,✱ ,❤❡ ❞❛,❛ ❛♥❛❧②$✐$ ✐$ ❝♦♠♣❧❡①✳

• ❚❤❡ ✐♥❝✐❞❡♥❝❡ ♦❢ $✉❜$,&❛,❡✬$ ❤❡,❡&♦❣❡♥❡✐,② ❤❛$ ❜❡❡♥ ,❤&♦&♦✉❣❧② ❞✐$❝✉$$❡❞ ❜② ❈❤❡❝❝♦ ❡, ❛❧

❬✼❪✱ ❬✽❪✳ ■, ❝♦♥,&✐❜✉,❡$ ✇❤❡,❤❡& ,❤❡ $②$,❡♠ ✐$ ❛ ✇❡❞❣❡ ♦& ❛ ♥❛♥♦$❝♦♣✐❝ ❞&♦♣✳

• ❈♦♥$✐❞❡&✐♥❣ ✇❡❞❣❡$ ❛♥❞ ❞&♦♣$✱ ♠♦&❡ ❢✉♥❞❛♠❡♥,❛❧ ❞✐✣❝✉❧,✐❡$ $❤♦✇ ✉♣ ✐♥ ,❤❡ ,❤❡&♠♦❞②✲

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

❲✐,❤♦✉, ❡♥,❡&✐♥❣ ✐♥,♦ ❞❡,❛✐❧$ ❬✸✺❪✱ ❬✸✹❪✱ ,❤❡&❡ ✐$ ♥♦ ❛♠❜✐❣✉✐,② ❣❡♥❡&❛,❡❞ ❜② ,❤❡ ❝❤♦✐❝❡ ♦❢

,❤❡ ❞✐✈✐❞✐♥❣ $✉&❢❛❝❡ ✐♥ ●✐❜❜$ ❛♥❛❧②$✐$✳ ■♥ ❝♦♥,&❛$,✱ ,❤❡ ❝❤♦✐❝❡ ♦❢ ,❤❡ ❞✐✈✐❞✐♥❣ $✉&❢❛❝❡ ✐$ ❛

&❡❛❧ ❝♦♥❝❡&♥ ✇❤❡♥ ❝♦♥$✐❞❡&✐♥❣ ❞&♦♣❧❡,$✿ ,❤❡ $✉&❢❛❝❡ ♦❢ ,❡♥$✐♦♥✱ ,❤❛, ✐$✱ ,❤❡ ♦♥❡ ✉$❡❞ ✐♥ ,❤❡

▲❛♣❧❛❝❡ ❧❛✇✱ ✐$ ♥♦, ,❤❡ ❡:✉✐♠♦❧❛& ❞✐✈✐❞✐♥❣ $✉&❢❛❝❡✱ ,❤❛, ✐$✱ ,❤❡ ♦♥❡ ✇❤❡&❡ ,❤❡&❡ ✐$ ♥♦ ❡①✲

❝❡$$ ❛❞$♦&♣,✐♦♥✳ ❆♥♦,❤❡& ✇❛② ,♦ ❡①♣&❡$$ ,❤✐$ ✐$ ,♦ $❛② ,❤❛, ,❤❡ ✐♥,❡&❢❛❝✐❛❧ ,❡♥$✐♦♥$ ❞❡♣❡♥❞

♦♥ ,❤❡ ▲❛♣❧❛❝❡ ♣&❡$$✉&❡✳ ❚❤❡ ❝❛$❡ ♦❢ ✐$♦❧❛,❡❞ ❞&♦♣❧❡,$ ❤❛$ ❜❡❡♥ ❡①,❡♥$✐✈❡❧② $,✉❞✐❡❞ $✐♥❝❡

❚♦❧♠❛♥✬$ ✇♦&❦ ❬✸✾❪✱ ✇❤❡&❡ ,❤❡ ❚♦❧♠❛♥ ❧❡♥❣,❤ ❛❝,✉❛❧❧② ❝♦&&❡$♣♦♥❞$ ,♦ ,❤❡ ❞✐$,❛♥❝❡ ❜❡,✇❡❡♥

,❤❡ $✉&❢❛❝❡ ♦❢ ,❡♥$✐♦♥ ❛♥❞ ,❤❡ ❡:✉✐♠♦❧❛& $✉&❢❛❝❡✳

❲❤✐❧❡ ,❤❡ ,❤❡&♠♦❞②♥❛♠✐❝ ❛♥❛❧②$✐$ ✐$ ♥♦✇ ✇❡❧❧✲✉♥❞❡&$,♦♦❞ ✭❬✸✺❪✱ ❡:✉❛,✐♦♥ ✻✳✸✵✮✱ ,❤❡ ❡①❛❝, ✇❛②

,♦ $❡♣❛&❛,❡ ♣&❡$$✉&❡✲✐♥❞✉❝❡❞ ❝♦♥,&✐❜✉,✐♦♥$ ❛♥❞ ,&✉❡ ❧✐♥❡ ,❡♥$✐♦♥ ✐♥ ,❤❡ ♠♦❞✐✜❡❞ ❨♦✉♥❣ ❡:✉❛,✐♦♥

✐$ $,✐❧❧ ❛♥ ♦♣❡♥ :✉❡$,✐♦♥ ❢♦& ,❤❡ ❡①♣❡&✐♠❡♥,❛❧✐$,✳

✶✳✸ ❈♦♥❝❧✉)✐♦♥

■♥ ,❤✐$ ✜&$, ❝❤❛♣,❡&✱ ✇❡ ♣&❡$❡♥,❡❞ ,❤❡ ♣❤②$✐❝❛❧ ,♦♦❧$ ✇❤✐❝❤ ✇❡&❡ ❞❡✈❡❧♦♣❡❞ ,♦ ✉♥❞❡&$,❛♥❞ ♠❛❝&♦✲

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

$❝❛❧❡$✿ ❞✐$❥♦✐♥✐♥❣ ♣&❡$$✉&❡✱ ♣&❡❝✉&$♦& ✜❧♠$✱ ❜♦✉♥❞❛&② ❛♥❞ ❧✐♥❡ ,❡♥$✐♦♥✱ ✳✳✳ ❚❤❡$❡ ♣&♦❜❧❡♠$ ♣❧❛②

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

❢♦❧❧♦✇✐♥❣✳
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&❛0✐5 ❱■✱ ✷✵✵✷✳

❬✹✶❪ ❋0❛♥c♦✐5 ❱❛♥❞❡♥❜0♦✉❝❦✳ ❋✐❧♠# ♠✐♥❝❡# ❞❡ ❝9✐#)❛✉① ❧✐/✉✐❞❡#✳ &❤❉ 8❤❡5✐5✱ ❯♥✐✈❡05✐8H &❛0✐5 ❱■✱

✷✵✵✶✳

❬✹✷❪ ❖✳❱✳ ❱♦✐♥♦✈✳ ❋❧✉✐❞ ❉②♥❛♠✐❝#✱ ✶✶✿✼✶✹✱ ✶✾✼✼✳

❬✹✸❪ ❏❨ ❲❛♥❣✱ ❙ ❇❡8❡❧✉✱ ❛♥❞ ❇▼ ▲❛✇✳ ▲✐♥❡ 8❡♥5✐♦♥ ❡✛❡❝85 ♥❡❛0 ✜058✲♦0❞❡0 ✇❡88✐♥❣ 80❛♥5✐8✐♦♥5✳

 ❤②#✳ ❘❡✈✳ ▲❡))✳✱ ✽✸✿✸✻✼✼✕✸✻✽✵✱ ✶✾✾✾✳

❬✹✹❪ ❈❆ ❲❛0❞ ❛♥❞ ❏❨ ❲✉✳ ❊✛❡❝8 ♦❢ ❝♦♥8❛❝8 ❧✐♥❡ ❝✉0✈❛8✉0❡ ♦♥ 5♦❧✐❞✲✢✉✐❞ 5✉0❢❛❝❡ 8❡♥5✐♦♥5 ✇✐8❤♦✉8

❧✐♥❡ 8❡♥5✐♦♥✳  ❤②#✳ ❘❡✈✳ ▲❡))✳✱ ✶✵✵✿✷✺✻✶✵✸✕ ✶✴✹✱ ✷✵✵✽✳

❬✹✺❪ ❏✳❍✳ ❲❡✐❥5✱ ❆✳ ▼❛0❝❤❛♥❞✱ ❇✳ ❆♥❞0❡♦88✐✱ ❉✳ ▲♦❤5❡✱ ❛♥❞ ❏✳❍✳ ❙♥♦❡✐❥❡0✳ ❖0✐❣✐♥ ♦❢ ❧✐♥❡ 8❡♥5✐♦♥

❢♦0 ❛ ▲❡♥♥❛0❞✲❏♦♥❡5 ♥❛♥♦❞0♦♣❧❡8✳  ❤②#✳ ❋❧✉✐❞#✱ ✷✸✿✵✷✷✵✵✶✕ ✶✴✶✶✱ ✷✵✶✶✳



❬✹✻❪ ❲✐❞♦♠✳ ▲✐♥❡ -❡♥.✐♦♥ ❛♥❞ -❤❡ .❤❛♣❡ ♦❢ ❛ .❡..✐❧❡ ❞4♦♣✳ ❏✳ "❤②%✳ ❈❤❡♠✳✱ ✾✾✿✷✽✵✸✱ ✶✾✾✺✳

❬✹✼❪ ❲✐❞♦♠✳ ❙-4✉❝-✉4❡ ❛♥❞ -❡♥.✐♦♥ ♦❢ ✐♥-❡4❢❛❝❡.✳ ▼♦❧❡❝✉❧❛/ "❤②%✐❝%✱ ✾✻✭✼✮✿✶✵✶✾✱ ✶✾✾✾✳

❬✹✽❪ ▲❯ ❩♦✉✱ ❏■ ❲❛♥❣✱ I4❡♠ ❇❛.♥❡-✱ ❛♥❞ ❊❧✐③❛❜❡-❤ ❑✳ ▼❛♥♥✳ ▲✐♥❡ -❡♥.✐♦♥ ❛♥❞ .-4✉❝-✉4❡ ♦❢

.♠❡❝-✐❝ ❧✐P✉✐❞✲❝4②.-❛❧ ♠✉❧-✐❧❛②❡4. ❛- -❤❡ ❛✐4✲✇❛-❡4 ✐♥-❡4❢❛❝❡✳ "❤②%✳ ❘❡✈✳ ❊✱ ✼✻✿✵✸✶✻✵✷✱ ✷✵✵✼✳



❈❤❛♣$❡& ✷

❚❤✐♥ ✜❧♠' ♦❢ ❧✐*✉✐❞ ❝.②'0❛❧'

✷✳✶ ■♥%&♦❞✉❝%✐♦♥ %♦ ❤②❜&✐❞ ♥❡♠❛%✐❝ ✜❧♠4

✷✳✶✳✶ ▲✐%✉✐❞ ❝)②+,❛❧+✱ ❣❡♥❡)❛❧ ✐♥,)♦❞✉❝,✐♦♥

✷✳✶✳✶✳✶ ❉❡✜♥✐(✐♦♥✱ ▼❡,♦♣❤❛,❡,

❙✐♠♣❧❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦✉♥❞- ❤❛✈❡ /❤0❡❡ ♣❤❛-❡-✿ -♦❧✐❞ ❝0②-/❛❧❧✐♥❡ ♣❤❛-❡✱ ✐-♦/0♦♣✐❝ ❧✐4✉✐❞ ♣❤❛-❡

❛♥❞ ❣❛-❡♦✉- ♣❤❛-❡✳ ❚❤❡ ❞✐✛❡0❡♥❝❡ ❜❡/✇❡❡♥ /❤❡ -♦❧✐❞ ❝0②-/❛❧❧✐♥❡ ❛♥❞ ✐-♦/0♦♣✐❝ ❧✐4✉✐❞ ♣❤❛-❡ ❝❛♥

❜❡ ❞❡-❝0✐❜❡❞ ✐♥ /❡0♠- ♦❢ ❜0♦❦❡♥ -②♠♠❡/0②✳ ■♥ /❤❡ ❧✐4✉✐❞ ♣❤❛-❡✱ /❤❡ ♠♦❧❡❝✉❧❡- ❛0❡ ❝♦♠♣❧❡/❡❧②

❢0❡❡ /♦ ♠♦✈❡ -♦ /❤❛/ ♥♦ -②♠♠❡/0② ✐- ❜0♦❦❡♥✳ ❖♥ /❤❡ ❝♦♥/0❛0②✱ ✐♥ /❤❡ -♦❧✐❞ ❝0②-/❛❧❧✐♥❡ ♣❤❛-❡✱

/❤❡ ♠♦❧❡❝✉❧❡- ❤❛✈❡ ❛ ♣♦-✐/✐♦♥ ❞❡✜♥❡❞ ❜② /❤❡ ✉♥✐/ ♦❢ ❛ ❧❛//✐❝❡✳ ❚❤❡ 3D /0❛♥-❧❛/✐♦♥❛❧ -②♠♠❡/0②

✐- /❤❡♥ ❜0♦❦❡♥✳ @❤❛-❡- ✇❤✐❝❤ ❛0❡ ✐♥/❡0♠❡❞✐❛0② ❜❡/✇❡❡♥ /❤❡-❡ /✇♦ -✐/✉❛/✐♦♥- ❡①✐-/✱ /❤❡② ❛0❡

❝❛❧❧❡❞ ♠❡-♦♣❤❛-❡-✳ ▲✐4✉✐❞ ❝0②-/❛❧- ❛0❡ ♠❡-♦♣❤❛-❡-✳ ■/ ✐- ✐♥ ❢❛❝/ ❛- ❛ ❝♦♥-❡4✉❡♥❝❡ ♦❢ /❤❡ ✜0-/

♦❜-❡0✈❛/✐♦♥- ♦❢ ❧✐4✉✐❞ ❝0②-/❛❧- ❜② ❜✐♦❧♦❣✐-/- ✐♥ /❤❡ ♠✐❞❞❧❡ ♦❢ /❤❡ 19/❤ ❝❡♥/✉0②✱ /❤❛/ /❤❡ ♥♦/✐♦♥ ♦❢

♠❡-♦♣❤❛-❡ ✇❛- ❞❡✜♥❡❞ ✐♥ 1922 ❜② ●✳ ❋0✐❡❞❡❧ ❬✸✵❪✳

▲✐4✉✐❞ ❝0②-/❛❧ ♣❤❛-❡- ❝❛♥ ❡①❤✐❜✐/ ♥❡♠❛/✐❝ ♣❤❛-❡-✱ ❝♦❧✉♠♥❛0 ♣❤❛-❡-✱ ❝❤♦❧❡-/❡0✐❝ ♣❤❛-❡-✱ ✳✳✳

❚❤❡ 0❡❛-♦♥ ✇❤② ❧✐4✉✐❞ ❝0②-/❛❧- /❡♥❞ /♦ ❢♦0♠ ♦♥❡ ♦0 -❡✈❡0❛❧ ♠❡-♦♣❤❛-❡- ✇❤❡♥ -✐♠♣❧❡ ❝❤❡♠✐❝❛❧

❝♦♠♣♦✉♥❞- ♣0❡-❡♥/ ♦♥❧② -♦❧✐❞✱ ❧✐4✉✐❞ ❛♥❞ ❣❛- ♣❤❛-❡ ❧✐❡- ✐♥ /❤❡ ❝❤❡♠✐❝❛❧ ❛♥❞ ❣❡♦♠❡/0✐❝❛❧ ♣0♦♣❡0/✐❡-

♦❢ /❤❡✐0 ♠♦❧❡❝✉❧❡-✳ ❖♥ /❤❡ ❝❤❡♠✐❝❛❧ ♣♦✐♥/ ♦❢ ✈✐❡✇✱ /❤❡ ♠♦❧❡❝✉❧❡- ❛0❡ ♦❢/❡♥ ❛♠♣❤✐♣❤✐❧✐❝ ♦♥❡- ✭/❤❡

❛--♦❝✐❛/✐♦♥ ✐♥ ❛ -✐♥❣❧❡ ♠♦❧❡❝✉❧❡ ♦❢ /✇♦ ✐♠♠✐-❝✐❜❧❡ ❝♦♠♣♦✉♥❞- ✈✐❛ ❛ ❝♦✈❛❧❡♥/ ❜♦✉♥❞✮✳ ❖♥ /❤❡

❣❡♦♠❡/0✐❝❛❧ ♣♦✐♥/ ♦❢ ✈✐❡✇✱ /❤❡② ♦❢/❡♥ ❤❛✈❡ ❛ ♣❛0/✐❝✉❧❛0 -❤❛♣❡✿ 0♦❞-✱ ❞✐-❝-✱✳✳✳

❍♦✇❡✈❡0✱ /❤❡ ♥♦/✐♦♥ ♦❢ ❜0♦❦❡♥ -②♠♠❡/0② ✐♥ ✐/-❡❧❢ ✐- ♥♦/ -✉✣❝✐❡♥/ /♦ ❞✐✛❡0❡♥/✐❛/❡ ❝♦♥❞❡♥-❡❞

♠❛//❡0 ♣❤❛-❡-✳ ❋♦0 ❡①❛♠♣❧❡✱ /❤❡ ❧✐4✉✐❞ ❛♥❞ /❤❡ ❣❛- ♣❤❛-❡- ❛0❡ ♦❜✈✐♦✉-❧② ❞✐✛❡0❡♥/ /❤♦✉❣❤ /❤❡②

-❤❛0❡ /❤❡ -❛♠❡ -②♠♠❡/0②✳ ■/ ✐- /❤❡ -❛♠❡ ❢♦0 ❧✐4✉✐❞ ❝0②-/❛❧-✳ ❋♦0 ❡①❛♠♣❧❡✱ ❞✐-/✐♥❝/ -♠❡❝/✐❝ ♣❤❛-❡-

❡①✐-/- /❤♦✉❣❤ /❤❡② ❛❧❧ ♣0❡-❡♥/ /❤❡ -❛♠❡ -②♠♠❡/0②✳ ■♥ /❤♦-❡ /✇♦ ❡①❛♠♣❧❡-✱ ✐/ ✐- /❤❡ ❧♦❝❛❧ ❧❡✈❡❧

♦❢ ♦0❞❡0 ✇❤✐❝❤ ✐- ❞✐✛❡0❡♥/✿ /❤❡ ❝♦00❡❧❛/✐♦♥ ❢✉♥❝/✐♦♥ ♦❢ /❤❡ ♦0❞❡0 ♣❛0❛♠❡/❡0 ♠✉-/ ❜❡ /❛❦❡♥ ✐♥/♦

❛❝❝♦✉♥/✳
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→

µ
$❡♣$❡+❡♥-+ -❤❡ $❡+♣❡❝-✐✈❡ ❞✐♣♦❧❡ ♠♦♠❡♥- ❢♦$ ❡❛❝❤ ♠♦❧❡❝✉❧❡✳ ❖♥ -❤❡ ❧❡❢- +✐❞❡✿ ♥❈❇

♠♦❧❡❝✉❧❡✳ ❚❤❡ ❞✐♣♦❧❡ ♠♦♠❡♥-✱ ✐+ ❛❧♦♥❣ -❤❡ ❜❡♥③❡♥❡ $✐♥❣+✳ ❖♥ -❤❡ $✐❣❤- +✐❞❡✿ ▼❇❇❆ ♠♦❧❡❝✉❧❡✳

■♥ ❝♦♥❝❧✉+✐♦♥✱ ❧✐A✉✐❞ ❝$②+-❛❧ ♠♦❧❡❝✉❧❡+ -❡♥❞ -♦ ❢♦$♠ ♠❡+♦♣❤❛+❡+ ❜❡❝❛✉+❡ ♦❢ -❤❡✐$ ❛♥✐+♦-$♦♣✐❝

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

-❤❡ ❧✐A✉✐❞ ✐+♦-$♦♣✐❝ ♣❤❛+❡ ❛♥❞ +♦♠❡-✐♠❡+✱ ❢♦$ ❛ +❛♠❡ ❞❡❣$❡❡ ♦❢ +②♠♠❡-$②✱ ❛ ❞✐✛❡$❡♥- ❧♦❝❛❧ ♦$❞❡$✳

✷✳✶✳✶✳✷ ❚❤❡&♠♦)&♦♣✐❝ ❧✐.✉✐❞ ❝&②2)❛❧2

❋♦$ -❤❡$♠♦-$♦♣✐❝ ❧✐A✉✐❞ ❝$②+-❛❧+✱ -❤❡ -$❛♥+✐-✐♦♥ ❜❡-✇❡❡♥ -❤❡ +♦❧✐❞ ❝$②+-❛❧❧✐♥❡ ♣❤❛+❡✱ -❤❡ ❧✐A✉✐❞

❝$②+-❛❧ ♣❤❛+❡+ ❛♥❞ -❤❡ ✐+♦-$♦♣✐❝ ❧✐A✉✐❞ ♣❤❛+❡ ✐+ -$✐❣❣❡$❡❞ ❜② -❡♠♣❡$❛-✉$❡✳ ❚❤❡② ❛$❡ -❤❡ ♦♥❧②

♦♥❡+ ❝♦♥+✐❞❡$❡❞ ❤❡$❡

✶

✳ ❚❤❡$♠♦-$♦♣✐❝ ❧✐A✉✐❞ ❝$②+-❛❧+ ❛$❡ ♣✉$❡ ❝♦♠♣♦✉♥❞+✱ ✉+✉❛❧❧② ❛♠♣❤✐♣❤✐❧✐❝

♠♦❧❡❝✉❧❡+ ♦❢ ❧♦✇ ♠♦❧❡❝✉❧❛$ ✇❡✐❣❤-✳ ❈♦♥+✐❞❡$✐♥❣ ✐♥❞✐✈✐❞✉❛❧❧② -❤❡ -✇♦ ♣❛$-+ ♦❢ -❤❡ ♠♦❧❡❝✉❧❡✱ ♦♥❡

♥♦-✐❝❡+ -❤❛- -❤❡ $❡+♣❡❝-✐✈❡ ♠❡❧-✐♥❣ ♣♦✐♥-+ ❢♦$ ❡❛❝❤ ❝♦♠♣♦✉♥❞ ❛$❡ ✈❡$② ❞✐✛❡$❡♥-✳ ❍♦✇❡✈❡$✱ ❛+ -❤❡②

❛$❡ ❧✐♥❦❡❞ ❜② ❛ ❝♦✈❛❧❡♥- ❜♦✉♥❞ ✐♥ -❤❡ ❧✐A✉✐❞ ❝$②+-❛❧ ♠♦❧❡❝✉❧❡✱ ♣❤❛+❡ +❡♣❛$❛-✐♦♥ ✐+ ✐♠♣♦++✐❜❧❡✳ ❚❤❡

❢♦$♠❛-✐♦♥ ♦❢ ❛ ♠❡+♦♣❤❛+❡ ✐+ -❤❡♥ -❤❡ ❛♥+✇❡$ -♦ -❤❡ ♠♦❧❡❝✉❧❛$ ❢$✉+-$❛-✐♦♥ ❬✺✺❪✳

✷✳✶✳✶✳✸ ♥❈❇✬2 ❢❛♠✐❧② ❛♥❞ ▼❇❇❆

❚✇♦ ❞✐✛❡$❡♥- +♦$-+ ♦❢ -❤❡$♠♦-$♦♣✐❝ ❧✐A✉✐❞ ❝$②+-❛❧ ♠♦❧❡❝✉❧❡+ ✇❡$❡ ✉+❡❞ ❢♦$ -❤❡ ♣$❡+❡♥- ❡①♣❡$✐♠❡♥-+✿

♥✲❝②❛♥♦❜✐♣❤❡♥②❧ ✭♥❈❇+✮ ❢❛♠✐❧② ❛♥❞ ▼❡-❤♦①②❇❡♥③②❧✐❞❡♥❡✲♥✲❇✉-②❧❆♥✐❧✐♥❡ ✭▼❇❇❆✮✭❝❢ ✜❣✉$❡ ✷✳✶✮✳

❚❤❡ ♥❈❇ ❢❛♠✐❧② ✐+ ❝♦♠♣♦+❡❞ ♦❢ ♦♥❡ ❛❧❦②❧ ❝❤❛✐♥ ✇✐-❤ n ❝❛$❜♦♥ ❛-♦♠+✱ -✇♦ ❜❡♥③❡♥❡ $✐♥❣+ ❛♥❞

❛ ❝②❛♥♦ ❣$♦✉♣✳ ❚❤❡ ❛❧❦②❧ ❝❤❛✐♥ ✐+ +❧✐❣❤-❧② -✐❧-❡❞ ❝♦♠♣❛$❡❞ -♦ -❤❡ ❜❡♥③❡♥❡ $✐♥❣+✱ -❤❡ -✐❧- ❛♥❣❧❡

❞❡♣❡♥❞✐♥❣ ♦♥ -❤❡ ❡✈❡♥ ♦$ ♦❞❞ ♥✉♠❜❡$ ♦❢ ❝❛$❜♦♥+ ♣$❡+❡♥- ✐♥ -❤❡ ❛❧❦②❧ ❝❤❛✐♥ ✭-❤❡ ✜$+- ❝❛$❜♦♥ ✐+

♦♥ -❤❡ ❛①✐+✮✳ ❚❤❡ ❝②❛♥♦ ❣$♦✉♣ ❤❛+ ❛ +-$♦♥❣ ❞✐♣♦❧❡ ♠♦♠❡♥- ✇❤✐❝❤ +-$❡-❝❤❡+ ♦✉- ♦♥ -❤❡ ❜❡♥③❡♥❡

❝②❝❧❡+ ✭µ = 4.9− 6 ❉❡❜②❡✮✳

❚❤❡ ❝♦♥+❡A✉❡♥❝❡ ♦❢ -❤✐+ ♣$♦♣❡$-② ✐+ -❤❛- -❤❡ ❝②❛♥♦❜✐♣❤❡♥②❧+ ✐♥ ❜✉❧❦ -❡♥❞ -♦ ❢♦$♠ ❞✐♠❡$+✳

❚✇♦ ♠♦❧❡❝✉❧❡+ ❛$❡ -❤❡♥ ❛++♦❝✐❛-❡❞ ❤❡❛❞✲-♦✲-❛✐❧✳ ❚❤❡ ♥✉♠❜❡$ ♦❢ ❝❛$❜♦♥+ ✐♥ -❤❡ ❛❧❦②❧ ❝❤❛✐♥ ❛❧+♦

♣❧❛②+ ❛ $♦❧❡✳ ❙❤♦$-❡$ ♥❈❇ ♠♦❧❡❝✉❧❡+ ♦♥❧② ❤❛✈❡ ❛ ♥❡♠❛-✐❝ ♣❤❛+❡✱ ✇❤❡$❡❛+ ❧♦♥❣❡$ ♠♦❧❡❝✉❧❡+ ✭n ≥ 8✮

❛❧+♦ ❤❛✈❡ ❛ +♠❡❝-✐❝ ❆ ♣❤❛+❡

✷

✳ ❋✉$-❤❡$♠♦$❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤❡-❤❡$ -❤❡ ♥✉♠❜❡$ ♦❢ ❝❛$❜♦♥ ❛-♦♠+

✐♥ -❤❡ ❛❧❦②❧ ❝❤❛✐♥ ✐+ ♦❞❞ ♦$ ❡✈❡♥✱ -❤❡ ✐♥-❡$❛❝-✐♦♥ ❬❝②❛♥♦ ✇✐-❤ ❝②❛♥♦ ❣$♦✉♣❪ ♦$ -❤❡ ✐♥-❡$❛❝-✐♦♥

✶

❖!❤❡$ ❦✐♥❞ ♦❢ ❧✐,✉✐❞ ❝$②0!❛❧0 ❡①✐0!✳ ❋♦$ ❡①❛♠♣❧❡✱ ❢♦$ ❧②♦!$♦♣✐❝ ❧✐,✉✐❞ ❝$②0!❛❧0✱ ✇❤✐❝❤ ❛$❡ 0♦❧✉!✐♦♥0 ♦❢ ❛♠♣❤✐♣❤✐❧✐❝

♠♦❧❡❝✉❧❡0 ✐♥ ❛ 0♦❧✈❡♥!✱ ✐! ✐0 !❤❡ ❝♦♥❝❡♥!$❛!✐♦♥ ♦❢ ❛♠♣❤✐♣❤✐❧✐❝ ♠♦❧❡❝✉❧❡0 ♦$ !❤❡ ♥❛!✉$❡ ♦❢ 0♦❧✈❡♥! !❤❛! ❝♦♥!$♦❧0 !❤❡

!$❛♥0✐!✐♦♥ !♦ ❛ ❧✐,✉✐❞ ❝$②0!❛❧ ♣❤❛0❡✳

✷

❚❤❡ 0♠❡❝!✐❝ ❆ ♣❤❛0❡ ✐0 ♦❜0❡$✈❡❞ ✐♥ !❤❡ !❡♠♣❡$❛!✉$❡ $❛♥❣❡ ❜❡!✇❡❡♥ !❤❡ 0♦❧✐❞ ❝$②0!❛❧❧✐♥❡ ♣❤❛0❡ ❛♥❞ !❤❡ ♥❡♠❛!✐❝

♣❤❛0❡✳ ■♥ !❤❡ 0♠❡❝!✐❝ ❆ ♣❤❛0❡✱ !❤❡$❡ ✐0 ❛ ❧♦♥❣ $❛♥❣❡ ♦$✐❡♥!❛!✐♦♥❛❧ ♦$❞❡$✱ ❛0 ✐♥ !❤❡ ♥❡♠❛!✐❝ ♣❤❛0❡✱ ♣❧✉0 ❛ ♣♦0✐!✐♦♥❛❧

♦$❞❡$✿ !❤❡ ♠♦❧❡❝✉❧❡0 ❢♦$♠ ❧❛②❡$0✳



✺❈❇ ♥❡♠❛'✐❝ 22.5 ✲ 35 ◦❈
✻❈❇ ♥❡♠❛'✐❝ 15 ✲ 29 ◦❈
✼❈❇ ♥❡♠❛'✐❝ 30 ✲ 42.8 ◦❈
✽❈❇ .♠❡❝'✐❝ 21.5 ✲ 34 ◦❈

♥❡♠❛'✐❝ 34 ✲ 40.5 ◦❈

▼❇❇❆ ♥❡♠❛'✐❝ 21 ✲ 42 ◦❈

❋✐❣✉4❡ ✷✳✷✿ ❚❡♠♣❡4❛'✉4❡ ♦❢ ♣❤❛.❡ '4❛♥.✐'✐♦♥. ♦❢ '❤❡ ❧✐>✉✐❞ ❝4②.'❛❧. ✉.❡❞ ❢♦4 '❤❡ ♣4❡.❡♥' ❡①♣❡4✐✲

♠❡♥'✳

n

crystaluniaxial

nematic

liquid

increasing order

❋✐❣✉4❡ ✷✳✸✿ ❖♥ '❤❡ ❧❡❢' .✐❞❡✿ .❝❤❡♠❛'✐❝ ✈✐❡✇ ♦❢ '❤❡ ❧✐>✉✐❞✱ ✉♥✐❛①✐❛❧ ♥❡♠❛'✐❝ ❛♥❞ ❝4②.'❛❧❧✐♥❡ ♣❤❛.❡.✳

❖♥ '❤❡ 4✐❣❤' .✐❞❡✿ ♣✐❝'✉4❡ ❢4♦♠ ❯✳❉❡❧❛❜4❡ J❤❉ '❤❡.✐. ❬✶✾❪✱ ❛ '❤✐❝❦ ✜❧♠ ♦❢ ♥❡♠❛'✐❝ ❧✐>✉✐❞ ❝4②.'❛❧

❜❡'✇❡❡♥ ❝4♦..❡❞ ♣♦❧❛4✐③❡4.✳

❬❝②❛♥♦ ✇✐'❤ ❜❡♥③❡♥❡ ❣4♦✉♣❪ ✐. ♠♦4❡ ❢❛✈♦4❛❜❧❡✳ ❚❤❡ '❡♠♣❡4❛'✉4❡. ♦❢ '❤❡ ♣❤❛.❡ '4❛♥.✐'✐♦♥. ❝❧❡❛4❧②

.❤♦✇ '❤✐. ♦❞❞✲❡✈❡♥ ❡✛❡❝'✿ '❤❡ '❡♠♣❡4❛'✉4❡. ♦❢ '4❛♥.✐'✐♦♥ ❢4♦♠ '❤❡ ❝4②.'❛❧ '♦ ♥❡♠❛'✐❝ ❛♥❞ ❢4♦♠

♥❡♠❛'✐❝ '♦ ✐.♦'4♦♣✐❝ ❧✐>✉✐❞ ❛4❡ ❧♦✇❡4 ❢♦4 '❤❡ ❡✈❡♥ ♠❡♠❜❡4. ♦❢ '❤❡ ♥❈❇ ❢❛♠✐❧② '❤❛♥ ❢♦4 '❤❡ ♦❞❞

♦♥❡. ✭❝❢ ✜❣✉4❡ ✷✳✷✮✳

❚❤❡ ▼❇❇❆✱ ♦♥ '❤❡ ❝♦♥'4❛4②✱ ❤❛. ❛ '4❛♥.✈❡4.❡ ❞✐♣♦❧❡ ♠♦♠❡♥' ❛♥❞ ❞♦❡. ♥♦' ❢♦4♠ ❞✐♠❡4.✳ ■'

♣4♦✈✐❞❡. '❤❡♥ ❛ ❣♦♦❞ ❝♦♠♣❛4✐.♦♥ ✇✐'❤ '❤❡ ♥❈❇ ❢❛♠✐❧②✳

✷✳✶✳✶✳✹ ❯♥✐❛①✐❛❧ ♥❡♠❛,✐❝ ♣❤❛0❡

❚❤❡ ♥❡♠❛'✐❝ ♣❤❛.❡ ✐. ❛ ♠❡.♦♣❤❛.❡ ♦❢ ❜4♦❦❡♥ 4♦'❛'✐♦♥❛❧ .②♠♠❡'4②✳ ❚❤❡4❡ ✐. ❛ 4❡.✉❧'✐♥❣ ❧♦♥❣

4❛♥❣❡ ♦4✐❡♥'❛'✐♦♥❛❧ ♦4❞❡4✳ ■' ✐♠♣❧✐❡. '❤❛' ❛❧❧ '❤❡ ♠♦❧❡❝✉❧❡. ❢♦❧❧♦✇ '❤❡ .❛♠❡ ♠❡❛♥ ♦4✐❡♥'❛'✐♦♥✳

❚❤❡ ❞✐4❡❝'✐♦♥ ♦❢ ❛ ✈❡❝'♦4✱ '❤❡ ♥❡♠❛'✐❝ ❞✐4❡❝'♦4✱

→

n (
→

r )✱ ✐. ✉.❡❞ '♦ 4❡♣4❡.❡♥' '❤❡ ♠❡❛♥ ♦4✐❡♥'❛'✐♦♥

♦❢ '❤❡ ❧✐>✉✐❞ ❝4②.'❛❧ ♠♦❧❡❝✉❧❡. ❛' ❛ ❣✐✈❡♥ ♣♦.✐'✐♦♥✱

→

r
✭❝❢ ✜❣✉4❡ ✷✳✸✮✳ ❆.

→

+n ❛♥❞

→

−n ❛4❡ ❡>✉✐✈❛❧❡♥'✱

'❤❡ ♥❡♠❛'✐❝ ♦4❞❡4 ✐. >✉❛❞4✉♣♦❧❛4✳ ❲❡ 4❡.'4✐❝' ❤❡4❡ '♦ ✉♥✐❛①✐❛❧ ♥❡♠❛'✐❝ ♣❤❛.❡.

✸

✱ ✇❤✐❝❤ ♣♦..❡..

4♦'❛'✐♦♥❛❧ ✐♥✈❛4✐❛♥❝❡ ❛4♦✉♥❞ '❤❡ ❞✐4❡❝'♦4✳ ❚♦ ❞❡.❝4✐❜❡ ♦4❞❡4✐♥❣✱ ♦♥❡ ❞❡✜♥❡. '❤❡ .❡❝♦♥❞ 4❛♥❦

♦4❞❡4✐♥❣ '4❛❝❡❧❡.. '❡♥.♦4✱ ✇❤✐❝❤ ✐. ❞✐❛❣♦♥❛❧ ✐♥ ✉♥✐❛①✐❛❧ ♣❤❛.❡. ❢♦4 ❛ 4❡❢❡4❡♥❝❡ ❢4❛♠❡ ✇❤❡4❡ '❤❡

✸

❋♦" #♦♠❡ ♣♦❧②♠❡"# ❛♥❞ ❧②♦,"♦♣✐❝ #②#,❡♠#✱ ,❤❡ ♥❡♠❛,✐❝ ♣❤❛#❡ ❝❛♥ ❜❡ ❜✐❛①✐❛❧✳



❛①✐# ✐# ❛❧♦♥❣

→

n
❬✼✶❪✿

→

Q (
→

r ) = S(
→

r )







− 1
2 0 0

0 − 1
2 0

0 0 1






✭✷✳✶✮

✇❤❡(❡ S(
→

r ) ✐* ❡+✉❛❧ /♦✿

S(
→

r ) =
1

2
< 3cos2φ− 1 > ✭✷✳✷✮

✇✐/❤ φ✱ /❤❡ ❛♥❣❧❡ ♦❢ ❛ ♠♦❧❡❝✉❧❡ ✇✐/❤ /❤❡ ❞✐(❡❝/♦( ❛♥❞ < . > (❡♣(❡*❡♥/* /❤❡ ♠❡❛♥ ✈❛❧✉❡ /❛❦❡♥

♦♥ /❤❡ ♠♦❧❡❝✉❧❡* ❢♦( ❛ ❣✐✈❡♥ /❡♠♣❡(❛/✉(❡✳ S(
→

r ) (❡♣(❡*❡♥/* /❤❡ ✇❛② /❤❛/ /❤❡ ♠♦❧❡❝✉❧❡* ♦(✐❡♥/

/❤❡♠*❡❧✈❡* ❛❧♦♥❣ /❤❡ ❞✐(❡❝/♦(✬* ❛①✐*✳ ■/ ✐* /❤✉* /❤❡ ♦(❞❡( ♣❛(❛♠❡/❡(

✹

✳ ■❢ /❤❡ ♠♦❧❡❝✉❧❡* ❛(❡ */(✐❝/❧②

♣❛(❛❧❧❡❧✱ S(
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• ❋✐♥❛❧❧②✱ '❤❡ (K22 + K24) ❛♥❞ K13 '❡+♠- ❛+❡ '❤❡ -♦✲❝❛❧❧❡❞ -✉+❢❛❝❡✲❧✐❦❡ '❡+♠- ✭-'✐❧❧ ✐♥ ❛

❝♦♥'✐♥✉♦✉- ❛♣♣+♦❛❝❤✮✳ ❆- ❞✐✈❡+❣❡♥❝❡ '❡+♠-✱ '❤❡② ❝❛♥ ✐♥❞❡❡❞ ❜❡ '+❛♥-❢♦+♠❡❞ ✐♥ -✉+❢❛❝❡

✐♥'❡❣+❛❧- ✉-✐♥❣ ●❛✉--✲❖-'+♦❣+❛❞-❦②✬- '❤❡♦+❡♠✳ ❚❤✐- ❛❧❧♦✇- '♦ ♦❜'❛✐♥ ❢♦+ ❡A✉❛'✐♦♥ ✷✳✹✿

∫

dV (fext+fFrank)+

∫

dS(fS+K13

→
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→

n div
→

n)−(K22+K24)
→

k .(
→

n div
→

n +
→

n ∧
→

rot
→

n))

✭✷✳✻✮

✇❤❡+❡

→

k -'❛♥❞- ❢♦+ '❤❡ ✈❡❝'♦+ ♥♦+♠❛❧ '♦ '❤❡ -✉+❢❛❝❡ ❛♥❞ ❞✐+❡❝'❡❞ ♦✉'✇❛+❞-✳ ❊①♣+❡--✐♦♥

✷✳✻ ❛❧❧♦✇- '♦ -❡♣❛+❛'❡ -✉+❢❛❝❡ ❛♥❞ ✈♦❧✉♠❡ '❡+♠-✳ ❚❤❡ -✉+❢❛❝❡✲❧✐❦❡ '❡+♠- ❞♦ ♥♦' ❡♥'❡+

'❤❡ ❊✉❧❡+✲▲❛❣+❛♥❣❡ ❡A✉❛'✐♦♥ +❡❧❛'❡❞ '♦ ❡A✉❛'✐♦♥ ✷✳✹✳ ❚❤❡② ❝❛♥ ♦♥❧② ❛✛❡❝' '❤❡ ♥❡♠❛'✐❝

❞✐+❡❝'♦+ '❤+♦✉❣❤ ❜♦✉♥❞❛+② ❝♦♥❞✐'✐♦♥- ❛♥❞ ❝❛♥ ❜❡ ♥❡❣❧❡❝'❡❞ ❛- ❧♦♥❣ ❛- '❤❡ -❛♠♣❧❡ ✐- '❤✐❝❦

❡♥♦✉❣❤✳ ❚❤✐- ✇✐❧❧ ♥♦' ❜❡ '❤❡ ❝❛-❡ ✐♥ ♦✉+ ❡①♣❡+✐♠❡♥'-✳ ❚❤❛' ✐- ✇❤② '❤❡ ♠❡❛♥✐♥❣ ♦❢ '❤❡ '✇♦

-✉+❢❛❝❡✲❧✐❦❡ '❡+♠- ✐- ❢✉+'❤❡+ ❞❡'❛✐❧❡❞ ✐♥ '❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛+❛❣+❛♣❤-✳

✷✳✶✳✷✳✶ ❆❜♦✉' '❤❡ *❛❞❞❧❡✲*♣❧❛② *✉1❢❛❝❡✲❧✐❦❡ '❡1♠ (K22 +K24)

❚❤❡ (K22 +K24) '❡+♠ ✜♥❞- ✐'- ❣❡♦♠❡'+✐❝❛❧ ✐♥'❡+♣+❡'❛'✐♦♥ ✐♥ ●❛✉-- ❝✉+✈❛'✉+❡✿

→

k .(
→

n div
→

n +
→

n ∧rot
→

n) =
1

R1R2
✭✷✳✼✮

✇❤❡+❡ R1 ❛♥❞ R2 ❛+❡ '❤❡ '✇♦ ❝✉+✈❛'✉+❡ +❛❞✐✐ ♦❢ ❛ ❣❡♦♠❡'+✐❝ -✉+❢❛❝❡ ♥♦+♠❛❧ '♦ '❤❡ ♥❡♠❛'✐❝

❞✐+❡❝'♦+✬- ✜❡❧❞✳ ❚❤❡ (K22+K24) '❡+♠ ✐- ❛--♦❝✐❛'❡❞ '♦ ❛ -❛❞❞❧❡✲-♣❧❛② ❞❡❢♦+♠❛'✐♦♥ ♦❢ '❤✐- ❣❡♦♠❡'+✐❝

-✉+❢❛❝❡✳ ❚❤❡ ❝♦♥✜❣✉+❛'✐♦♥- ♦❜'❛✐♥❡❞ ❢♦+ ❛ ♣♦-✐'✐✈❡ ❛♥❞ ❛ ♥❡❣❛'✐✈❡ -✐❣♥ ♦❢ '❤❡ (K22 +K24) '❡+♠✱

❝♦++❡-♣♦♥❞✐♥❣ '♦ ❛ ♣♦-✐'✐✈❡ ♦+ ♥❡❣❛'✐✈❡ ●❛✉-- ❝✉+✈❛'✉+❡✱ ❛+❡ +❡♣+❡-❡♥'❡❞ ♦♥ ✜❣✉+❡ ✷✳✼✳ ❙②-'❡♠-

✇❤❡+❡ '❤❡ -❛❞❞❧❡✲-♣❧❛② '❡+♠ ♣❧❛②- ❛ +♦❧❡ ❛+❡ ❢♦+ ❡①❛♠♣❧❡ -②-'❡♠- ✇❤❡+❡ ✇❡❛❦ ❛♥❝❤♦+✐♥❣ ♦❝❝✉+-

❛' '❤❡ ✐♥'❡+❢❛❝❡- ♦❢ '❤✐♥ ♥❡♠❛'✐❝ ✜❧♠-✳

Positive Gauss 

curvature

Negative Gauss 
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Deformation of the nematic

director !eld by a surface of
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curvature

- schematic -

❋✐❣✉+❡ ✷✳✼✿ ■❧❧✉-'+❛'✐♦♥ ♦❢ '❤❡ ❞❡❢♦+♠❛'✐♦♥- ♦❢ '❤❡ ♥❡♠❛'✐❝ ✜❡❧❞ ❜② '❤❡ (K22+K24) '❡+♠✳ ❖♥ '❤❡
❧❡❢' -✐❞❡✱ ❛ -❝❤❡♠❛'✐❝ ✈✐❡✇ ♦❢ '❤❡ ✐♥'❡+♣+❡'❛'✐♦♥ ♦❢ ●❛✉-- ❝✉+✈❛'✉+❡✳ ❖♥ '❤❡ +✐❣❤' -✐❞❡✱ -❝❤❡♠❛'✐❝

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

❝♦♥✜❣✉+❛'✐♦♥ ✐♥ ❢✉♥❝'✐♦♥ ♦❢ '❤❡ -✐❣♥ ♦❢ '❤❡ (K22 +K24) '❡+♠✳
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❬✺✵❪✳

❯♥❧✐❦❡  ❤❡ %❛❞❞❧❡✲%♣❧❛② %✉"❢❛❝❡✲❧✐❦❡  ❡"♠✱ ✇❤✐❝❤ ✇❛% ♣"♦✈❡♥  ♦ ❜❡ ❡8✉✐✈❛❧❡♥  ♦ ❛ 8✉❛❞"❛ ✐❝

 ❡"♠ ♦❢ ✜"% ♦"❞❡" ❞❡"✐✈❛ ✐✈❡% ♦❢  ❤❡ ♥❡♠❛ ✐❝ ❞✐"❡❝ ♦"✱  ❤❡ K13  ❡"♠ ❡①♣❧✐❝✐ ❧② ❝♦♥ ❛✐♥% %❡❝♦♥❞

♦"❞❡" ❞❡"✐✈❛ ✐✈❡% ♦❢  ❤❡ ♥❡♠❛ ✐❝ ❞✐"❡❝ ♦"✳ ❋✉" ❤❡"♠♦"❡✱ ✐ % ♦"❞❡" ♦❢ ♠❛❣♥✐ ✉❞❡ ✐% %✉♣♣♦%❡❞  ♦ ❜❡

✐♥  ❤❡ %❛♠❡ "❛♥❣❡  ❤❛♥  ❤❡ ♦♥❡ ♦❢ ❋"❛♥❦✬% ❜✉❧❦ ❡❧❛% ✐❝ ❝♦♥% ❛♥ %

✼

✳ ❚❤❡ K13  ❡"♠ ❝♦✉❧❞  ❤❡♥✱

✐♥ ♣"✐♥❝✐♣❧❡✱ ❧❡❛❞  ♦ ✐♥✜♥✐ ❡ ❞❡❢♦"♠❛ ✐♦♥% ♦❢  ❤❡ ♥❡♠❛ ✐❝ ❧✐8✉✐❞ ❝"②% ❛❧% ❝❧♦%❡  ♦  ❤❡ ✐♥ ❡"❢❛❝❡%

❛♥❞  ♦ ❛ ❢"❡❡ ❡♥❡"❣②  ❤❛ ❞♦❡% ♥♦ ❛❧❧♦✇ ❛♥② ❧♦✇❡" ❜♦✉♥❞ ❬✺✸❪✳ ❚❤✐% ✐% ❦♥♦✇♥ ❛%  ❤❡ ❖❧❞❛♥♦✲

❇❛"❜❡"♦ ♣❛"❛❞♦①✳ ❙❡✈❡"❛❧ ❛♣♣"♦❛❝❤❡% ✇❡"❡ ❞❡✈❡❧♦♣❡❞  ♦ "❡♠♦✈❡  ❤✐% %✐♥❣✉❧❛"✐ ② ❛%  ❤❡ %❡❝♦♥❞
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s ✱ "❤❡ ❡①")❛♣♦❧❛"✐♦♥ ❧❡♥❣"❤ ❝♦))❡!♣♦♥❞! "♦ "❤❡ ♠♦❧❡❝✉❧❛) ❞✐♠❡♥!✐♦♥✱ "❤❡ ❛♥❝❤♦)✐♥❣ ✐!

!❛✐❞ "♦ ❜❡ !")♦♥❣✳ ❖♥ "❤❡ ❝♦♥")❛)② ✐❢ Ue >> Ua
s ✱ "❤❡ ❡①")❛♣♦❧❛"✐♦♥ ❧❡♥❣"❤ ✐! ❣)❡❛"❡) "❤❛♥ "❤❡



Real 

interface

Imaginary

interface

Bulk nematic

Extrapolation 

length

❋✐❣✉$❡ ✷✳✾✿ ❙❝❤❡♠❛/✐❝ ✐❧❧✉1/$❛/✐♦♥ ♦❢ /❤❡ ♠❡❛♥✐♥❣ ♦❢ /❤❡ ❡①/$❛♣♦❧❛/✐♦♥ ❧❡♥❣/❤ /❤❛/ ❝♦$$❡1♣♦♥❞1

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

✐♥✜♥✐/❡❧② 1/$♦♥❣ ✭/❤❡ ❞✐$❡❝/♦$ ✐1 ❛❧♦♥❣ /❤❡ ♣$❡❢❡$$❡❞ ❞✐$❡❝/✐♦♥✿ ❤❡$❡✱ ❤♦♠❡♦/$♦♣✐❝✮✳

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

❆♥❝❤♦$✐♥❣ ❞❡1❝$✐❜❡1 /❤❡ ♣$❡❢❡$$❡❞ ♦$✐❡♥/❛/✐♦♥ ♦❢ /❤❡ ♥❡♠❛/✐❝ ❞✐$❡❝/♦$ ❝❧♦1❡ /♦ ❛♥ ✐♥/❡$❢❛❝❡✳

■❢ /❤❡ ❛❝/✉❛❧ ♦$✐❡♥/❛/✐♦♥ ❞✐✛❡$1 ❢$♦♠ /❤❡ ♣$❡❢❡$$❡❞ ♦♥❡✱ ❢♦$ ❡①❛♠♣❧❡ ❜② /❤❡ ❛❝/✐♦♥ ♦❢ ❛♥ ❡①/❡$♥❛❧

✜❡❧❞✱ ❛ ♣$✐❝❡ ✐♥ ❡♥❡$❣② ✐1 ♣❛✐❞✳ ❙❡✈❡$❛❧ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ♠♦❞❡❧1 ✇❡$❡ ❞❡✈❡❧♦♣❡❞ /♦ ❡1/✐♠❛/❡

/❤✐1 ❝♦1/ ✭❚❤❡ ♠✐❝$♦1❝♦♣✐❝ ♠❡❝❤❛♥✐1♠1 ❛/ /❤❡ ♦$✐❣✐♥ ♦❢ /❤❡ ❛♥❝❤♦$✐♥❣ ♣❤❡♥♦♠❡♥❛ ❛$❡ 1/✐❧❧ ♣♦♦$❧②

✉♥❞❡$1/♦♦❞✮✳ ❚❤❡ ❘❛♣✐♥✐ ❛♥❞ F❛♣♦✉❧❛$ ♠♦❞❡❧ ❬✻✸❪ ✐1 /❤❡ ♠♦1/ ✉1❡❞ ✐♥ /❤❡ ❧✐/❡$❛/✉$❡

✽

✳ ■/ ✇❛1

✜$1/ ❞❡✈❡❧♦♣❡❞ /♦ ❝❛❧❝✉❧❛/❡ /❤❡ ✈❛❧✉❡ ♦❢ /❤❡ ❝$✐/✐❝❛❧ ♠❛❣♥❡/✐❝ ✜❡❧❞ ✇❤✐❝❤ /$✐❣❣❡$1 /❤❡ ❋$❡❡❞❡$✐❝❦1

✐♥1/❛❜✐❧✐/②✳ ❚❤❡ ❘❛♣✐♥✐ ❛♥❞ F❛♣♦✉❧❛$ ♠♦❞❡❧ ✐1 ❛ ✜$1/ ♦$❞❡$ ❞❡✈❡❧♦♣♠❡♥/ ♦❢ /❤❡ ❛♥❝❤♦$✐♥❣ /❡$♠ ♦❢

/❤❡ 1✉$❢❛❝❡ ❢$❡❡ ❡♥❡$❣② ♣❡$ ❛$❡❛ ✉♥✐/ ❛$♦✉♥❞ /❤❡ ❡❛1② ❛①✐1✳ ■♥ /❤❡ ❝❛1❡ ♦❢ ❛♥ ❛③✐♠✉/❤❛❧ ❞❡❣❡♥❡$❛/❡

❛♥❝❤♦$✐♥❣✱ ♦♥❡ ♦❜/❛✐♥1✿

WRP =
WPolar

2
sin2(θ − θ0) ✭✷✳✶✵✮

✇❤❡$❡WPolar ✐1 /❤❡ ♣♦❧❛$ ❛♥❝❤♦$✐♥❣ ❡♥❡$❣② ❛♥❞ θ0 /❤❡ ♣$❡❢❡$$❡❞ ♣♦❧❛$ ❛♥❝❤♦$✐♥❣ ❛♥❣❧❡✳ ❆❧/❤♦✉❣❤

/❤❡ ❡N✉❛/✐♦♥ ✷✳✶✵ ✐1 1✐♠♣❧❡✱ /❤❡ ❘❛♣✐♥✐ ❛♥❞ F❛♣♦✉❧❛$ ♠♦❞❡❧ ✐1 ❛ ❣♦♦❞ N✉❛❧✐/❛/✐✈❡ ❞❡1❝$✐♣/✐♦♥ ♦❢

/❤❡ ❞✐1/♦$/✐♦♥1 ♦❜1❡$✈❡❞ ❛/ /❤❡ ♠❛❝$♦1❝♦♣✐❝ ❛♥❞ ♠❡1♦1❝♦♣✐❝ 1❝❛❧❡ ✭❡✳❣✳ ✇❤❡♥ ✐❣♥♦$✐♥❣ ❛♥② ❝❤❛♥❣❡

✐♥ /❤❡ ♦$❞❡$ ♣❛$❛♠❡/❡$✮✳ ❚❤❡ $❡❛1♦♥ ❧✐❡1 ✐♥ /❤❡ ❢❛❝/ /❤❛/ /❤❡ ♥♦/✐♦♥ ♦❢ ❛♥❝❤♦$✐♥❣ 1/$♦♥❣❧② ❞❡♣❡♥❞1

♦♥ /❤❡ ❞✐1/❛♥❝❡ ❛/ ✇❤✐❝❤ /❤❡ ❛♥❝❤♦$✐♥❣ ♣$♦♣❡$/✐❡1 ❛$❡ ✐♥✈❡1/✐❣❛/❡❞✳ ❋♦$ ❡①❛♠♣❧❡✱ ❛♥❝❤♦$✐♥❣ ♠❡❛✲

1✉$❡♠❡♥/1 ♣❡$❢♦$♠❡❞ ♦♥ /❤❡ 1❛♠❡ 1②1/❡♠ ❜✉/ ✇✐/❤ ❞✐✛❡$❡♥/ ♠❡/❤♦❞1 ❧❡❛❞ /♦ 1❝❛//❡$❡❞ $❡1✉❧/1

❬✾✵❪✳ ❖♥ /❤❡ /❤❡♦$❡/✐❝❛❧ ♣♦✐♥/ ♦❢ ✈✐❡✇✱ /❤❡ 1❝❛❧❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ /❤❡ ❛♥❝❤♦$✐♥❣ ❡♥❡$❣② ✇❛1 ❞❡♠♦♥✲

1/$❛/❡❞ ❜② ❋♦✉$♥✐❡$ ❛♥❞ ●❛❧❛/♦❧❛ ✉1✐♥❣ ❛ $❡♥♦$♠❛❧✐③❛/✐♦♥ ❛♣♣$♦❛❝❤ ❬✷✼❪✳ ❆/ ❛ ♠❛❝$♦1❝♦♣✐❝ 1❝❛❧❡✱

/❤❡ ❛♥❣✉❧❛$ ❞❡♣❡♥❞❡♥❝❡ ♦❢ /❤❡ $❡♥♦$♠❛❧✐③❡❞ ♣♦/❡♥/✐❛❧ ✐1 ❞$❛♠❛/✐❝❛❧❧② 1♠♦♦/❤❡❞✳ ❆1 /❤❡ ❘❛♣✐♥✐

❛♥❞ F❛♣♦✉❧❛$ ♠♦❞❡❧ ✐1 ❛ ❝♦♥/✐♥✉♦✉1 ♠❛❝$♦1❝♦♣✐❝ ♠♦❞❡❧✱ ✐/ ❡①♣❧❛✐♥1 ✇❤② ❛ 1✐♠♣❧❡ ❡N✉❛/✐♦♥ 1✉❝❤

❛1 ✷✳✶✵ ♣$♦✈✐❞❡1 1✉❝❤ ❛ ❣♦♦❞ ❞❡1❝$✐♣/✐♦♥✳

✽

❉❡"❝$✐♣'✐♦♥ ♦❢ ♦'❤❡$ ♠♦❞❡❧" ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✷✵❪ ♦$ ❬✹✺❪ ❢♦$ ❡①❛♠♣❧❡



✷✳✶✳✹ ❯♥✐❛①✐❛❧ ♥❡♠❛,✐❝ ✴ ■0♦,2♦♣✐❝ ♣❤❛0❡ ,2❛♥0✐,✐♦♥ ✐♥ ❜✉❧❦✿ ♣❤❡♥♦♠❡♥♦✲

❧♦❣✐❝❛❧ ♠♦❞❡❧ ♦❢ ▲❛♥❞❛✉ ✲ ❞❡ ●❡♥♥❡0

❚❤❡ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ♠♦❞❡❧ ♦❢ ▲❛♥❞❛✉ ✲ ❞❡ ●❡♥♥❡2 ❛❧❧♦✇2 ❢♦4 5❤❡ ❞❡2❝4✐♣5✐♦♥ ♦❢ ❧✐6✉✐❞ ❝4②25❛❧2 ✐♥

5❤❡ ✈✐❝✐♥✐5② ♦❢ 5❤❡ ❜✉❧❦ ✉♥✐❛①✐❛❧ ♥❡♠❛5✐❝ ✴ ✐2♦54♦♣✐❝ ♣❤❛2❡ 54❛♥2✐5✐♦♥ ✭◆■ ♣❤❛2❡ 54❛♥2✐5✐♦♥✮✳ ❚❤✐2

♠♦❞❡❧ ✐2 ❛ ❣❡♥❡4❛❧✐③❛5✐♦♥ ❜② ❞❡ ●❡♥♥❡2 ♦❢ 5❤❡ ▲❛♥❞❛✉ ♠♦❞❡❧ ❢♦4 ♣❤❛2❡ 54❛♥2✐5✐♦♥2 ♦❢ 5❤❡ 2❡❝♦♥❞

♦4❞❡4 5♦ ✇❡❛❦ ✜425 ♦4❞❡4 54❛♥2✐5✐♦♥2✱ ✇❤✐❝❤ ✐2 5❤❡ ❝❛2❡ ♦❢ 5❤❡ ◆■ 54❛♥2✐5✐♦♥✳ ❚❤❡ ❢4❡❡ ❡♥❡4❣② ♣❡4

✈♦❧✉♠❡ ✉♥✐5✱ fvol ✐2 ❞❡✈❡❧♦♣❡❞ ❛2 ❛ 2❡4✐❡2 ♦❢ ♣♦✇❡42 ♦❢ 5❤❡ ♦4❞❡4 ♣❛4❛♠❡5❡4 S ❞❡✜♥❡❞ ❛❜♦✈❡✳ ❚❤❡

♥❡♠❛5✐❝ ✐2 2✉♣♣♦2❡❞ 5♦ ✉♥❞❡4❣♦ ♥❡✐5❤❡4 ❞✐25♦45✐♦♥2 ♥♦4 ❣4❛❞✐❡♥52 ♦❢ 5❤❡ ♦4❞❡4 ♣❛4❛♠❡5❡4✿ 5❤❡

♥❡♠❛5✐❝ ✐2 5❤❡♥ ✐♥ ❜✉❧❦✱ ❢❛4 ❢4♦♠ ❛♥② ♣❡45✉4❜❛5✐♦♥✳ ❆2 5❤❡ ❢4❡❡ ❡♥❡4❣② 2❤❛❧❧ ♥♦5 ❞❡♣❡♥❞ ♦♥ 5❤❡

❝❤♦✐❝❡ ♦❢ 5❤❡ 4❡❢❡4❡♥5✐❛❧✱ ♦♥❧② 5❤❡ 5❡4♠2 ✐♥✈❛4✐❛♥52 ❜② 4♦5❛5✐♦♥ ❛4❡ ♣4❡2❡♥5 ✐♥ 5❤❡ ❞❡✈❡❧♦♣♠❡♥5✳ ❆5

❛ ❣✐✈❡♥ 5❡♠♣❡4❛5✉4❡✱ 5❤❡ ♠✐♥✐♠✐③❛5✐♦♥ ♦❢ fvol ❣✐✈❡2 5❤❡ ❡6✉✐❧✐❜4✐✉♠ ✈❛❧✉❡ ♦❢ 5❤❡ ♦4❞❡4 ♣❛4❛♠❡5❡4

S ✇✐5❤ S = 0 ❢♦4 ❤✐❣❤ 5❡♠♣❡4❛5✉4❡2 ✭✐2♦54♦♣✐❝ ♣❤❛2❡✮ ❛♥❞ S > 0 ❢♦4 ❧♦✇ 5❡♠♣❡4❛5✉4❡2 ✭♥❡♠❛5✐❝

♣❤❛2❡✮✳ ❚❤❡ ❝♦♥2❡6✉❡♥❝❡2 ♦❢ 5❤❡ ✜①❡❞ ❡①54❡♠❡ ✈❛❧✉❡2 ♦❢ 5❤❡ ♦4❞❡4 ♣❛4❛♠❡5❡4 ❛4❡ 5❤❛5 5❤❡4❡

❝❛♥♥♦5 ❜❡ ❛♥② ✜425✲♦4❞❡4 5❡4♠ ✐♥ 5❤❡ ❞❡✈❡❧♦♣♠❡♥5 ❛♥❞ 5❤❛5 5❤❡ 2✐❣♥ ♦❢ 5❤❡ 2❡❝♦♥❞✲♦4❞❡4 5❡4♠

❝❤❛♥❣❡2 ❜❡❧♦✇ ❛ ✇❡❧❧✲❞❡✜♥❡❞ 5❡♠♣❡4❛5✉4❡✱ 5❤❡ 2♣✐♥♦❞❛❧ 5❡♠♣❡4❛5✉4❡ T ∗✳ ❆ 2✐♠♣❧❡ ♠♦❞❡❧ ❢♦4 5❤❡

❝♦♥25❛♥5 ♦❢ 5❤❡ 2❡❝♦♥❞ ♦4❞❡4 5❡4♠ ❝❛♥ 5❤❡♥ ❜❡ ✇4✐55❡♥ ❛2 A(T ) = A0(T − T ∗)✳ ❚❤❡ 2♣✐♥♦❞❛❧

5❡♠♣❡4❛5✉4❡✱ ❜❡❧♦✇ ✇❤✐❝❤ 5❤❡ ✐2♦54♦♣✐❝ ♣❤❛2❡ ✐2 ✉♥25❛❜❧❡✱ ✐2 2❧✐❣❤5❧② ❧❡22 5❤❛♥ 5❤❡ 54❛♥2✐5✐♦♥

5❡♠♣❡4❛5✉4❡ TNI ✳ ❚♦ ❡♥2✉4❡ 25❛❜✐❧✐5②✱ 5❤❡ ❞❡✈❡❧♦♣♠❡♥5 ♥❡❡❞2 5♦ ❣♦ 5♦ 5❤❡ ❢♦✉45❤ ♦4❞❡4✳ ❚❤❡

❝♦❡✣❝✐❡♥52 ♦❢ 5❤❡ 5❤✐4❞ ❛♥❞ ❢♦✉45❤ 5❡4♠2 ❛4❡ ✉2✉❛❧❧② ❝♦♥2✐❞❡4❡❞ 5♦ ❜❡ ❝♦♥25❛♥5 ❛♥❞ ♣♦2✐5✐✈❡ ❝❧♦2❡

5♦ 5❤❡ ◆■ ♣❤❛2❡ 54❛♥2✐5✐♦♥✳ ❚❤❡ ❢4❡❡ ❡♥❡4❣② ♣❡4 ✉♥✐5 ♦❢ ✈♦❧✉♠❡ ✐2 5❤❡♥ ✇4✐55❡♥ ❛2✿

fvol = f0(T ) +
1

2
A0(T − T ∗)S2 −

1

3
BS3 +

1

4
CS4

✭✷✳✶✶✮

❚❤✐2 ❡①♣4❡22✐♦♥ ❛22✉♠❡2 5❤❛5 S ✐2 ✉♥✐❢♦4♠ ✇❤✐❝❤ ✐2 54✉❡ ❢♦4 ♥❡♠❛5✐❝ ✐♥ ❜✉❧❦✳

▲❡5 ✉2 ❝♦♠♠❡♥5 ❢✉45❤❡4 ♦♥ 5❤✐2 ♣♦✐♥5✳ ❆❝5✉❛❧❧②✱ ❛ ❝❤❛♥❣❡ ♦❢ 5❤❡ ♦4❞❡4 ♣❛4❛♠❡5❡4 ♦❝❝✉42 ✐♥ 5❤❡

✈✐❝✐♥✐5② ♦❢ 5❤❡ ✐♥5❡4❢❛❝❡2✳ ▼♦4❡ ♣4❡❝✐2❡❧②✱ S(
→

r ) ✐♥❝4❡❛2❡2 ❛5 ✐♥5❡4❢❛❝❡2 ✇✐5❤ ❡✐5❤❡4 ❤♦♠❡♦54♦♣✐❝

❛♥❝❤♦4✐♥❣✱ ♦4 ♣❧❛♥❛4 ♥♦♥✲❞❡❣❡♥❡4❛5❡ ❛♥❝❤♦4✐♥❣ ❬✻✽❪✱ ❬✹✽❪✱ ❬✷✻❪✱ ❬✾✹❪✱ ❬✻✷❪✱ ❬✽✾❪✳ ❚❤❡2❡ ✐♥5❡4❢❛❝❡2

❛4❡ ✏♦4❞❡4✐♥❣✑ ♦♥❡2✳ ■♥ ❝♦♥54❛25✱ S(
→

r ) ❞❡❝4❡❛2❡2 ❛5 ✐♥5❡4❢❛❝❡2 ✇✐5❤ ♣❧❛♥❛4✲❞❡❣❡♥❡4❛5❡ ❛♥❝❤♦4✐♥❣✱

✇❤✐❝❤ ❛4❡ ✏❞✐2♦4❞❡4✐♥❣✑ ♦♥❡2✳ ❚❤✐2 ❝❛♥ ❜❡ ✉♥❞❡425♦♦❞ ❛2 ❛ ✏♣4❡❢❡4❡♥5✐❛❧ ✇❡55✐♥❣✑ ♦❢ 5❤❡ ✐♥5❡4❢❛❝❡

❜② ❡✐5❤❡4 5❤❡ ♥❡♠❛5✐❝ ✭✐❢ 5❤❡ ❧♦❝❛❧ ♦4❞❡4 ✐♥❝4❡❛2❡2✮ ♦4 5❤❡ ✐2♦54♦♣✐❝ ♣❤❛2❡ ✭✐❢ 5❤❡ ❧♦❝❛❧ ♦4❞❡4

❞❡❝4❡❛2❡2✮✱ ♦4 ❛2 ❛ ✏2✉4❢❛❝❡ ♣❤❛2❡ 54❛♥2✐5✐♦♥✑ ❬✼✶❪✱ ❬✻✺❪✱ ❬✻✻❪✱ ❬✻✼❪✱ ❬✻✽❪✳

❋♦4 5❤✐♥ ✜❧♠2✱ 5❤❡ 5✇♦ ✐♥5❡4❢❛❝❡2 ✐♥5❡4♣❧❛②✳ ❲✐5❤♦✉5 ❡♥5❡4✐♥❣ ✐♥5♦ ❞❡5❛✐❧2✱ ❢♦4 ✜❧♠2 ♦❢ 5❤✐❝❦♥❡22

ξ 2❛♥❞✇✐❝❤❡❞ ❜❡5✇❡❡♥ 2♦❧✐❞ ✇❛❧❧2 ✇✐5❤ ✐❞❡♥5✐❝❛❧ ❛♥❝❤♦4✐♥❣2✱ 5❤❡ 54❛♥2✐5✐♦♥ 5❡♠♣❡4❛5✉4❡ TC(ξ) ✐2

2❤✐❢5❡❞ ✉♣✇❛4❞2 ❢♦4 ✏♦4❞❡4✐♥❣✑ ✇❛❧❧2✱ ❛♥❞ ❞♦✇♥✇❛4❞2 ❢♦4 ✏❞✐2♦4❞❡4✐♥❣✑ ♦♥❡2 ❬✼✶❪✱ ❬✻✺❪✱ ❬✻✻❪✱ ❬✻✼❪✱

❬✻✽❪✱ ❬✹✽❪✳ ■♥ ❜♦5❤ ❝❛2❡2✱ 5❤❡ 2❤✐❢5 ∆T = Ttr−TNI ≈
1
ξ ✐2 2♠❛❧❧✱ 0.1 5♦ 0.2

◦
❈ ❢♦4 ξ ≈ 100 nm ❬✽✾❪✳

❋♦4 2♦❧✐❞ ✇❛❧❧2 ✇✐5❤ ❛♥5❛❣♦♥✐25 ❛♥❝❤♦4✐♥❣2✱ 5❤❡ ♥❡5 4❡2✉❧5 ✐2 ❛❧✇❛②2 ❛ 2✐❣♥✐✜❝❛♥5 2❤✐❢5 ❞♦✇♥✇❛4❞2

∆T ≈ 1
ξ2 ❬✼✶❪✳ ❆♥ ❡①♣❡4✐♠❡♥5❛❧ ❝♦♥✜4♠❛5✐♦♥ ✐2 ❣✐✈❡♥ ✐♥ ❬✽✼❪ ✐♥ ❛ ♣❧❛♥❛4✲♥♦♥✲❞❡❣❡♥❡4❛5❡ ✴

❤♦♠❡♦54♦♣✐❝ ❝♦♥✜❣✉4❛5✐♦♥✱ ✇✐5❤ ❛ 2❤✐❢5 ∆T ≈ −2.5◦❈ ❢♦4 ξ ≈ 100nm✳

X4❛❝5✐❝❛❧❧②✱ ❝♦♥2✐❞❡4✐♥❣ ❝❤❛♥❣❡2 ✐♥ S(
→

r ) ❝❧♦2❡ 5♦ ✜❧♠ ✐♥5❡4❢❛❝❡2✱ 5❤❛5 ✐2✱ ❣♦✐♥❣ ❢❛45❤❡4 5❤❡



❝♦♥#✐♥✉♦✉& ❞❡&❝)✐♣#✐♦♥✱ ✇♦✉❧❞ ♠❛❦❡ #❤❡ ❝❛❧❝✉❧❛#✐♦♥& ✐♥#)❛❝#❛❜❧❡✳ ❍♦✇❡✈❡)✱ ✇❡ ♠✉&# ❦❡❡♣ ✐♥

♠✐♥❞ #❤❛# ✐# ✐& ❛ ✇❡❛❦ ♣♦✐♥# ♦❢ #❤❡ ❛♥❛❧②&✐&✳

✷✳✶✳✺ ❍②❜'✐❞ ❆❧✐❣♥❡❞ ◆❡♠❛2✐❝ ✭❍❆◆✮ ✜❧♠7

Planar

anchoring

Hometropic

anchoring

0

z

?

 > 
C

 < 
C

HAN FILM

x

a/1

a/2

b/

❋✐❣✉)❡ ✷✳✶✵✿ ❍❆◆ ✜❧♠&✱ ①③ ♣❧❛♥❡✳ ❖♥ #❤❡ ❧❡❢# &✐❞❡✱ ❝♦♥❞✐#✐♦♥& ❛# #❤❡ ❜♦✉♥❞❛)✐❡&✿ ❛# #❤❡ ❜♦##♦♠✱

#❤❡ ❛♥❝❤♦)✐♥❣ ✐& ♣❧❛♥❛) ❛❧♦♥❣ ①✱ #❤❡ ♣)❡❢❡))❡❞ ❛♥❝❤♦)✐♥❣ ❛♥❣❧❡ ✐& #❤❡♥ θ0P = 90◦ ❀ ❛# #❤❡ #♦♣✱

#❤❡ ❛♥❝❤♦)✐♥❣ ✐& ❤♦♠❡♦#)♦♣✐❝✱ θ0H = 0◦✳ ❖♥ #❤❡ )✐❣❤# &✐❞❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ #❤❡ #❤✐❝❦♥❡&&✱ #❤❡

❝♦♥✜❣✉)❛#✐♦♥ ♦❢ #❤❡ ♥❡♠❛#✐❝ ❞✐)❡❝#♦) ✐& ❞✐✛❡)❡♥#✿ ❢♦) ξ > ξC #❤❡ ♥❡♠❛#✐❝ ❞✐)❡❝#♦) ✐& ❞✐&#♦)#❡❞✱

#❤❡ ❛♥❝❤♦)✐♥❣ ❛♥❣❧❡& ✐♥ ❛✴✶ ❛♥❞ ❛✴✷ ❝♦))❡&♣♦♥❞ )❡&♣❡❝#✐✈❡❧② #♦ #❤❡ ♣)❡❢❡))❡❞ ❛♥❝❤♦)✐♥❣ ❛♥❣❧❡&

✭ξ >> ξC✮ ♦) &❧✐❣❤#❧② ❞✐✛❡) ❀ ❢♦) ξ < ξC ✱ #❤❡ ♥❡♠❛#✐❝ ❞✐)❡❝#♦) ✐& ✉♥✐❢♦)♠✱ ✐#& ❞✐)❡❝#✐♦♥ ✐& ✐♠♣♦&❡❞

❜② #❤❡ &#)♦♥❣❡&# ❛♥❝❤♦)✐♥❣✱ ❤❡)❡ #❤❡ ♣❧❛♥❛) ♦♥❡ ✭❜✴✮✳

❆♥ ❤②❜)✐❞ ❛❧✐❣♥❡❞ ♥❡♠❛#✐❝ ✭❍❆◆✮ ❬✼✹❪ ✐& ♠❛❞❡ ♦❢ ❛ ❧❛②❡) ♦❢ ♥❡♠❛#✐❝ ❧✐M✉✐❞ ❝)②&#❛❧ ✐♥ ❜❡#✇❡❡♥ #✇♦

&✉)❢❛❝❡& ✐♥❞✉❝✐♥❣ ❛♥#❛❣♦♥✐&# ❛♥❝❤♦)✐♥❣&✳ ❖♥❡ ♦❢ #❤❡ ❛♥❝❤♦)✐♥❣& ✐& ♣❧❛♥❛) ♥♦♥✲❞❡❣❡♥❡)❛#❡ ❛♥❞ #❤❡

♦#❤❡) ✐& ❤♦♠❡♦#)♦♣✐❝ ✭&❡❡ ✜❣✉)❡ ✷✳✶✵✮✳ ❚❤❡ ♣)❡❢❡))❡❞ ❛♥❝❤♦)✐♥❣ ❛♥❣❧❡& ❛# #❤❡ #✇♦ ✐♥#❡)❢❛❝❡& ❛)❡

#❤❡♥ θ0P = 90◦ ❢♦) #❤❡ ♣❧❛♥❛) ❛♥❝❤♦)✐♥❣ ❛♥❞ θ0H = 0◦ ❢♦) #❤❡ ❤♦♠❡♦#)♦♣✐❝ ❛♥❝❤♦)✐♥❣

✾

✳ ■♥ &✉❝❤

❛ ❝♦♥✜❣✉)❛#✐♦♥✱ #❤❡ #❤✐❝❦♥❡&& ♦❢ #❤❡ ✜❧♠ ✇✐❧❧ ❞❡#❡)♠✐♥❡ #❤❡ ✜♥❛❧ ❝♦♥✜❣✉)❛#✐♦♥ ♦❢ #❤❡ ♥❡♠❛#✐❝

❞✐)❡❝#♦)✳ ❚❤)❡❡ ❞✐✛❡)❡♥# ❜❡❤❛✈✐♦✉)& ❛)❡ ♦❜&❡)✈❡❞ ❝♦))❡&♣♦♥❞✐♥❣ #♦ #❤)❡❡ )❛♥❣❡& ♦❢ #❤✐❝❦♥❡&&❡&

✭&❡❡ ✜❣✉)❡ ✷✳✶✵✮✿

• ■❢ #❤❡ ✜❧♠ ✐& #❤✐❝❦✱ #❤❡ #✇♦ ✐♥#❡)❢❛❝❡& ❞♦ ♥♦# ❢❡❡❧ ❡❛❝❤ ♦#❤❡)✬& ♣)❡&❡♥❝❡✳ ❚❤❡ ♥❡♠❛#✐❝

❞✐)❡❝#♦) ✜❡❧❞ ❛❞❛♣#& ✐#&❡❧❢ #♦ #❤❡ #✇♦ ❛♥#❛❣♦♥✐&# ❜♦✉♥❞❛)② ❝♦♥❞✐#✐♦♥&✿ ✐#✬& ❞✐)❡❝#✐♦♥ ❝❤❛♥❣❡&

❝♦♥#✐♥✉♦✉&❧② ❛❝)♦&& #❤❡ ✜❧♠✳ ❙✉❝❤ ❛ &#)✉❝#✉)❡ ✇✐#❤ #)❛♥&❧❛#✐♦♥❛❧ ✐♥✈❛)✐❛♥❝❡ ❛❧♦♥❣ ① ❛♥❞

#❤❡ ❞✐)❡❝#♦) )♦#❛#✐♥❣ ✐♥&✐❞❡ ❛ ①③ ♣❧❛♥❡ ✐& )❡❢❡))❡❞ #♦ ❛& ❛ ✏❞✐&#♦)#❡❞ ♥❡♠❛#✐❝✑✳

• ■❢ #❤❡ ✜❧♠ ✐& #❤✐♥ ❡♥♦✉❣❤ &♦ #❤❛# #❤❡ #✇♦ ✐♥#❡)❢❛❝❡& ❜❡❣✐♥ #♦ ❢❡❡❧ ❡❛❝❤ ♦#❤❡)✬& ♣)❡&❡♥❝❡✱ #❤❡

✾

▲❡" ✉$ %❡♠✐♥❞ "❤❛" ❛♥ ❛♥❝❤♦%✐♥❣ ❛♥❣❧❡ ✐$ "❤❡ ❛♥❣❧❡ ♠❛❞❡ ❜❡"✇❡❡♥ "❤❡ ♥♦%♠❛❧ "♦ "❤❡ ✐♥"❡%❢❛❝❡ ❛♥❞ "❤❡ ♥❡♠❛"✐❝

❞✐%❡❝"♦%✳



♥❡♠❛$✐❝ ❞✐(❡❝$♦( ✐* *$✐❧❧ ❞✐*$♦($❡❞✱ ❜✉$ $❤❡ ♦❜*❡(✈❡❞ ❛♥❝❤♦(✐♥❣ ❛♥❣❧❡* ❛$ $❤❡ ✐♥$❡(❢❛❝❡* *❤✐❢$

❢(♦♠ $❤❡✐( ♣(❡❢❡((❡❞ ✈❛❧✉❡* θ0P ❛♥❞ θ0H

• ■❢ $❤❡ ✜❧♠ ✐* ✈❡(② $❤✐♥✱ $❤❡ ❝♦*$ ♦❢ $❤❡ ❡❧❛*$✐❝ ❞✐*$♦($✐♦♥ ✐* $♦♦ ❧❛(❣❡✳ ❚❤❡ ♥❡♠❛$✐❝ ❞✐(❡❝$♦(

❝❛♥♥♦$ ❞✐*$♦($ ✐$*❡❧❢ ❛♥❞ $❤❡ *$(♦♥❣❡*$ ❛♥❝❤♦(✐♥❣ ✐♠♣♦*❡* ✐$* ❞✐(❡❝$✐♦♥ ❛❝(♦** $❤❡ ✜❧♠✳ ■♥

❛ *✐$✉❛$✐♦♥ ❝♦((❡*♣♦♥❞✐♥❣ $♦ ❧✐9✉✐❞* ❝(②*$❛❧* ❞❡♣♦*✐$❡❞ ♦♥ *✐❧✐❝❛✱ $❤❡ *$(♦♥❣❡*$ ❛♥❝❤♦(✐♥❣ ✐*
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❛♥❞ N❛♣♦✉❧❛( ♠♦❞❡❧✮✿
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∫ ξ
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dθ(z)

dz
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2
WP sin

2(θP − θ0P ) +
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WHsin2(θH − θ0H) ✭✷✳✶✷✮

✇❤❡(❡ WP ❛♥❞ WH ❛(❡ $❤❡ ♣♦❧❛( ❛♥❝❤♦(✐♥❣ ❡♥❡(❣✐❡* (❡*♣❡❝$✐✈❡❧② ✐♥ $❤❡ ♣❧❛♥❛( ❛♥❞ ❤♦♠❡♦$(♦♣✐❝

❝❛*❡ ❀ θP ❛♥❞ θH $❤❡ ❛♥❝❤♦(✐♥❣ ❛♥❣❧❡* ❛$ $❤❡ ♣❧❛♥❛( ❛♥❞ ❤♦♠❡♦$(♦♣✐❝ ✐♥$❡(❢❛❝❡ ❀ θ0P ❛♥❞ θ0H $❤❡

♣(❡❢❡((❡❞ ❛♥❝❤♦(✐♥❣ ❛♥❣❧❡* ❛$ $❤❡ ♣❧❛♥❛( ❛♥❞ ❤♦♠❡♦$(♦♣✐❝ ✐♥$❡(❢❛❝❡✿ θ0P = 90◦ ❛♥❞ θ0H = 0◦✳ ❚❤❡

♠✐♥✐♠✐③❛$✐♦♥ ❧❡❛❞* $♦ ❛♥ ❊✉❧❡(✲▲❛❣(❛♥❣❡ ❡9✉❛$✐♦♥✿

d2θ(z)
dz2 = 0✳ ❚❤❡ ❛♥❣❧❡ ♦❢ $❤❡ ❞✐(❡❝$♦( ❝❤❛♥❣❡*

❧✐♥❡❛(❧② ✇✐$❤ $❤❡ ③ ❝♦♦(❞✐♥❛$❡ ✐♥ $❤❡ ✜❧♠✿

θ(z) = θP (ξ) +
θH(ξ)− θP (ξ)

h
z ✭✷✳✶✸✮

❚❤❡ ❢(❡❡ ❡♥❡(❣② ♣❡( *✉(❢❛❝❡ ✉♥✐$ ✐* $❤❡♥✿

F =
K(θP (ξ)− θH(ξ))2
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2
WP sin

2(θP − θ0P ) +
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WHsin2(θH − θ0H) ✭✷✳✶✹✮
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✐♥(❡"❢❛❝❡$✿ (❤❡ (②♣✐❝❛❧ ❝❛$❡ ✐$ ❛ ❝❡❧❧ ✜❧❧❡❞ ✇✐(❤ ♥❡♠❛(✐❝ ❧✐@✉✐❞ ❝"②$(❛❧ ✇✐(❤ $♦❧✐❞ ✇❛❧❧$ ✐♥❞✉❝✐♥❣ ❛

✇❡❧❧✲❞❡✜♥❡❞ ❛♥❝❤♦"✐♥❣ ✐♥ ❛ ♣❛"❛❧❧❡❧ ♦" ❛ ✇❡❞❣❡ ❣❡♦♠❡("②✳ ❇✉( ✇❤❛( ✇♦✉❧❞ ❤❛♣♣❡♥ ✐❢ (❤✐❝❦♥❡$$

✐$ ♥♦( ✜①❡❞ ❄ ▲❡( ✉$ ❞❡♣♦$✐( ❧✐@✉✐❞ ❝"②$(❛❧ ♦♥ ❛ $✉❜$("❛(❡ ✇❤✐❝❤ ✐$ ❦♥♦✇♥ (♦ ❝"❡❛(❡ ❛ ♣❧❛♥❛"

❛♥❝❤♦"✐♥❣✳ ❆( (❤❡ ❜♦((♦♠✱ (❤❡ ♣"❡❢❡""❡❞ ❛♥❝❤♦"✐♥❣ ♦❢ (❤❡ ❧✐@✉✐❞ ❝"②$(❛❧ ✐$ ✜①❡❞ ❜② (❤❡ $✉❜$("❛(❡✱

✐( ✐$ ♣❧❛♥❛"✳ ❆( (❤❡ (♦♣✱ (❤❡ ❛♥❝❤♦"✐♥❣ ♦❢ (❤❡ ❧✐@✉✐❞ ❝"②$(❛❧ ✐$ ❤♦♠❡♦("♦♣✐❝✳ ■♥ $✉❝❤ ❛ ❝♦♥✜❣✉"❛(✐♦♥✱

♦♥❧② (❤❡ ❛✈❡"❛❣❡ (❤✐❝❦♥❡$$ ✐$ ✜①❡❞✳ ❊①♣❡"✐♠❡♥($ ✇❡"❡ ♣❡"❢♦"♠❡❞ ♣"❡✈✐♦✉$❧② ♦♥ $♦❧✐❞ $✉❜$("❛(❡$

✭❢♦" ❢✉"(❤❡" ❞❡(❛✐❧$✱ $❡❡ ❬✾❪✱ ❬✽✺❪✱ ❬✽✷❪✮✳ ❆ ❜"✐❡❢ $✉♠♠❛"② ♦❢ (❤❡ ❢♦"♠❡" $(✉❞✐❡$ ❜♦(❤ ♦♥ $♦❧✐❞ ❛♥❞

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

✇✐❧❧ ❜❡ ❢♦❧❧♦✇❡❞ ❜② (❤❡ ♣"❡$❡♥(❛(✐♦♥ ♦❢ ❡①♣❡"✐♠❡♥($ ♣❡"❢♦"♠❡❞ ♦♥ ❧✐@✉✐❞ $✉❜$("❛(❡$ ✐♥ (❤❡ ♥❡♠❛(✐❝

"❛♥❣❡ ♦❢ (❡♠♣❡"❛(✉"❡ ❛♥❞ ❝♦♠✐♥❣ ❝❧♦$❡ (♦ (❤❡ ♥❡♠❛(✐❝ ✴ ✐$♦("♦♣✐❝ ("❛♥$✐(✐♦♥✳



✷✳✷✳✷ ❙♦❧✐❞ '✉❜'*+❛*❡'✿ ❋♦+❜✐❞❞❡♥ *❤✐❝❦♥❡'' +❛♥❣❡

✷✳✷✳✷✳✶ ❋❛% ❢%♦♠ )❤❡ ♥❡♠❛)✐❝ ✴ ✐0♦)%♦♣✐❝ )%❛♥0✐)✐♦♥

❚❤❡ ❞❡♣♦&✐(✐♦♥ ♦❢ ❛ ♠✐❝.♦❞.♦♣❧❡( ♦❢ ♥❡♠❛(✐❝ ❧✐0✉✐❞ ❝.②&(❛❧ ✭✺❈❇✮ ♦♥ ❛♥ ♦①✐❞✐③❡❞ &✐❧✐❝♦♥ ✇❛❢❡.

✐♥ (♦(❛❧ ✇❡((✐♥❣ ❝♦♥❞✐(✐♦♥& ❧❡❛❞& (♦ ❛ ♣❡❝✉❧✐❛. &✐(✉❛(✐♦♥✿ ❛( ❧♦♥❣ (✐♠❡&✱ ❛ ✜❧♠ ✇❤✐❝❤ (❤✐❝❦♥❡&& ✐&

ξLB = 3.5 ♥♠ ❝♦❡①✐&(& ✇✐(❤ ❛ ✢❛( ❞.♦♣ ✇❤✐❝❤ (❤✐❝❦♥❡&&✱ ξUB ✱ ✐& ❛.♦✉♥❞ 17 ♥♠ ✭&❡❡ ✜❣✉.❡ ✷✳✶✶✮✳
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❋✐❣✉.❡ ✷✳✶✶✿ ❋✐❣✉.❡& (❛❦❡♥ ❢.♦♠ ❬✽✺❪✳ ❖♥ (❤❡ ❧❡❢( &✐❞❡✱ ❛ ❞.♦♣ ♦❢ ✺❈❇ ❞❡♣♦&✐(❡❞ ♦♥ ❛ &✐❧✐❝♦♥ ✇❛❢❡.

❛( ❛ (❡♠♣❡.❛(✉.❡ ♦❢ 24◦❈ ✭♥❡♠❛(✐❝ .❛♥❣❡✮✳ ❖♥ (❤❡ .✐❣❤( &✐❞❡✱ ❛ ✜❧♠ ♦❢ ✺❈❇ &♣✐♥✲❝♦❛(❡❞ ♦♥ (❤❡

&❛♠❡ &✉❜&(.❛(❡✳ ❚❤❡ ♣✐❝(✉.❡ ✐& (❛❦❡♥ ❝❧♦&❡ (♦ (❤❡ ❡❞❣❡ ♦❢ (❤❡ ✇❛❢❡.✱ ✇❤❡.❡ ❛ ❣.❛❞✐❡♥( ♦❢ ❛✈❡.❛❣❡

(❤✐❝❦♥❡&& ✐& ♦❜&❡.✈❡❞✳ ❚❤❡ ❛✈❡.❛❣❡ (❤✐❝❦♥❡&& ✐& ❧❡&& (❤❛♥ ξUB ❛♥❞ (❤❡ ✜❧♠ ✐& &❡♣❛.❛(✐♥❣ ✐(&❡❧❢ ✐♥

(✇♦ ♣❛.(& ✇❤✐❝❤ (❤✐❝❦♥❡&&❡& ❛.❡ .❡&♣❡❝(✐✈❡❧② ξLB ✭✇❤✐(❡ ③♦♥❡&✮ ❛♥❞ ξUB ✭❞❛.❦ ③♦♥❡&✮✳

❚❤❡ ❞❡♣♦&✐(✐♦♥ ♠❡(❤♦❞ ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ✐♥ ♦.❞❡. (♦ ♦❜(❛✐♥ ❛ ✜❧♠ ✐♥&(❡❛❞ ♦❢ ❛ ❞.♦♣✿ ✺❈❇ ✐&

&♣✐♥✲❝♦❛(❡❞ ♦♥ (❤❡ ✇❛❢❡. (❤.♦✉❣❤ (❤❡ ✉&❡ ♦❢ ❛ ✈♦❧❛(✐❧❡ &♦❧✈❡♥(✳ ❖♥❝❡ (❤❡ &♦❧✈❡♥( ✐& ❡✈❛♣♦.❛(❡❞✱ (❤❡

✜❧♠ ♦❢ ❧✐0✉✐❞ ✐& ❢♦✉♥❞ (♦ ❜❡ &(❛❜❧❡ ♦♥❧② ✐❢ ✐(& (❤✐❝❦♥❡&& ✐& ❜❡❧♦✇ ξLB ♦. ❛❜♦✈❡ ξUB ✳ ■❢ (❤❡ (❤✐❝❦♥❡&&

♦❢ (❤❡ &♣✐♥✲❝♦❛(❡❞ ✜❧♠ ✐& ✐♥ ❜❡(✇❡❡♥ ξLB ❛♥❞ ξUB ✱ (❤❡ ✜❧♠ ✐& ✉♥&(❛❜❧❡ ❛♥❞ &❡♣❛.❛(❡& ✐(&❡❧❢ ✐♥(♦

❛ &✉❝❝❡&&✐♦♥ ♦❢ ③♦♥❡& ✇❤✐❝❤ (❤✐❝❦♥❡&&❡& ❝♦..❡&♣♦♥❞ (♦ ❡✐(❤❡. ξLB ♦. ξUB ✭&❡❡ ✜❣✉.❡ ✷✳✶✶✮✳ ❆&
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&(.✉❝(✉.❡ ♦❢ ❝❧❛&&✐❝❛❧ ❍❆◆ ✜❧♠&✱ (❤❡.❡ ❛.❡ (✇♦ ♣♦&&✐❜✐❧✐(✐❡&✳ ■❢ ξUB ✐& ❜❡❧♦✇ (❤❡ ❝.✐(✐❝❛❧ (❤✐❝❦♥❡&&✱

ξC ✱ (❤❡ &(.✉❝(✉.❡ ♦❢ (❤❡ ✜❧♠& ✐& ❡①♣❡❝(❡❞ (♦ ❜❡ ❤♦♠♦❣❡♥❡♦✉& ❛♥❞ ✐♠♣♦&❡❞ ❜② (❤❡ &(.♦♥❣❡&( ♦❢



 ❤❡  ✇♦ ❛♥❝❤♦(✐♥❣+✳ ■❢ ✐ ✐+ ❛❜♦✈❡✱ ❛ ❞✐+ ♦( ❡❞ + (✉❝ ✉(❡ ✐+ ❡①♣❡❝ ❡❞✳

▼♦(❡♦✈❡(✱ ✐ ✐+  ❤❡♥ ♥❡❝❡++❛(②  ♦ ❝♦♠♣❛(❡  ❤❡ ❛♥❝❤♦(✐♥❣ ❡♥❡(❣✐❡+ ✇✐ ❤ ❛✐( ❛♥❞ ✇✐ ❤ +✐❧✐❝♦♥

✇❛❢❡(+✳ ❚❤❡ ✈❛❧✉❡ ♦❢  ❤❡ ❛♥❝❤♦(✐♥❣ ❡♥❡(❣② ❤❛✈❡ ❜❡❡♥ ♠❡❛+✉(❡❞ ✐♥  ❤❡ ❝❛+❡ ♦❢ ❛✐( ❜② ▲❛✈(❡♥ ♦✈✐❝❤

❡ ❛❧✳ ❬✹✷❪ ❜② ♦♣ ✐❝❛❧ ♠❡ ❤♦❞+✳ ❚❤❡② ♦❜ ❛✐♥ WH = 1± 0.5 × 10−5J/m2
✳ ❖♥  ❤❡ ♦ ❤❡( ❤❛♥❞✱  ❤❡

❛♥❝❤♦(✐♥❣ ❡♥❡(❣② ✇✐ ❤ +✐❧✐❝♦♥ ✇❛❢❡(+ ✇❛+ ♥❡✈❡( ♠❡❛+✉(❡❞✳ ❍♦✇❡✈❡(✱ ♠❡❛+✉(❡♠❡♥ + ♦♥ ❣❧❛++ ♣❧❛ ❡+

❝♦✈❡(❡❞ ❜② ❡✈❛♣♦(❛ ❡❞ ❙✐❖① ❛(❡ ❛✈❛✐❧❛❜❧❡✳ ■♥  ❤❛ ❝❛+❡✱ ✈❛❧✉❡+ ❛(❡ +❝❛  ❡(❡❞ ❞✉❡  ♦  ❤❡ ❢❛❝  ❤❛ 

 ❤❡ ❞✐✛❡(❡♥ ♠❡ ❤♦❞+ ✉+❡❞ +❝❛♥ ❞✐✛❡(❡♥ +❝❛❧❡+ ❛♥❞✱ ❛+ ❛❧(❡❛❞② ♠❡♥ ✐♦♥❡❞✱ ❛♥❝❤♦(✐♥❣ ❞❡♣❡♥❞+ ♦♥

 ❤❡ +❝❛❧❡✳ ❖♥❡ ❝♦✉❧❞ +❡♣❛(❛ ❡  ❤❡ (❡+✉❧ + ✐♥  ✇♦ ❣(♦✉♣+✿ ✜(+ ✱ ❱❛♥ ❙♣(❛♥❣ ❡ ❛❧✳ ❬✽✸❪ ❛♥❞ ❋❛❡  ✐

❡ ❛❧✳ ❬✷✺❪ ❢♦✉♥❞ ✈❛❧✉❡+ +✐♠✐❧❛(  ♦  ❤❡ ❛♥❝❤♦(✐♥❣ ❡♥❡(❣② ✇✐ ❤ ❛✐( ✭WP1 = 1−2±0.5 ×10−5J/m2
✮❀

+❡❝♦♥❞✱ ❨♦❦♦②❛♠❛ ❡ ❛❧✳ ❬✾✵❪ ❢♦✉♥❞ ✈❛❧✉❡+ ♦♥❡ ♦(❞❡( ♦❢ ♠❛❣♥✐ ✉❞❡ ❤✐❣❤❡( ✭WP2 = 13×10−5J/m2
✮✳
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✇❛❢❡( ✇♦✉❧❞ ❜❡ ♦❢  ❤❡ +❛♠❡ ♦(❞❡( ♦❢ ♠❛❣♥✐ ✉❞❡ ♦( ❛❜♦✈❡  ❤❡ ♦♥❡ ✇✐ ❤ ❛✐(✳ ❍♦✇❡✈❡(✱  ❤❡(❡ ✐+ ❛

♣❛(❛❞♦①✐❝❛❧ ❝♦♥+❡♥+✉+ ✐♥  ❤❡ ❧✐ ❡(❛ ✉(❡ ❛❣(❡❡✐♥❣  ❤❛  ❤❡ ❛♥❝❤♦(✐♥❣ ❡♥❡(❣② ✇✐ ❤ ❛✐( ✐+ ❤✐❣❤❡(  ❤❛♥

 ❤❡ ♦♥❡ ♦♥ +✐❧✐❝♦♥ ✇❛❢❡(+ ❬✷✸❪✳ ❖♥❡ ✇♦✉❧❞  ❤❡♥ ❡①♣❡❝  ❤❛ ✐❢ ξUB ✐+ ❜❡❧♦✇  ❤❡ ❝(✐ ✐❝❛❧  ❤✐❝❦♥❡++✱

ξC ✱  ❤❡ ♥❡♠❛ ✐❝ ✐+ ✐♥ ❛♥ ❤♦♠❡♦ (♦♣✐❝ ❝♦♥✜❣✉(❛ ✐♦♥✳ ❖♥  ❤❡ ♦ ❤❡( ❤❛♥❞✱ ✐❢ ξUB ✐+ ❛❜♦✈❡  ❤❡

❝(✐ ✐❝❛❧  ❤✐❝❦♥❡++✱ ξC ✱  ❤❡ ❝♦♥✜❣✉(❛ ✐♦♥ ✐+ ❞✐+ ♦( ❡❞✳

❋✐♥❛❧❧②✱ ♦♥❡ ♠✉+ ❦♥♦✇  ❤❡ ✈❛❧✉❡ ♦❢ ξC ✳ ❆+ ξC ✐+ ❡S✉❛❧  ♦  ❤❡ ❞✐✛❡(❡♥❝❡ ♦❢  ❤❡  ✇♦ ❡① (❛♣✲

♦❧❛ ✐♦♥ ❧❡♥❣ ❤+✱ ✐ + ✈❛❧✉❡ ✐+ ❛ ❢✉♥❝ ✐♦♥ ♦❢  ❤❡ ❡❧❛+ ✐❝ ❝♦♥+ ❛♥ ✱ K✱ ❛♥❞ ♦❢  ❤❡ ❝♦❡✜❝✐❡♥ + ♦❢  ❤❡

❛♥❝❤♦(✐♥❣ ❡♥❡(❣✐❡+ ❢♦(  ❤❡ +②+ ❡♠✳ ❚❤❡ ✈❛❧✉❡+ ♦❢  ❤❡ ❡❧❛+ ✐❝ ❝♦♥+ ❛♥ + ❛(❡ ❦♥♦✇♥ ✭+❡❡ ✜❣✉(❡ ✷✳✻✮✱

❛+ ✇❡❧❧ ❛+  ❤❡ ♦♥❡ ♦❢  ❤❡ ❛♥❝❤♦(✐♥❣ ❡♥❡(❣② ✇✐ ❤ ❛✐(✳ ❚❤❡ ❡① (❛♣♦❧❛ ✐♦♥ ❧❡♥❣ ❤ ✇✐ ❤ ❛✐( ✐+  ❤❡♥✿

LH =
K

WH
≈

6× 10−12

1× 10−5
≈ 0.8± 0.4 µm ✭✷✳✶✻✮

❚❤❡ ❛♥❝❤♦(✐♥❣ ✇✐ ❤ ❛✐( ✐+  ❤❡♥ + (♦♥❣ ❢♦(  ❤✐❝❦♥❡++❡+ ✇❡❧❧ ❛❜♦✈❡  ❤❡ ♠✐❝(♦♠❡ ❡( (❛♥❣❡✳ ❈♦♥❝❡(♥✲

✐♥❣✱  ❤❡ ✐♥ ❡(❢❛❝❡ ✇✐ ❤  ❤❡ +✐❧✐❝♦♥ ✇❛❢❡(✱  ❤❡ ♣(♦❜❧❡♠ ♦❢  ❤❡ ✉♥❦♥♦✇♥ ❛♥❝❤♦(✐♥❣ ❡♥❡(❣② (❡♠❛✐♥+✳

❍♦✇❡✈❡(✱ ❝♦♥+✐❞❡(✐♥❣  ❤❡ ✈❛❧✉❡ ♦❢ LH ❛♥❞  ❤❡ ♦(❞❡( ♦❢ ♠❛❣♥✐ ✉❞❡ ✉+✉❛❧❧② ❢♦✉♥❞ ❢♦( ξC ✭+❡❡

❇❛(❜❡(♦✱ ❬✸✷❪✮✱ ♦♥❡ ❝❛♥ + ✐❧❧ ❛++✉♠❡  ❤❛  ❤❡ ✈❛❧✉❡ ♦❢ ξC ✐+ ♠♦+ ♣(♦❜❛❜❧② ♦❢  ❤❡ ♦(❞❡( ♦❢  ❤❡

♠✐❝(♦♠❡ ❡(✳ ❚❤❡ ❝❛+❡ ✇❤❡(❡ LH ❛♥❞ LP ❛(❡ ✈❡(② ❝❧♦+❡✱ ❝♦((❡+♣♦♥❞✐♥❣  ♦ ξC << µm✱ +❤♦✉❧❞ ❜❡

❡①❝❡♣ ✐♦♥❛❧✳ ❇❡ ✇❡❡♥ +♦❧✐❞ ✇❛❧❧+✱ ❛ ✜❧♠ ✇✐ ❤ ❛  ❤✐❝❦♥❡++ ❝♦((❡+♣♦♥❞✐♥❣  ♦ ξUB ≈ 17 ♥♠ +❤♦✉❧❞

 ❤❡(❡❢♦(❡ +❤♦✇ ❛♥ ❤♦♠❡♦ (♦♣✐❝ + (✉❝ ✉(❡✳

❙❡✈❡(❛❧ ♠♦❞❡❧+ ✇❡(❡ ❞❡✈❡❧♦♣❡❞  ♦ ❡①♣❧❛✐♥  ❤✐+ ❝♦❡①✐+ ❡♥❝❡ ♦❢  ❤✐❝❦♥❡++❡+ ξLB ❛♥❞ ξUB ❛♥❞

 ❤❡ + (✉❝ ✉(❡ ♦❢ ❯❇ ✜❧♠+✿ ♣+❡✉❞♦✲❈❛+✐♠✐( ❡✛❡❝ ❛(✐+✐♥❣ ❜❡❝❛✉+❡ ♦❢ ✢✉❝ ✉❛ ✐♦♥+ ♦❢  ❤❡ ♥❡♠❛ ✐❝

❞✐(❡❝ ♦( ❛  ❤❡ ✐♥ ❡(❢❛❝❡+ ✐♥  ❤❡ ❤②♣♦ ❤❡+✐+ ✇❤❡(❡  ❤❡ ❯❇ ✜❧♠ ✐+ ✐♥ ❤♦♠❡♦ (♦♣✐❝ ❝♦♥✜❣✉(❛ ✐♦♥

✶✵

✭❩✐❤❡(❧ ❡ ❛❧✳ ❬✾✺❪✮ ♦( ❝♦♠♣❡ ✐ ✐♦♥ ♦❢ ❡❧❛+ ✐❝✐ ② ❛♥❞ +♣♦♥ ❛♥❡♦✉+ +♣(❡❛❞✐♥❣ ✐♥  ❤❡ ❤②♣♦ ❤❡+✐+ ♦❢

❛ ♥❡♠❛ ✐❝ ✐♥ ❞✐+ ♦( ❡❞ ❝♦♥✜❣✉(❛ ✐♦♥ ✭❱❛❧✐❣♥❛ ❡ ❛❧✳ ❬✼✾❪✮✳ ❍♦✇❡✈❡(✱ ❜♦ ❤ ♠♦❞❡❧+

✶✶

✐♠♣❧②  ❤❛ 

♥❡♠❛ ✐❝+ ❝♦✉❧❞ ❜❡ ❞✐+ ♦( ❡❞ ❢♦(  ❤✐❝❦♥❡++❡+ ❛+ ❧♦✇ ❛+ 20− 40 ♥♠✱ ✇❤✐❝❤ ✐+ ✐♥ ❝♦♥ (❛❞✐❝ ✐♦♥ ✇✐ ❤

✶✵

■♥ ♣#✐♥❝✐♣❧❡✱ ❛ ✜♥❡ +,✉❞② ♦❢ ,❤❡ ❜✐#❡❢#✐♥❣❡♥❝❡ ❝♦✉❧❞ ❤❛✈❡ ❤❡❧♣❡❞ ,♦ ❞❡,❡#♠✐♥❡ ,❤❡ +,#✉❝,✉#❡ ♦❢ ,❤❡ ❯❇ ✜❧♠✳ ■♥

❢❛❝,✱ ,❤❡ :✉❡+,✐♦♥ ✇❛+ #❛✐+❡❞ ♠✉❝❤ ❧❛,❡# ❛♥❞ ,❤❡ ❡①♣❡#✐♠❡♥,+ ✇❡#❡ ♥♦, ♣❡#❢♦#♠❡❞ ♦♥ +♦❧✐❞ +✉❜+,#❛,❡+ ❬✽✺❪✱ ❬✽✷❪✳ ■♥

❬✽✷❪✱ ❜✐#❡❢#✐♥❣❡♥❝❡ ✇❛+ ♦♥❧② +,✉❞✐❡❞ ♦♥ ❣❧②❝❡#♦❧✳

✶✶ξC ✐+ ❝❛❧❝✉❧❛,❡❞ ✐♥ ,❤❡ ❩✐❤❡#❧ ♠♦❞❡❧✳ ■, ✐+ +❧✐❣❤,❧② ❧❛#❣❡# ,❤❛♥ ξUB ❜✉, ♦❢ ,❤❡ +❛♠❡ ♦#❞❡# ♦❢ ♠❛❣♥✐,✉❞❡✳



 ❤❡ ❝❤❛%❛❝ ❡%✐' ✐❝  ❤✐❝❦♥❡''❡' ♦❢ ❇❛%❜❡%♦ ✉♥❧❡''  ❤❡ ❛♥❝❤♦%✐♥❣ ✈❛❧✉❡' ❛%❡ ✈❡%② ❝❧♦'❡ ✭4 − 5%✮

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

'✉❣❣❡'  ❤❛  ❤❡ ❛♥❛❧②'✐' '❤♦✉❧❞ ❜❡ %❡❝♦♥'✐❞❡%❡❞ ❛♥❞ '♣❡❝✐✜❝❛❧❧②  ❤❡ %♦❧❡ ♦❢  ❤❡ ❢%❡❡ ✐♥ ❡%❢❛❝❡✳ ■♥

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

♦%❣❛♥✐③❛ ✐♦♥ ♦❢  ❤✐♥ ♥❡♠❛ ✐❝ ✜❧♠' ✐♥ ❣❡♥❡%❛❧✳

✷✳✷✳✸ ▲✐%✉✐❞ (✉❜(*+❛*❡(✿ ❖♥❡ (②(*❡♠✱ *✇♦ ♣+♦❜❧❡♠(

✷✳✷✳✸✳✶ ❆❜♦✉( ❧✐+✉✐❞ -✉❜-(.❛(❡- ❢♦. ❧✐+✉✐❞ ❝.②-(❛❧-

■♥ ✇❡  ✐♥❣ ❡①♣❡%✐♠❡♥ '✱ ❧✐:✉✐❞ '✉❜' %❛ ❡' ♣%♦✈✐❞❡ ♣❡%❢❡❝ ❧② '♠♦♦ ❤ '✉❜' %❛ ❡'✳ ❚❤❡② ❛%❡ ❢%❡❡ ❢%♦♠

♣❤②'✐❝❛❧ ❤❡ ❡%♦❣❡♥❡✐ ✐❡'✱ ✇❤✐❝❤ ✐♠♣❧✐❡'  ❤❛ ♥♦ ♣✐♥♥✐♥❣ ♣❤❡♥♦♠❡♥❛ ❤❛✈❡  ♦ ❜❡  ❛❦❡♥ ✐♥ ♦ ❛❝❝♦✉♥ ✳

❚❤✐' ✐' ♣❛% ✐❝✉❧❛%❧② ✐♠♣♦% ❛♥ ✐♥  ❤❡ ❝❛'❡ ♦❢ ❧✐:✉✐❞ ❝%②' ❛❧'✱ ✇❤❡%❡ ❞❡❢❡❝ ' ♦♥  ❤❡ '✉❜' %❛ ❡ ❝❛♥

❜❡  ❤❡ '♦✉%❝❡ ♦❢  ♦♣♦❧♦❣✐❝❛❧ ❞❡❢❡❝ ' ✐♥  ❤❡ ' %✉❝ ✉%❡ ♦❢  ❤❡ ♥❡♠❛ ✐❝✳ ■ ✐' ❛❧'♦ ✐♠♣♦% ❛♥ ❜❡❝❛✉'❡

✐ ❡♥'✉%❡'  ❤❛  ❤❡ ♠♦❧❡❝✉❧❡' ♦❢ ❧✐:✉✐❞ ❝%②' ❛❧ ✇✐❧❧ ♥♦ ❜❡ ♣✐♥♥❡❞ ♦♥  ❤❡ '✉%❢❛❝❡✳ ❋♦% ❡①❛♠♣❧❡✱

❧❡ ✉' ❝♦♥'✐❞❡%  ✇♦ '✉❜' %❛ ❡' ♣♦''❡''✐♥❣ ❛ ♣❧❛♥❛% ❞❡❣❡♥❡%❛ ❡ ❛♥❝❤♦%✐♥❣✱ ♦♥❡ ❜❡✐♥❣ '♦❧✐❞ ✭❡✳❣✳

'✐❧✐❝♦♥ ✇❛❢❡%✮ ❛♥❞  ❤❡ ♦ ❤❡% ♦♥❡ ❧✐:✉✐❞ ✭❡✳❣✳ ✇❛ ❡% ♦% ❣❧②❝❡%♦❧✮✳ ❖♥  ❤❡ '♦❧✐❞ '✉❜' %❛ ❡✱  ❤❡

♣❧❛♥❛% ❞❡❣❡♥❡%❛ ❡ ❛♥❝❤♦%✐♥❣ ♠❡❛♥'  ❤❛  ❤❡ ❛♥❝❤♦%✐♥❣ ✐' ❛③✐♠✉ ❤❛❧❧② ❞❡❣❡♥❡%❛ ❡✱ ❜✉ ✐ ❞♦❡' ♥♦ 

❡♥'✉%❡  ❤❛  ❤❡ ♠♦❧❡❝✉❧❡' ❛%❡ ❢%❡❡  ♦ ♠♦✈❡✿  ❤❡② ❝❛♥ ❜❡ ♣✐♥♥❡❞ %❛♥❞♦♠❧② ♦♥ ❞❡❢❡❝ '✳ ■ ✐' ✐♥ ❢❛❝ 

✇❡❧❧✲❦♥♦✇♥  ❤❛ ♦♥❝❡ ❧✐:✉✐❞ ❝%②' ❛❧ ♠♦❧❡❝✉❧❡' ❛%❡ ❞❡♣♦'✐ ❡❞ ♦♥ ❛ '✐❧✐❝♦♥ ✇❛❢❡%✱  ❤❡ ♠♦❧❡❝✉❧❡' ♦❢

 ❤❡ ✜%' ❧❛②❡%' ❝❛♥♥♦ ❝❤❛♥❣❡  ❤❡✐% ♦%✐❡♥ ❛ ✐♦♥ ❡✈❡♥ ✐❢ ❛♥♥❡❛❧✐♥❣ ✐' ♣❡%❢♦%♠❡❞✳ ❖♥  ❤❡ ❝♦♥ %❛%②✱

♦♥ ❧✐:✉✐❞ '✉❜' %❛ ❡'✱  ❤❡ ♣❧❛♥❛% ❞❡❣❡♥❡%❛ ❡ ❛♥❝❤♦%✐♥❣ ♠❡❛♥'  ❤❛  ❤❡ ♠♦❧❡❝✉❧❡' ❛%❡ ❢%❡❡  ♦ %♦ ❛ ❡✳

❚❤❡%❡ ✐'  ❤❡♥ ♥♦ ♠❡♠♦%② ❡✛❡❝ ❢♦% ❧✐:✉✐❞ '✉❜' %❛ ❡'✳

✷✳✷✳✸✳✷ ❉❡-❝.✐♣(✐♦♥ ♦❢ (❤❡ ❡①♣❡.✐♠❡♥(-

●❧②❝❡%♦❧ ❛♥❞ ♣✉%❡ ✇❛ ❡% ✭▼✐❧✐◗ ✇❛ ❡%✱ 18.2 MΩ✮ ✇❡%❡  ❤❡ ❝❤♦'❡♥ ❧✐:✉✐❞'✱  ❤❡② ✇❡%❡ ♣♦✉%❡❞

✐♥ ❛ I❡ %✐ ❞✐'❤

✶✷

✳ ❲❛ ❡% ❛♥❞ ❣❧②❝❡%♦❧ ❛%❡ ♣♦❧❛% ❧✐:✉✐❞' ✇✐ ❤ ❛ %❡❧❛ ✐✈❡❧② ❤✐❣❤ '✉%❢❛❝❡  ❡♥'✐♦♥

✭%❡'♣❡❝ ✐✈❡❧② 72.8 ♠◆✴♠ ❛♥❞ 64 ♠◆✴♠ ❛ 20◦❈✮ ❛♥❞ ✇✐ ❤ ❛ %❡❢%❛❝ ✐✈❡ ✐♥❞❡① '♠❛❧❧❡%  ❤❛♥  ❤❡

♠❡❛♥ %❡❢%❛❝ ✐✈❡ ✐♥❞❡① ♦❢  ❤❡ ❧✐:✉✐❞ ❝%②' ❛❧' ✉'❡❞ ✭%❡'♣❡❝ ✐✈❡❧② 1.33 ❛♥❞ 1.47 ❛ 20◦❈✮✳ ❚❤❡

❛♥❝❤♦%✐♥❣ ♦❢ ❧✐:✉✐❞ ❝%②' ❛❧' ♦♥  ❤❡'❡ ❧✐:✉✐❞' ✐' ♣❧❛♥❛% ❞❡❣❡♥❡%❛ ❡✱ ❛' ✐♥  ❤❡ ❝❛'❡ ♦❢ '✐❧✐❝♦♥ ✇❛❢❡%'✳

❍♦✇❡✈❡%✱ ✐♥  ❤❡ ❝❛'❡ ♦❢ ❧✐:✉✐❞ '✉❜' %❛ ❡'✱  ❤❡ ❛♥❝❤♦%✐♥❣ ✇✐ ❤  ❤❡ ❧✐:✉✐❞ '✉❜' %❛ ❡ ✐' ❧❛%❣❡%  ❤❛♥

 ❤❡ ♦♥❡ ✇✐ ❤ ❛✐%✳ ❋♦%  ❤✐❝❦♥❡''❡' ❧❡''  ❤❛♥  ❤❡ ❝%✐ ✐❝❛❧  ❤✐❝❦♥❡''✱ ξC ✱  ❤❡ ♥❡♠❛ ✐❝ ✜❧♠ ✇✐❧❧  ❤❡♥

❛❞♦♣ ❛ ♣❧❛♥❛% ❝♦♥✜❣✉%❛ ✐♦♥ ✐♥' ❡❛❞ ♦❢ ❛♥ ❤♦♠❡♦ %♦♣✐❝ ❝♦♥✜❣✉%❛ ✐♦♥ ✐♥  ❤❡ ❝❛'❡ ♦❢ '✐❧✐❝♦♥ ✇❛❢❡%'✳

❆ '♣❡❝✐✜❝ ♣%♦♣❡% ② ♦❢ ❣❧②❝❡%♦❧ ✐'  ❤❛ ✐ ✐' ❛ ❤②❣%♦'❝♦♣✐❝ ❧✐:✉✐❞✳ ❆❧❧  ❤❡ ❡①♣❡%✐♠❡♥ ' ✇✐ ❤

❣❧②❝❡%♦❧ ✇❡%❡  ❤❡♥ ♣❡%❢♦%♠❡❞ ✇✐ ❤ 99.9 % ♣✉%❡ ❣❧②❝❡%♦❧ ✭❙✐❣♠❛ ❆❧❞%✐❝❤✮ ❛♥❞  ❤❡ '❛♠♣❧❡' ✇❡%❡

❦❡♣ ✐♥ ❛ ❝♦♥✜♥❡❞ ❡♥✈✐%♦♥♠❡♥ ✭❜♦①✮ ✇✐ ❤ ❞❡''✐❝❛♥ ✳

◆♦ ❛❧❧  ❤❡ ❧✐:✉✐❞ ❝%②' ❛❧'  ❤❛ ✇❡%❡ ✉'❡❞ ❛%❡ ♥❡♠❛ ✐❝ ❛ ❛♠❜✐❡♥  ❡♠♣❡%❛ ✉%❡ ✭'❡❡ ✜❣✉%❡

✷✳✷✮✳ ❲❤❡♥ ❤❡❛ ✐♥❣ ✇❛' %❡:✉✐%❡❞✱ I❡ %✐ ❞✐'❤❡' ✇❡%❡ ❝✉  ♦ %❡❞✉❝❡  ❤❡✐% ❞❡♣ ❤✱ '♦  ❤❛  ❤❡ ❧✐:✉✐❞

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

✶✷

❲❡ ✜❧❧❡❞ ❝♦♠♣❧❡)❡❧② )❤❡ ,❡)-✐ ❞✐/❤❡/ ✐♥ ♦-❞❡- )♦ -❡❞✉❝❡ ♠❡♥✐/❝✉/ ❡✛❡❝)/✳



✇❤✐❝❤ ❤❛% ❛ ❧♦✇❡) ✈✐%❝♦%✐+② +❤❛♥ ❣❧②❝❡)♦❧✳ ❚❤❡ ❝♦♥✈❡❝+✐♦♥ +❤)❡%❤♦❧❞✱ t✱ ✐♥❞❡❡❞ %❝❛❧❡% ❛% t ≈ 1
d3 ✱

✇❤❡)❡ d ✐% +❤❡ ❧✐3✉✐❞ ❞❡♣+❤✳ ❚❤❡ ❝✉+ 6❡+)✐ ❞✐%❤❡% ✇❡)❡ +❤❡♥ ♣❧❛❝❡❞ ♦♥ ❛ ❝✉%+♦♠ ♠❛❞❡ ❤❡❛+✐♥❣

♣❧❛+❡

✶✸

✱ %♠❛❧❧ ❡♥♦✉❣❤ +♦ ❛❧❧♦✇ ❢♦) ♦❜%❡)✈❛+✐♦♥ ✉♥❞❡) ♦♣+✐❝❛❧ ♠✐❝)♦%❝♦♣❡% ✭6♦❧②✈❛)▼❊❚✱ ❘❡✐❝❤❡)+

❨♦✉♥❣✮✳ ▲✐3✉✐❞ ❝)②%+❛❧% ✇❡)❡ ❞❡♣♦%✐+❡❞ ♦♥ +❤❡ ❧✐3✉✐❞ %✉❜%+)❛+❡% ❜② +❤❡ ♠❡❛♥ ♦❢ ❛ ✈♦❧❛+✐❧❡ %♦❧✈❡♥+✿

♠♦)❡ ♦) ❧❡%% ❞✐❧✉+❡❞ %♦❧✉+✐♦♥% ♦❢ ❧✐3✉✐❞ ❝)②%+❛❧ ✐♥ ♣✉)❡ ❤❡①❛♥❡ ✭❙✐❣♠❛ ❆❧❞)✐❝❤✮ ✇❡)❡ ♣)❡♣❛)❡❞✳

❉)♦♣❧❡+% ♦❢ +❤❡ %♦❧✉+✐♦♥ ❛)❡ +❤❡♥ ❣❡♥+❧② ❞❡♣♦%✐+❡❞ ♦♥ +❤❡ 6❡+)✐ ❞✐%❤✳ ❚❤❡ %♦❧✈❡♥+ ❤❡❧♣% +❤❡ ❧✐3✉✐❞

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

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

✶✹

❢)♦♠ ❞✉%+✱ ❛✐)

✢♦✇%✱✳✳✳

■♠❛❣❡% ✇❡)❡ +❤❡♥ +❛❦❡♥ ✉%✐♥❣ ❝❛♠❡)❛%✳ ❚❤)❡❡ ❞✐✛❡)❡♥+ ❝❛♠❡)❛% ✇❡)❡ ✉%❡❞✿ +✇♦ ❝♦❧♦) ❝❛♠✲

❡)❛%✱ ♦♥❡ ❜❡✐♥❣ ❡①+)❛✲%❡♥%✐+✐✈❡ ✭❊①✐❆3✉❛✱ ◗✐♠❛❣✐♥❣✮✱ ❛♥❞ ❛ %❡♥%✐+✐✈❡ ❜❧❛❝❦ ❛♥❞ ✇❤✐+❡ ❝❛♠❡)❛

✭❈♦♦❧%♥❛♣✱ ❘♦♣❡) %❝✐❡♥+✐✜❝✮✳ ■+ ❡①♣❧❛✐♥% +❤❡ ❞✐✛❡)❡♥❝❡% ✐♥ ❝♦❧♦) ❛♥❞ ✐♥ 3✉❛❧✐+② ♦❢ +❤❡ ✐♠❛❣❡%

♣)❡%❡♥+❡❞ ❤❡)❡❛❢+❡)✳

✷✳✷✳✸✳✸ ❲❡%%✐♥❣ ♦♥ ❣❧②❝❡-♦❧ ❛♥❞ ✜-1% ♦❜1❡-✈❛%✐♦♥1

❆❧❧ +❤❡ ❧✐3✉✐❞ ❝)②%+❛❧% ✉%❡❞ ❛)❡ ✐♥ ❛ +♦+❛❧ ✇❡++✐♥❣ ❝♦♥✜❣✉)❛+✐♦♥ ♦♥ ❣❧②❝❡)♦❧

✶✺

✳ ❋♦) ❧❛)❣❡ ❧✐3✉✐❞

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

♠❛+✐❝✳ ❋♦) %✉❜♠✐❝)♦♥ +❤✐❝❦♥❡%%❡%✱ +❤❡ ❧❛♥❞%❝❛♣❡ ✐% ❝♦♠♣❧❡+❡❧② ❞✐✛❡)❡♥+✿ +❤❡ %✉)❢❛❝❡ ♦❢ +❤❡ ❧✐3✉✐❞

%✉❜%+)❛+❡ ✐% ❝♦✈❡)❡❞ ❜② ❛ +❤✐♥ ♥❡♠❛+✐❝ ✜❧♠ %❤♦✇✐♥❣ %+)✐♣❡❞ ♣❛++❡)♥% ❛♥❞ ❝♦❧♦)% ✭%❡❡ ✜❣✉)❡ ✷✳✶✸✮✳

❚❤❡ ❝♦❧♦)% ❝♦))❡%♣♦♥❞ +♦ ◆❡✇+♦♥✬% ❝♦❧♦)%✱ ❝♦❧♦)% ❝❤❛)❛❝+❡)✐%+✐❝ ❢)♦♠ ✐♥+❡)❢❡)❡♥❝❡% ♦❜+❛✐♥❡❞ ✇✐+❤

+❤✐♥ ♠❛+❡)✐❛❧%✳ ▼♦)❡ ♣)❡❝✐%❡❧②✱ ♦♥❡ ❝♦❧♦) ❛♥❞ ♦♥❡ ✐♥❞❡① ❝♦))❡%♣♦♥❞ +♦ ♦♥❡ +❤✐❝❦♥❡%%✳ ❙+)✐♣❡%

)❡♣)❡%❡♥+ ✐♥ ❢❛❝+ ❝❤❛♥❣❡% ✐♥ +❤❡ ♦)✐❡♥+❛+✐♦♥ ♦❢ +❤❡ ♥❡♠❛+✐❝ ❞✐)❡❝+♦) ♦❢ +❤❡ ❧✐3✉✐❞ ❝)②%+❛❧ ❛% +❤❡

✐♥❝✐❞❡♥+ ❧✐❣❤+ ✐% ♣♦❧❛)✐③❡❞✱ ❜✉+ ♥♦+ ❛ ❝❤❛♥❣❡ ✐♥ +❤❡ +❤✐❝❦♥❡%%✳ ◆❡✇+♦♥✬% %❝❛❧❡ ♦❢ ❝♦❧♦)% ✇❛% +❤❡♥

✉%❡❞ +♦ ♠❡❛%✉)❡ +❤❡ +❤✐❝❦♥❡%% ♦❢ %+)✐♣❡❞ ✜❧♠%✳ ❆ %+)✐♣❡ ♦❢ ♦♥❡ ❝♦❧♦) %❤♦✇% ❞❛)❦ ❛♥❞ ❜)✐❣❤+ ③♦♥❡%✱

✇❡ ❝❤♦%❡ ❢♦) +❤❡ ♠❡❛%✉)❡♠❡♥+% +❤❡ ❜)✐❣❤+❡%+ ♦♥❡ ✭%❡❡ ✜❣✉)❡ ✷✳✶✷✮✳ ❚❤❡ ♦♣+✐❝❛❧ ✐♥❞❡① ✉%❡❞ +♦

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

✶✻

✳

✶✸

❚❤❡ ❤❡❛$✐♥❣ ♣❧❛$❡ ✇❛+ ♠❛❞❡ ❜② ❈✳ 2♦✉❧❛5❞ ❞✉5✐♥❣ ❤✐+ 2❤❉ $❤❡+✐+ ❛♥❞ ✇❛+ ♠♦❞✐✜❡❞ ❜② ❈✳ ❍❡5♠❛♥♥✱ ▲2❙

❡❧❡❝$5♦♥✐❝ ✇♦5❦+❤♦♣✳

✶✹

❚❤❡ ❜♦①✱ ✐♥❝❧✉❞✐♥❣ $❤❡ +❛♠♣❧❡✱ $❤❡ ❤❡❛$✐♥❣ ♣❧❛$❡ ❛♥❞ ❛ ♣❛5$ ♦❢ $❤❡ ♠✐❝5♦+❝♦♣❡✱ ✇❛+ ♠❛❞❡ ❜② ❏✳ ❞❛ ◗✉✐♥$❛+

✭▲2❙ ♠❡❝❤❛♥✐❝❛❧ ✇♦5❦+❤♦♣✮✳

✶✺

▲❡$ ✉+ 5❡♠✐♥❞ $❤❛$ ✺❈❇ ♦♥ +✐❧✐❝♦♥ ✇❛❢❡5+ ✇❛+ ❛❧+♦ ✐♥ ❛ $♦$❛❧ ✇❡$$✐♥❣ ❝♦♥✜❣✉5❛$✐♦♥✳

✶✻

❚❤❡ ♠❡❛+✉5❡♠❡♥$+ ♦❢ $❤✐❝❦♥❡++❡+ ✇❡5❡ ❛❧✇❛②+ ♠❛❞❡ ♦♥ ✉♥♠♦❞✐✜❡❞ ✐♠❛❣❡+✳ ❍♦✇❡✈❡5✱ $♦ ❡♥+✉5❡ ❝❧❛5✐$②✱ $❤❡

✐♠❛❣❡+ ♣5❡+❡♥$❡❞ ✐♥ $❤❡ ♠❛♥✉+❝5✐♣$ +♦♠❡$✐♠❡+ ❤❛✈❡ ♠♦❞✐✜❡❞ ❝♦♥$5❛+$✱ $❤❡ ❝♦❧♦5+ ❛5❡ ❥✉+$ ✐♥❞✐❝❛$✐✈❡✳



❋✐❣✉$❡ ✷✳✶✷✿ ❆$$♦✇- -❤♦✇✐♥❣ 0❤❡ ❜$✐❣❤0❡-0 0♦♥❡ ❢♦$ -0$✐♣❡- ♦❢ ❞✐✛❡$❡♥0 ❝♦❧♦$ ✭✻❈❇ ♦♥ ❣❧②❝❡$♦❧✮✳

❚❤❡ 0❤✐❝❦♥❡-- ♦❢ 0❤❡ ♥❡♠❛0✐❝ ✜❧♠- ✐- ❞❡❞✉❝❡❞ ❢$♦♠ 0❤✐- ❜$✐❣❤0❡-0 0♦♥❡ ✈✐❛ ◆❡✇0♦♥✬- ❝♦❧♦$- ❛♥❞

✉-✐♥❣ 0❤❡ ♠❡❛♥ ♦♣0✐❝❛❧ ✐♥❞❡① ♦❢ 0❤❡ ♥❡♠❛0✐❝✳ ❚❤✐❝❦♥❡-- ✐♥❝$❡❛-✐♥❣ ❢$♦♠ ❣$❡❡♥ 0♦ ♣✉$♣❧❡ ❀ 0❤✐❝❦♥❡--

$❛♥❣❡ ✿ 0.24− 0.35 µ♠

❆- 0❤❡ ♣✐❝0✉$❡- ♣$❡-❡♥0❡❞ ♦♥ ✜❣✉$❡ ✷✳✶✸ -❤♦✇✱ ❣$❛❞✐❡♥0- ♦❢ 0❤✐❝❦♥❡--❡- ❢♦$ 0❤❡ ♥❡♠❛0✐❝ ✜❧♠✱

❛$❡ ❛❧❧♦✇❡❞ ♦♥ ❣❧②❝❡$♦❧✳ ❚❤❡ ✇❛✈❡❧❡♥❣0❤ ♦❢ 0❤❡ -0$✐♣❡- ✈❛$✐❡- ✇✐0❤ 0❤❡ 0❤✐❝❦♥❡-- ♦❢ 0❤❡ ✜❧♠ ❛♥❞

❞♦❡- ♥♦0 ❞✐✛❡$ -✐❣♥✐✜❝❛♥0❧② ✐❢ ✐0 ✐- ♠❡❛-✉$❡❞ ✐♥ ❛ ③♦♥❡ ♣$❡-❡♥0✐♥❣ ❣$❛❞✐❡♥0- ♦$ ✐♥ ❛ ✢❛0 ③♦♥❡ ♦❢

0❤❡ 0❤✐♥ ♥❡♠❛0✐❝ ✜❧♠✳

❚❤❡ ❢♦$♠❛0✐♦♥ ♦❢ -0$✐♣❡❞ ♣❛00❡$♥- ✐- 0$✐❣❣❡$❡❞ ❜② 0❤❡ 0❤✐❝❦♥❡--✳ ❚♦ ✉♥❞❡$-0❛♥❞ 0❤✐- ♣❤❡✲

♥♦♠❡♥♦♥✱ ❧❡0 ✉- ✜$-0 $❡♠✐♥❞ 0❤❛0 ❢♦$ 0❤✐❝❦ ❤②❜$✐❞ ❛❧✐❣♥❡❞ ♥❡♠❛0✐❝-✱ 0❤❡ ♥❡♠❛0✐❝ ❞✐$❡❝0♦$ ✐-

❞✐-0♦$0❡❞ ✐♥ 0❤❡ ✈❡$0✐❝❛❧ ♣❧❛♥❡ ✐♥ ♦$❞❡$ 0♦ -❛0✐-❢② 0❤❡ ❛♥0❛❣♦♥✐-0 ❜♦✉♥❞❛$② ❝♦♥❞✐0✐♦♥-✿ ♣❧❛♥❛$

❛♥❝❤♦$✐♥❣ ✇✐0❤ 0❤❡ -✉❜-0$❛0❡ ❛♥❞ ❤♦♠❡♦0$♦♣✐❝ ❛♥❝❤♦$✐♥❣ ✇✐0❤ 0❤❡ ❛✐$✳ ❲❤❡♥ 0❤❡ 0❤✐❝❦♥❡-- ♦❢ 0❤❡

♥❡♠❛0✐❝ ✜❧♠ ❞❡❝$❡❛-❡-✱ 0❤❡ ✐♥0❡$❢❛❝❡- ❜❡❣✐♥ 0♦ ❢❡❡❧ ❡❛❝❤ ♦0❤❡$- ♣$❡-❡♥❝❡✿ 0❤❡ ❞✐-0♦$0✐♦♥ ♦❢ 0❤❡ ♥❡✲

♠❛0✐❝ ❞✐$❡❝0♦$ ✐♥ 0❤❡ ✈❡$0✐❝❛❧ ♣❧❛♥❡ ✐- ♥♦0 -✉✣❝✐❡♥0 ❛♥②♠♦$❡✱ -♦ 0❤❛0 0❤❡ ♥❡♠❛0✐❝ ❞✐$❡❝0♦$ ❜❡❣✐♥-

0♦ ✉♥❞✉❧❛0❡ ❛③✐♠✉0❤❛❧❧②✳ ❇$❡❛❦✐♥❣ 0❤❡ ✐♥✲♣❧❛♥❡ -②♠♠❡0$② ❤❛- ❢♦$ ❝♦♥-❡O✉❡♥❝❡ 0❤❡ ❢♦$♠❛0✐♦♥ ♦❢

0❤❡ -0$✐♣❡❞ ♣❡$✐♦❞✐❝ ♣❛00❡$♥- ✭-❡❡ ✜❣✉$❡ ✷✳✶✹✮✳

❚❤❡ ♠♦$♣❤♦❧♦❣② ♦❢ 0❤❡ -0$✐♣❡- ❝❛♥ $❡♠✐♥❞ ♦❢ 0❤❡ ❝❧❛--✐❝❛❧ ❋$❡❡❞❡$✐❝❦- ✐♥-0❛❜✐❧✐0② ✇❤✐❝❤ ♦❝❝✉$-

❢♦$ ♥❡♠❛0✐❝ ✜❧♠- ♣✉0 ✉♥❞❡$ 0❤❡ ❝♦♥-0$❛✐♥0 ♦❢ ❛♥ ❡❧❡❝0$✐❝ ♦$ ❛ ♠❛❣♥❡0✐❝ ✜❡❧❞✳ ❍♦✇❡✈❡$ 0❤❡ ♦$❞❡$ ♦❢

♠❛❣♥✐0✉❞❡ ❛♥❞ ♠❡❝❤❛♥✐-♠ ❛$❡ ❞✐✛❡$❡♥0 ✐♥ ♦✉$ ❝❛-❡✳ ❚❤❡$❡ ✐- ✐♥❞❡❡❞ 0❤❡ ♣$❡-❡♥❝❡ ♦❢ ❛ ❢$❡❡ ✐♥0❡$❢❛❝❡

❛♥❞ 0❤❡ ❢❛❝0 0❤❛0 -0$✐♣❡❞ ♣❛00❡$♥- ❛$❡ ❧♦♥❣ ✇❛✈❡❧❡♥❣0❤ ♣❛00❡$♥-✱ 0❤❡✐$ ✇❛✈❡❧❡♥❣0❤ ✐- 0②♣✐❝❛❧❧② 0✇♦

♦$❞❡$- ♦❢ ♠❛❣♥✐0✉❞❡ ❤✐❣❤❡$ 0❤❛♥ 0❤❡ ❝♦$$❡-♣♦♥❞✐♥❣ 0❤✐❝❦♥❡--✳ ❚♦ ❤❡❧♣ ❝♦♠♣$❡❤❡♥-✐♦♥✱ ✐0 ✐-

♣♦--✐❜❧❡ 0♦ -❡❡ 0❤❡ $♦❧❡ ♦❢ 0❤❡ 0❤✐❝❦♥❡-- ✐♥ ♦✉$ ❝❛-❡ ❛- -✐♠✐❧❛$ 0♦ 0❤❡ ♦♥❡ ♦❢ 0❤❡ ✜❡❧❞ ✐♥ ❋$❡❡❞❡$✐❝❦-

✐♥-0❛❜✐❧✐0② ❛- ✐0 ✐- 0❤❡ ♣❛$❛♠❡0❡$ ✇❤✐❝❤ ❝♦♥0$♦❧- 0❤❡ ❢♦$♠❛0✐♦♥ ♦❢ -0$✐♣❡❞ ♣❛00❡$♥-✳

❚❤❡♦$❡0✐❝❛❧ ❛♥❛❧②-❡- ♦❢ -0$✐♣❡ ♣❛00❡$♥- ✭❞❡♣❡♥❞❡♥❝❡ ♦❢ ✇❛✈❡❧❡♥❣0❤ ✇✐0❤ ✜❧♠ 0❤✐❝❦♥❡--✮ ❛$❡

♠❛✐♥❧② ❞✉❡ 0♦ ❙♣❛$❛✈✐❣♥❛ ❛♥❞ ❙0$✐❣❛③③✐ ❬✼✺❪ ❛♥❞ ❛❧-♦ ▲❛✈$❡♥0♦✈✐❝❤ ❛♥❞ X❡$❣❛♠❡♥-❤❝❤✐❦ ❬✹✷❪✱

❬✹✵❪✱ ❡✈❡♥ ✐❢ 0❤❡ ❧❛00❡$ ❛♣♣$♦❛❝❤ $❡❧✐❡- ♦♥ 0❤❡ ✈❛❧✉❡ ♦❢ 0❤❡ ♣❛$❛♠❡0❡$ K13 ✭-❡❡ 0❤❡ ❡♥❞ ♦❢ 0❤✐-

❝❤❛♣0❡$✮✳ ❚❤❡-❡ ♠♦❞❡❧-✱ 0❤❛0 ❛$❡ ❝$✐0✐❝❛❧❧② -❡♥-✐0✐✈❡ 0♦ 0❤❡ ✈❛❧✉❡- ♦❢ ❡❧❛-0✐❝ ❝♦♥-0❛♥0-✱ ✐♥❝❧✉❞✐♥❣

K24✱ ❤❛✈❡ 0♦ ❜❡ ✐♠♣$♦✈❡❞✳ ❚❤❡ O✉❡-0✐♦♥ ✐- ♥♦0 ❢✉❧❧② -♦❧✈❡❞✱ ❞❡-♣✐0❡ 0❤❡ ❞❡✈❡❧♦♣♠❡♥0 ♦❢ ♥❡✇

❛♣♣$♦❛❝❤❡- ❬✹✼❪✳ ❚❤❡ ❛✐♠ ❤❡$❡ ✐- 0♦ ❝♦♥-0$❛✐♥ 0❤❡ 0❤❡♦$✐❡- 0♦ ❜❡ $♦❜✉-0 ✇✐0❤ $❡-♣❡❝0 0♦ 0❤❡

♣$❡❝✐-❡ ✈❛❧✉❡- ♦❢ ❡❧❛-0✐❝ ❝♦♥-0❛♥0-✱ ❜② ✐♥✈❡-0✐❣❛0✐♥❣ ❛ ❧❛$❣❡ $❛♥❣❡ ♦❢ -✐♠✐❧❛$ ❝♦♠♣♦✉♥❞-✳ ❲❤❛0

❝❛♥ ❜❡ ♠❡♥0✐♦♥❡❞ ❛- ❛ ❣❡♥❡$❛❧ ❣✉✐❞❡ ❧✐♥❡ ✐- 0❤❛0 0❤❡ ❇❛$❜❡$♦ ❝$✐0✐❝❛❧ 0❤✐❝❦♥❡-- ✭0❤❛0 ✐-✱ 0❤❡



500 µm

a/

300 µm

c/

200 µm

d/

500 µm

e/

500 µm

b/

❋✐❣✉$❡ ✷✳✶✸✿ ❊①❛♠♣❧❡1 ♦❢ 14$✐♣❡❞ ✜❧♠1 ♦❢ ♥❈❇ ❛♥❞ ▼❇❇❆ ♦♥ ❣❧②❝❡$♦❧ ❢❛$ ❢$♦♠ 4❤❡ ♥❡♠❛4✐❝ ✴

✐1♦4$♦♣✐❝ ♣❤❛1❡ 4$❛♥1✐4✐♦♥✳ ❛✴✺❈❇ ✲ ❚❤✐❝❦♥❡11 0.14 µ♠ ❀ ❜✴ ✻❈❇ ✲ ❚❤✐❝❦♥❡11 $❛♥❣❡ 0.19−0.35 µ♠
❀ ❝✴ ✼❈❇ ✲ ❚❤✐❝❦♥❡11 0.07 µ♠ ❀ ❞✴ ✽❈❇ ✲ ❚❤✐❝❦♥❡11 $❛♥❣❡ 0.22−0.29 µ♠ ❀ ❡✴ ▼❇❇❆ ✲ ❚❤✐❝❦♥❡11

0.29 − 0.35 µ♠✳ ❚❤❡ ✐♠❛❣❡ 1❤♦✇♥ ❢♦$ ✼❈❇✱ ✐♠❛❣❡ ❝✴✱ ✐❧❧✉14$❛4❡1 4❤❡ 1❤❛♣❡ ♦❢ 4❤❡ ❜♦$❞❡$ ♦❢ 4❤❡
✜❧♠ ❝❧♦1❡ 4♦ 4❤❡ ❢$✐♥❣❡ ♦❢ 4❤❡ K❡4$✐ ❞✐1❤✳ ❖♥ 4❤❡ ♣✐❝4✉$❡1✱ ❡❛❝❤ ❝♦❧♦$ ❝♦$$❡1♣♦♥❞1 4♦ ♦♥❡ 4❤✐❝❦♥❡11

✭◆❡✇4♦♥✬1 ❝♦❧♦$1✱ 1❡❡ ♠❛✐♥ 4❡①4✮✳ ❚❤✐1 ✇✐❧❧ ❜❡ 4❤❡ ❝❛1❡ ❢♦$ ❛❧❧ ❝♦❧♦$❡❞ ♣✐❝4✉$❡1 ♦❢ ❧✐Q✉✐❞ ❝$②14❛❧1

4❛❦❡♥ ✇✐4❤ 4❤❡ ♦♣4✐❝❛❧ ♠✐❝$♦1❝♦♣❡ ✭❡①❡♣4 ✐♥ 4❤❡ ❝❛1❡ ♦❢ ❝$♦11❡❞ ♣♦❧❛$✐③❡$1✮✳



❋✐❣✉$❡ ✷✳✶✹✿ ❋✐❣✉$❡ +❛❦❡♥ ❢$♦♠ ❬✹✵❪✳ ❙❝❤❡♠❛+✐❝ +♦♣ ✈✐❡✇ ♦❢ +❤❡ ❛③✐♠✉+❤❛❧ ✉♥❞✉❧❛+✐♦♥ ♦❢ +❤❡

♥❡♠❛+✐❝ ❞✐$❡❝+♦$ ✐♥ >+$✐♣❡❞ ♣❛++❡$♥>✱ λ ❝♦$$❡>♣♦♥❞> +♦ ♦♥❡ ✇❛✈❡❧❡♥❣+❤✳

❞✐✛❡$❡♥❝❡ ♦❢ +❤❡ ❡①+$❛♣♦❧❛+✐♦♥ ❧❡♥❣+❤>✮ ✐> ❛ ♣❧❛✉>✐❜❧❡ ❝❤❛$❛❝+❡$✐>+✐❝ ❧❡♥❣+❤ ❢♦$ +❤❡ ❛♥❛❧②>✐> ❜✉+ ✐>

♥♦ ❧♦♥❣❡$ +❤❡ +❤✐❝❦♥❡>> +❤$❡>❤♦❧❞ +♦✇❛$❞> ♣❧❛♥❛$ ❝♦♥✜❣✉$❛+✐♦♥✳

❋✉$+❤❡$ ❞❡>❝$✐♣+✐♦♥ ♦❢ +❤❡ >+$✐♣❡❞ ♣❛++❡$♥> ✇✐❧❧ ❜❡ ♣$❡>❡♥+❡❞ ✐♥ +❤❡ ❢♦❧❧♦✇✐♥❣✳

❖♥ ❣❧②❝❡$♦❧✱ >+$✐♣❡❞ ✜❧♠> ❝♦✈❡$ ❛❧♠♦>+ +❤❡ ✇❤♦❧❡ >✉$❢❛❝❡ ♦❢ +❤❡ G❡+$✐ ❞✐>❤✳ ❍♦✇❡✈❡$✱ ♦♥ ✐+>

❢$♦♥+✐❡$>✱ ✐+ ✐> ♣♦>>✐❜❧❡ +♦ >❡❡ ❛ >✉❝❝❡>>✐♦♥ ♦❢ >❡✈❡$❛❧ ♠♦❧❡❝✉❧❛$ ✜❧♠>✳ ❚❤❡✐$ ♥❛+✉$❡ >+✐❧❧ ♥❡❡❞> +♦

❜❡ ❞❡+❡$♠✐♥❡❞✳

❖♥❡ ❧❛>+ ♣❤❡♥♦♠❡♥♦♥ ♠✉>+ ❜❡ ♠❡♥+✐♦♥❡❞✿ ❣❧②❝❡$♦❧ ♠♦❧❡❝✉❧❡> >❧♦✇❧② ❞✐✛✉>❡ ✐♥ ❧✐J✉✐❞ ❝$②>+❛❧

✜❧♠>✳ ❆ ❢✉$+❤❡$ ❞❡>❝$✐♣+✐♦♥ ♦❢ +❤❡ ♣$♦❝❡>> ❛♥❞ ♦❢ ✐+> ❝♦♥>❡J✉❡♥❝❡> ✐> ♣$❡>❡♥+❡❞ ✐♥ +❤❡ ❢♦❧❧♦✇✐♥❣✳

▲❡+ ✉> ❥✉>+ ♠❡♥+✐♦♥ +❤❛+ +❤❡ ❞✐✛✉>✐♦♥ ♦❢ ❣❧②❝❡$♦❧ ✐♥ +❤❡ ❧✐J✉✐❞ ❝$②>+❛❧ ✜❧♠> ❝♦♥>+$❛✐♥+> +❤❡ ❡①♣❡$✲

✐♠❡♥+> ✐♥ +✇♦ ✇❛②>✳ ❋✐$>+✱ ❛ >❛♠♣❧❡ ♠✉>+ ♥♦+ ❜❡ ❦❡♣+ ♠♦$❡ +❤❛♥ ❤❛❧❢ ❛♥ ❤♦✉$ ❛❢+❡$ ❞❡♣♦>✐+✐♦♥✳

■♥ >✉❝❤ ❛ ❝♦♥✜❣✉$❛+✐♦♥✱ +❤❡ ❞✐✛✉>✐♦♥ ♦❢ ❣❧②❝❡$♦❧ ❞♦❡> ♥♦+ ❞✐>+✉$❜ +❤❡ >+$✐♣❡❞ ♣❛++❡$♥>✳ ❙❡❝♦♥❞✱

♦♥❡ ♠✉>+ ❜❡ ✈❡$② ❝❛$❡❢✉❧ ❢♦$ ❤❡❛+❡❞ >❛♠♣❧❡> ❛> ✐♥❝$❡❛>✐♥❣ +❤❡ +❡♠♣❡$❛+✉$❡ ✐♥❝$❡❛>❡> +❤❡ ❞✐✛✉>✐♦♥

♦❢ +❤❡ ❣❧②❝❡$♦❧✳ ■+ ✐> ❝$✐+✐❝❛❧ ❡>♣❡❝✐❛❧❧② ❢♦$ ❧✐J✉✐❞ ❝$②>+❛❧ ♠♦❧❡❝✉❧❡> ✇✐+❤ >❤♦$+ ❛❧❦②❧ ❝❤❛✐♥ ✭+❤❡

❧♦♥❣❡$ ✐> +❤❡ ❝❤❛✐♥ +❤❡ ❧❡>> J✉✐❝❦❧② +❤❡ ❣❧②❝❡$♦❧ ❞✐✛✉>❡>✮ ❛♥❞ ❢♦$ >❛♠♣❧❡> ✇❤✐❝❤ ❤❛✈❡ +♦ ❜❡ ❤❡❛+❡❞

✉♣ +♦ ❤✐❣❤ +❡♠♣❡$❛+✉$❡>✳ ■♥ ♣$❛❝+✐❝❡✱ ❢❛$ ❜❡❧♦✇ +❤❡ ♥❡♠❛+✐❝ ✴ ✐>♦+$♦♣✐❝ ♣❤❛>❡ +$❛♥>✐+✐♦♥✱ ❣❧②❝❡$♦❧

❞✐✛✉>✐♦♥ ✐> ♥❡❣❧✐❣✐❜❧❡ ❢❛$ ❛❧❧ +❤❡ ♥❈❇ ✐♥✈❡>+✐❣❛+❡❞✳

✷✳✷✳✸✳✹ ❲❡&&✐♥❣ ♦♥ ✇❛&❡- ❛♥❞ ✜-0& ♦❜0❡-✈❛&✐♦♥0

❖♥ ✇❛+❡$✱ ♥♦+ ❛❧❧ +❤❡ ❧✐J✉✐❞ ❝$②>+❛❧> ✉>❡❞ ❛$❡ ✐♥ ❛ +♦+❛❧ ✇❡++✐♥❣ ❝♦♥✜❣✉$❛+✐♦♥✳ ▼❇❇❆ ❞♦❡> ✐♥❞❡❡❞

♥♦+ ✇❡+ ✇❛+❡$ >✉❜>+$❛+❡>✳ ❚❤❡ >✐+✉❛+✐♦♥ ♦❢ ✺❈❇ ❛♥❞ ✼❈❇ ✐> ♠♦$❡ ❝♦♠♣❧❡①✳ ❈♦♠♣♦✉♥❞> ♦❢ +✇♦

❞✐✛❡$❡♥+ ♣✉$✐+✐❡> ✇❡$❡ ✐♥❞❡❡❞ ✉>❡❞ ✐♥ ♦✉$ ❡①♣❡$✐♠❡♥+>✿ 99% ♣✉$❡ ❧✐J✉✐❞ ❝$②>+❛❧> ✭❙✐❣♠❛ ❆❧❞$✐❝❤✮

❛♥❞ > 99% ❧✐J✉✐❞ ❝$②>+❛❧> ✭❋$✐♥+♦♥✮✳ ❖♥❧② +❤❡ ❤✐❣❤ ♣✉$✐+② ♦♥❡> ✭> 99%✮ ✇❡+ ✇❛+❡$✳ ❚❤❡ ♣$❡>❡♥❝❡

♦❢ ✐♠♣✉$✐+✐❡> ✐> +❤❡♥ ❝$✐+✐❝❛❧ ❢♦$ ♦✉$ >②>+❡♠>✱ ✇❤✐❝❤ ✐> ♥♦+ >✉$♣$✐>✐♥❣ ❛> ✐♥+❡$❢❛❝❡> ❛$❡ ❝♦♥❝❡$♥❡❞✳

❋♦$ ✺❈❇✱ +❤❡ ♠❡❛>✉$❡♠❡♥+ ♦❢ >✉$❢❛❝❡ +❡♥>✐♦♥ ❢♦✉♥❞ ✐♥ +❤❡ ❧✐+❡$❛+✉$❡ ❛$❡ >❝❛++❡$❡❞ ✭❡✳❣✳ ❬✻✶❪✱ ❬✸✸❪✱

❬✸✼❪✱ ❬✼✸❪✱ ❬✼✽❪✮✿ ❢$♦♠ 28 ♠◆✴♠ +♦ 40 ♠◆✴♠ ❛+ $♦♦♠ +❡♠♣❡$❛+✉$❡✳ ❚❤❡ >❝❛++❡$✐♥❣ ✐> ❞✉❡ +♦ +❤❡

♣✉$✐+② ♦❢ +❤❡ ❝♦♠♣♦✉♥❞>✳ ❚❤❡ 28 ♠◆✴♠ ✈❛❧✉❡ ✐> ❢♦✉♥❞ ❢♦$ ✏>+❛♥❞❛$❞✑ ❧✐J✉✐❞ ❝$②>+❛❧ ❛♥❞ +❤❡ 40

♠◆✴♠ ✐> ❢♦✉♥❞ ❢♦$ ♣✉$✐✜❡❞ ❧✐J✉✐❞ ❝$②>+❛❧✳ ❆+ ❧❡❛>+ ♣❛$+ ♦❢ +❤❡>❡ ✐♠♣✉$✐+✐❡> ❛$❡ >✉$❢❛❝❡ ❛❝+✐✈❡✱

+❤❡② ❛❧+❡$ +❤❡ ✇❡++✐♥❣ ❜❡❤❛✈✐♦✉$ ♦❢ +❤❡ ❧✐J✉✐❞ ❝$②>+❛❧>✳

❋♦$ ♥❈❇>✱ ❞❡♣♦>✐+❡❞ ♦♥ ✇❛+❡$✱ +❤❡ ❧❛♥❞>❝❛♣❡ ♦❢ +❤❡ >②>+❡♠ ✐> ❞✐✛❡$❡♥+ +❤❛♥ ♦♥ ❣❧②❝❡$♦❧✳



■♠❛❣❡% ♦❜(❛✐♥❡❞ ✉♥❞❡- ♦♣(✐❝❛❧ ♠✐❝-♦%❝♦♣❡ %❤♦✇ ✢❛( %(-✐♣❡❞ ❞♦♠❛✐♥%✳ ❖♥ (❤❡ %❛♠❡ %❛♠♣❧❡✱

%(-✐♣❡❞ ❞♦♠❛✐♥% ♦❢ ❞✐✛❡-❡♥( (❤✐❝❦♥❡%%❡% ✭❞✐✛❡-❡♥( ❝♦❧♦-%✮ ❝♦❡①✐%( ✭%❡❡ ✜❣✉-❡ ✷✳✶✺✮✳

❚❤✐% ❝♦♥✜❣✉-❛(✐♦♥ ✐% ♦❜(❛✐♥❡❞ %❤♦-(❧② ❛❢(❡- ❞❡♣♦%✐(✐♦♥

✶✼

❛♥❞ ❧❛%(% ♦♥ ❧♦♥❣ (✐♠❡ %❝❛❧❡% ✭✇❡❡❦✮✳

❚❤❡ %②%(❡♠ ✐% (❤❡♥ ♠❡(❛%(❛❜❧❡✳ ❋♦❝✉%✐♥❣ ♦♥ (❤❡ ③♦♥❡ ✐♥ ❜❡(✇❡❡♥ ❞♦♠❛✐♥%✱ ✐( ✐% ♣♦%%✐❜❧❡ (♦ ♦❜%❡-✈❡

(❤❛( ✐( ✐% ❝♦✈❡-❡❞ ❜② (✇♦ ❞✐✛❡-❡♥( ♠♦❧❡❝✉❧❛- ✜❧♠%✳ ❊①♣❡-✐♠❡♥(❛❧❧②✱ (❤✐% ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❜② ✉%✐♥❣

❛ %❡♥%✐(✐✈❡ ❝❛♠❡-❛ ❛♥❞ ❜② ♠♦❞✐❢②✐♥❣ (❤❡ ❝♦♥(-❛%( ♦❢ (❤❡ ✐♠❛❣❡% ✭%❡❡ ✜❣✉-❡ ✷✳✶✻✮✳ ❉❡(❡-♠✐♥❛(✐♦♥

♦❢ (❤❡ ♥❛(✉-❡ ♦❢ (❤❡ ♠♦❧❡❝✉❧❛- ✜❧♠% ✇❛% ❞♦♥❡ ♣-❡✈✐♦✉%❧② ❬✽✽❪✱ ❬✶✻❪✱ ❬✸✶❪✱ ❬✶✾❪ ✉%✐♥❣ ▲❛♥❣♠✉✐-

✐%♦(❤❡-♠% ✭%❡❡ ❆♣♣❡♥❞✐❝❡%✮ ❛♥❞ %(-✉❝(✉-❛❧ ♠❡❛%✉-❡♠❡♥(% ♣❡-❢♦-♠❡❞ ✇✐(❤ (❤❡ ❇-❡✇%(❡- ❛♥❣❧❡

♠✐❝-♦%❝♦♣❡✳ ❋♦- ✻❈❇ ❛♥❞ ✽❈❇✱ (❤❡ (❤✐♥♥❡%( ♦❢ (❤❡ ♠♦❧❡❝✉❧❛- ✜❧♠% ✐% ❛ ♠♦♥♦❧❛②❡- ❛♥❞ (❤❡

(❤✐❝❦❡%( ✐% ❛ (-✐❧❛②❡-✳ ❋♦- ✺❈❇ ❛♥❞ ✼❈❇✱ ▲❛♥❣♠✉✐- ✐%♦(❤❡-♠% ❡①♣❡-✐♠❡♥(% ✇❡-❡ ♣❡-❢♦-♠❡❞✳ ❚❤❡

%❛♠❡ ❜❡❤❛✈✐♦✉- (❤❛♥ (❤❡ ♦♥❡ ♦❜%❡-✈❡❞ ❢♦- ❡✈❡♥ ♥❈❇% ✇❛% ❢♦✉♥❞ ✭%❡❡ ✜❣✉-❡ ❇✳✶✮✳ ❋♦- ❛❧❧ ♥❈❇

✐♥✈❡%(✐❣❛(❡❞✱ (❤❡ ♠♦❧❡❝✉❧❛- ✜❧♠% ❛-❡ (❤❡♥ ❛ ♠♦♥♦❧❛②❡- ❛♥❞ ❛ (-✐❧❛②❡- ❢❛- ❢-♦♠ (❤❡ ♥❡♠❛(✐❝ ✴

✐%♦(-♦♣✐❝ ♣❤❛%❡ (-❛♥%✐(✐♦♥✳

❚❤❡ ✢❛( %(-✐♣❡❞ ❞♦♠❛✐♥% ♦❜%❡-✈❡❞ ♦♥ ✇❛(❡- ❛-❡ ♥♦( ❛❧✇❛②% ❝✐-❝✉❧❛-✳ ❚❤❡ ❡①❛❝( %❤❛♣❡ ♦❢

(❤❡ ❞♦♠❛✐♥ ✐% ❞❡(❡-♠✐♥❡❞ ❜② (❤❡ ❝♦❡①✐%(❡♥❝❡ ✇✐(❤ ❞♦♠❛✐♥% ♦❢ ♠♦♥♦✲ ♦- (-✐❧❛②❡-✳ ❉♦♠❛✐♥% ❞♦

♥♦( ❛❧✇❛②% %❤♦✇ %(-✐♣❡%✳ ❙♠❛❧❧❡%( ❞♦♠❛✐♥%✱ ❧❡%% (❤❛♥ (✇✐❝❡ (❤❡ ✇❛✈❡❧❡♥❣(❤✱ ❛❞♦♣( ✐♥❞❡❡❞ ❛

♣❧❛♥❛- ❝♦♥✜❣✉-❛(✐♦♥ ❬✶✾❪✳ ▼♦-❡♦✈❡-✱ ❡✈❡♥ ❢♦- %(-✐♣❡❞ ❞♦♠❛✐♥%✱ ✐( ✐% ❛❧✇❛②% ❛ ♣❧❛♥❛- -✐♠ ✇❤✐❝❤

✐% ✐♥ ❝♦♥(❛❝( ✇✐(❤ (❤❡ ♠♦❧❡❝✉❧❛- ✜❧♠% ❬✶✾❪✳ ❚❤❡ ♣❧❛♥❛- %(-✉❝(✉-❡ ❝❛♥ ❜❡ ❡✈✐❞❡♥❝❡❞ ❜② ♦❜%❡-✈✐♥❣

%❛♠♣❧❡% ❜❡(✇❡❡♥ ❝-♦%%❡❞ ♣♦❧❛-✐%❡-% ✭%❡❡ ✜❣✉-❡ ✷✳✶✽✮✳ ❚❤❡ ♣❧❛♥❛- ❝♦♥✜❣✉-❛(✐♦♥ ✐% ❞✉❡ (♦ (❤❡

(❤✐❝❦♥❡%% ❣-❛❞✐❡♥( ❛( (❤❡ ❡❞❣❡✳ ●-❛❞✐❡♥(% ✐♥(-♦❞✉❝❡ ❛ ♣-❡❢❡--❡❞ ♦-✐❡♥(❛(✐♦♥ ✇❤✐❝❤ ❞❡%(-♦②% (❤❡

♦-✐❡♥(❛(✐♦♥❛❧ ❢-❡❡❞♦♠ ❛♥❞ (❤❡-❡❢♦-❡ ♣-❡✈❡♥(% (❤❡ ❢♦-♠❛(✐♦♥ ♦❢ %(-✐♣❡%✳ ❚❤❡ ✇✐❞(❤ ♦❢ (❤❡ -✐♠ ✐%

❛♣♣-♦①✐♠❛(❡❧② ❤❛❧❢ (❤❡ %(-✐♣❡ ✇❛✈❡❧❡♥❣(❤✳ ❚❤❡ ❜♦✉♥❞❛-② (❡♥%✐♦♥ τ(ξ) ❜❡(✇❡❡♥ %(-✐♣❡❞ ❞♦♠❛✐♥%

❛♥❞ %✉--♦✉♥❞✐♥❣ (-✐❧❛②❡- ✐% ❛❝❝❡♣(❛❜❧② ❛❝❝♦✉♥(❡❞ ❢♦- ❛% ❜❡✐♥❣ (❤❡ ❝♦♥(-✐❜✉(✐♦♥ ♦❢ (❤❡ ❛♥❝❤♦-✐♥❣

❡♥❡-❣② ✐♥ (❤❡ ❡❞❣❡✳ X❡- ✉♥✐( ❛-❡❛✱ ❛% θH = θP = π/2✱ fS = WH/2 ❛♥❞ (❤❡-❡❢♦-❡ τ(ξ) ≈ λWH/4
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✷✳✷✳✹✳✶ ❊①♣❡(✐♠❡♥,❛❧ ❝❤❛(❛❝,❡(✐③❛,✐♦♥

❙,(✐♣❡4 ❈❤❛-❛❝(❡-✐③✐♥❣ (❤❡ %(-✐♣❡❞ ♣❤❛%❡ ✐% ❞♦♥❡ ❢-♦♠ (❤❡ ✐♠❛❣❡% ♦❜(❛✐♥❡❞ ✇✐(❤ (❤❡ ♣♦❧❛-✐③❡❞

♦♣(✐❝❛❧ ♠✐❝-♦%❝♦♣❡✳ ❚❤❡ ✇❛✈❡❧❡♥❣(❤ ♦❢ (❤❡ %(-✐♣❡% ✭λ✮ ✐% ♠❡❛%✉-❡❞ ✐♥ ❢✉♥❝(✐♦♥ ♦❢ (❤❡ (❤✐❝❦♥❡%%

✭ξ✮ ♦❢ (❤❡ ❝♦--❡%♣♦♥❞✐♥❣ ♥❡♠❛(✐❝ ✜❧♠ ♦- ❞♦♠❛✐♥✳ ❚❤❡ (❤✐❝❦♥❡%% ✐% ♦❜(❛✐♥❡❞ ✈✐❛ ◆❡✇(♦♥✬% ❝♦❧♦-
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δ
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❋✐❣✉$❡ ✷✳✶✺✿ ❊①❛♠♣❧❡1 ♦❢ 14$✐♣❡❞ ❞♦♠❛✐♥1 ♦❢ ♥❈❇ ♦♥ ✇❛4❡$ ❢❛$ ❢$♦♠ 4❤❡ ♥❡♠❛4✐❝ ✴ ✐1♦4$♦♣✐❝

♣❤❛1❡ 4$❛♥1✐4✐♦♥✳ ❛✴✺❈❇ ❀ ❚❤✐❝❦♥❡11 ♦❢ 14$✐♣❡❞ ❞♦♠❛✐♥1 0.05− 0.09 µ♠ ❀ ❜✴ ✻❈❇ ❀ ❚❤✐❝❦♥❡11 ♦❢

14$✐♣❡❞ ❞♦♠❛✐♥1 0.08−0.21 µ♠ ❀ ❝✴ ✼❈❇ ❀ ❚❤✐❝❦♥❡11 ♦❢ 14$✐♣❡❞ ❞♦♠❛✐♥1 0.09−0.19 µ♠ ❀ ❞✴ ✽❈❇

❀ ❚❤✐❝❦♥❡11 ♦❢ 14$✐♣❡❞ ❞♦♠❛✐♥1 0.21 − 0.29 µ♠✳ ◆♦4❡ 4❤❛4 ✺❈❇ ❛♥❞ ✼❈❇ ✇❡4 ✇❛4❡$ ♦♥❧② ✇❤❡♥

❤✐❣❤ ♣✉$✐4② ❧✐F✉✐❞ ❝$②14❛❧1 ❛$❡ ✉1❡❞ ❛♥❞ 4❤❛4 4❤❡$❡ ✐1 ♥♦ ♣✐❝4✉$❡ ♦❢ ▼❇❇❆✱ ❛1 ▼❇❇❆ ♦♥❧② ✇❡41

♣❛$4✐❛❧❧② ✇❛4❡$✳
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❋✐❣✉$❡ ✷✳✶✻✿ ▼♦❧❡❝✉❧❛$ ✜❧♠2 ✐♥ ❝♦❡①✐25❡♥❝❡ ✇✐5❤ 25$✐♣❡❞ ✜❧♠2✿ ❚❤❡ ✐♠❛❣❡2 ❤❛✈❡ ❛ ♠♦❞✐✜❡❞

❝♦♥5$❛25 ✐♥ ♦$❞❡$ 5♦ 2❡❡ 5❤❡ ♠♦❧❡❝✉❧❛$ ✜❧♠2✳ ❖♥ 5❤❡ ❧❡❢5 2✐❞❡✱ ✽❈❇ ♦♥ ❣❧②❝❡$♦❧✳ ❖♥ 5❤❡ $✐❣❤5✱

✻❈❇ ♦♥ ✇❛5❡$✳ ❚❤❡ 2❛5✉$❛5❡❞ ③♦♥❡ ❝♦$$❡2♣♦♥❞2 5♦ ❞♦♠❛✐♥2 ♦❢ 25$✐♣❡❞ ♣❤❛2❡✳ ❚❤❡② ❝♦❡①✐25 ✇✐5❤

♥♦ ✐♥5❡$♠❡❞✐❛$② ✇✐5❤ ❛ 5$✐❧❛②❡$ ❛♥❞ ❛ ♠♦♥♦❧❛②❡$✳
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❋✐❣✉$❡ ✷✳✶✼✿ ❊①❛♠♣❧❡ ♦❢ ❛ 2✉$❢❛❝❡ ♣$❡22✉$❡ ✈❡$2✉2 ♠❡❛♥ ❛$❡❛ ♣❡$ ♠♦❧❡❝✉❧❡ ✐2♦5❤❡$♠ ❢♦$ 7CB
♦♥ ✇❛5❡$ ❛5 $♦♦♠ 5❡♠♣❡$❛5✉$❡✳ ❚❤✐2 ✐2♦5❤❡$♠ ❛❧❧♦✇2 ♦♥❡ 5♦ ❞✐25✐♥❣✉✐2❤ 2❡✈❡$❛❧ ③♦♥❡2✳ ❩♦♥❡ ■✿

❞✐❧✉5❡❞ ♠♦♥♦❧❛②❡$ ❀ ③♦♥❡ ■■✿ ❝♦♠♣$❡22❡❞ ♠♦♥♦❧❛②❡$ ❀ ③♦♥❡ ■■■✿ ❝♦❡①✐25❡♥❝❡ ♦❢ ❞❡♥2❡ ♠♦♥♦❧❛②❡$

❛♥❞ 5$✐❧❛②❡$ ❀ ③♦♥❡ ■❱✿ ❝♦♠♣$❡22❡❞ 5$✐❧❛②❡$ ❀ ③♦♥❡ ❱✿ ❝$②25❛❧❧✐③❛5✐♦♥ ✐♥ ❛ 3D ♣❤❛2❡✳



500 µm

❋✐❣✉$❡ ✷✳✶✽✿ ■♠❛❣❡ ♦❢ ✻❈❇ ♦♥ ✇❛5❡$ ❜❡5✇❡❡♥ ❝$♦88❡❞ ♣♦❧❛$✐③❡$8✱ 5❤❡ 5✇♦ ❞♦✉❜❧❡ ❛$$♦✇8 8❤♦✇✐♥❣

5❤❡ ❞✐$❡❝5✐♦♥8 ♦❢ 5❤❡ ♣♦❧❛$✐③❡$8✳ ❙♠❛❧❧❡85 ❞♦♠❛✐♥8✱ ✇❤✐❝❤ ❛$❡ ♥♦5 85$✐♣❡❞✱ 8❤♦✇ ❛ ❝$♦88✲❧✐❦❡

❡①5✐♥❝5✐♦♥ ❝❤❛$❛❝5❡$✐85✐❝ ♦❢ ❛ ♣❧❛♥❛$ 85$✉❝5✉$❡ ✭$❛❞✐❛❧ 8②♠♠❡5$②✱ ✇✐5❤ ❛ $❛❞✐❛❧ ♣❧❛♥❛$ 85$✉❝5✉$❡✱

❛♥❞ ❛ ❞❡❢❡❝5 ✐♥ 5❤❡ ❝❡♥5❡$✮✳ ❲✐5❤ ✐♥❝$❡❛8✐♥❣ 5❤❡ ❞♦♠❛✐♥ 8✐③❡✱ 5❤❡ $❛❞✐❛❧ 8②♠♠❡5$② ✐8 ❧♦85✱ 5❤❡

❜❧❛❝❦ ❝$♦88 8❤✐❢58 5♦ ♦♥❡ ❡❞❣❡✿ 5❤❡ $✐♠ ♦❢ 5❤❡ 85$✐♣❡❞ ❞♦♠❛✐♥8 ❛♥❞ ♦❢ 5❤❡✐$ ❤♦❧❡8 8❤♦✇ ❡①5✐♥❝5✐♦♥8

❛❧♦♥❣ 5❤❡ ❞✐$❡❝5✐♦♥8 ♦❢ 5❤❡ ♣♦❧❛$✐③❡$8✳

5❤❡ ❝♦❧♦$ ♦❢ 5❤❡ ♥❡♠❛5✐❝✳ ❚❤❡ ♦♣5✐❝❛❧ ♣❛5❤ ✐8 ❣✐✈❡♥ ❜② ◆❡✇5♦♥✬8 ❝♦❧♦$ 8❝❛❧❡ ✭❜❧❛❝❦ ❝❡♥5❡$✮✳ ❋♦$

5❤❡ 5❤✐♥♥❡85 ✜❧♠8 ♦$ ❞♦♠❛✐♥8✱ ❝♦$$❡8♣♦♥❞✐♥❣ 5♦ ❣$❡② 5♦♥❡8 ✐♥ ◆❡✇5♦♥✬8 ❝♦❧♦$ 8❝❛❧❡✱ ❛ 8❡♥8✐5✐✈❡

❜❧❛❝❦ ❛♥❞ ✇❤✐5❡ ❝❛♠❡$❛ ✭❈♦♦❧❙♥❛♣✱ ❘♦♣❡$ 8❝✐❡♥5✐✜❝✮ ✇❛8 ✉8❡❞✿ 5❤❡ $❡✢❡❝5❡❞ ✐♥5❡♥8✐5✐❡8 ✇❡$❡

5❤❡♥ ❝♦♠♣❛$❡❞✳ ❚♦ ❡♥8✉$❡ 5❤❛5 5❤❡ ❡✈❛❧✉❛5✐♦♥ ♦❢ 5❤❡ ❝♦❧♦$8 ❞♦❡8 ♥♦5 ❞❡♣❡♥❞ ♦♥ 5❤❡ ❛♣♣$❡❝✐❛5✐♦♥

♦❢ 5❤❡ ❡①♣❡$✐♠❡♥5❛❧✐85✱ 8❡✈❡$❛❧ ❝$♦88✲❝❤❡❝❦8 ✇❡$❡ ♣❡$❢♦$♠❡❞✳ ❋✐$85✱ ❛ ❝❛❧✐❜$❛5✐♦♥ ♦❢ ◆❡✇5♦♥✬8

❝♦❧♦$8 ❛8 8❡❡♥ ✉♥❞❡$ ♦✉$ ♠✐❝$♦8❝♦♣❡ ✇❛8 ❞♦♥❡ ✇✐5❤ ❛ ❧❡♥8 8❤♦✇✐♥❣ ❛ 5❤✐♥ 8♣❤❡$✐❝❛❧ 8❤❛♣❡ ❜②

♠❡❛8✉$✐♥❣ 5❤❡ 5❤✐❝❦♥❡88❡8 ❛♥❞ ❝♦♠♣❛$✐♥❣ 5❤❡ $❡8✉❧58 ✇✐5❤ 5❤❡ ♦♥❡8 ♦❜5❛✐♥❡❞ ✇✐5❤ ❛ ❣$❡❡♥ ✜❧5❡$

✭✷✳✶✾✮✳ ■5 ❛❧❧♦✇❡❞ ❢♦$ 8❤♦✇✐♥❣ 5❤❛5 8♠❛❧❧ 85❡♣8 8②85❡♠❛5✐❝❛❧❧② ♦❜5❛✐♥❡❞ ✐♥ 5❤❡ 5❤✐❝❦♥❡88 ❝✉$✈❡8

❝♦$$❡8♣♦♥❞❡❞ 5♦ ❝❤❛$❛❝5❡$✐85✐❝ ③♦♥❡8 ♦❢ ◆❡✇5♦♥✬8 ❝♦❧♦$ 8❝❛❧❡8✳ ❚❤❡ 8♠❛❧❧ 85❡♣8 ❛$❡ 5❤❡♥ ❛$5✐❢❛❝58

♣$♦❞✉❝❡❞ ❝❡$5❛✐♥❧② ❜② 5❤❡ 8♣❡❝5$✉♠ ♦❢ 5❤❡ ❧❛♠♣ ♦❢ ♦✉$ ♠✐❝$♦8❝♦♣❡ ✭❤❛❧♦❣❡♥ ❧❛♠♣✮ ❛♥❞ ♦❢ 5❤❡

$❡8♣♦♥8❡ ♦❢ 5❤❡ ❝❛♠❡$❛8✳ ❙❡❝♦♥❞✱ ✐♥❞❡♣❡♥❞❡♥5 ♠❡❛8✉$❡♠❡♥58 ✇❡$❡ ♣❡$❢♦$♠❡❞ ❜② 5❤$❡❡ ❞✐✛❡$❡♥5

♣❡♦♣❧❡ ❛♥❞ ❞✐❞ ♥♦5 8❤♦✇ ❞✐✛❡$❡♥❝❡8✳ ❋✉$5❤❡$♠♦$❡✱ 5❤❡ ✜$85 ♠❡❛8✉$❡♠❡♥58✱ ♣❡$❢♦$♠❡❞ ❜② ❯✳

❉❡❧❛❜$❡ ❬✶✾❪ ❢♦$ ✺❈❇ ❛♥❞ ✻❈❇ ♦♥ ❣❧②❝❡$♦❧✱ ✻❈❇ ♦♥ ✇❛5❡$ ❛♥❞ ▼❇❇❆ ♦♥ ❣❧②❝❡$♦❧ ❣✐✈❡ ❡①❛❝5❧② 5❤❡

8❛♠❡ 5$❡♥❞8 5❤❛♥ 5❤❡ ♦♥❡8 ♣$❡8❡♥5❡❞✳ ❚❤❡ ❞❛5❛ ♣$❡✈✐♦✉8❧② ♦❜5❛✐♥❡❞ ✐♥ ♦✉$ ❣$♦✉♣ ❜② ❯✳ ❉❡❧❛❜$❡

❬✶✾❪ ✇❡$❡ ❛8 ✇❡❧❧ ❝♦♠♣❛$❡❞ 5♦ 5❤❡ ♣$❡❝❡❞✐♥❣ 85✉❞② ♣❡$❢♦$♠❡❞ ❜② ▲❛✈$❡♥5♦✈✐❝❤✱ X❡$❣❛♠❡♥8❤❝❤✐❝❦

❛♥❞ ❙♣❛$❛✈✐❣♥❛ ✭❬✹✷❪✱❬✼✺❪✮ ❢♦$ ✺❈❇ ♦♥ ❣❧②❝❡$♦❧ ✭8❡❡ ✜❣✉$❡ ✷✳✶✾✮✳

❆8 ♣$❡✈✐♦✉8❧② ❡①♣❧❛✐♥❡❞✱ 5❤❡ ✇❛✈❡❧❡♥❣5❤ ✐♥❝$❡❛8❡8 ✇✐5❤ 5❤❡ 5❤✐❝❦♥❡88 ♦❢ 5❤❡ ♥❡♠❛5✐❝ ❛♥❞

❝♦$$❡8♣♦♥❞8 5♦ ❛$♦✉♥❞ ♦♥❡ ❤✉♥❞$❡❞ 5✐♠❡8 5❤❡ 5❤✐❝❦♥❡88✳ ❚❤❡$❡ ✐8 ❛♥ ✉♣♣❡$ ❜♦✉♥❞❛$② ❢♦$ 5❤❡

85$✐♣❡❞ ♣❤❛8❡✱ D✱ 8♣❡❝✐✜❝❛❧❧② ✐♥✈❡85✐❣❛5❡❞ ❢♦$ ✺❈❇ ❛♥❞ ✻❈❇✿ ✇❤❡♥ $❡❛❝❤✐♥❣ 5❤✐❝❦♥❡88❡8 ❛$♦✉♥❞
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❋✐❣✉$❡ ✷✳✶✾✿ ❈$♦--✲❝❤❡❝❦- ♣❡$❢♦$♠❡❞ ♦♥ 7❤❡ ❝❤❛$❛❝7❡$✐③❛7✐♦♥ ♦❢ -7$✐♣❡❞ ♣❛77❡$♥-✳ ❖♥ 7❤❡ ❧❡❢7✱

❝❛❧✐❜$❛7✐♦♥ ♦❢ ◆❡✇7♦♥✬- ❝♦❧♦$ -❝❛❧❡✳ ❚❤❡ ♠❡❛-✉$❡❞ 7❤✐❝❦♥❡-- ♦❢ ❛ -♣❤❡$✐❝❛❧❧②✲-❤❛♣❡❞ 7❤✐♥ ❧❡♥- ✐-

❝♦♠♣❛$❡❞ ✇❤❡♥ ◆❡✇7♦♥✬- ❝♦❧♦$ -❝❛❧❡ ❛♥❞ ❛ ❣$❡❡♥ ✜❧7❡$ ❛$❡ ✉-❡❞✳ ❖♥ 7❤❡ $✐❣❤7✱ ✜❣✉$❡ 7❛❦❡♥ ❢$♦♠

❬✶✾❪✳ ❚❤❡ ✜❣✉$❡ ❝♦♠♣❛$❡- ❞❛7❛ ♦❜7❛✐♥❡❞ ✐♥ ♦✉$ ❣$♦✉♣ ❜② ❯✳ ❉❡❧❛❜$❡ ❝♦♠♣❛$❡❞ 7♦ 7❤❡ ♦♥❡- ♦❢

▲❛✈$❡♥7♦✈✐❝❤ ❡7 ❛❧✳ ❬✹✷❪ ❛♥❞ ❙♣❛$❛✈✐❣♥❛ ❡7 ❛❧✳ ❬✼✺❪ ✐♥ 7❤❡ ❝❛-❡ ♦❢ ✺❈❇ ♦♥ ❣❧②❝❡$♦❧✳ ◆♦7❡ 7❤❛7 7❤❡

✇❛✈❡❧❡♥❣7❤ ✐- ♣❧♦77❡❞ ❤❡$❡ ✐♥ ❧♦❣❛$✐7❤♠✐❝ -❝❛❧❡✳

0.6 µ♠✱ 7❤❡ ✇❛✈❡❧❡♥❣7❤ -❤♦✇- ❛ -7❡❡♣ ✐♥❝$❡❛-❡✶✽✳ ❆❜♦✈❡ 7❤✐- 7❤✐❝❦♥❡--✱ ♥❡♠❛7✐❝ ✜❧♠- ♦$ ❞♦♠❛✐♥-

❡①✐-7✱ ♦♥❧② 7❤❡② -❤♦✇ 7❤❡ ❝❤❛$❛❝7❡$✐-7✐❝ ♠♦$♣❤♦❧♦❣② ❛♥❞ ❞❡❢❡❝7- ♦❢ ❤②❜$✐❞ ♥❡♠❛7✐❝-✳ ❋♦$ 7❤❡

❧♦✇❡$ ❜♦✉♥❞ ♦❢ 7❤❡ -7$✐♣❡❞ ♣❤❛-❡✱ ♠❡❛-✉$❡♠❡♥7- ✇❡$❡ ❛❧-♦ ♠❛❞❡ ♦♥ ▼❇❇❆✿ ✐♥ ❡❛❝❤ ❝❛-❡✱ ❢♦$

7❤❡ ♥❈❇ ❢❛♠✐❧② ❛- ✇❡❧❧ ❛- ❢♦$ ▼❇❇❆✱ ✐7 ✐- ♣♦--✐❜❧❡ 7♦ ♦❜-❡$✈❡ -7$✐♣❡❞ ✜❧♠- ✉♥7✐❧ 7❤✐❝❦♥❡--❡-

❝♦$$❡-♣♦♥❞✐♥❣ 7♦ 20 − 40 ♥♠✳ ◆♦7 ♦♥❧② 7❤✐- ♠✐♥✐♠✉♠ ✈❛❧✉❡ ✐- -✐♠✐❧❛$ 7♦ 7❤❡ ♦♥❡ ♦❢ 7❤❡ ✉♣♣❡$

❜♦✉♥❞❛$②✱ ξUB ✱ ♦❜-❡$✈❡❞ ❢♦$ ✺❈❇ ♦♥ -✐❧✐❝♦♥ ✇❛❢❡$-✱ ❜✉7 ♦♥ ✇❛7❡$✱ 7❤❡ -7$✐♣❡❞ ❞♦♠❛✐♥- ❝♦❡①✐-7

❞✐$❡❝7❧② ✇✐7❤ 7$✐❧❛②❡$-✳ ❚❤❡ -✐7✉❛7✐♦♥ 7❤❡♥ -❡❡♠- ❝❧♦-❡ 7♦ 7❤❡ ♦♥❡ ♦♥ -♦❧✐❞ -✉❜-7$❛7❡-✱ ❛❧7❤♦✉❣❤

✇✐7❤ 7✇♦ ❞✐✛❡$❡♥❝❡-✳ ❋✐$-7✱ ♦♥ ❧✐S✉✐❞-✱ ξUB ✐- 7❤❡ 7❤✐❝❦♥❡-- ♦❢ 7❤❡ 7❤✐♥♥❡-7 -7$✐♣❡❞ ✜❧♠✱ ❜✉7

7❤✐❝❦❡$ ✜❧♠- ♠❛② ❝♦❡①✐-7✱ ✇❤✐❝❤ -✉❣❣❡-7- ♠❡7❛-7❛❜✐❧✐7②✳ ❙❡❝♦♥❞✱ 7❤❡ ✜❧♠ ✇✐7❤ 7❤✐❝❦♥❡-- ξUB

♦❜-❡$✈❡❞ ♦♥ 7❤❡ -✐❧✐❝♦♥ ✇❛❢❡$- ✐- ♥♦7 -7$✐♣❡❞✳

❚❤❡-❡ ✜$-7 $❡-✉❧7- ✇❡$❡ ❝♦♠♣❧❡7❡❞ ❜② ❝♦♠♣❧❡♠❡♥7❛$② ♠❡❛-✉$❡♠❡♥7- ♦♥ 7❤❡ ♣$❡✈✐♦✉- -②-7❡♠-

❛- ✇❡❧❧ ❛- ♥❡✇ ♠❡❛-✉$❡♠❡♥7- ♦♥ ✼❈❇ ❛♥❞ ✽❈❇ ♦♥ ❣❧②❝❡$♦❧ ❛♥❞ ✺❈❇✱ ✼❈❇ ❛♥❞ ✽❈❇ ♦♥ ✇❛7❡$✳

❚❤❡ ✇❛✈❡❧❡♥❣7❤ ✈✳-✳ 7❤✐❝❦♥❡-- ✭λ(ξ)✮ $❡❧❛7✐♦♥-❤✐♣ ✇❛- 7❤❡♥ ❝♦♠♣❛$❡❞ ❢♦$ 7❤❡ ❞✐✛❡$❡♥7 -✉❜-7$❛7❡-

❛♥❞ ❞✐✛❡$❡♥7 ❝♦♠♣♦✉♥❞- ❛7 ❛ ❣✐✈❡♥ ✐♥7❡$✈❛❧ ✐♥ 7❡♠♣❡$❛7✉$❡ ❢$♦♠ 7❤❡ ♥❡♠❛7✐❝ ✴ ✐-♦7$♦♣✐❝ ✭◆■✮

♣❤❛-❡ 7$❛♥-✐7✐♦♥ ✭-❡❡ ✜❣✉$❡ ✷✳✷✵

✶✾

✮✳

❖♥ ✇❛7❡$✱ ♦♥❧② ♠❡❛-✉$❡♠❡♥7- ❢♦$ 7❤❡ ♥❈❇ -❡$✐❡- ❛$❡ ❛✈❛✐❧❛❜❧❡ ❛- ▼❇❇❆ ✐- ♥♦7 ✐♥ ❛ 7♦7❛❧

✇❡77✐♥❣ ❝♦♥✜❣✉$❛7✐♦♥✳ ❚❤❡ ❜❡❤❛✈✐♦✉$ ♦❜-❡$✈❡❞ ❢♦$ ✺❈❇✱ ✻❈❇✱ ❛♥❞ ✼❈❇ ✐- -✐♠✐❧❛$✿ ❚❤❡ ❧♦✇❡$
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♦❢ !❤❡ λ(ξ) *❡❧❛!✐♦♥#❤✐♣ ❢♦* !❤❡ ❞✐✛❡*❡♥! ❝♦♠♣♦✉♥❞# ♠✉#! !❤❡♥ ❜❡ ❞*❛✇♥ ❛! ❛ ❣✐✈❡♥ !❡♠♣❡*❛!✉*❡ ✐♥!❡*✈❛❧ ❢*♦♠ !❤❡
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❜♦✉♥❞❛&② ♦❢ )❤❡ ,)&✐♣❡❞ ♣❤❛,❡ ♦❝❝✉&, ❢♦& )❤✐❝❦♥❡,,❡, ❝♦&&❡,♣♦♥❞✐♥❣ )♦ 20− 40 ♥♠ ❛♥❞ )❤❡ ✉♣♣❡&
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♦❢ ✽❈❇ ,❤♦✇, ❤♦✇❡✈❡& ❛ ❞✐✛❡&❡♥❝❡ ❛, )❤❡ ,)❡❡♣ ✐♥❝&❡❛,❡✱ ❝❤❛&❛❝)❡&✐,)✐❝ ♦❢ )❤❡ ✉♣♣❡& ❜♦✉♥❞❛&② ♦❢

)❤❡ ,)&✐♣❡❞ ♣❤❛,❡✱ ♦❝❝✉&, ❢♦& ❧❛&❣❡& )❤✐❝❦♥❡,,❡, ❝❧♦,❡ )♦ 0.8 µ♠✳ ✽❈❇ ✐, ✐♥❞❡❡❞ )❤❡ ♦♥❧② ♦❢ )❤❡

❢♦✉& ♥❈❇, ✇❤✐❝❤ ♣&❡,❡♥), ❛ ,♠❡❝)✐❝ ♣❤❛,❡✳ ■), ♥❡♠❛)✐❝ &❛♥❣❡ ♦❢ )❡♠♣❡&❛)✉&❡ ✐, ❛, ✇❡❧❧ &❡❧❛)✐✈❡❧②

♥❛&&♦✇✳ ❇❡✐♥❣ ❢❛& ❢&♦♠ )❤❡ ◆■ )&❛♥,✐)✐♦♥ ✭TNI = 40.5◦❈✮ ♠❡❛♥, ❢♦& ✽❈❇ )♦ ❜❡ ❝❧♦,❡ )♦ )❤❡

,♠❡❝)✐❝ ✴ ♥❡♠❛)✐❝ )&❛♥,✐)✐♦♥ ✭TSmN = 33.5◦❈✮✳ ■♥ )❤❡ ,♠❡❝)✐❝ &❛♥❣❡✱ ✽❈❇ ✜❧♠, ♦♥ ✇❛)❡& ♦&

❣❧②❝❡&♦❧ ❞♦ ♥♦) ,❤♦✇ ,)&✐♣❡,✱ ❜❡❝❛✉,❡ )❤❡ ,♠❡❝)✐❝ ❡❧❛,)✐❝✐)② ❞✐✛❡&, ❢&♦♠ )❤❡ ♥❡♠❛)✐❝ ♦♥❡✿ )✇✐,)

✐, ♥♦) ❛❧❧♦✇❡❞✳ ❋❛& ❢&♦♠ )❤❡ ◆■ )&❛♥,✐)✐♦♥✱ ♣♦,)✲)&❛♥,✐)✐♦♥❛❧ ❡✛❡❝), ♦❢ )❤❡ ,♠❡❝)✐❝ ✴ ♥❡♠❛)✐❝

)&❛♥,✐)✐♦♥ ,)✐❧❧ ♠❛))❡&✳

❖♥ ❣❧②❝❡&♦❧✱ ❢♦& )❤❡ ♥❈❇ ❢❛♠✐❧② )❤❡ ❜❡❤❛✈✐♦✉& ✐, ,✐♠✐❧❛& ❢♦& ✺❈❇✱ ✻❈❇ ❛♥❞ ✼❈❇ ❛, ✇❡❧❧ ❛, ❢♦&

▼❇❇❆ ✭❧♦✇❡& ❜♦✉♥❞❛&② ♦❢ )❤❡ ,)&✐♣❡❞ ♣❤❛,❡ ♦♥❧②✮✳ ❚❤❡ ❝❛,❡ ♦❢ ✽❈❇ ❤❛, ❛❣❛✐♥ )♦ ❜❡ ❝♦♥,✐❞❡&❡❞

❛♣❛&)✳ ❚❤❡ ❞✐✛❡&❡♥❝❡ ✐♥ )❤✐, ❝❛,❡ ✇✐)❤ )❤❡ ♦)❤❡& ♥❈❇ ✐, ♠♦&❡ ✐♠♣♦&)❛♥)✱ ❛, ♥♦ ,)❡❡♣ ✐♥❝&❡❛,❡

❝♦✉❧❞ ❜❡ ♦❜,❡&✈❡❞ ❛) )❤✐, )❡♠♣❡&❛)✉&❡✳ ❚❤❡ λ(ξ) &❡❧❛)✐♦♥,❤✐♣ ❤♦✇❡✈❡& &❡❝♦✈❡&, )❤❡ ,)❡❡♣ ✐♥❝&❡❛,❡

❢♦& ❤✐❣❤❡& )❡♠♣❡&❛)✉&❡,✱ ❢❛& ❡♥♦✉❣❤ ❢&♦♠ )❤❡ ❙♠◆ )&❛♥,✐)✐♦♥✳ ❖♥❝❡ ❛❣❛✐♥✱ )❤❡,❡ )❡♠♣❡&❛)✉&❡,

❛&❡ ✉♥❢♦&)✉♥❛)❡❧② )♦♦ ❝❧♦,❡ )♦ )❤❡ ◆■ )&❛♥,✐)✐♦♥ )♦ ❛❧❧♦✇ ❢♦& ❝♦♠♣❛&✐,♦♥ ✇✐)❤ )❤❡ ♦)❤❡& ♥❈❇,✳

❋✉&)❤❡&♠♦&❡✱ ♦♥❡ ♠✉,) ,)&❡,, )❤❛) ❛❧)❤♦✉❣❤ )❤❡ ❞✐✛✉,✐♦♥ ♦❢ ❣❧②❝❡&♦❧ ✐♥ )❤❡ ♥❡♠❛)✐❝ ✜❧♠, ❞♦❡,

♥♦) ,❡❡♠ )♦ ❛✛❡❝) )❤❡ ,)&✐♣❡❞ ♣❛))❡&♥, ❛, ❧♦♥❣ ❛, ,♣❡❝✐❛❧ ♣&❡❝❛✉)✐♦♥, ❛&❡ )❛❦❡♥ ✭,❡❡ )❤❡ ❢♦❧❧♦✇✐♥❣

♦❢ )❤✐, ❈❤❛♣)❡& ❛♥❞ )❤❡ ❆♣♣❡♥❞✐① ❛❜♦✉) ❣❧②❝❡&♦❧✬, )&✐❝❦,✮✱ )❤❡ &❡,✉❧), ♦❜)❛✐♥❡❞ ♦♥ ❣❧②❝❡&♦❧ ♠✉,)

❜❡ ❝♦♥,✐❞❡&❡❞ ❛, ❧❡,, &♦❜✉,) )❤❛♥ )❤❡ ♦♥❡, ♦❜)❛✐♥❡❞ ♦♥ ✇❛)❡& ❡,♣❡❝✐❛❧❧② ✇❤❡♥ ❣❧②❝❡&♦❧ ✐, ❤❡❛)❡❞

✉♣✳

▼♦"❡ ❝♦♠♣❧❡① ♣❛**❡"♥, ❚❤✐♥ ♥❡♠❛)✐❝ ✜❧♠, ♦& ❞♦♠❛✐♥, ,❤♦✇ ✐♥ ❢❛❝) ♦)❤❡& ,)&✉❝)✉&❡, )❤❛♥

♣❛&❛❧❧❡❧ ,)&✐♣❡,✳ ❚❤❡ ♦)❤❡& ❦✐♥❞ ♦❢ ♣❛))❡&♥, ❛&❡ ♦❜,❡&✈❡❞ ✉,✉❛❧❧② ♦♥ ❡①)❡♥❞❡❞ ✜❧♠, ✭❣❧②❝❡&♦❧✮✳

❖♥ ❝❛♥ ❞❡✜♥❡ )✇♦ ❝❛)❡❣♦&✐❡,✿ ♣❛))❡&♥, ♠❛❞❡ ♦❢ ❛ ❧✐♥❡❛& ,✉♣❡&♣♦,✐)✐♦♥ ♦❢ ,)&✐♣❡, ✭,O✉❛&❡,✮ ❛♥❞

♣❛))❡&♥, ❞✉❡ )♦ ♥♦♥✲❧✐♥❡❛& )❡&♠, ✐♥ )❤❡ ❞❡✈❡❧♦♣♠❡♥) ♦❢ )❤❡ ❢&❡❡ ❡♥❡&❣② ✭✏❝❤❡✈&♦♥,✑✱ ✳✳✳✮✳

❙O✉❛&❡ ♣❛))❡&♥, ♦❝❝✉& ♦♥ ✢❛) ③♦♥❡,✳ ❚❤❡✐& ❛♣♣❡❛&❛♥❝❡ ✐♥❞❡❡❞ &❡O✉✐&❡, ❛ ❞❡❣❡♥❡&❡,❝❡♥❝❡ ♦❢

)❤❡ ♣❧❛♥❛& ❛♥❝❤♦&✐♥❣✱ ✇❤✐❝❤ ✐, ♥♦) )❤❡ ❝❛,❡ ✐♥ ③♦♥❡, ,❤♦✇✐♥❣ ❣&❛❞✐❡♥), ♦❢ )❤✐❝❦♥❡,,❡,✳ ❙O✉❛&❡,

❛&❡ ❛♥ ♦&)❤♦❣♦♥❛❧ ,✉♣❡&♣♦,✐)✐♦♥ ♦❢ ,)&✐♣❡, ✇❤✐❝❤ ✇❛✈❡❧❡♥❣)❤ ✐, )❤❡ ,❛♠❡ )❤❛♥ )❤❡ ♦♥❡ ♦❢ )❤❡

,)&✐♣❡, ❢♦& ❛ ❣✐✈❡♥ )❤✐❝❦♥❡,, ✭,❡❡ ✜❣✉&❡ ✷✳✷✶✮✳

❊①❛♠♣❧❡, ♦❢ ♠♦&❡ ❝♦♠♣❧❡① ♣❛))❡&♥, ❛&❡ ♣&❡,❡♥)❡❞ ♦♥ ✜❣✉&❡ ✷✳✷✷✳ ▲❡) ✉, ❥✉,) ♠❡♥)✐♦♥ )❤❛) )❤❡②

♠❛✐♥❧② ♦❝❝✉& ♦♥ )❤✐♥ ③♦♥❡, ♦❢ )❤❡ ✜❧♠, ❛♥❞ )❤❛) )❤❡✐& ,)&✉❝)✉&❡ &❡♠✐♥❞, ♦❢ )❤❡ ♦♥❡, ♦❜,❡&✈❡❞ ✐♥

❲✐❧❧✐❛♠, ✐♥,)❛❜✐❧✐)② ❛❧)❤♦✉❣❤ )❤❡ ,❝❛❧❡ ✐, ♦♥❝❡ ❛❣❛✐♥ ❞✐✛❡&❡♥)✿ )❤❡ ✇❛✈❡❧❡♥❣)❤ ♦❢ )❤❡ ✏❡♥)❛♥❣❧❡❞✑

,)&✐♣❡, ✐, ♦❢ )❤❡ ,❛♠❡ ♦&❞❡& ♦❢ ♠❛❣♥✐)✉❞❡ )❤❛♥ )❤❡ ♦♥❡ ♦❢ ✉,✉❛❧ ,)&✐♣❡,✱ ❛&♦✉♥❞ ♦♥❡ ❤✉♥❞&❡❞ )✐♠❡,

)❤❡ )❤✐❝❦♥❡,,✳
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❋✐❣✉$❡ ✷✳✷✶✿ ❚♦♣ ♣❛$.✿ ♣✐❝.✉$❡0 ♦❢ 02✉❛$❡ ♣❛..❡$♥0 .❛❦❡♥ ✇✐.❤ ❛♥ ♦♣.✐❝❛❧ ♠✐❝$♦0❝♦♣❡✳ ❖♥ .❤❡

❧❡❢.✱ ❛✴✱ ✽❈❇ ♦♥ ❣❧②❝❡$♦❧ ❛♥❞ ♦♥ .❤❡ $✐❣❤.✱ .❤✐❝❦♥❡00 0.23 µ♠ ❀ ❜✴✱ ✻❈❇ ♦♥ ❣❧②❝❡$♦❧✱ .❤✐❝❦♥❡00

0.19 µ♠✳ ❇♦..♦♠ ♣❛$.✱ ❝♦♠♣❛$✐0♦♥ ❜❡.✇❡❡♥ .❤❡ ✇❛✈❡❧❡♥❣.❤ ♦❢ 0.$✐♣❡0 ❛♥❞ 02✉❛$❡0 ❢♦$ .❤❡ 0❛♠❡

.❤✐❝❦♥❡00 ♦❢ .❤❡ ♥❡♠❛.✐❝ ✜❧♠✳ ❚❤❡ ❝♦♠♣❛$✐0♦♥ ✇✐.❤ .❤❡ ✜$0. ❜✐0❡❝.♦$ 0❤♦✇0 .❤❛. .❤❡$❡ ✐0 ❛

❝♦$$❡0♣♦♥❞❡♥❝❡✳



200 µm

50 µm 50 µm

50 µm

a/ b/

c/ d/

❋✐❣✉$❡ ✷✳✷✷✿ ❊①❛♠♣❧❡/ ♦❢ ♠♦$❡ ❝♦♠♣❧❡① ♣❛33❡$♥/ ♦♥ ❣❧②❝❡$♦❧✳ ❛✴ ✻❈❇ ❀ ❜✴✱ ❝✴✱ ❞✴ ✽❈❇✳

✷✳✷✳✺ ❋$♦♠ ♥❡♠❛*✐❝ ♣❤❛/❡ *♦ ❧✐1✉✐❞ ♣❤❛/❡✱ ❛ ♣❤❛/❡ *$❛♥/✐*✐♦♥ ❛♥❞ ❛

✇❡**✐♥❣ *$❛♥/✐*✐♦♥ ✲ ✻❈❇ ♦♥ ✇❛*❡$ /✉❜/*$❛*❡ ✲

❚❤❡ ♥❡♠❛3✐❝ ✴ ✐/♦3$♦♣✐❝ 3$❛♥/✐3✐♦♥ ✐♥ ❜✉❧❦ ✐/ ❛ ✇❡❛❦ ✜$/3 ♦$❞❡$ 3$❛♥/✐3✐♦♥✳ ❈❤❛♥❣✐♥❣ 3❤❡ /❝❛❧❡✱

3❤✐/ 3$❛♥/✐3✐♦♥ ❤❛/ ❜❡❡♥ /3✉❞✐❡❞ ✐♥ 3❤❡ ❝❛/❡ ♦❢ 3❤✐♥ ✜❧♠/ ❛♥❞ ❞$♦♣❧❡3/ ♦❢ ❧✐D✉✐❞ ❝$②/3❛❧/ ❞❡♣♦/✐3❡❞

♦♥ ❛ /♦❧✐❞ /✉❜/3$❛3❡ ❬✽✺❪✱ ❬✽✷❪✳ ❖♥ 3❤❡ ♥❡♠❛3✐❝ /✐❞❡✱ ❛ ♣❤❛/❡ ❞✐❛❣$❛♠ $❡♣$❡/❡♥3✐♥❣ 3❤❡ ❢♦$❜✐❞❞❡♥

3❤✐❝❦♥❡// ③♦♥❡ ✐♥ ❢✉♥❝3✐♦♥ ♦❢ 3❤❡ 3❡♠♣❡$❛3✉$❡ ✇❛/ ❜✉✐❧3✳ ❚❤❡ ❝♦$$❡/♣♦♥❞✐♥❣ ❡①♣❡$✐♠❡♥3/ ❛$❡

❞❡/❝$✐❜❡❞ ✐♥ ❞❡3❛✐❧/ ✐♥ 3❤❡ 3✇♦ ❛❢♦$❡♠❡♥3✐♦♥❡❞ $❡❢❡$❡♥❝❡/✳ ❘❡❣❛$❞✐♥❣ 3❤✐♥ ✜❧♠/✱ ✺❈❇ ✐♥ /♦❧✉3✐♦♥

✇✐3❤ ❛ ✈♦❧❛3✐❧❡ /♦❧✈❡♥3 ✐/ ❞❡♣♦/✐3❡❞ ❛♥❞ /♣✐♥✲❝♦❛3❡❞ ♦♥ ❛ /✐❧✐❝♦♥ ✇❛❢❡$✳ ❚❤❡ $❡/✉❧3✐♥❣ 3❤✐♥ ♥❡♠❛3✐❝

✜❧♠ ♣$❡/❡♥3/ 3✇♦ 3❤✐❝❦♥❡//❡/ ❛/ ❞❡/❝$✐❜❡❞ ❛❜♦✈❡✿ ξLB ❛♥❞ ξUB ✳ ❚❤❡/❡ ❝❤❛$❛❝3❡$✐/3✐❝ 3❤✐❝❦♥❡//❡/

✐♥❝$❡❛/❡ ✇❤❡♥ 3❤❡ 3❡♠♣❡$❛3✉$❡ ♦❢ 3❤❡ /❛♠♣❧❡ ✐/ /❡3 ❝❧♦/❡$ 3♦ 3❤❡ ♥❡♠❛3✐❝ ✴ ✐/♦3$♦♣✐❝ ♣❤❛/❡

3$❛♥/✐3✐♦♥ ❛♥❞ ✜♥❛❧❧② ♠❡$❣❡ ❛3 3❤❡ 3❡♠♣❡$❛3✉$❡ ❝♦$$❡/♣♦♥❞✐♥❣ 3♦ 3❤❡ 3$❛♥/✐3✐♦♥✳

❚❤❡ ♠❡❛/✉$❡♠❡♥3/ ♦❢ 3❤❡ ❝❤❛$❛❝3❡$✐/3✐❝ 3❤✐❝❦♥❡//❡/✱ ξLB ❛♥❞ ξUB ✱ ✇❡$❡ ❞♦♥❡ ✉/✐♥❣ 3✇♦ ♠❡3❤✲

♦❞/✿ ◆❡✇3♦♥✬/ ❝♦❧♦$/ ❛♥❞ ❳✲$❛② $❡✢❡❝3✐✈✐3②✳ ❚❤❡ $❡/✉❧3✐♥❣ ♣❤❛/❡ ❞✐❛❣$❛♠ ✐/ ♣$❡/❡♥3❡❞ ♦♥ ✜❣✉$❡

✷✳✷✸✳ ❆❧♦♥❣ ✇✐3❤ 3❤❡ ♥❡♠❛3✐❝ ✐/♦3$♦♣✐❝ 3$❛♥/✐3✐♦♥ ♦❝❝✉$/ ❛ ✇❡33✐♥❣ 3$❛♥/✐3✐♦♥✿ ✇❤✐❧❡ ♥❡♠❛3✐❝
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Thickness (nm)

Bulk T
NI

❋✐❣✉$❡ ✷✳✷✸✿ ❋✐❣✉$❡ *❛❦❡♥ ❢$♦♠ ❉✳ ❱❛♥ ❊✛❡♥*❡$$❡✬6 7❤❉ *❤❡6✐6 ❬✽✷❪✿ 7❤❛6❡ ❞✐❛❣$❛♠ ❢♦$ ✺❈❇ ♦♥

6✐❧✐❝♦♥ ✇❛❢❡$✳ ❚❤❡ *❤✐❝❦♥❡66 ξLB ✐6 $❡♣$❡6❡♥*❡❞ ❜② *$✐❛♥❣❧❡6 ❛♥❞ *❤❡ *❤✐❝❦♥❡66 ξUB ❜② 6G✉❛$❡6✳

◆ 6*❛♥❞6 ❢♦$ ♥❡♠❛*✐❝ ♣❤❛6❡ ❛♥❞ ■ ❢♦$ ❧✐G✉✐❞ ✐6♦*$♦♣✐❝ ♣❤❛6❡✳

✺❈❇ ✐6 ✐♥ ❛ *♦*❛❧ ✇❡**✐♥❣ ❝♦♥✜❣✉$❛*✐♦♥✱ ✐6♦*$♦♣✐❝ ✺❈❇ ✐6 ✐♥ ♣❛$*✐❛❧ ✇❡**✐♥❣ ❝♦♥✜❣✉$❛*✐♦♥✳ ■♥

✐6♦*$♦♣✐❝ ♣❤❛6❡✱ *❤❡ ❡✈♦❧✉*✐♦♥ ♦❢ *❤❡ ❝♦♥*❛❝* ❛♥❣❧❡ ✇✐*❤ *❤❡ *❡♠♣❡$❛*✉$❡ ✇❛6 *❤❡♥ ♠❡❛6✉$❡❞✳

❋$♦♠ *❤❡6❡ ♠❡❛6✉$❡♠❡♥*6✱ *❤❡ 6♣$❡❛❞✐♥❣ ♣❛$❛♠❡*❡$

✷✵

✱ Sspreading = γ(cosθC − 1)✱ ✇❛6 ❢♦✉♥❞ *♦

❜❡ ♣$♦♣♦$*✐♦♥❛❧ *♦ *❤❡ 6G✉❛$❡ $♦♦* ♦❢ *❤❡ $❡6❝❛❧❡❞ *❡♠♣❡$❛*✉$❡✱ Sspreading ∝ (T − TNI)
1

2
✭6❡❡

✜❣✉$❡ ✷✳✷✹✮✳ ❚❤✐6 6✉❣❣❡6*6 *❤❛* ❛♥ ❡①♣❧❛♥❛*✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ *❤❡ ❢$❛♠❡✇♦$❦ ♦❢ *❤❡ ▲❛♥❞❛✉ ✲

❞❡ ●❡♥♥❡6 *❤❡♦$② ❬✽✹❪✳

■♥ *❤✐6 6❡❝*✐♦♥✱ *❤❡ ♥❡♠❛*✐❝ ✴ ✐6♦*$♦♣✐❝ *$❛♥6✐*✐♦♥ ✐6 6*✉❞✐❡❞ ❢♦$ *❤✐♥ ✜❧♠6 ❞❡♣♦6✐*❡❞ ♦♥ ❛ ❧✐G✉✐❞

6✉❜6*$❛*❡✱ ✐✳❡✳ ✇❛*❡$✳ ❚❤❡ ❝❛6❡ ♦❢ ❣❧②❝❡$♦❧✱ 6❤♦✇✐♥❣ G✉❛❧✐*❛*✐✈❡❧② *❤❡ 6❛♠❡ $❡6✉❧*6 ✐6 ♣$❡6❡♥*❡❞

✐♥ ❛ ❞✐✛❡$❡♥* 6❡❝*✐♦♥ ✭✷✳✷✳✺✳✸✮ ❜❡❝❛✉6❡ *❤❡ $❡❧❡✈❛♥❝❡ ♦❢ *❤❡ ❡①♣❡$✐♠❡♥*6 ✐6 ♥♦* ❡♥6✉$❡❞ ✭❣❧②❝❡$♦❧

♠♦❧❡❝✉❧❡6 ❝❛♥ ❞✐✛✉6❡ ✐♥ ♥❡♠❛*✐❝ ❧✐G✉✐❞ ❝$②6*❛❧ ❧❛②❡$6 ❛♥❞ *❤✐6 ❞✐✛✉6✐♦♥ ✐6 ❡♥❤❛♥❝❡❞ ✇❤❡♥ *❤❡

*❡♠♣❡$❛*✉$❡ ✐6 ✐♥❝$❡❛6❡❞✮✳ ❚❤❡ ❡①♣❡$✐♠❡♥*6 ✇❡$❡ ❝♦♥❞✉❝*❡❞ ✇✐*❤ ✻❈❇ ❛♥❞ ✽❈❇ ✇❤✐❝❤ ✇❡* ❡❛6✐❧②

✇❛*❡$ ❡✈❡♥ ✐❢ *❤❡② ❛$❡ ♥♦* ❡①*$❛✲♣✉$❡ ❛♥❞ ❛$❡ ❦♥♦✇♥ ❢♦$ *❤❡✐$ 6*❛❜✐❧✐*② ✐♥ *❡♠♣❡$❛*✉$❡ ✭6❡❡ ❬✷✹❪✮✳

✻❈❇ ❤❛6 *❤❡ ❛❞✈❛♥*❛❣❡ ♦❢ ♣♦66❡66✐♥❣ ♥♦ 6♠❡❝*✐❝ ♣❤❛6❡✿ ✉♥❧✐❦❡ ✽❈❇✱ *❤❡$❡ ❛$❡ ♥♦ ♣♦6*✲*$❛♥6✐*✐♦♥❛❧

❡✛❡❝*6 ❞✉❡ *♦ *❤❡ 6♠❡❝*✐❝ ✴ ♥❡♠❛*✐❝ ♣❤❛6❡ *$❛♥6✐*✐♦♥ ✇❤✐❧❡ *❤❡ 6❛♠♣❧❡6 ❛$❡ ✐♥ *❤❡ ♥❡♠❛*✐❝ $❛♥❣❡

♦❢ *❡♠♣❡$❛*✉$❡✳ ❖♥ *❤❡ ♥❡♠❛*✐❝ 6✐❞❡ ♦❢ *❤❡ ♣❤❛6❡ *$❛♥6✐*✐♦♥✱ ♠♦❞✐✜❝❛*✐♦♥6 ✐♥ *❤❡ 6❤❛♣❡ ❛♥❞

6*$✐♣❡ ♣❛**❡$♥6 ♦❢ ♥❡♠❛*✐❝ ♣❛♥❝❛❦❡6 ❛$❡ ✐♥✈❡6*✐❣❛*❡❞ ❛6 ✇❡❧❧ ❛6 *❤❡ *❤✐❝❦❡♥✐♥❣ ♦❢ ♠♦❧❡❝✉❧❛$ ❧❛②❡$6✳

❚❤❡ ♥❡♠❛*✐❝ ✴ ✐6♦*$♦♣✐❝ *$❛♥6✐*✐♦♥ ✐6 ♦♥❝❡ ❛❣❛✐♥ ❛❝❝♦♠♣❛♥✐❡❞ ❜② ❛ ✇❡**✐♥❣ *$❛♥6✐*✐♦♥✿ ✐6♦*$♦♣✐❝

❧✐G✉✐❞ ❝$②6*❛❧6 ❞❡✇❡* ❛♥❞ ❝♦♥*❛❝* ❛♥❣❧❡6 ♦❢ *❤❡ ✐6♦*$♦♣✐❝ ❞$♦♣❧❡*6 ❛$❡ ♠❡❛6✉$❡❞✳ ❚❤❡6❡ $❡6✉❧*6

❛$❡ ❝♦♠♣❛$❡❞ *♦ *❤❡ ♦♥❡6 ♣$❡✈✐♦✉6❧② ♦❜*❛✐♥❡❞ ♦♥ 6✐❧✐❝♦♥ ✇❛❢❡$6✳

✷✵

❚♦ ❛✈♦✐❞ ❛♠❜✐❣✉✐*② ✇✐*❤ *❤❡ ♦/❞❡/ ♣❛/❛♠❡*❡/ ♦❢ *❤❡ ♣❤❛2❡ */❛♥2✐*✐♦♥✱ *❤❡ 2♣/❡❛❞✐♥❣ ♣❛/❛♠❡*❡/ ✐2 /❡❢❡//❡❞ *♦

❛2 Sspreading



Temperature (°C)

NI

❋✐❣✉$❡ ✷✳✷✹✿ ❋✐❣✉$❡ *❛❦❡♥ ❢$♦♠ ❋✳ ❱❛♥❞❡♥❜$♦✉❝❦✬6 7❤❉ *❤❡6✐6 ❬✽✺❪✿ ❋$♦♠ *❤❡ ♠❡❛6✉$❡♠❡♥*6

♦❢ ❝♦♥*❛❝* ❛♥❣❧❡6 ♦❢ ✐6♦*$♦♣✐❝ 5CB ❞$♦♣❧❡*6 ♦♥ 6✐❧✐❝♦♥ ✇❛❢❡$✱ *❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ *❤❡ 6♣$❡❛❞✐♥❣

♣❛$❛♠❡*❡$ ✇❛6 ❢♦✉♥❞ *♦ ❜❡ ♣$♦♣♦$*✐♦♥❛❧ *♦ *❤❡ 6B✉❛$❡ $♦♦* ♦❢ *❤❡ $❡6❝❛❧❡❞ *❡♠♣❡$❛*✉$❡✱ ✐✳❡✳

S ∝ (T − TNI)
1

2
✳

✷✳✷✳✺✳✶ ❖♥ &❤❡ ♥❡♠❛&✐❝ -✐❞❡✿ ♣1❡✲&1❛♥-✐&✐♦♥❛❧ ❡✛❡❝&-

❖♥ #❤❡ ♥❡♠❛#✐❝ *✐❞❡✱ ❝❧♦*❡ #♦ #❤❡ ♥❡♠❛#✐❝ ✴ ✐*♦#0♦♣✐❝ ✭◆■✮ ♣❤❛*❡ #0❛♥*✐#✐♦♥✱ #❤❡ ❝❤❛0❛❝#❡0✐*#✐❝*

♦❢ #❤❡ #❤✐♥ ♥❡♠❛#✐❝ ✜❧♠* ❛0❡ ♠♦❞✐✜❡❞ ❜② ♣0❡✲#0❛♥*✐#✐♦♥❛❧ ❡✛❡❝#*✳ ▼♦❞✐✜❝❛#✐♦♥* ♦❝❝✉0 ♦♥✿

• ❚❤❡ *#0✐♣❡❞ ❞♦♠❛✐♥* ✭#❤✐❝❦♥❡** ❛❜♦✈❡ ξUB✮✳ ❚❤❡ 0❡❧❛#✐♦♥*❤✐♣ ❜❡#✇❡❡♥ #❤❡ #❤✐❝❦♥❡** ♦❢ #❤❡

❞♦♠❛✐♥* ❛♥❞ #❤❡ ✇❛✈❡❧❡♥❣#❤ ♦❢ #❤❡ *#0✐♣❡* ✐* ♠♦❞✐✜❡❞✳ ■# ❛❧*♦ ♠♦0❡ ❞✐✣❝✉❧# #♦ ♦❜#❛✐♥ #❤✐❝❦

*#0✐♣❡❞ ❞♦♠❛✐♥* ✇❤❡♥ #❤❡ ✈♦❧✉♠❡ ♦❢ ❞❡♣♦*✐#❡❞ ❧✐E✉✐❞ ❝0②*#❛❧ ✐* ✐♥❝0❡❛*❡❞✳

• ❚❤❡ ♠♦❧❡❝✉❧❛0 ✜❧♠*✳ ❚❤❡ ♥❛#✉0❡ ♦❢ #❤❡ ✜❧♠* *❤♦✇✐♥❣ ♥♦ *#0✐♣❡ ♣❛##❡0♥* ✭#❤✐❝❦♥❡** ❜❡❧♦✇

ξLB✮ ✐* ♠♦❞✐✜❡❞✿ ❢❛0 ❢0♦♠ #❤❡ ◆■ #0❛♥*✐#✐♦♥✱ #❤❡② ✇❡0❡ ♠♦❧❡❝✉❧❛0 ✜❧♠*✱ ✐✳❡✳ ♠♦♥♦❧❛②❡0 ❛♥❞

#0✐❧❛②❡0 ❀ ❝❧♦*❡ #♦ #❤❡ ◆■ #0❛♥*✐#✐♦♥ #❤❡✐0 #❤✐❝❦♥❡** ✐♥❝0❡❛*❡*✳

❋♦0 *#0✐♣❡❞ ❞♦♠❛✐♥*✱ ❜♦#❤ #❤❡✐0 ✐♥#❡0♥❛❧ *#0✉❝#✉0❡ ✭*#0✐♣❡*✮ ❛♥❞ 0✐♠ ❤❛✈❡ ❜❡❡♥ *#✉❞✐❡❞✳ ❚❤❡

*#0✐♣❡ ♣❛##❡0♥* ✐♥❞❡❡❞ *❤♦✇ ❛♥ ❡✈♦❧✉#✐♦♥ ❝❧♦*❡ #♦ #❤❡ ◆■ ♣❤❛*❡ #0❛♥*✐#✐♦♥✳ ❚❤❡ 0❡❧❛#✐♦♥*❤✐♣

❜❡#✇❡❡♥ #❤❡ ✇❛✈❡❧❡♥❣#❤ ❛♥❞ #❤❡ #❤✐❝❦♥❡** ✐* ♠♦❞✐✜❡❞ ❛* ❢♦❧❧♦✇*✿ ❋♦0 ❛ ❣✐✈❡♥ #❤✐❝❦♥❡**✱ #❤❡

✇❛✈❡❧❡♥❣#❤ ♦❢ #❤❡ ❝♦00❡*♣♦♥❞✐♥❣ *#0✐♣❡* ✐* ❣0❡❛#❡0 ❝❧♦*❡ #♦ #❤❡ ◆■ #0❛♥*✐#✐♦♥ #❤❛♥ ✐# ✇❛* ✐♥ #❤❡

♥❡♠❛#✐❝ 0❛♥❣❡ ✭*❡❡ ✜❣✉0❡ ✷✳✷✺✮

✷✶

✳ ❚❤✐* ♠♦❞✐✜❝❛#✐♦♥ ❝❛♥ ❜❡ 0❡❧❛#❡❞ #♦ ❛ ❦♥♦✇♥ ♣❤❡♥♦♠❡♥♦♥✿

❝❧♦*❡ #♦ #❤❡ ◆■ #0❛♥*✐#✐♦♥✱ #❤❡ ❡①#0❛♣♦❧❛#✐♦♥ ❧❡♥❣#❤ ♦❢ ❛♥ ✐♥#❡0❢❛❝❡✱ Li =
K
Wi

✱ ❞✐✈❡0❣❡*✳ ■♥ #❤❡ ❝❛*❡
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✷✶

❚❤❡ ❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ +❡❧❛'✐♦♥-❤✐♣ ❜❡'✇❡❡♥ '❤❡ ✇❛✈❡❧❡♥❣'❤ ♦❢ '❤❡ -'+✐♣❡- ❛♥❞ '❤❡ '❤✐❝❦♥❡-- ♦❢ '❤❡ ✜❧♠- ♦♥

❣❧②❝❡+♦❧ -✉❜-'+❛'❡- -❤♦✇- '❤❡ -❛♠❡ '❡♥❞❡♥❝②✳ ❋♦+ ❢✉+'❤❡+ ❞❡'❛✐❧-✱ -❡❡ '❤❡ ❢♦❧❧♦✇✐♥❣ ♦❢ '❤✐- ❈❤❛♣'❡+
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.♦ .❤❡ ♥❡♠❛.✐❝✲✐9♦.$♦♣✐❝ .$❛♥9✐.✐♦♥✳



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

✐♥ ♦✉' ❝❛/❡ ✐/ ♥♦ ❡❛/②  ♦ ❞❡ ❡'♠✐♥❡✳ ▼♦'❡♦✈❡'✱ ♥♦ ♠❡❛/✉'❡♠❡♥ / ♦❢  ❤❡ ❛♥❝❤♦'✐♥❣ ❡♥❡'❣✐❡/ ❢♦'  ❤❡

✐♥ ❡'❢❛❝❡ ♥❈❇ ✴ ✇❛ ❡' ❛♥❞ ♥❈❇ ✴ ❛✐' ✈❡'/✉/  ❡♠♣❡'❛ ✉'❡ ❛'❡ ❛✈❛✐❧❛❜❧❡ ✐♥  ❤❡ ❧✐ ❡'❛ ✉'❡ ❛❧ ❤♦✉❣❤

✐ ✐/ ❧✐❦❡❧②  ❤❛  ❤❡ ❛♥❝❤♦'✐♥❣ ❡♥❡'❣✐❡/ /❤♦✉❧❞ ❞❡❝'❡❛/❡ ✇❤❡♥ ❣❡  ✐♥❣ ❝❧♦/❡  ♦  ❤❡ ◆■  '❛♥/✐ ✐♦♥

 ❡♠♣❡'❛ ✉'❡✳ ❚❤❡♦'✐❡/ ✐♥❞❡❡❞ ♣'❡❞✐❝  ❤❡ ❞❡❝'❡❛/❡ ♦❢  ❤❡ ❛♥❝❤♦'✐♥❣ ❡♥❡'❣✐❡/ ✈❡'/✉/  ❡♠♣❡'❛ ✉'❡

❛♥❞ ✐ ✇❛/ ✈❡'✐✜❡❞ ✐♥  ❤❡ ❝❛/❡ ♦❢ /♦❧✐❞ /✉❜/ '❛ ❡/ ❬✷✺❪✳ ❋✉' ❤❡'♠♦'❡✱  ❤❡ ✈❛'✐❛ ✐♦♥ ✐♥  ❡♠♣❡'❛ ✉'❡

♦❢ /✉'❢❛❝❡✲❧✐❦❡ ❡❧❛/ ✐❝ ❝♦♥/ ❛♥ / ✐/ ❛❧/♦ ♣♦♦'❧② ❦♥♦✇♥✳ ❆  ❡♠♣ / ♦❢ ❝♦♠♣❛'✐/♦♥ ♦❢ ♦✉' ❞❛ ❛ ✇✐ ❤

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

❝♦♥✈✐♥❝✐♥❣ '❡/✉❧ / ✭/❡❡ ✜❣✉'❡ ✷✳✻ ❢♦' ❞❡ ❛✐❧/ ♦❢  ❤❡ ✈❛'✐❛ ✐♦♥ ♦❢  ❤❡ ❡❧❛/ ✐❝ ❝♦♥/ ❛♥ / ♦❢  ❤❡ ❧✐J✉✐❞

❝'②/ ❛❧/  ❤❛ ✇❡ ✉/❡❞✮✳

❆♥♦ ❤❡' J✉❡/ ✐♦♥ ❛❜♦✉ / '✐♣❡❞ ❞♦♠❛✐♥/ ❛'✐/❡/ ✇❤❡♥  ❤❡  ❡♠♣❡'❛ ✉'❡ ✐/ ✐♥❝'❡❛/❡❞ ❝❧♦/❡  ♦

 ❤❡ ◆■  '❛♥/✐ ✐♦♥ ❛/ ✐ ❜❡❝♦♠❡/ ♠♦'❡ ❞✐✣❝✉❧  ♦ ♦❜ ❛✐♥ /❛♠♣❧❡/  ❤❛ ✇❡  ❤❡ /✉❜/ '❛ ❡✳ ❲❤❡♥

❛ /❛♠♣❧❡ ✐/ ♣'❡♣❛'❡❞✱ ❛ ❦♥♦✇♥ J✉❛♥ ✐ ② ♦❢ ❧✐J✉✐❞ ❝'②/ ❛❧ ✐♥ /♦❧✉ ✐♦♥ ✇✐ ❤ ❤❡①❛♥❡ ✐/ ❞❡♣♦/✐ ❡❞ ♦♥

 ❤❡ ❧✐J✉✐❞ /✉❜/ '❛ ❡✳ ❈♦♥ '♦❧❧✐♥❣  ❤❡ J✉❛♥ ✐ ② ❞❡♣♦/✐ ❡❞ ❛❧❧♦✇/ ❢♦'  ❤❡ ❝♦♥ '♦❧ ♦❢  ❤❡  ❤✐❝❦♥❡//

♦❢  ❤❡ ❧✐J✉✐❞ ❝'②/ ❛❧ ✜❧♠✳ ❯/✐♥❣  ❤✐/ ♠❡ ❤♦❞  ♦ ❝'❡❛ ❡ ♥❡♠❛ ✐❝ ✜❧♠/ ❛ ❛  ❡♠♣❡'❛ ✉'❡ ❝❧♦/❡  ♦

 ❤❡ ◆■  '❛♥/✐ ✐♦♥ ♦❢ ❡♥ ❧❡❛❞/  ♦ ❞❡✇❡  ✐♥❣ ♦❢  ❤❡ ✜❧♠ ❢♦' ❧❛'❣❡ J✉❛♥ ✐ ✐❡/ ♦❢ ❞❡♣♦/✐ ❡❞ ❧✐J✉✐❞

❝'②/ ❛❧/✳ ■ ✐/  ❤❡♥ ❡❛/②  ♦ ♦❜ ❛✐♥  ❤✐♥ / '✐♣❡❞ ❞♦♠❛✐♥/ ❝❧♦/❡  ♦  ❤❡ ◆■  '❛♥/✐ ✐♦♥ ✇❤❡'❡❛/ ✐ ✐/

✈❡'② ❞✐✣❝✉❧  ♦ ♦❜ ❛✐♥ / '✐♣❡❞ ❞♦♠❛✐♥/  ❤✐❝❦❡'  ❤❛♥ 0.25 µm✳ ❚❤❡ /❛♠❡ ♣❤❡♥♦♠❡♥♦♥ ✐/ ♦❜/❡'✈❡❞

✇❤❡♥ /❛♠♣❧❡/ ❛'❡ ❞❡♣♦/✐ ❡❞ ✇❡❧❧✲❜❡❧♦✇  ❤❡ ◆■  '❛♥/✐ ✐♦♥  ❡♠♣❡'❛ ✉'❡ ❛♥❞  ❤❡♥ ❤❡❛ ❡❞ ✉♣ ❝❧♦/❡

 ♦  ❤❡ ◆■  '❛♥/✐ ✐♦♥  ❡♠♣❡'❛ ✉'❡✳ ❚❤❡ ✐♥❝'❡❛/✐♥❣ ❧❛❝❦ ♦❢ / ❛❜✐❧✐ ② ♦❢  ❤✐❝❦ / '✐♣❡❞ ❞♦♠❛✐♥/ / ✐❧❧

♥❡❡❞/  ♦ ❜❡ ✉♥❞❡'/ ♦♦❞✳ ❖♥❝❡ ❛❣❛✐♥✱  ❤❡ ♣❡' ✐♥❡♥❝❡ ♦❢ ❛♥②  ❤❡♦'❡ ✐❝❛❧ ❞❡/❝'✐♣ ✐♦♥ ♦❢ / '✐♣❡❞

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

❛❝❝✉♠✉❧❛ ✐♥❣ ❡①♣❡'✐♠❡♥ / ✇❛/  ❤❡♥ ❡✈❡♥ ♠♦'❡ ❝'✉❝✐❛❧✳

❆/  ❤❡ / '✐♣❡ ♣❛  ❡'♥/ ❛'❡ / '♦♥❣❧② ❛✛❡❝ ❡❞ ✇❤❡♥ ❛♣♣'♦❛❝❤✐♥❣  ❤❡ ◆■  '❛♥/✐ ✐♦♥✱  ❤❡ J✉❡/ ✐♦♥

♦❢ ❛♥ ❡✈♦❧✉ ✐♦♥ ♦❢  ❤❡✐' ♣❧❛♥❛' '✐♠ ✇✐ ❤  ❡♠♣❡'❛ ✉'❡ ❝❛♥ ❜❡ ❛/❦❡❞✳ ❖❜/❡'✈❛ ✐♦♥/ ✉♥❞❡' ♣♦❧❛'✐③❡❞

♦♣ ✐❝❛❧ ♠✐❝'♦/❝♦♣❡ ✜'/ ❛❧❧♦✇ ♦♥❡  ♦  ♦ ❝❤❡❝❦  ❤❛ ❝♦♠✐♥❣ ❝❧♦/❡  ♦  ❤❡ ◆■  '❛♥/✐ ✐♦♥✱  ❤❡ '✐♠/

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

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

✷✳✷✻✳ ❆❧ ❤♦✉❣❤  ❤❡ ❞❛ ❛ ❛'❡ /❝❛  ❡'❡❞✱  ❤❡ '❛ ✐♦ ❜❡ ✇❡❡♥  ❤❡ '✐♠✬/ ✇✐❞ ❤ ❛♥❞  ❤❡ ✇❛✈❡❧❡♥❣ ❤ ✐/

✐♥❞❡♣❡♥❞❡♥ ♦❢  ❤❡  ❡♠♣❡'❛ ✉'❡✳

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

❝♦♥/✐❞❡'❡❞✳ ❆♣♣'♦❛❝❤✐♥❣  ❤❡ ◆■ ♣❤❛/❡  '❛♥/✐ ✐♦♥✱  ❤❡  ❤✐❝❦♥❡// ξLB ✐♥❝'❡❛/❡/ ❧✐❦❡ ♦♥ /✐❧✐❝♦♥

✇❛❢❡'/ ✭/❡❡ ✜❣✉'❡ ✷✳✷✸✮✳ ❚❤✐❝❦♥❡//✬ ♠❡❛/✉'❡♠❡♥ / ✇❡'❡ ♣❡'❢♦'♠❡❞  ♦❣❡ ❤❡' ✇✐ ❤ ❨✳❨✳ ❈❤❡✉♥❣

❙❛♥❣ ✭❢♦' ❢✉' ❤❡' ❞❡ ❛✐❧/✱ /❡❡ ❬✶✶❪✮✳ ❋♦' ❡①❛♠♣❧❡✱ ❢♦' ❛  ❡♠♣❡'❛ ✉'❡ 0.5◦C ❜❡❧♦✇  ❤❡ ◆■  '❛♥/✐ ✐♦♥

 ❡♠♣❡'❛ ✉'❡✱  ❤❡  ❤✐❝❦♥❡// ξLB ✐/ ❢♦✉♥❞  ♦ ❜❡ 61± 15 nm ✇❤❡'❡❛/ ✐♥ ♥❡♠❛ ✐❝ '❛♥❣❡✱ ξLB ❝♦''❡✲

/♣♦♥❞/  ♦  ❤❡  ❤✐❝❦♥❡// ♦❢  ❤❡  '✐❧❛②❡' ♦❢ ✻❈❇✱ ✇❤✐❝❤ ✐/ ❛'♦✉♥❞ 3.5 nm✳ ■ ✐/ ✇♦' ❤ ♥♦ ✐♥❣  ❤❛ 

 ❤❡ ✐♥❝'❡❛/❡ ♦❢ ξLB ❝❧♦/❡  ♦  ❤❡ ◆■  '❛♥/✐ ✐♦♥ /❤♦✉❧❞ ❤❛✈❡ ❞✐'❡❝ ❝♦♥/❡J✉❡♥❝❡/ ♦♥  ❤❡ ❜♦✉♥❞❛'②

 ❡♥/✐♦♥ ♦❢  ❤❡ / '✐♣❡❞ ❞♦♠❛✐♥/✳ ❚❤❡ ❜♦✉♥❞❛'②  ❡♥/✐♦♥ ✐/ ♥♦ ❛♥②♠♦'❡  ❤❡ ♦♥❡ ♦❢ ❛ / '✐♣❡❞ ❞♦♠❛✐♥

/✉''♦✉♥❞❡❞ ❜② ❛  '✐❧❛②❡' ❀ ✐ ✐/ ♥♦✇  ❤❡ ❜♦✉♥❞❛'②  ❡♥/✐♦♥ ♦❢ ❛ / '✐♣❡❞ ❞♦♠❛✐♥ /✉''♦✉♥❞❡❞ ❜②
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❋✐❣✉$❡ ✷✳✷✻✿ ❖♥ ,❤❡ ❧❡❢, 0✐❞❡✱ ,❤❡ $✐♠✬0 ✇✐❞,❤ ♦❢ 0,$✐♣❡❞ ❞♦♠❛✐♥0 ♦❢ ✻❈❇ ♦♥ ✇❛,❡$ ✈❡$0✉0 ,❤❡

✇❛✈❡❧❡♥❣,❤ ♦❢ ,❤❡ ❝♦$$❡0♣♦♥❞✐♥❣ 0,$✐♣❡0✳ ❆❧,❤♦✉❣❤ ,❤❡ ❞❛,❛ ❛$❡ 0❝❛,,❡$❡❞✱ ♦♥❡ ♠❛② ❡①❝❧✉❞❡ ❛

0,$♦♥❣ ✐♥✢✉❡♥❝❡ ♦❢ ,❤❡ ,❡♠♣❡$❛,✉$❡✳ ❖♥ ,❤❡ $✐❣❤, 0✐❞❡✱ ❜♦✉♥❞❛$② ,❡♥0✐♦♥ ♠❡❛0✉$❡♠❡♥,0 ❜② ❨✳❨✳

❈❤❡✉♥❣ ❙❛♥❣ ❢♦$ ✻❈❇ ♦♥ ✇❛,❡$ ❝❧♦0❡ ,♦ ,❤❡ ◆■ ,$❛♥0✐,✐♦♥ ❛♥❞ ❝♦♠♣❛$✐0♦♥ ✇✐,❤ $❡0✉❧,0 ❢❛$ ❢$♦♠

,❤❡ ◆■ ,$❛♥0✐,✐♦♥ ✭✐♥0❡,✮ ✭♠❡❛0✉$❡♠❡♥,0 ❜② ❯✳ ❉❡❧❛❜$❡✮✳

500 µm 500 µm

❋✐❣✉$❡ ✷✳✷✼✿ ✻❈❇ ❝❧♦0❡ ,♦ ,❤❡ ♥❡♠❛,✐❝ ✴ ✐0♦,$♦♣✐❝ ,$❛♥0✐,✐♦♥✱ 29◦C✳ ❚❤✐❝❦♥❡00 ♦❢ ,❤❡ 0,$✐♣❡❞

❞♦♠❛✐♥0✿ ❧❡❢, 0✐❞❡ 0.09 µ♠ ❀ $✐❣❤, 0✐❞❡ 0.16 µ♠
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❋✐❣✉$❡ ✷✳✷✽✿ ✻❈❇ ❞$♦♣❧❡12 ♦♥ ✇❛1❡$ ✐♥ ✐2♦1$♦♣✐❝ ♣❤❛2❡✳ ❖♥ 1❤❡ ❧❡❢1✱ ♣✐❝1✉$❡ ♦❢ 1❤❡ ❞$♦♣❧❡12✱

31.3◦C ♦♣1✐❝❛❧ ♠✐❝$♦2❝♦♣❡ ×20✳ ❖♥ 1❤❡ $✐❣❤1✱ ❡①❛♠♣❧❡ ♦❢ 1❤❡ ♣$♦✜❧❡2 ♦❜1❛✐♥❡❞ 4◦C ❛❢1❡$ 1❤❡

1$❛♥2✐1✐♦♥✳

❛ ♠✉❝❤ 1❤✐❝❦❡$ ✜❧♠✳ ❚♦ A✉❛♥1✐❢② 1❤✐2 ❡✛❡❝1✱ ❜♦✉♥❞❛$② 1❡♥2✐♦♥ ♠❡❛2✉$❡♠❡♥12 ❝❧♦2❡ 1♦ 1❤❡ ◆■

1$❛♥2✐1✐♦♥ ✇❡$❡ ♣❡$❢♦$♠❡❞ ❜② ❨✳ ❨✳ ❈❤❡✉♥❣ ❙❛♥❣ ✭2❡❡ ✜❣✉$❡ ✷✳✷✻✮✳ ❚❤❡ ❜♦✉♥❞❛$② 1❡♥2✐♦♥ ❝❧❡❛$❧②

❞$♦♣2 ❞♦✇♥ ✇❤❡♥ 1❤❡ ◆■ 1$❛♥2✐1✐♦♥ ✐2 ❝❧♦2❡✳ ❈♦♥2✐❞❡$✐♥❣ 1❤❡ ❜♦✉♥❞❛$② 1❡♥2✐♦♥ ♠♦❞❡❧ ✉2❡❞ ❢♦$ ❛

♣❧❛♥❛$ $✐♠ ♦❢ ✇✐❞1❤

λ
2 ✱ ♦♥❡ ✜♥❞2 τ(ξ) ≈ λWH

4 ✭2❡❡ ❬✶✾❪ ❢♦$ ❢✉$1❤❡$ ❞❡1❛✐❧2✮✳ ❚❤❡ ❞✐✛❡$❡♥❝❡ ❜❡1✇❡❡♥

❞❛1❛ ❢❛$ ❛♥❞ ❝❧♦2❡ 1♦ 1❤❡ ◆■ 1$❛♥2✐1✐♦♥ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❛ ❞❡❝$❡❛2✐♥❣ ✈❛❧✉❡ ♦❢ 1❤❡ ❛♥❝❤♦$✐♥❣

❡♥❡$❣② ♦❢ 1❤❡ ❛✐$ ✐♥1❡$❢❛❝❡✱ WH ✳ ❚❤❡ ❞❡❝$❡❛2❡ ♦❢ WH ✇❛2 ❛❧$❡❛❞② ♠❡♥1✐♦♥❡❞ ✐♥ 1❤❡ ❝❛2❡ ♦❢ ❛

2♦❧✐❞ 2✉❜21$❛1❡ ✭2❡❡ ❛❜♦✈❡ ❛♥❞ ❬✷✺❪✮✳

✷✳✷✳✺✳✷ ❖♥ %❤❡ ✐)♦%+♦♣✐❝ )✐❞❡✿ ❞❡✇❡%%✐♥❣

❖♥ 1❤❡ ✐2♦1$♦♣✐❝ 2✐❞❡✱ ✻❈❇ ❞❡✇❡12 ❛♥❞ ❢♦$♠2 2♣❤❡$✐❝❛❧❧②✲2❤❛♣❡❞ ❞$♦♣❧❡12✳ ❆ ✇❡11✐♥❣ 1$❛♥2✐1✐♦♥

♦❝❝✉$2✳ ❚♦ ❝❤❛$❛❝1❡$✐③❡ ✐1✱ 1❤❡ ❡✈♦❧✉1✐♦♥ ♦❢ 1❤❡ ❝♦♥1❛❝1 ❛♥❣❧❡ ♦❢ 1❤❡ ❞$♦♣❧❡12 ✇❛2 ♠❡❛2✉$❡❞

✐♥ ♦$❞❡$ 1♦ ✜♥❞ 1❤❡ ❞❡♣❡♥❞❡♥❝❡ ✐♥ 1❡♠♣❡$❛1✉$❡ ♦❢ 1❤❡ 2♣$❡❛❞✐♥❣ ♣❛$❛♠❡1❡$ Sspreading ✇❤✐❝❤

♣❧❛②2✱ ❢♦$ ❛ ✇❡11✐♥❣ 1$❛♥2✐1✐♦♥✱ ❛ $♦❧❡ ❛♥❛❧♦❣♦✉2 1♦ 1❤❡ ♦♥❡ ♦❢ 1❤❡ ♦$❞❡$ ♣❛$❛♠❡1❡$ ❢♦$ ❛ ♣❤❛2❡

1$❛♥2✐1✐♦♥✳ ❚♦ ♣❡$❢♦$♠ 1❤❡ ♠❡❛2✉$❡♠❡♥12✱ ✐♥1❡$❢❡$♦♠❡1$② ✇❛2 ✉2❡❞ ✭2❡❡ 1❤❡ ❛♣♣❡♥❞✐① ❛❜♦✉1

❝♦♥1❛❝1 ❛♥❣❧❡ ♠❡❛2✉$❡♠❡♥12✮✳ ❚❤❡ ❞$♦♣❧❡12 ✇❡$❡ ✐♠❛❣❡❞ ❜② ♠♦♥♦❝❤$♦♠❛1✐❝ ❣$❡❡♥ ❧✐❣❤1✱ 550 nm✱

✉♥❞❡$ ♠✐❝$♦2❝♦♣❡ ❛♥❞ 1❤❡ ❝♦♥1❛❝1 ❛♥❣❧❡ ✇❛2 ♠❡❛2✉$❡❞ ❢$♦♠ 1❤❡ ♣$♦✜❧❡2✳ ❚♦ ❝❛❧❝✉❧❛1❡ 1❤❡ ♣$♦✜❧❡2

♦❢ 1❤❡ ❞$♦♣❧❡12 ❢$♦♠ ✐♥1❡$❢❡$♦♠❡1$② ❞❛1❛✱ ✐1 ✇❛2 ♥❡❝❡22❛$② 1♦ ❦♥♦✇ 1❤❡ ✈❛❧✉❡ ♦❢ 1❤❡ ♦♣1✐❝❛❧ ✐♥❞❡① ♦❢

1❤❡ ❧✐A✉✐❞ ❝$②21❛❧ ✐♥ ✐2♦1$♦♣✐❝ ♣❤❛2❡ ❛1 ❣✐✈❡♥ 1❡♠♣❡$❛1✉$❡2✳ ❚❤❡ ♦♣1✐❝❛❧ ✐♥❞❡① ✇❛2 1❤✉2 ♠❡❛2✉$❡❞

✉2✐♥❣ ❛ $❡❢$❛❝1♦♠❡1❡$

✷✷

✳ ❚❤❡ $❡2✉❧12 ♦❢ 1❤❡ ♠❡❛2✉$❡♠❡♥12 ❢♦$ ✻❈❇ ✭TNI = 29.6◦C✮ ✐♥ ✐2♦1$♦♣✐❝

♣❤❛2❡ ❛$❡✿

✷✷

■♥ ❛ #❡❢#❛❝'♦♠❡'❡#✱ +♦♠❡ ❧✐.✉✐❞ ✐+ ♣❧❛❝❡❞ ♦♥'♦ ❛ ♣#✐+♠ ♦❢ ❦♥♦✇♥ ♦♣'✐❝❛❧ ✐♥❞❡①✳ ❆❢'❡# '❤❡ ❧✐.✉✐❞ ✴ ♣#✐+♠

✐♥'❡#❢❛❝❡✱ '❤❡#❡ ✐+ ❛ ❧✐❣❤'❡❞ ③♦♥❡ ❛♥❞ ❛ ❞❛#❦ ③♦♥❡✳ ❚❤❡ ❢#♦♥'✐❡# ❜❡'✇❡❡♥ '❤❡ '✇♦ ③♦♥❡+ ❝♦##❡+♣♦♥❞+ '♦ '❤❡ ❝#✐'✐❝❛❧

❛♥❣❧❡✱ ✐✳❡✳ '❤❡ ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ❛❜♦✈❡ ✇❤✐❝❤ '♦'❛❧ ✐♥'❡#♥❛❧ #❡✢❡❝'✐♦♥ ♦❝❝✉#+✳ ▲♦❝❛❧✐③✐♥❣ '❤❡ ❢#♦♥'✐❡# '❤❡♥ ❛❧❧♦✇+

❢♦# '❤❡ ❝❛❧❝✉❧❛'✐♦♥ ♦❢ '❤❡ ♦♣'✐❝❛❧ ✐♥❞❡① ✉+✐♥❣ ❙♥❡❧❧✲❉❡+❝❛#'❡+ ❧❛✇✳
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❋✐❣✉$❡ ✷✳✷✾✿ ✻❈❇✱ ❧✐/✉✐❞ ✐1♦3$♦♣✐❝ ♣❤❛1❡ ♦♥ ✇❛3❡$✳ ❖♥ 3❤❡ ❧❡❢3 1✐❞❡✱ ♠❡❛♥ ❝♦♥3❛❝3 ❛♥❣❧❡1 ✐♥

❢✉♥❝3✐♦♥ ♦❢ 3❤❡ 3❡♠♣❡$❛3✉$❡✳ ❖♥ 3❤❡ $✐❣❤3 1✐❞❡✱ ❞❡3❛✐❧1 ❝♦$$❡1♣♦♥❞✐♥❣ 3♦ 3❤❡ ♠❡❛1✉$❡♠❡♥31✳ ❚❤❡

❡$$♦$1 ❜❛$1 $❡✢❡❝3 3❤❡ 1❝❛33❡$✐♥❣ ♦❢ 3❤❡ ❞❛3❛✳ ❖♥ 3❤❡ ❜♦33♦♠✱ (1 − cosθC)
2
✐♥ ❢✉♥❝3✐♦♥ ♦❢ 3❤❡

3❡♠♣❡$❛3✉$❡✳



 ❡♠♣❡$❛ ✉$❡

✭

◦C✮

♦♣ ✐❝❛❧ ✐♥❞❡①

30 1.5820

31 1.5815

32 1.5810

33 1.5805

34 1.5800

35 1.5795

36 1.5793

37 1.5790

❖♥❝❡  ❤❡ ♦♣ ✐❝❛❧ ✐♥❞❡① ♦❢  ❤❡ ❧✐3✉✐❞ ❝$②5 ❛❧ ✐♥ ✐5♦ $♦♣✐❝ ♣❤❛5❡ ✇❛5 ❞❡ ❡$♠✐♥❡❞✱  ❤❡ ❝♦♥ ❛❝ 

❛♥❣❧❡ ♠❡❛5✉$❡♠❡♥ 5 ✇❡$❡ $❡♣❡❛ ❡❞ ♦♥ 5❡✈❡$❛❧ ❞$♦♣❧❡ 5 ✐♥ ♦$❞❡$  ♦ ❝❛❧❝✉❧❛ ❡  ❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢

 ❤❡ ❝♦♥ ❛❝ ❛♥❣❧❡ ❢♦$ ❛ ❣✐✈❡♥  ❡♠♣❡$❛ ✉$❡✳ ❊①❛♠♣❧❡5 ♦❢  ❤❡ ♣$♦✜❧❡5 ♦❜ ❛✐♥❡❞ ❛$❡ ♣$❡5❡♥ ❡❞ ✐♥

✜❣✉$❡ ✷✳✷✽✳ ❚❤❡ ❡$$♦$ ❜❛$5 $❡♣$❡5❡♥ ❡❞ ♦♥ ✜❣✉$❡ ✷✳✷✽ $❡✢❡❝  ❤❡ 5❝❛  ❡$✐♥❣ ♦❢  ❤❡ ♠❡❛5✉$❡♠❡♥ 5✳

❇❡❝❛✉5❡ ♦❢  ❤❡ 5❝❛  ❡$✐♥❣ ♦❢  ❤❡ ♠❡❛5✉$❡❞ ❝♦♥ ❛❝ ❛♥❣❧❡ ✈❛❧✉❡5✱ ❛❝❝✉♠✉❧❛ ✐♥❣ ❞❛ ❛ ✐5 $❡3✉✐$❡❞

 ♦ ♦❜ ❛✐♥ $❡❧✐❛❜❧❡ ❝♦♥ ❛❝ ❛♥❣❧❡ ✈❛❧✉❡5 ❛♥❞ 5♣$❡❛❞✐♥❣ ♣❛$❛♠❡ ❡$ ❞❡♣❡♥❞❡♥❝❡✳ ❋♦$ ❡①❛♠♣❧❡✱ ✐❢

 ❤❡ 53✉❛$❡ ♦❢  ❤❡ 5♣$❡❛❞✐♥❣ ♣❛$❛♠❡ ❡$ ✐5 ❝♦♥❝❡$♥❡❞✱ S2
spreading✱ ❛ 5♠❛❧❧ ✈❛$✐❛ ✐♦♥ ♦❢  ❤❡ ❝♦♥ ❛❝ 

❛♥❣❧❡ ♣$♦✈✐❞❡5 ❛ ❧❛$❣❡ $❡❧❛ ✐✈❡ ❝❤❛♥❣❡ ❛5

δS2

spreading

S2
p

= 2δθC
tg(

θC
2

)
❛♥❞  ❤❡ ♠❡❛5✉$❡❞ ❝♦♥ ❛❝ ❛♥❣❧❡5

❛$❡ 5♠❛❧❧✳ ❲❡ $❡♣❡❛ ❡❞  ❤❡ ♠❡❛5✉$❡♠❡♥ 5 ✉♥ ✐❧  ❤❡ ❛✈❡$❛❣❡ ✈❛❧✉❡5 ♣$♦✈✐❞❡ ❛ 5♠♦♦ ❤ θC(T )

❞❡♣❡♥❞❡♥❝❡✱ ✭5❡❡ ✜❣✉$❡ ✷✳✷✾✮✳ ❋$♦♠  ❤❡5❡ ♠❡❛♥ ✈❛❧✉❡5✱  ❤❡ 5♣$❡❛❞✐♥❣ ♣❛$❛♠❡ ❡$ ✐5 ❝❛❧❝✉❧❛ ❡❞✳

❆5 ✐♥  ❤❡ ❡①♣❡$✐♠❡♥ 5 ❞♦♥❡ ♦♥ 5♦❧✐❞ 5✉❜5 $❛ ❡5 ✭❬✽✺❪✱ ❬✽✷❪✮✱  ❤❡ 5♣$❡❛❞✐♥❣ ♣❛$❛♠❡ ❡$ ❞❡♣❡♥❞❡♥❝❡

✐♥  ❡♠♣❡$❛ ✉$❡ ✐5 ❝♦♠♣❛ ✐❜❧❡ ✇✐ ❤ ✭5❡❡ ✜❣✉$❡ ✷✳✷✾✮✿

Sspreading = γ(cosθC − 1) ∝ (T − TW )
1

2
✭✷✳✶✽✮

✇❤❡$❡ TW ✱  ❤❡ ✇❡  ✐♥❣  $❛♥5✐ ✐♦♥  ❡♠♣❡$❛ ✉$❡✱ ✐5 ❝♦♠♣❛ ✐❜❧❡ ✇✐ ❤  ❤❡ ♠❡❛5✉$❡❞ ♣❤❛5❡  $❛♥5✐ ✐♦♥

 ❡♠♣❡$❛ ✉$❡ ❢♦$  ❤❡ ✜❧♠✱ TNI = 29, 6◦✳

❈$✐ ✐❝❛❧ ♣❛$❛♠❡ ❡$5 ♦❢  ❤❡ ❡①♣❡$✐♠❡♥ 5 ✇❡$❡  ❤❡  ❡♠♣❡$❛ ✉$❡✱ ❛5 ♠❡♥ ✐♦♥❡❞ ✐♥  ❤❡ ❧❛5 ♣❛$❛✲

❣$❛♣❤✱ ❛♥❞  ❤❡ ♣✉$✐ ② ♦❢  ❤❡ ❧✐3✉✐❞ ❝$②5 ❛❧5✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢  ❤❡ ♣✉$✐ ② ♦❢  ❤❡ ❧✐3✉✐❞5 ❝$②5 ❛❧5

✇❛5  ❡5 ❡❞ ✇✐ ❤  ❤❡ ❢♦❧❧♦✇✐♥❣ ♣$♦❝❡55✿ ❋✐$5 ✱ ♠❡❛5✉$❡♠❡♥ 5 ✇❡$❡ ♣❡$❢♦$♠❡❞ ♦♥ ❛ 5❛♠♣❧❡ ♠❛❞❡

✇✐ ❤ ♣✉$❡ ✇❛ ❡$ ❛♥❞ ❧✐3✉✐❞ ❝$②5 ❛❧ ❢$♦♠ ❛ ❜$❛♥❞ ♥❡✇ ❜♦  ❧❡ ✭♣✉$✐ ②✱ ✾✾✪✱ ♣✉$❝❤❛5❡❞ ❢$♦♠ ❋$✐♥ ♦♥

▲❛❜♦$❛ ♦$✐❡5✮✱ a/ ❀ ❙❡❝♦♥❞✱ ♠❡❛5✉$❡♠❡♥ 5 ✇❡$❡ ♣❡$❢♦$♠❡❞ ♦♥ ❛ 5❛♠♣❧❡ ♠❛❞❡ ✇✐ ❤ ♣✉$❡ ✇❛ ❡$

❛♥❞ ❧✐3✉✐❞ ❝$②5 ❛❧ ❢$♦♠ ❛ ❜♦  ❧❡ ❛❧$❡❛❞② ♦♣❡♥❡❞ ❛♥❞ ❦❡♣ $❡❢$✐❣❡$❛ ❡❞ ✐♥ ❛ ❝❧♦5❡❞ ❝♦♥ ❛✐♥❡$ ✇✐ ❤

❞❡5✐❝❛♥  ♦ ♠✐♥✐♠✐③❡ ❝♦♥ ❛♠✐♥❛ ✐♦♥5✱ b/✳ ❚❤❡ $❡5✉❧ 5 ❛$❡ ♣$❡5❡♥ ❡❞ ♦♥ ✜❣✉$❡ ✷✳✸✵✳ ❆❧ ❤♦✉❣❤

 ❤❡ ✇❡  ✐♥❣  $❛♥5✐ ✐♦♥  ❡♠♣❡$❛ ✉$❡ ❞♦❡5 ♥♦ ❝❤❛♥❣❡ ♠✉❝❤✿ 29.6◦C ❢♦$ a/ ❛♥❞ 29.4◦C ❢♦$ b/✱

 ❤❡ ❝♦♥ ❛❝ ❛♥❣❧❡ ❢♦$ 5❛♠♣❧❡ a/ ✐♥❝$❡❛5❡5 ♠✉❝❤ ❧❡55 ✇✐ ❤  ❡♠♣❡$❛ ✉$❡  ❤❛♥ ❢♦$ 5❛♠♣❧❡ b/✳ ❋♦$

T − T ∗ ≈ 4◦C✱ θC ✐5 ❛$♦✉♥❞ 19◦ ❢♦$ 5❛♠♣❧❡ a/✱ ❜✉ ♠❛② $❡❛❝❤ 33◦ ❢♦$ 5❛♠♣❧❡ b/✳ ❙✉❝❤ ❛ ❝❤❛♥❣❡

❞✉❡  ♦ ✐♠♣✉$✐ ✐❡5 ✇❛5 ♥♦ ♦❜5❡$✈❡❞ ✐♥  ❤❡ ❝❛5❡ ♦❢  ❤❡ ❡①♣❡$✐♠❡♥ 5 ❞♦♥❡ ♦♥ ❛ 5♦❧✐❞ 5✉❜5 $❛ ❡✳

❚❤❡ $❡❛5♦♥ ✐5  ❤❛  ❤❡ ❞$♦♣5 ❢♦$♠❡❞ ❢$♦♠ ♥❡♠❛ ✐❝ ✜❧♠5 ♦♥ ❛ ❤❡❛ ❡❞ ❧✐3✉✐❞ 5✉❜5 $❛ ❡ ❛$❡ ♠♦$❡
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❋✐❣✉$❡ ✷✳✸✵✿ ■❧❧✉-.$❛.✐♦♥ ♦❢ .❤❡ ❡✛❡❝. ♦❢ ✐♠♣✉$✐.✐❡- ♦♥ .❤❡ ❝♦♥.❛❝. ❛♥❣❧❡ ✐♥ ✐-♦.$♦♣✐❝ ♣❤❛-❡✳ ❚✇♦

-❛♠♣❧❡- ♦❢ ✻❈❇ ❛$❡ ❝♦♠♣❛$❡❞✿ -❛♠♣❧❡ a/✱ ♠❛❞❡ ✇✐.❤ ♣✉$❡ ✇❛.❡$ ❛♥❞ ❧✐?✉✐❞ ❝$②-.❛❧ ❢$♦♠ ❛ ❜$❛♥❞

♥❡✇ ❜♦..❧❡ ✭♣✉$✐.②✱ ✾✾✪✱ ♣✉$❝❤❛-❡❞ ❢$♦♠ ❋$✐♥.♦♥ ▲❛❜♦$❛.♦$✐❡-✮ ❀ -❛♠♣❧❡ b/✱ ♠❛❞❡ ✇✐.❤ ♣✉$❡

✇❛.❡$ ❛♥❞ ❧✐?✉✐❞ ❝$②-.❛❧ ❢$♦♠ ❛ ❜♦..❧❡ ❛❧$❡❛❞② ♦♣❡♥❡❞ ❛♥❞ ❦❡♣. $❡❢$✐❣❡$❛.❡❞ ✐♥ ❛ ❝❧♦-❡❞ ❝♦♥.❛✐♥❡$

✇✐.❤ ❞❡-✐❝❛♥. .♦ ♠✐♥✐♠✐③❡ ❝♦♥.❛♠✐♥❛.✐♦♥-✳ ▼❡❛-✉$❡❞ ❝♦♥.❛❝. ❛♥❣❧❡- ❢♦$ -❛♠♣❧❡ b/ ❛$❡ ♠✉❝❤

❧❛$❣❡$ .❤❛♥ ❢♦$ -❛♠♣❧❡ a/

-❡♥-✐.✐✈❡ .♦ ✐♠♣✉$✐.✐❡- .❤❛♥ .❤❡ ♠✐❝$♦❞$♦♣- ❞❡♣♦-✐.❡❞ ♦♥ -✐❧✐❝♦♥ ✇❛❢❡$✳ ❚❤❡ .♦.❛❧ ❛♠♦✉♥. ♦❢

✐♠♣✉$✐.✐❡-✱ ✇❤✐❝❤ ✐- ♣$♦♣♦$.✐♦♥❛❧ .♦ .❤❡ ❞$♦♣ ✈♦❧✉♠❡✱ ✐- ✐♥❞❡❡❞ -♠❛❧❧ ❢♦$ .❤❡ ♠✐❝$♦❞$♦♣- ❜✉.

✐- ♠✉❝❤ ❧❛$❣❡$ ✇✐.❤ ❞❡♣♦-✐.❡❞ ✜❧♠-✳ ❚❤❡-❡ ✐♠♣✉$✐.✐❡- ❛$❡ -✉$❢❛❝❡✲❛❝.✐✈❡✱ .❤❛. ✐- ✇❤② -✉$❢❛❝❡

.❡♥-✐♦♥- ♦❢ ♥❈❇- ✐♥ .❤❡ ❧✐.❡$❛.✉$❡ ❛$❡ -❝❛..❡$❡❞✳ ❋♦$ ❡①❛♠♣❧❡✱ .❤❡ ✈❛❧✉❡- ❢♦✉♥❞ ❢♦$ ✺❈❇ ❣♦ ❢$♦♠

γ5CB = 40 × 10−3Nm−1
❬✻✶❪ .♦ γ5CB = 28 × 10−3Nm−1

❬✸✸❪✱ ❬✸✽❪✱ ❬✸✼❪✳ ❚❤❡ ❝♦♥-❡?✉❡♥❝❡ ♦♥

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

✷✸

✳ ❚❤❡ $❡-✉❧.- ♣$❡-❡♥.❡❞ ✐♥ ✜❣✉$❡ ✷✳✷✾

❝♦♠❡ ♦♥❧② ❢$♦♠ -❛♠♣❧❡- ♦❢ .❤❡ a/ .②♣❡✳ ❚❤❡ ❢❛❝. .❤❛. .❤❡ ♠❡❛-✉$❡❞ .❡♠♣❡$❛.✉$❡ ♦❢ .❤❡ ♣❤❛-❡

.$❛♥-✐.✐♦♥ ✐- 29.6◦C✱ ✇❤✐❝❤ ✐- ❧❛$❣❡$ .❤❛♥ .❤❡ ✈❛❧✉❡ ♦❢ 29◦C ❝♦♠♠♦♥❧② ❢♦✉♥❞ ✐♥ ❧✐.❡$❛.✉$❡ $❡✢❡❝.-

.❤❡ ❤✐❣❤ ♣✉$✐.② ♦❢ .❤❡ -❛♠♣❧❡-✳

✷✳✷✳✺✳✸ ❉✐✛✉(✐♦♥ ♦❢ ❣❧②❝❡1♦❧ ♠♦❧❡❝✉❧❡( ❛♥❞ ❝❤❛1❛❝6❡1✐③❛6✐♦♥ ♦❢ (61✐♣❡❞ ♣❛66❡1♥( ♦♥

❣❧②❝❡1♦❧ ❝♦♠✐♥❣ ❝❧♦(❡ 6♦ 6❤❡ ◆■ 61❛♥(✐6✐♦♥

●❧②❝❡$♦❧ ✇❛- ✉-❡❞ ❛- ❛♥ ❛❧.❡$♥❛.✐✈❡ ❧✐?✉✐❞ -✉❜-.$❛.❡ ❢♦$ ❧✐?✉✐❞ ❝$②-.❛❧ ✜❧♠-✳ ❆- ✇❛.❡$✱ ❣❧②❝❡$♦❧ ✐-

❛ ♣♦❧❛$ ❧✐?✉✐❞✱ ✇✐.❤ $❡❧❛.✐✈❡❧② ❤✐❣❤ -✉$❢❛❝❡ .❡♥-✐♦♥ ❜✉. ❧♦✇❡$ .❤❛♥ .❤❡ ♦♥❡ ♦❢ ✇❛.❡$✳ ❈♦♥-✐❞❡$✐♥❣

.❤❡ ❡①♣❡$✐♠❡♥.✿

• .❤❡ ❧✐?✉✐❞ ❝$②-.❛❧✬- ❛♥❝❤♦$✐♥❣ ♦♥ ❛ ❣❧②❝❡$♦❧ -✉$❢❛❝❡ ✐- ♣❧❛♥❛$✱ ❛- ❢♦$ ✇❛.❡$ ❀

✷✸

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

"❤❡ ✇❛"❡& ✴ ❛✐& ✐♥"❡&❢❛❝❡ ❛❢"❡& "❤❡ ❧✐6✉✐❞ ❝&②'"❛❧ ✐' ♣✉" ♦♥ "❤❡ ✇❛"❡& '✉&❢❛❝❡✳



• ❣❧②❝❡%♦❧✬( %❡❢%❛❝+✐✈❡ ✐♥❞❡① ✐( (♠❛❧❧❡% +❤❛♥ +❤❡ %❡❢%❛❝+✐✈❡ ✐♥❞✐❝❡( ♦❢ +❤❡ ❧✐3✉✐❞ ❝%②(+❛❧( ✭1.47

❛+ 20◦❈✮ ✇❤❡%❡❛( +❤❡ ♦%❞✐♥❛%② ✭(♠❛❧❧❡%✮ ✐♥❞❡① ✐( ❛%♦✉♥❞ 1.52 ❢♦% +❤❡ ❧✐3✉✐❞ ❝%②(+❛❧( ✇❤✐❝❤

✇❡%❡ ✉(❡❞✳

❚❤❡%❡❢♦%❡✱ +❤❡ ❡①♣❡%✐♠❡♥+❛❧ ❝♦♥❞✐+✐♦♥( ❛%❡ ❛ ♣"✐♦"✐ ❝❧♦(❡ +♦ +❤❡ ♦♥❡( ♦♥ ✇❛+❡% (✉❜(+%❛+❡(✳ ●❧②❝✲

❡%♦❧✬( ✈✐(❝♦(✐+② ✭(❡❡ ❬✶✹❪✮ ✐( ❣%❡❛+❡% +❤❛♥ +❤❛+ ♦❢ ✇❛+❡% ✇❤✐❝❤ ✐( ❛♥ ❛❞✈❛♥+❛❣❡ ❛( ✐+ %❡❞✉❝❡(

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

✇❡%❡ ❤❡❛+❡❞

✷✹

✳ ❆❧+❤♦✉❣❤ ❣❧②❝❡%♦❧ (✉❜(+%❛+❡( (❡❡♠ +♦ ❜❡ ♦❢ (✐♠♣❧❡ ✉(❡✱ ♦♥❡ ❤❛( +♦ ❜❡ ❛✇❛%❡ ♦❢

(♦♠❡ ❞✐✣❝✉❧+✐❡(✳

❋✐%(+ ✐+ ✐( ✇❡❧❧ ❦♥♦✇♥ +❤❛+ ❣❧②❝❡%♦❧ ✐( ✈❡%② ❤②❣%♦(❝♦♣✐❝✱ +❤❡%❡❢♦%❡ ❛ ❢%❡❡ (✉%❢❛❝❡ ❛❞(♦%❜(

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

❜② ✇❛+❡% ❛❞(♦%♣+✐♦♥ ❛%❡ ❡①♣❡❝+❡❞ +♦ ❜❡ (✐❣♥✐✜❝❛♥+✳ ❙❡❝♦♥❞✱ ✇❤✐❧❡ +❤❡ ♣%♦❜❧❡♠ ♦❢ ❛❞(♦%♣+✐♦♥ ♦❢

✇❛+❡% ✐♥ ❣❧②❝❡%♦❧ ✐( ✇❡❧❧✲%❡❝♦❣♥✐③❡❞✱ ❛♥♦+❤❡% 3✉❡(+✐♦♥ ❛%♦(❡ ❞✉%✐♥❣ ❡①♣❡%✐♠❡♥+(✳

❉✐✛✉$✐♦♥ ♦❢ ❣❧②❝❡-♦❧ ♠♦❧❡❝✉❧❡$ ✐♥ ❧✐/✉✐❞ ❝-②$1❛❧ ❧❛②❡-$

■♥1-♦❞✉❝1✐♦♥ ■+ ✇❛( ✜%(+ (❤♦✇♥ ❜② ◆❛③❛%❡♥❦♦✈ ❡+ ❛❧✳ ❬✹✾❪ ❛♥❞ ❢✉%+❤❡% (+✉❞✐❡❞ ❜② ❙♠❛❧②✉❦❤

❡+ ❛❧✳ ❬✼✷❪ ❛♥❞ ◆②❝❤ ❛+ ❛❧✳ ❬✺✷❪ +❤❛+ ✐+ ✐( ♣♦((✐❜❧❡ +♦ +%❛♣ ❝♦❧❧♦✐❞❛❧ ♣❛%+✐❝❧❡( ♦❢ ❣❧②❝❡%♦❧ ✐♥ ❍❆◆

❧❛②❡%( ✭30− 100 µm✮✳ ❚❤❡ +%❛♣♣❡❞ ❣❧②❝❡%♦❧ ♣❛%+✐❝❧❡( ❛%❡ (+❛❜✐❧✐③❡❞ ❛+ +❤❡ ♥❡♠❛+✐❝ ❧✐3✉✐❞ ❝%②(+❛❧

✴ ❛✐% ✐♥+❡%❢❛❝❡ ❜② ❡❧❛(+✐❝✲❝❛♣✐❧❧❛%② ✐♥+❡%❛❝+✐♦♥(✳ ❚❤❡✐% ♣%❡(❡♥❝❡ ✐♥❞✉❝❡( ❞✐(+♦%+✐♦♥( ♦❢ +❤❡ ♥❡♠❛+✐❝

❞✐%❡❝+♦% ♦❢ +❤❡ ❞✐♣♦❧❡ +②♣❡✳ ❉❡♣❡♥❞✐♥❣ ♦♥ +❤❡ ♦%✐❡♥+❛+✐♦♥ ♦❢ +❤❡ ❡❧❛(+✐❝ ❞✐♣♦❧❡ ❝%❡❛+❡❞✱ +❤❡ ❣❧②❝❡%♦❧

♣❛%+✐❝❧❡( ♦%❣❛♥✐③❡ +❤❡♠(❡❧✈❡( ✇✐+❤ ❞✐✛❡%❡♥+ ❞❡❣%❡❡( ♦❢ ♦%❞❡%✳ ❚❤❡② ❝❛♥ ❢♦%♠ 2D ❝%②(+❛❧❧✐♥❡

❧❛++✐❝❡( ♦% ♦%❞❡% +❤❡♠(❡❧✈❡( ❛( 2D ❤❛%❞ (♣❤❡%❡(✳ ■♥ +❤❡(❡ (+✉❞✐❡(✱ +❤❡ ❣❧②❝❡%♦❧ ♣❛%+✐❝❧❡( ✇❡%❡

+%❛♣♣❡❞ ✐♥ +❤❡ ♥❡♠❛+✐❝ ❧❛②❡%(✱ ✇❤✐❝❤ ✐❧❧✉(+%❛+❡( +❤❡ ❛❜✐❧✐+② ♦❢ ❣❧②❝❡%♦❧✬( ♠♦❧❡❝✉❧❡( +♦ ♣❡♥❡+%❛+❡

✐♥+♦ ♦✉% ❧✐3✉✐❞ ❝%②(+❛❧( ❛♥❞ ❞✐✛✉(❡ ✐♥(✐❞❡ +❤❡ ✜❧♠(✳ ◆❡♠❛+✐❝ ❧❛②❡%( ♦❢ 5CB ✇❡%❡ ❞❡♣♦(✐+❡❞ ♦♥

❛ ❣❧②❝❡%♦❧ (✉%❢❛❝❡✳ ❚❤❡ (❛♠♣❧❡( ✇❡%❡ +❤❡♥ ❤❡❛+❡❞ ✉♣ +♦ 50◦❈ +♦ ❡♥❤❛♥❝❡ +❤❡ ❞✐✛✉(✐♦♥ ♦❢ +❤❡

❣❧②❝❡%♦❧ ♠♦❧❡❝✉❧❡( ✐♥ +❤❡ ❍❆◆ ❧❛②❡% ❛♥❞ +❤❡♥ ❝♦♦❧❡❞ ❞♦✇♥ +♦ +%✐❣❣❡% +❤❡ ❝♦♥❞❡♥(❛+✐♦♥ ♦❢ ❣❧②❝❡%♦❧

❞%♦♣❧❡+(✳ ❙♦♠❡ ♦❢ +❤❡(❡ ❞%♦♣❧❡+( (+❛②❡❞ +%❛♣♣❡❞ ✐♥ +❤❡ ❍❆◆ ❧❛②❡%✳ ❚❤❡ (✐③❡ ❛♥❞ ♥✉♠❜❡% ♦❢ +❤❡

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

❛♥❞ ✐♥ ♦✉% ❝❛(❡ ✉♥✇❛♥+❡❞✱ ❞✐✛✉(✐♦♥ ♦❢ ❣❧②❝❡%♦❧ ♠♦❧❡❝✉❧❡( ✐♥ ♦✉% ❧✐3✉✐❞ ❝%②(+❛❧ ✜❧♠( ❝♦♠❡( ❛( ❛

♥❛+✉%❛❧ ❝♦♥❝❡%♥✳ ❚❤❡ ❝❛(❡ ♦❢ ❍❆◆✱ (+%✐♣❡❞ ❛♥❞ ♠♦❧❡❝✉❧❛% ✜❧♠( ✐( (♦♠❡✇❤❛+ ❞✐✛❡%❡♥+✳

❉✐✛✉$✐♦♥ ✐♥ 1❤✐♥ ❧❛②❡-$✿ ✐♠♣♦-1❛♥❝❡ ♦❢ 1❤❡ 1❤✐❝❦♥❡$$ ♦❢ 1❤❡ ✜❧♠ ❛♥❞ ♦❢ 1❤❡ ❧❡♥❣1❤

♦❢ 1❤❡ ❧✐/✉✐❞ ❝-②$1❛❧ ♠♦❧❡❝✉❧❡ ❇❡❢♦%❡ ❣♦✐♥❣ ❛♥② ❢✉%+❤❡%✱ ♦♥❡ (❤♦✉❧❞ %❡♠❡♠❜❡% +❤❛+ (+%✐♣❡❞

✜❧♠( ❛%❡ +❤✐♥♥❡% +❤❛♥ +❤❡ ❍❆◆ ✜❧♠( (+✉❞✐❡❞ ✐♥ +❤❡ ❡①♣❡%✐♠❡♥+( ♣%❡(❡♥+❡❞ ✐♥ ❬✹✾❪✱ ❬✼✷❪ ❛♥❞

❬✺✷❪✳ ❚❤❡ ♠❛①✐♠✉♠ +❤✐❝❦♥❡(( ❢♦% ❛ (+%✐♣❡❞ ✜❧♠ ✇❛( ♠❡❛(✉%❡❞ ❛%♦✉♥❞ 0.8µm ✭❢♦% 8CB✮ ✇❤❡%❡❛(

+❤❡ ❍❆◆ ❧❛②❡%( ✐♥ +❤❡ ❡①♣❡%✐♠❡♥+( ✐♥✈♦❧✈✐♥❣ ❝♦❧❧♦✐❞( ♦❢ ❣❧②❝❡%♦❧ ❛%❡ ✐♥ +❤❡ %❛♥❣❡ 30 − 100 µm✳

✷✹

❍♦✇❡✈❡%✱ ✈✐(❝♦(✐*② ✐( ♥♦* *❤❡ ♠♦(* ❝%✐*✐❝❛❧ ♣❛%❛♠❡*❡% ❝♦♥❝❡%♥✐♥❣ *❤❡ ❛♣♣❡❛%❛♥❝❡ ♦❢ ❝♦♥✈❡❝*✐♦♥ ♠♦*✐♦♥✳ ❚❤❡

❝♦♥✈❡❝*✐♦♥ *❤%❡(❤♦❧❞ ❞❡♣❡♥❞( ✐♥❞❡❡❞ ❧✐♥❡❛%❧② ♦♥ ✈✐(❝♦(✐*② ✇❤❡%❡❛( ✐* ❞❡♣❡♥❞( ♦♥ *❤❡ *❤✐❝❦♥❡(( ♦❢ *❤❡ ❧✐8✉✐❞ ❧❛②❡%

❛* *❤❡ ♣♦✇❡% 3✳ ❚❤❛* ✐( ✇❤②✱ *♦ ❛✈♦✐❞ ❛♥② ❝♦♥✈❡❝*✐♦♥✱ *❤❡ *❤✐❝❦♥❡(( ♦❢ *❤❡ (✉❜♣❤❛(❡ ❧❛②❡%✱ ✇❛*❡% ♦% ❣❧②❝❡%♦❧✱ ✇❛(
(✐♠♣❧② ❞❡❝%❡❛(❡❞ ✇❤❡♥ *❤❡ (❛♠♣❧❡( ✇❡%❡ ❤❡❛*❡❞✳



500 µm 100 µm

a/ b/

500 µm

c/ d/

20µm

500 µm

e/

❋✐❣✉$❡ ✷✳✸✶✿ ▼✐❝$♦.❝♦♣❡ ✐♠❛❣❡. ♦❢ ✜❧♠. ♦❢ ❧✐5✉✐❞ ❝$②.8❛❧. ✇❤✐❝❤ ✇❡$❡ ❤❡❛8❡❞✳ ❛✴ ❍❆◆ ❧❛②❡$ ♦❢

5CB ❀ ❜✴ .8$✐♣❡❞ ❧❛②❡$. ♦❢ 6CB ❀ ❝✴ ❛♥❞ ❞✴ ❍❆◆ ❛♥❞ .8$✐♣❡❞ ❧❛②❡$. ♦❢ 8CB ✭.8$✐♣❡❞ ❧❛②❡$. ❛$❡

8❤✐♥♥❡$ 8❤❛♥ ❍❆◆ ❧❛②❡$.✮ ❛♥❞ ❡✴ .8$✐♣❡❞ ❧❛②❡$ ♦❢ ▼❇❇❆✳ ❋♦$ nCB.✱ ❣❧②❝❡$♦❧ ❞$♦♣❧❡8. ❛♣♣❡❛$
❝❧❡❛$❧② ✐♥ ♠❛❝$♦.❝♦♣✐❝ ❧❛②❡$. ✭.❡❡ ❛✴❛♥❞ ❝✴✮✳ ❖♥ 8❤❡ ♦8❤❡$ ❤❛♥❞✱ ♥♦ ❣❧②❝❡$♦❧ ❞$♦♣❧❡8. ❛$❡ .❡❡♥

✐♥ 8❤❡ 8❤✐♥♥❡.8 ③♦♥❡. ♦❢ 8❤❡ .8$✐♣❡❞ ✜❧♠. ✭.❡❡ ❜✴✮ ❛♥❞ .♦♠❡ ❞$♦♣❧❡8. ✐♥ 8❤❡ 8❤✐❝❦❡.8 ③♦♥❡. ♦❢ 8❤❡

.8$✐♣❡❞ ✜❧♠. ✭.❡❡ ❞✴✮✳ ❚❤❡ ❧♦♥❣❡$ ✐. 8❤❡ nCB ♠♦❧❡❝✉❧❡✱ 8❤❡ ❧❡.. ❣❧②❝❡$♦❧ ❞$♦♣❧❡8. ❛$❡ ♦❜.❡$✈❡❞

✐♥ .8$✐♣❡❞ ✜❧♠.✳ ■♥ 8❤❡ ❝❛.❡ ♦❢ ▼❇❇❆✱ ❣❧②❝❡$♦❧ ❞$♦♣❧❡8. ❛$❡ ♣$❡.❡♥8 ✐♥ .✉❜.8❛♥8✐❛❧ ♥✉♠❜❡$ ❡✈❡♥

✐♥ .8$✐♣❡❞ ✜❧♠. ✭.❡❡ ❡✴✮✳
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❛♥❞ ♥♦- ②❡- ✉♥❞❡%)-♦♦❞✳ ❚❤❡ ❛♣♣❡♥❞✐① ❛❜♦✉- ❣❧②❝❡%♦❧ ❛♥❞ ▲❛♥❣♠✉✐% ✐)♦-❤❡%♠) ❡①♣❡%✐♠❡♥-) ✐)

❛♥ ✐❧❧✉)-%❛-✐♦♥ ♦❢ -❤✐) ♣%♦❜❧❡♠✳

✷✳✷✳✺✳✹ ❈♦♥❝❧✉*✐♦♥

❚❤❡ )♣❡❝✐✜❝✐-② ♦❢ -❤❡ ♣%♦❜❧❡♠ ✐) -❤❡ ♣%❡)❡♥❝❡ ♦❢ ✭1✮ ❛ ❢%❡❡ ✐♥-❡%❢❛❝❡ ❜✉- ❛❧)♦ ✭2✮ -❤❡ ♣♦))✐❜✐❧✐-②

♦❢ )-%✐♣❡✬) ❢♦%♠❛-✐♦♥✳

■♥ )✐♠♣❧❡ ❝❛)❡)✱ ❝♦❡①✐)-❡♥❝❡ ✐) )-✉❞✐❡❞ ❜② ✇%✐-✐♥❣ -❤❡ ❢%❡❡ ❡♥-❤❛❧♣② ♦❢ ❛ )②)-❡♠ ❛) ❛ ❢✉♥❝-✐♦♥

♦❢ ❛ %❡❧❡✈❛♥- ✈❛%✐❛❜❧❡✳ ❆ ❝♦♠♠♦♥✲-❛♥❣❡♥- ❝♦♥)-%✉❝-✐♦♥ ❞❡✜♥❡) -❤❡ ❝♦❡①✐)-✐♥❣ ♣❤❛)❡)✳ ❍❡%❡✱ -❤❡

❢%❡❡ ❡♥❡%❣② ♠✉)- ❜❡ ✇%✐--❡♥ ❛) ❛ ❢✉♥❝-✐♦♥ ♦❢ -❤❡ ✜❧♠ -❤✐❝❦♥❡))✳ ❊✈❡♥ ✐❢ -❤❡ %♦❧❡ ♦❢ ♠❡-❛)-❛❜✐❧✐-②

♦♥ ❧✐G✉✐❞ )✉❜)-%❛-❡) ✐) ✐❣♥♦%❡❞✱ -✇♦ -②♣❡) ♦❢ ❞✐✣❝✉❧-✐❡) ❛%❡ ♠❡-✿

• ❆ ❝♦♥-✐♥✉♦✉) ❛♥❛❧②)✐) ✐) %❡❧❡✈❛♥- ❝❧♦)❡ -♦ -❤❡ ◆■ -%❛♥)✐-✐♦♥✱ ❜✉- ♥♦- ❢♦% -❤❡ -❤✐♥♥❡)- ✜❧♠)

❢❛% ❢%♦♠ -❤❡ -%❛♥)✐-✐♦♥✳ ❲%✐-✐♥❣ ❛♥ ❛♥❛❧②-✐❝❛❧ ❡①♣%❡))✐♦♥ ♦❢ -❤❡ ❢%❡❡ ❡♥❡%❣② ✈❛❧✐❞ ✐♥ -❤❡

✇❤♦❧❡ %❛♥❣❡ ♦❢ -❤✐❝❦♥❡))✱ ❛♥❞ -❤❡%❡❢♦%❡ ❛❧❧♦✇✐♥❣ ❛ ❝♦♠♠♦♥✲-❛♥❣❡♥- ❝♦♥)-%✉❝-✐♦♥✱ ✐) ♠❡%❡❧②

✐♠♣♦))✐❜❧❡✳

• ❋♦% -❤❡ -❤✐❝❦❡% ✜❧♠)✱ ✇❤❡%❡ ❛ ❝♦♥-✐♥✉♦✉) ❛♥❛❧②)✐) ✐) ✈❛❧✐❞✱ -❤❡ ❢%❡❡ ❡♥❡%❣② ✐) ❝♦♥)✐❞❡%❛❜❧②

%❡❞✉❝❡❞ ✐❢ )-%✐♣❡) ❛%❡ ♣%❡)❡♥-✳ ❚❤❡ ❝♦❡①✐)-❡♥❝❡ ❝♦♥❞✐-✐♦♥ ✐) )-%♦♥❣❧② ♠♦❞✐✜❡❞✳

▲❡- ✉) ✜%)- ❝♦♠♠❡♥- ❛❜♦✉- -❤❡ ❝♦♥-✐♥✉♦✉) ❞❡)❝%✐♣-✐♦♥ ♦❢ ❛ ❤♦♠♦❣❡♥❡♦✉) ✜❧♠ ✇✐-❤♦✉- )-%✐♣❡)✳ ■♥

-❤❡ ❢%❛♠❡✇♦%❦ ♦❢ -❤❡ ▲❛♥❞❛✉ ✴ ❞❡ ●❡♥♥❡) ❛♥❛❧②)✐) ❬✻✾❪✱ -❤❡ ❢%❡❡ ❡♥❡%❣② ❞❡♥)✐-② ✐) ❛♥ ❡①♣❛♥)✐♦♥

✐♥ ♣♦✇❡%) ♦❢ -❤❡ ♦%❞❡% ♣❛%❛♠❡-❡% ❛♥❞ ✐-) )♣❛-✐❛❧ ❞❡%✐✈❛-✐✈❡)✳ ■♥ -❤❡ )✐♠♣❧❡ ❝❛)❡ ✇❤❡%❡ S(
→

r ) ✐)

✉♥✐❢♦%♠✱ -❤❡ )♣❛-✐❛❧ ❞❡%✐✈❛-✐✈❡) %❡❞✉❝❡ -♦ -❤❡ ✉)✉❛❧ ♥❡♠❛-✐❝ ❡❧❛)-✐❝✐-②✱ ❊G)✳ ✭✺✳✻✮✳ ❚❤❡ ❋%❛♥❦

❡❧❛)-✐❝ ❝♦♥)-❛♥-) )❝❛❧❡ ❛) S2
✳ ■❢ )✉%❢❛❝❡ ❡❧❛)-✐❝✐-② ✐) ✐❣♥♦%❡❞✱ ❛♥❞ ❝♦♥)✐❞❡%✐♥❣ -❤❛- -❤❡ ❛♥❝❤♦%✐♥❣

❡♥❡%❣② ❝❛♥ ❜❡ ❡①♣%❡))❡❞ ❛) ❛ ❢✉♥❝-✐♦♥ ♦❢ S ✭❬✶✷❪✱ ❬✾✷❪✮✱ -❤❡♥ -❤❡ ❢%❡❡ ❡♥❡%❣② ❞❡♣❡♥❞) ♦♥❧② ♦♥

S ❛♥❞ ξ✳ ❆ ✜%)- ♠✐♥✐♠✐③❛-✐♦♥ ✇✐-❤ %❡)♣❡❝- -♦ S ❛- ❣✐✈❡♥ ξ ❣✐✈❡) ❛ ❢✉♥❝-✐♦♥ ♦❢ ξ ❛❧♦♥❡✱ -❤❡♥ ❛



❝♦♠♠♦♥ $❛♥❣❡♥$ ❝♦♥($)✉❝$✐♦♥ ♣)♦✈✐❞❡( $❤❡ ❡0✉✐❧✐❜)✐✉♠ $❤✐❝❦♥❡((❡( ξLB ❛♥❞ ξUB ✳ ❚❤✐( ✐( $❤❡

♣)♦❝❡❞✉)❡ ✉(❡❞ ✐♥ ❬✽✶❪ $♦ ❛❝❝♦✉♥$ ❢♦) $❤❡ ❢♦)❜✐❞❞❡♥ )❛♥❣❡ ♦❢ $❤✐❝❦♥❡(( ♦❜(❡)✈❡❞ ✇✐$❤ ✺❈❇ ✜❧♠(

♦♥ ♦①✐❞✐③❡❞ (✐❧✐❝♦♥ ✇❛❢❡)( ❬✽✵❪✳ ■♥($❡❛❞ ♦❢ ❛♥ ❡①♣❧✐❝✐$ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❛♥❝❤♦)✐♥❣ ❡♥❡)❣✐❡( ✇✐$❤ S✱

$❤❡ ❤②♣♦$❤❡(✐( ♦❢ ($)♦♥❣ ❛♥❝❤♦)✐♥❣(✱ $❤❛$ ✐( θH = 0✱ θP = π
2 ✱ ✐♥❞❡♣❡♥❞❡♥$ ♦❢ ξ✱ ✐( ✉(❡❞✳

❚❤❡ ♣)♦❝❡❞✉)❡ ❬✽✶❪ ✐( ✐♥$❡)❡($✐♥❣✱ ❛( ✐$ ❛❝❝♦✉♥$( 0✉❛❧✐$❛$✐✈❡❧② ❢♦) $❤❡ $)❡♥❞ ξLB ✱ ξUB ≈

(|∆T |)−1/2
❬✽✵❪✱ ✇❤❡)❡ ∆T = T − TNI ✐( $❤❡ ♥❡❣❛$✐✈❡ ❞✐($❛♥❝❡ $♦ $❤❡ $)❛♥(✐$✐♦♥ $❡♠♣❡)❛$✉)❡✳ ■$

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

❛)❡ ♥♦$ ($)♦♥❣✳ ❍♦✇❡✈❡)✱ $❤❡ ♠❛✐♥ 0✉❡($✐♦♥ ❞❡❛❧( ✇✐$❤ $❤❡ ♣♦((✐❜❧❡ ♣)❡(❡♥❝❡ ♦❢ (❤♦)$✲✇❛✈❡❧❡♥❣$❤

($)✐♣❡(

✷✺

✐♥ $❤❡ ξUB ✜❧♠ ✭❬✺✼❪✱ ❬✹✷❪✱ ❬✹✵❪✮✱ ✇❤✐❝❤ ✇♦✉❧❞ )❛❞✐❝❛❧❧② ❝❤❛♥❣❡ $❤❡ ✈❛❧✉❡ ♦❢ $❤❡ ❢)❡❡

❡♥❡)❣②✳ ❆( $❤❡(❡ ($)✐♣❡( ❤❛✈❡ ♥❡✈❡) ❜❡❡♥ ♦❜(❡)✈❡❞ ♦♥ ✇❛❢❡)(✱ $❤❡ 0✉❡($✐♦♥ ✇❛( ♠❡)❡❧② ♥♦$ )❛✐(❡❞

$✐❧❧ ♠♦)❡ )❡❝❡♥$❧② $❤❡ (✐♠✐❧❛)✐$② ♦❢ ❣❧♦❜❛❧ ❜❡❤❛✈✐♦)( ♦♥ ✇❛❢❡)( ❛♥❞ ❧✐0✉✐❞ (✉❜($)❛$❡( ❜❡❝❛♠❡

♦❜✈✐♦✉(✳

❲❡ (❤❛❧❧ ♥♦✇ ♣)❡(❡♥$ ✐♥ ❛ (✐♠♣❧❡ ✇❛②✱ $❤❛$ ✐(✱ ❡❛(✐❧② )❡❧❛$❡❞ $♦ ❡①♣❡)✐♠❡♥$❛❧ ♦❜(❡)✈❛$✐♦♥(✱ $❤❡

♣)♦❝❡❞✉)❡( ✉(❡❞ $♦ ❞❡(❝)✐❜❡ ($)✐♣❡ ♣❛$$❡)♥(✳ ❖♥❧② ✜❧♠( ✇✐$❤ $❤✐❝❦♥❡(( ξ ≥ ξUB ❛)❡ ❝♦♥(✐❞❡)❡❞✱

$❤❡)❡❢♦)❡ ❛ ❝♦♥$✐♥✉♦✉( ❞❡(❝)✐♣$✐♦♥ ✐( ❛❝❝❡♣$❛❜❧❡✱ ❡①❝❡♣$ ♣♦((✐❜❧② ❢♦) $❤❡ $❤✐♥♥❡($ ✜❧♠( ❢❛) ❢)♦♠

$❤❡ ◆■ $)❛♥(✐$✐♦♥ ✭ξ ∼= ξUB ≈ 20 − 30 ♥♠✮✳ ❲❡ ✐♥❝❧✉❞❡ $❤❡ ♣♦((✐❜✐❧✐$② ♦❢ ❛❞❞✐♥❣ ❛③✐♠✉$❤❛❧

❛♥❝❤♦)✐♥❣ ✐♥ $❤❡ ❢)❡❡ ❡♥❡)❣②✱ $❤❛$ ✐(✱ ♣)❡❢❡))❡❞ ✈❛❧✉❡( ❢♦) $❤❡ ❛③✐♠✉$❤❛❧ ❛♥❣❧❡( φH ❛♥❞ φP ✱

❛((♦❝✐❛$❡❞ $♦ ❛③✐♠✉$❤❛❧ ❛♥❝❤♦)✐♥❣ ❡♥❡)❣✐❡(✳

✷✳✷✳✻ ❊①✐&'✐♥❣ ♠♦❞❡❧& ♦❢ &'0✐♣❡❞ ♣❛''❡0♥& ❢❛0 ❢0♦♠ '❤❡ ◆■ '0❛♥&✐'✐♦♥

Q✐♦♥❡❡)✐♥❣ ✇♦)❦( ❛)❡ ❞✉❡ $♦ ▲❛✈)❡♥$♦✈✐❝❤ ❛♥❞ Q❡)❣❛♠❡♥(❤❝❤✐❦ ✭▲Q✮ ✭❬✹✶❪✱ ❬✺✼❪✱ ❬✹✷❪✱ ❬✹✵❪✮ ❛♥❞

❙♣❛)❛✈✐❣♥❛ ❛♥❞ ❝♦✇♦)❦❡)( ✭❬✼✹❪✱ ❬✼✺❪✮ $✇❡♥$② ②❡❛)( ❛❣♦✳ ❆$ $❤❛$ $✐♠❡ $❤❡✐) $❤❡♦)❡$✐❝❛❧ ♣)❡❞✐❝$✐♦♥(

✇❡)❡ ❝♦♠♣❛)❡❞ ✇✐$❤ ❛♥ ❡①♣❡)✐♠❡♥$❛❧ ($✉❞② ♦❢ ✺❈❇ ✜❧♠( ♦♥ ❛ ❣❧②❝❡)♦❧ (✉❜($)❛$❡✱ ❢❛) ❢)♦♠ $❤❡

◆■ $)❛♥(✐$✐♦♥✳ ▲❛$❡) ♦♥✱ $❤❡♦)❡$✐❝❛❧ ($✉❞✐❡( ♦❢ $❤❡ ($❛❜✐❧✐$② ♦❢ ❧✐0✉✐❞ ❝)②($❛❧( ✜❧♠( ❞❡✈❡❧♦♣❡❞

♠♦)❡ (♦♣❤✐($✐❝❛$❡❞ ♠❛$❤❡♠❛$✐❝❛❧ ❛♥❞ ♥✉♠❡)✐❝❛❧ $♦♦❧( ✭❬✻❪✱ ❬✽✻❪✱ ❬✸✾❪✱ ❬✶✸❪✮✳ ❊✈♦❧✈❡❞ ❞✐(❝✉((✐♦♥(

♦♥ ❛♥❝❤♦)✐♥❣ ❝♦♥❞✐$✐♦♥(✱ ♥❡♠❛$✐❝ ❡❧❛($✐❝✐$② ❛♥❞ (✉)❢❛❝❡ ✈✐(❝♦(✐$② ❛)❡ ($✐❧❧ ❛ ✈❡)② ❛❝$✐✈❡ ✜❡❧❞ ♦❢

)❡(❡❛)❝❤ ✭❬✷✼❪✱ ❬✷✽❪✱ ❬✷✷❪✱ ❬✻✵❪✱ ❬✼✵❪✱ ❬✶❪✱ ❬✺✾❪✱ ❬✼❪✱ ❬✹✹❪✱ ❬✻✹❪✱ ❬✽❪✱ ❬✹❪✮✳ ❋♦) $❤❡ ❡①♣❡)✐♠❡♥$❛❧✐($✱

$❤❡ ❞✐✣❝✉❧$② ❝♦♠❡( ❢)♦♠ $❤❡ ❧❛)❣❡ ♥✉♠❜❡) ♦❢ ♣♦♦)❧②✲❦♥♦✇♥ ♣❛)❛♠❡$❡)(✱ ❛( ❛♥❝❤♦)✐♥❣ ❡♥❡)❣✐❡(

❛♥❞ (✉)❢❛❝❡ ❡❧❛($✐❝ ❝♦♥($❛♥$(✳ ▼♦)❡♦✈❡)✱ ❡①♣❡)✐♠❡♥$( ❛)❡ ❡❛(✐❡) ❢❛) ❢)♦♠ $❤❡ $)❛♥(✐$✐♦♥✱ ✇❤✐❧❡

$❤❡ ❝♦♥$✐♥✉♦✉( ❛♣♣)♦❛❝❤ ✐( ❜❡$$❡) ❝❧♦(❡ $♦ ✐$✳ ❚❤✐( )❡0✉✐)❡( ❜❡✐♥❣ ✈❡)② ❝❛)❡❢✉❧ ✇❤❡♥ ❝❤❡❝❦✐♥❣

❡①♣❡)✐♠❡♥$( ❛❣❛✐♥($ $❤❡♦)❡$✐❝❛❧ ♣)❡❞✐❝$✐♦♥(✳ ❆❝❝✉♠✉❧❛$✐♥❣ ❡①♣❡)✐♠❡♥$❛❧ ❞❛$❛ ❤❡❧♣( $♦ ❞❡✜♥❡

)♦❜✉($ )❡(✉❧$(✳

■$ ✐( $❤❡)❡❢♦)❡ ✉(❡❢✉❧ $♦ ❞✐(❝✉(( ❞❛$❛ ✐♥ )❡❢❡)❡♥❝❡ $♦ $❤❡ (✐♠♣❧❡($ ✏)❡❢❡)❡♥❝❡✑ ♠♦❞❡❧(✳

❚❤❡ ♠♦❞❡❧ ❜② ▲❛✈,❡♥.♦✈✐❝❤ ❛♥❞ 1❡,❣❛♠❡♥3❤❝❤✐❦ ❚❤❡ ▲Q ♠♦❞❡❧ ✭❬✹✶❪✱ ❬✺✼❪✱ ❬✹✷❪✱ ❬✹✵❪✮

✐( ❛ ❧✐♥❡❛) ♣❡)$✉)❜❛$✐♦♥ ♦❢ $❤❡ ❍❆◆ ($❛$❡ ❢♦) ❛ ❣✐✈❡♥ $❤✐❝❦♥❡(( ξ✳ ❆( ♣)❡✈✐♦✉(❧② ❞✐(❝✉((❡❞✱ $❤❡

✷✺

❖♥ "✐❧✐❝♦♥ ✇❛❢❡+"✱ -❤❡ ♣❧❛♥❛+ ❛♥❝❤♦+✐♥❣ ✐" ✇❡❛❦❡+ -❤❛♥ -❤❡ ❤♦♠❡♦-+♦♣✐❝ ♦♥❡ ❛- -❤❡ ❢+❡❡ ✐♥-❡+❢❛❝❡✳ ■♥ -❤❛- ❝❛"❡✱

"-+✐♣❡" ❛+❡ ♣+❡❞✐❝-❡❞✱ ❜✉- ✇✐-❤ ❛ "❤♦+- ✇❛✈❡❧❡♥❣-❤✱ ♦❢ -❤❡ ♦+❞❡+ ♦❢ -❤❡ ✜❧♠ -❤✐❝❦♥❡""✱ -❤❡+❡❢♦+❡ ❤❛+❞❧② ♦❜"❡+✈❛❜❧❡

✭"❡❡ ❧❛-❡+✮



❍❆◆ #$❛$❡ ❝♦))❡#♣♦♥❞# $♦ ❛ ♣❧❛♥❛)✲♥♦♥✲❞❡❣❡♥❡)❛$❡ ❛♥❝❤♦)✐♥❣ ♣❛)❛❧❧❡❧ $♦ x ♦♥ $❤❡ #✉❜#$)❛$❡ ❛♥❞

❤♦♠❡♦$)♦♣✐❝ ❛$ $❤❡ ❢)❡❡ ✐♥$❡)❢❛❝❡✱ $❤❡ ♦♥❧② ✈❛)✐❛❜❧❡ ✐# z ✭#❡❡ ✜❣✉)❡# ✷✳✽ ❛♥❞ ✷✳✶✵✮✳ ❚❤❡ ❛③✐♠✉$❤❛❧

❛♥❣❧❡ φ(z) ✐# ③❡)♦ ❢♦) ❛♥② z✳ ❚❤❡ ♣♦❧❛) ❛♥❣❧❡ θ(z) ♦❜❡②#✿

θ(z) = θ(0) + z.
θ(z)− θ(0)

ξ
✭✷✳✶✾✮

❚❤❡ ✈❛❧✉❡# θ(0) ❛♥❞ θ(ξ) ❛)❡ ♦❜$❛✐♥❡❞ ❜② ♠✐♥✐♠✐③❛$✐♦♥ ♦❢ $❤❡ ❢)❡❡ ❡♥❡)❣② ♦❢ $❤❡ ❍❆◆ #$❛$❡ ❛$

❣✐✈❡♥ ξ✳ ▲✐♥❡❛) ♣❡)$✉)❜❛$✐♦♥# δθ(z, y) ❛♥❞ δφ(z, y) ❛)❡ ❝♦♥#✐❞❡)❡❞✳ ❙$)✐♣❡# ❛)❡ ♣❡)✐♦❞✐❝ #♦❧✉$✐♦♥#

✇✐$❤ )❡#♣❡❝$ $♦ y✳ ▲♦♥❣ ✇❛✈❡❧❡♥❣$❤# ❝♦))❡#♣♦♥❞ $♦ χ = 2πξ
λ << 1✱ ✇❤✐❝❤ ❛❧❧♦✇# #♣❡❝✐✜❝ ❛♣♣)♦①✲

✐♠❛$✐♦♥#✳ ❚❤✐# ✐# ❛❝❤✐❡✈❡❞ ❢♦) ✐♥$❡)♠❡❞✐❛$❡ $❤✐❝❦♥❡##❡#✱ ✇❤❡)❡ χ ✐# ❛❧♠♦#$ ❝♦♥#$❛♥$ ❛♥❞ ♠✉❝❤

#♠❛❧❧❡) $❤❛♥ 1✳ ❚②♣✐❝❛❧ ✈❛❧✉❡# ❛)❡ ❛)♦✉♥❞ 0.05✱ ❜♦$❤ ♦♥ ✇❛$❡) ❛♥❞ ❣❧②❝❡)♦❧✱ ✇❤✐❝❤ ✈❛❧✐❞❛$❡# $❤❡

❛♣♣)♦①✐♠❛$✐♦♥ χ << 1 ✭#❡❡ ✜❣✉)❡ ✷✳✸✸✮✳

❆# $❤❡ ❍❆◆ #$)✉❝$✉)❡ ✐# $❤❡ ❜❛#❡ #$❛$❡ ❢♦) $❤❡ ❧✐♥❡❛) ♣❡)$✉)❜❛$✐♦♥✱ $❤❡ $❤)❡#❤♦❧❞ $❤✐❝❦♥❡##

ξC ❬✸❪ ✐# $❤❡ ❧♦✇❡) $❤)❡#❤♦❧❞ ✭❍❆◆✲M❧❛♥❛)✮ ❢♦) $❤❡ #$)✐♣❡#✳ ❆ ♠♦)❡ ❡✈♦❧✈❡❞ ❜❛#❡ #$❛$❡ ✐# ♦❜$❛✐♥❡❞

❜② ❝♦♥#✐❞❡)✐♥❣ $❤❡ #✉)❢❛❝❡ $❡)♠ K13 ✭❬✹✷❪✮ ✭K24 ❞♦❡# ♥♦$ ♣❧❛② ❞✉❡ $♦ $❤❡ $)❛♥#❧❛$✐♦♥❛❧ ✐♥✈❛)✐❛♥❝❡

❛❧♦♥❣ x✮✱ ✐♥ ✇❤✐❝❤ ❝❛#❡ $❤❡ ❧♦✇❡) $❤)❡#❤♦❧❞ $❤✐❝❦♥❡## ✐# ❧❛)❣❡) $❤❛♥ ξC ✳

❚❤❡ ▲M ♠♦❞❡❧ ✐# O✉✐$❡ ❡✣❝✐❡♥$ ❢♦) $❤✐❝❦♥❡##❡# ❜❡$✇❡❡♥ 0.15 ❛♥❞ 0.5 µ♠ $②♣✐❝❛❧❧②✳ ❊①♣❡)✲

✐♠❡♥$❛❧ λ(ξ) ✈❛❧✉❡# ❛)❡ ✇❡❧❧ ❛❝❝♦✉♥$❡❞ ❢♦)✱ ❛♥❞ $❤❡ ♠♦❞❡❧ ✐# ♥♦$ $♦♦ #❡♥#✐$✐✈❡ $♦ $❤❡ ♣)❡❝✐#❡

✈❛❧✉❡# ♦❢ $❤❡ ❡❧❛#$✐❝ ❝♦♥#$❛♥$# ❛♥❞ ❛♥❝❤♦)✐♥❣ ❡♥❡)❣✐❡#✳ ❚❤✐# ✐# ❛ )❡O✉✐)❡♠❡♥$ ❝♦♥#✐❞❡)✐♥❣ $❤❛$

$❤❡ ♣)❡#❡♥$ ❡①♣❡)✐♠❡♥$# ❛)❡ ♥♦$ )❡#$)✐❝$❡❞ $♦ $❤❡ ✐♥✐$✐❛❧ ✺❈❇ ✴ ❣❧②❝❡)♦❧ #②#$❡♠✱ ❛# #✐♠✐❧❛) )❡#✉❧$#

❛)❡ ♦❜$❛✐♥❡❞ ❢♦) $❤❡ ♦$❤❡) ♥❈❇✱ ❛♥❞ ❜♦$❤ ♦♥ ❣❧②❝❡)♦❧ ❛♥❞ ♦♥ ✇❛$❡)✳

❆♥ ❛♣♣❛)❡♥$ ✇❡❛❦♥❡## ♦❢ $❤❡ ▲M ♠♦❞❡❧ ✐# $❤❛$ ❡①♣❡)✐♠❡♥$❛❧ ✈❛❧✉❡# ♦❢ δθ(z, y) ❛♥❞ δφ(z, y) ❛)❡

♥♦$ #♠❛❧❧✳ ◆♦$✐❝❡❛❜❧②✱ δφ(z, y) ❛♠♦✉♥$# ±π
4 ✳ ■$ ✐# ♥♦$ #✉)♣)✐#✐♥❣ $❤❛$ ♠♦)❡ ❝♦♠♣❧❡① ♣❛$$❡)♥#✱

)❡O✉✐)✐♥❣ ❛ ♥♦♥✲❧✐♥❡❛) ❛♥❛❧②#✐#✱ ❛)❡ ❢)❡O✉❡♥$❧② ♦❜#❡)✈❡❞✳ ❚❤✐# ❜❡❤❛✈✐♦) ✐# )❡♠✐♥✐#❝❡♥$ ♦❢ $❤❡

✏❝❤❡✈)♦♥✲❧✐❦❡✑ ❛♥❞ ✏③✐❣✲③❛❣✑ #$)✉❝$✉)❡# ✐♥ ❝♦♥✈❡❝$✐✈❡ ❲✐❧❧✐❛♠# ✐♥#$❛❜✐❧✐$✐❡# ❬✶✺❪✳ ❍♦✇❡✈❡)✱ ❧✐❦❡ ✐♥

$❤❡ ❝❛#❡ ♦❢ ❲✐❧❧✐❛♠# ❞♦♠❛✐♥#✱ $❤❡ ❧✐♥❡❛) ❛♥❛❧②#✐# ♣)♦✈✐❞❡# ❝♦))❡❝$ ✈❛❧✉❡# ❢♦) $❤❡ ✇❛✈❡❧❡♥❣$❤ ♦❢

$❤❡ ❢✉♥❞❛♠❡♥$❛❧ ♣❛$$❡)♥✳

❚❤❡ ❛❝$✉❛❧ ❞✐✣❝✉❧$② ♦❢ $❤❡ ♠♦❞❡❧ ❞❡❛❧# ✇✐$❤ $❤❡ $❤)❡#❤♦❧❞ ✈❛❧✉❡# ξUB ❛♥❞ D ✭✉♣♣❡) $❤)❡#❤♦❧❞

♦❢ $❤❡ #$)✐♣❡❞ ♣❤❛#❡ ♦) M❡)✐♦❞✐❝❛❧❧② ❍②❜)✐❞ ❆❧✐❣♥❡❞ ◆❡♠❛$✐❝# ✭M❍❆◆✮✮✳ ❆# #$)✐♣❡# ❛)❡ ❡①♣❡)✐✲

♠❡♥$❛❧❧② ♦❜#❡)✈❡❞ ❢♦) ξ ≥ ξUB ✱ $❤❡♥ ξUB ≥ ξC ✳ ❍♦✇❡✈❡)✱ $②♣✐❝❛❧ ξC ✈❛❧✉❡# ❢❛) ❢)♦♠ TNI ❛)❡

❛)♦✉♥❞ 0.2− 0.3 µ♠ ❢♦) ❛❧❧ ♦✉) #②#$❡♠#✱ ✇❤✐❧❡ ξUB ✐# $❡♥ $✐♠❡# ❧❡## ✭20.30 ♥♠✮✳ ❈♦♥#✐❞❡)✐♥❣ D✱

$❤❡ ▲M ♠♦❞❡❧ ✐# ❝)✐$✐❝❛❧❧② #❡♥#✐$✐✈❡ $♦ $❤❡ ✈❛❧✉❡ ♦❢ K13/K11✱ ✇❤✐❝❤ ✐# ♥♦$ ♣❧❛✉#✐❜❧❡✳

❚❤❡ ♠♦❞❡❧ ❜② ❙♣❛,❛✈✐❣♥❛ ❛♥❞ ❝♦✇♦,❦❡,4 ❆♥♦$❤❡) ❛♣♣)♦❛❝❤ ❤❛# ❜❡❡♥ ♣)♦♣♦#❡❞ ❜② ❙♣❛)✲

❛✈✐❣♥❛ ❡$ ❛❧✳ ❬✼✺❪ ✐♥ $❤❡ #✐♠♣❧❡ ❝❛#❡ K11 = K22 = K33✱ K13 = 0✱ ❛♥❞ ❧❛$❡) ♦♥ )❡✜♥❡❞ ♥✉♠❡)✐❝❛❧❧②

❜② ❑)③②③❛♥#❦✐ ❬✸✾❪ ✇✐$❤ $❤❡ ♣)♦♣❡) ❡❧❛#$✐❝ ❝♦♥#$❛♥$# ✈❛❧✉❡# ❢♦) ✺❈❇✱ $❤❛$ ✐#✱ K33 ≈ 1.3K11✱

K22 ≈ 0.5K11✱ K13 = 0✳ ❲❡ #❤❛❧❧ ❜)✐❡✢② ❝♦♠♠❡♥$ ❛❜♦✉$ $❤❡ ❛♥❛❧②#✐# ♦❢ $❤❡ ❧♦✇❡) $❤)❡#❤♦❧❞

ξUB ✳ ■♥ ❝♦♥$)❛#$ ✇✐$❤ $❤❡ ▲M ♠♦❞❡❧✱ ✇❤❡)❡ $❤❡ ❧♦✇❡) $❤)❡#❤♦❧❞ ✐# ❛ $)❛♥#✐$✐♦♥ ❜❡$✇❡❡♥ ❛ ♣❧❛♥❛)

#$❛$❡ ❛♥❞ $❤❡ ❍❆◆ #$❛$❡ ❬✸❪✱ ❤❡)❡ $❤❡ $❤)❡#❤♦❧❞ ✐# #✉♣♣♦#❡❞ $♦ ❜❡ ❛ $)❛♥#✐$✐♦♥ ❜❡$✇❡❡♥ ❛ ♣❧❛♥❛)
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❋✐❣✉$❡ ✷✳✸✸✿ ❋✐❣✉$❡ $❡♣$❡+❡♥-✐♥❣ -❤❡ ♣❛$❛♠❡-❡$ χ = 2πξ
λ ❝❛❧❝✉❧❛-❡❞ ❢$♦♠ -❤❡ ❡①♣❡$✐♠❡♥-❛❧ ❞❛-❛

✐♥ ❢✉♥❝-✐♦♥ ♦❢ -❤❡ -❤✐❝❦♥❡++ ξ✳ ❚❤❡ ♣❛$❛♠❡-❡$ χ ✇❛+ ❝❛❧❝✉❧❛-❡❞ ❜♦-❤ ♦♥ ✇❛-❡$ ❛♥❞ ♦♥ ❣❧②❝❡$♦❧ ❛-
❛ ❣✐✈❡♥ -❡♠♣❡$❛-✉$❡ ❢$♦♠ -❤❡ ♥❡♠❛-✐❝ ✴ ✐+♦-$♦♣✐❝ ♣❤❛+❡ -$❛♥+✐-✐♦♥✳ ❙♠❛❧❧ ✈❛❧✉❡+ ♦❢ χ ❝♦$$❡+♣♦♥❞
-♦ ❧♦♥❣ ✭♦❜+❡$✈❛❜❧❡✮ ✇❛✈❡❧❡♥❣-❤+ ✇❤✐❝❤ ✐+ ❛❝❤✐❡✈❡❞ ❢♦$ ✐♥-❡$♠❡❞✐❛-❡ -❤✐❝❦♥❡++❡+✳ ❖♥ -❤❡ -♦♣✱

$❡+✉❧-+ ❢♦$ ✇❛-❡$ ❛♥❞ ♦♥ -❤❡ ❜♦--♦♠✱ $❡+✉❧-+ ❢♦$ ❣❧②❝❡$♦❧✳



 !❛!❡ ❛♥❞ ❛ ♣❡'✐♦❞✐❝❛❧❧② ♠♦❞✉❧❛!❡❞  !❛!❡ ✭0❍❆◆✮✳ ❉❡♣❡♥❞✐♥❣ ♦♥ !❤❡ ✈❛❧✉❡ ♦❢ !❤❡  ❛❞❞❧❡  ♣❧❛②

❝♦♥ !❛♥! K24✱ !❤❡ !❤'❡ ❤♦❧❞ ✈❛❧✉❡ ✈❛'✐❡ ❜❡!✇❡❡♥ ξC ❛♥❞ 0 ✭❬✼✺❪✱ ❬✸✾❪✮✳ ■♥ !❤❡ ❝❛ ❡ ♦❢ ✺❈❇✱ ✇✐!❤

K33 ≈ 1.3K11✱ K22 ≈ 0.5K11✱ K13 = 0✱ !❤❡ ❡①♣❡'✐♠❡♥!❛❧ ✈❛❧✉❡ ♦❢ ξUB ❝♦✐♥❝✐❞❡ ✇✐!❤ !❤❡ ❝❛❧❝✉✲

❧❛!❡❞ ♦♥❡ ❢♦' |K24| ≤ 0.6K11✱ ❝♦♠♣❛!✐❜❧❡ ✇✐!❤ ◆▼❘ ♠❡❛ ✉'❡♠❡♥! ♦❢ !❤❡  ❛❞❞❧❡  ♣❧❛② ❝♦♥ !❛♥!

❬✷❪✳ ❙✐♠✐❧❛' '❡ ✉❧! ✇♦✉❧❞ ❜❡ ♦❜!❛✐♥❡❞ ✇✐!❤ !❤❡ ♦!❤❡' ♥❈❇✳

▼♦"❡ "❡❝❡♥& ❛♥❛❧②*✐* ❆ ❞✐✣❝✉❧!② ✇✐!❤ !❤❡ ❙♣❛'❛✈✐❣♥❛ ♠♦❞❡❧ ✐ !❤❛! !❤❡ ✇❛✈❡❧❡♥❣!❤ ✐ ♥♦!

❦♥♦✇♥✳ ◆♦!✐❝❡❛❜❧②✱ ✐! ✐ ♥♦! ❣✉❛'❛♥!❡❡❞ !❤❛!  !'✐♣❡ ❛'❡ ♦❜ ❡'✈❛❜❧❡✱✇❤✐❝❤ ♠❡❛♥ !❤❛! !❤❡ ❝❛❧❝✉✲

❧❛!❡❞ ❧♦✇❡' !❤'❡ ❤♦❧❞ ✐ ♥♦! ♥❡❝❡  ❛'✐❧② !❤❡ ❡①♣❡'✐♠❡♥!❛❧ ♦♥❡ ξUB ✳ ■♥ ❛❝!✉❛❧ ❢❛❝!✱ !❤❡ O✉❡ !✐♦♥

♠❛❦❡  ❡♥ ❡✳ ❆ '❡❝❡♥! ❝❛❧❝✉❧❛!✐♦♥ ❬✹✼❪ ✉ ✐♥❣ !❤❡ ❡✈♦❧✈❡❞ !❡❝❤♥✐O✉❡ ✭❬✶❪✱ ❬✼❪✱ ❬✹✹❪✮ ❤❛ ♣'♦✈✐❞❡❞

!❤'❡ ❤♦❧❞ ❛♥❞ ✇❛✈❡❧❡♥❣!❤ ✈❛❧✉❡ ❛! !❤❡ ♣❧❛♥❛'✲0❍❆◆ !'❛♥ ✐!✐♦♥✳ ■! ❛❧❧♦✇ '❡❝♦✈❡'✐♥❣ !❤'❡ ❤♦❧❞

✈❛❧✉❡ ✐♥ !❤❡ ♣'♦♣❡' '❛♥❣❡ ξUB ≈ 20−30 ♥♠✱ ✇✐!❤ χ = 2πξ
λ << 1✳ ❍♦✇❡✈❡'✱ ❛ ♥♦♥✲③❡'♦✱ ❛❧!❤♦✉❣❤

✈❡'②  ♠❛❧❧ ❛③✐♠✉!❤❛❧ ❛♥❝❤♦'✐♥❣ ✐ '❡O✉✐'❡❞ !♦ ❣❡! ❛ ✜♥✐!❡ ✈❛❧✉❡ ♦❢ !❤❡ ✇❛✈❡❧❡♥❣!❤✿ ✇✐!❤♦✉! ❛③✲

✐♠✉!❤❛❧ ❛♥❝❤♦'✐♥❣✱ !❤❡ ✇❛✈❡♥✉♠❜❡' χ ✈❛♥✐ ❤❡ ❛! !❤❡ !❤'❡ ❤♦❧❞✳ ❊①♣❡'✐♠❡♥!❛❧❧②✱ χ ✐♥❝'❡❛ ❡ 

 ❧✐❣❤!❧② ✇❤❡♥ ξ ❞❡❝'❡❛ ❡ !♦✇❛'❞ !❤❡ !❤'❡ ❤♦❧❞ ξUB ✳

❚❤❡'❡❢♦'❡✱ !❤❡ ♣'❡ ❡♥!  ✐!✉❛!✐♦♥ ✐ ❛ ❢♦❧❧♦✇ ✿ ■♥ !❤❡ ✐♥!❡'♠❡❞✐❛!❡ '❛♥❣❡ ♦❢ !❤✐❝❦♥❡  ✱ !❤❡

▲0 ♠♦❞❡❧✱ ✇❤✐❝❤ ✉ ❡ ❛ ✜' ! ♦'❞❡' ♣❡'!✉'❜❛!✐♦♥ ♦❢ !❤❡ ❍❆◆ ❜❛ ❡  !❛!❡✱ ❛❝❝♦✉♥!  ❛!✐ ❢❛❝!♦'✐❧②

❢♦' !❤❡  !'✐♣❡ ✇❛✈❡❧❡♥❣!❤✳ ❋♦' !❤❡ !❤✐♥♥❡ !  !'✐♣❡❞ ✜❧♠ ✱ !❤❡ ❍❆◆  !'✉❝!✉'❡ ✐ ♥♦ ❧♦♥❣❡' !❤❡

♣'♦♣❡' ❜❛ ❡  !❛!❡✱ ❛♥❞ !❤❡ ❧♦✇❡' !❤'❡ ❤♦❧❞ ✐ ♥♦! '❡❝♦✈❡'❡❞✳ ❚❤❡ ❙♣❛'❛✈✐❣♥❛ ♠♦❞❡❧✱ ❛♥❞ ♠♦'❡

❡✈♦❧✈❡❞ ✈❡' ✐♦♥ ♦❢ ✐!✱ ❛❧❧♦✇ ♦♥❡ !♦ '❡❝♦✈❡' !❤❡ ❧♦✇❡'  !'✐♣❡ !❤'❡ ❤♦❧❞ ξUB ❢♦' ♣❧❛✉ ✐❜❧❡ ✈❛❧✉❡ ♦❢

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

K24✳ ❍♦✇❡✈❡'✱ !❤❡ '❡O✉✐'❡♠❡♥! ♦❢ ❛  ♠❛❧❧ ❛③✐♠✉!❤❛❧ ❛♥❝❤♦'✐♥❣ !♦ ♦❜!❛✐♥ ✜♥✐!❡ ✇❛✈❡❧❡♥❣!❤ ❛!

!❤❡ !❤'❡ ❤♦❧❞ '❛✐ ❡ !❤❡ O✉❡ !✐♦♥ ♦❢ !❤❡ ✈❛❧✐❞✐!② ♦❢ ❛ ❝♦♥!✐♥✉♦✉ ❛♥❛❧② ✐ ❛♥❞ ❛ ✏✜' ! ♦'❞❡' ❡❧❛ !✐❝

!❤❡♦'②✑ ❢♦' !❤❡ !❤✐♥♥❡ !  !'✐♣❡❞ ✜❧♠ ❢❛' ❢'♦♠ !❤❡ ◆■ !'❛♥ ✐!✐♦♥✳

❙&"✐♣❡* ♦♥ *♦❧✐❞ *✉❜*&"❛&❡* ❄ ▲❡! ✉ ♠❡♥!✐♦♥ !❤❛! !❤❡ !❤❡♦'② ♣'❡❞✐❝! !❤❡ ❡①✐ !❡♥❝❡ ♦❢  !'✐♣❡ 

♦♥  ✐❧✐❝♦♥ ✇❛❢❡' ✱ ❜✉! ✇✐!❤  ❤♦'! ✇❛✈❡❧❡♥❣!❤ ✭♦❢ !❤❡ ♦'❞❡' ♦❢ ♠❛❣♥✐!✉❞❡ ♦❢ !❤❡ ✜❧♠ !❤✐❝❦♥❡  ✮✳

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

❆♥ ❛!!❡♠♣! ♦❢ ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ !❤✐♥ ✻❈❇ ✜❧♠ ❞❡♣♦ ✐!❡❞ ♦♥  ✐❧✐❝♦♥ ✇❛❢❡' ✇❛ !❤❡♥ ♣❡'❢♦'♠❡❞✳

❆❧!❤♦✉❣❤ ♥♦♥✲❝♦♥!❛❝! ♠♦❞❡ ✇❛ ✉ ❡❞ ✭ ❡❡ ❆♣♣❡♥❞✐① ❛❜♦✉! ❆❋▼ ❢♦' ❞❡!❛✐❧ ✮✱ !❤❡ ✐♥!❡'❛❝!✐♦♥

♦❢ !❤❡ ❧✐O✉✐❞ ❝'② !❛❧ ✇✐!❤ !❤❡ ❆❋▼ !✐♣ ✇❛  !'♦♥❣ ❛♥❞ !'✐❣❣❡'❡❞ ❛ ❢❛ !  ♣'❡❛❞✐♥❣ ♣'♦❝❡  ✳ ◆♦

 !'✐♣❡ ✇❡'❡  ❡❡♥ ♦♥ !❤❡ ✐♠❛❣❡ ✳ ❍♦✇❡✈❡'✱ !❤❡  ② !❡♠  ❡❡♠ !♦ ❜❡  ✐❣♥✐✜❝❛♥!❧② ❞✐ !✉'❜❡❞ ❜②

!❤❡ !✐♣ ♦❢ !❤❡ ❆❋▼✿ ❯♥❧✐❦❡ ❡①❛♠♣❧❡ ♣'❡ ❡♥!❡❞ ✐♥ ❈❤❛♣!❡' ✸ ✇❤❡'❡ !❤❡ !✐♣ ❝❛✉ ❡❞ ❞❡♣✐♥♥✐♥❣ ♦❢

✐♦♥✐❝ ❧✐O✉✐❞ ❛♥❞ ✈❡'②  ❧♦✇ '❡❧❛①❛!✐♦♥ ♦❢ !❤❡ !❤✐♥ ✐♦♥✐❝ ❧✐O✉✐❞ ✜❧♠ ✱ ✐♥ !❤❡ ❝❛ ❡ ♦❢ ❧✐O✉✐❞ ❝'② !❛❧ ✱

❛  !❛❜❧❡  ❛♠♣❧❡ ❞❡♣♦ ✐!❡❞  ❡✈❡'❛❧ ❞❛② ❜❡❢♦'❡ ❡①♣❡'✐❡♥❝❡ ❢❛ !  ♣'❡❛❞✐♥❣ ❛  ♦♦♥ ❛ !❤❡  ❝❛♥♥✐♥❣

♣'♦❝❡  ❜❡❣✐♥ ✳ ❋❛ !  ♣'❡❛❞✐♥❣ ✐♠♣❧✐❡ !❤❡ ❡①✐ !❡♥❝❡ ♦❢ ❣'❛❞✐❡♥! ✐♥ !❤❡ !❤✐❝❦♥❡  ♦❢ !❤❡ ✜❧♠✳ ■!

❝♦✉❧❞ ❜❡ !❤❛!✱ ❛ ✐♥ !❤❡ ❝❛ ❡ ♦❢ !❤❡ ♣❧❛♥❛' '✐♠ ♦❢  !'✐♣❡❞ ❞♦♠❛✐♥ ♦♥ ✇❛!❡'✱ ❣'❛❞✐❡♥! ✐♥!'♦❞✉❝❡ ❛

♣'❡❢❡''❡❞ ♦'✐❡♥!❛!✐♦♥ ❛♥❞ ❞❡ !'♦② !❤❡ ♦'✐❡♥!❛!✐♦♥❛❧ ❢'❡❡❞♦♠ ❛♥❞ !❤❡'❡❢♦'❡ ♣'❡✈❡♥! !❤❡ ❢♦'♠❛!✐♦♥

♦❢  !'✐♣❡ ✳



✷✳✷✳✼ ●❡♥❡&❛❧ ❝♦♥❝❧✉,✐♦♥

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

♦❢ ❤②❜$✐❞ ❧✐8✉✐❞ ❝$②%'❛❧%✱ ♦❜%❡$✈❡❞ ♦♥ ❞✐✛❡$❡♥' %✉❜%'$❛'❡% ❛♥❞ ✇✐'❤ ❞✐✛❡$❡♥' ❝♦♠♣♦✉♥❞%✳ ❈❧♦%❡

'♦ '❤❡ ♥❡♠❛'✐❝ ✐%♦'$♦♣✐❝ '$❛♥%✐'✐♦♥✱ '❤❡ ✈❛❧✉❡% ♦❢ '❤❡ '❤✐❝❦♥❡%% '❤$❡%❤♦❧❞%✱ ξLB ❛♥❞ ξUB ✐♥❝$❡❛%❡✳

❚❤❡② ❞✐✈❡$❣❡ ❛' '❤❡ ♣❤❛%❡ '$❛♥%✐'✐♦♥ '❤❛' ✐% ❛❧%♦ ❛ ✇❡''✐♥❣ '$❛♥%✐'✐♦♥✳ ❖♥ ❧✐8✉✐❞ %✉❜%'$❛'❡%✱ ❧♦♥❣

✇❛✈❡❧❡♥❣'❤ %'$✐♣❡❞ ♣❛''❡$♥% ❛$❡ ♦❜%❡$✈❡❞ ❢♦$ ✜❧♠% ✇❤✐❝❤ '❤✐❝❦♥❡%% ✐% ❧❛$❣❡$ '❤❛♥ ξUB ✳ ■♥ ❝♦♥'$❛%'
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❖♥ ✇❛$❡& ✲ ❝❧♦+❡ $♦ TNI

TNI − T
✭

◦
❈✮

✻❈❇

❡+$✐♠❛$❡❞ ξLB ✭♥♠✮ 5.5 3.8
1.5 50
0.5 80

❡+$✐♠❛$❡❞ ξUB ✭♥♠✮ 5.5 ≤ 70
1.5 80
0.5 150

❡+$✐♠❛$❡❞ ✉♣♣❡& +$&✐♣❡+✬ 5.5 650
$❤&❡+❤♦❧❞ ✭♥♠✮ 1.5 400

❋✐❣✉&❡ ✷✳✸✼✿ ❚❛❜❧❡ +✉♠♠❛&✐③✐♥❣ $❤❡ ❡+$✐♠❛$❡❞ ✈❛❧✉❡+ ♦❢ ξLB ✱ ξUB ❛♥❞ ♦❢ $❤❡ ✉♣♣❡& $❤&❡+❤♦❧❞

❢♦& $❤❡ +$&✐♣❡+ ✇❤✐❧❡ ❛♣♣&♦❛❝❤✐♥❣ $❤❡ ◆■ $&❛♥+✐$✐♦♥✳ ❖♥ $❤❡ $♦♣✱ $❤❡ ❝❡❧❧+ ✜❧❧❡❞ ✐♥ ❣&❛② ✐♥❞✐❝❛$❡

$❤❡ ❝♦♠♣♦✉♥❞ ❡✐$❤❡& ✇❡$$✐♥❣ ♦♥❧② ✇❤❡♥ ❡①$&❛✲♣✉&❡ ✭✺❈❇ ❛♥❞ ✼❈❇ ♦♥ ✇❛$❡&✮ ♦& ♥♦♥ ✇❡$$✐♥❣
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❞✐$✐♦♥+ ✇❤❡♥ ✐$ ✇❛+ ♥♦$ ❡①$&❛✲♣✉&❡✱ $❤❡ ❝♦♠♣❡$✐$✐♦♥ ❜❡$✇❡❡♥ ♣♦+$✲$&❛♥+✐$✐♦♥❛❧ ❡✛❡❝$+ ❢&♦♠ $❤❡

❙♠✲◆ $&❛♥+✐$✐♦♥ ❛♥❞ ♣&❡✲$&❛♥+✐$✐♦♥❛❧ ❡✛❡❝$+ ❢&♦♠ $❤❡ ◆■ $&❛♥+✐$✐♦♥ ♠❛❞❡ $❤❡ ✐♥$❡&♣&❡$❛$✐♦♥ ♦❢

$❤❡ ❞❛$❛ ♥♦$ +$&❛✐❣❤$❢♦&✇❛&❞✳



❇✐❜❧✐♦❣&❛♣❤②

❬✶❪ ❆✳ ▲✳ ❆❧❡①❡✲■♦♥❡-❝✉✱ ●✳ ❇❛4❜❡4♦✱ ❛♥❞ ■✳ ▲❡❧✐❞✐-✳ 8❡4✐♦❞✐❝ ❞❡❢♦4♠❛;✐♦♥- ✐♥ ♥❡♠❛;✐❝ ❧✐<✉✐❞

❝4②-;❛❧-✳  ❤②#✳ ❘❡✈✳ ❊✱ ✻✻✿✵✻✶✼✵✺✱ ✷✵✵✷✳

❬✷❪ ❉✳ ❲✳ ❆❧❧❡♥❞❡4✱ ●✳ 8✳ ❈4❛✇❢♦4❞✱ ❛♥❞ ❏✳ ❲✳ ❉♦❛♥❡✳ ❉❡;❡4♠✐♥❛;✐♦♥ ♦❢ ;❤❡ ❧✐<✉✐❞✲❝4②-;❛❧

-✉4❢❛❝❡ ❡❧❛-;✐❝ ❝♦♥-;❛♥; ❦✷✹✳  ❤②#✳ ❘❡✈✳ ▲❡**✳✱ ✻✼✿✶✹✹✷✕✶✹✹✺✱ ✶✾✾✶✳

❬✸❪ ●✳ ❇❛4❜❡4♦ ❛♥❞ ❘✳ ❇❛4❜❡4✐✳ ❈4✐;✐❝❛❧ ;❤✐❝❦♥❡-- ♦❢ ❛ ❤②❜4✐❞ ❛❧✐❣♥❡❞ ♥❡♠❛;✐❝ ❧✐<✉✐❞ ❝4②-;❛❧

❝❡❧❧✳ ❏♦✉.♥❛❧ ❞❡  ❤②#✐4✉❡✱ ✹✹✿✻✵✾✕✻✶✻✱ ✶✾✽✸✳

❬✹❪ ●✳ ❇❛4❜❡4♦✱ ■✳ ❉❛❤❧✱ ❛♥❞ ▲✳ ❑♦♠✐;♦✈✳ ❈♦♥;✐♥✉✉♠ ❞❡-❝4✐♣;✐♦♥ ♦❢ ;❤❡ ✐♥;❡4❢❛❝✐❛❧ ❧❛②❡4 ♦❢

♥❡♠❛;✐❝ ❧✐<✉✐❞ ❝4②-;❛❧- ✐♥ ❝♦♥;❛❝; ✇✐;❤ -♦❧✐❞ -✉4❢❛❝❡-✳ ❚❤❡ ❥♦✉.♥❛❧ ♦❢ ❝❤❡♠✐❝❛❧ ♣❤②#✐❝#✱

✶✸✵✿✶✼✹✾✵✷✱ ✷✵✵✾✳

❬✺❪ ●✳ ❇❛4❜❡4♦ ❛♥❞ ●✳ ❉✉4❛♥❞✳ ❙♣❧❛②✲❜❡♥❞ ❝✉4✈❛;✉4❡ ❛♥❞ ;❡♠♣❡4❛;✉4❡✲✐♥❞✉❝❡❞ -✉4❢❛❝❡ ;4❛♥-✐✲

;✐♦♥- ✐♥ ♥❡♠❛;✐❝ ❧✐<✉✐❞ ❝4②-;❛❧-✳  ❤②#✳ ❘❡✈✳ ❊✱ ✹✽✿✶✾✹✷✕✶✾✹✼✱ ✶✾✾✸✳

❬✻❪ ●✳ ❇❛4❜❡4♦✱ ▲❘✳ ❊✈❛♥❣❡❧✐-;❛✱ ❛♥❞ 8✳ 8✐❡4❛♥-❦✐✳ ❆♥ ❡❧❡♠❡♥*❛.② ❝♦✉.#❡ ♦♥ *❤❡ ❝♦♥*✐♥✉✉♠

*❤❡♦.② ❢♦. ♥❡♠❛*✐❝ ❧✐4✉✐❞ ❝.②#*❛❧#✳ ❙✐♥❣❛♣♦4❡✿ ❲♦4❧❞ -❝✐❡♥;✐✜❝✱ ✷✵✵✶✳

❬✼❪ ● ❇❛4❜❡4♦ ❛♥❞ ■ ▲❡❧✐❞✐-✳ ▼♦❞✉❧❛;❡❞ -;4✉❝;✉4❡- ♦❢ ✢❡①♦❡❧❡❝;4✐❝ ♦4✐❣✐♥ ✐♥ ♥❡♠❛;✐❝ ❧✐<✉✐❞

❝4②-;❛❧-✳  ❤②#✳ ❘❡✈✳ ❊✱ ✻✼✿✵✻✶✼✵✽✱ ✷✵✵✸✳

❬✽❪ ●✳ ❇❛4❜❡4♦ ❛♥❞ ▲✳ 8❛♥❞♦❧✜✳ ❙✉4❢❛❝❡ ✈✐-❝♦-✐;② ✐♥ ♥❡♠❛;✐❝ ❧✐<✉✐❞ ❝4②-;❛❧-✳  ❤②#✳ ❘❡✈✳ ❊✱

✼✾✿✺✶✼✵✶✱ ✷✵✵✾✳

❬✾❪ ❙Z❜❛-;✐❡♥ ❇❛4❞♦♥✳ ❖.❣❛♥✐#❛*✐♦♥ ❛✉ ✈♦✐#✐♥❛❣❡ ❞✬✉♥❡ #✉.❢❛❝❡ #♦❧✐❞❡✳ 8❤❉ ;❤❡-✐-✱ ❯♥✐✈❡4-✐;Z

8❛4✐- ❱■✱ ✶✾✾✾✳

❬✶✵❪ ▼✳❏✳ ❇4❛❞-❤❛✇✱ ❊✳8✳ ❘❛②♥❡-✱ ❏✳❉✳ ❇✉♥♥✐♥❣✱ ❛♥❞ ❚✳ ❊✳ ❋❛❜❡4✳ ❚❤❡ ❢4❛♥❦ ❝♦♥-;❛♥;- ♦❢ -♦♠❡

♥❡♠❛;✐❝ ❧✐<✉✐❞ ❝4②-;❛❧-✳ ❏✳  ❤②#✐4✉❡✱ ✹✻✿✶✺✶✸✕✶✺✷✵✱ ✶✾✽✺✳

❬✶✶❪ ❆✳▼✳ ❈❛③❛❜❛;✱ ❯✳ ❉❡❧❛❜4❡✱ ❈✳❏✳❊✳ ❘✐❝❤❛4❞✱ ❛♥❞ ❨✳❨✳ ❈❤❡✉♥❣ ❙❛♥❣✳ ❊①♣❡4✐♠❡♥;❛❧ -;✉❞② ♦❢

❤②❜4✐❞ ♥❡♠❛;✐❝ ✇❡;;✐♥❣ ✜❧♠-✳ ❆❞✈❛♥❝❡# ✐♥ ❈♦❧❧♦✐❞ ❛♥❞ ■♥*❡.❢❛❝❡ ❙❝✐❡♥❝❡✱ ✷✵✶✶✳

❬✶✷❪ 8✳ ❈❤✐❛4❡❧❧✐✱ ❙✳ ❋❛❡;;✐✱ ❛♥❞ ▲✳ ❋4♦♥③♦♥✐✳ ❙;4✉❝;✉4❛❧ ;4❛♥-✐;✐♦♥ ❛; ;❤❡ ❢4❡❡ -✉4❢❛❝❡ ♦❢ ;❤❡

♥❡♠❛;✐❝ ❧✐<✉✐❞ ❝4②-;❛❧- ▼❇❇❆ ❛♥❞ ❊❇❇❆✳ ❏♦✉.♥❛❧ ❞❡  ❤②#✐4✉❡✱ ✹✹✿✶✵✻✶✱ ✶✾✽✸✳

✽✺



❬✶✸❪ ❈ ❈❤✐❝❝♦❧✐✱ + +❛-✐♥✐✱ ❆ ❙❛1❧❛❤✱ ❈ ❩❛♥♥♦♥✐✱ ❛♥❞ ❙ ❩✉♠❡1✳ ❙81✉❝8✉1❡- ❛♥❞ 81❛♥-✐8✐♦♥- ✐♥ 8❤✐♥

❤②❜1✐❞ ♥❡♠❛8✐❝ ✜❧♠-✿ ❆ ♠♦♥8❡ ❝❛1❧♦ -8✉❞②✳  ❤②#✳ ❘❡✈✳ ❊✱ ✻✼✿✵✺✵✼✵✸✱ ✷✵✵✸✳

❬✶✹❪ ❘✳▲✳ ❈♦♦❦✱ ❍✳❊✳ ❑✐♥❣✱ ❏1✳ ❈❤1✐-✱ ❆✳ ❍❡1❜-8✱ ❛♥❞ ❉✳❘✳ ❍❡1-❝❤❜❛❝❤✳ +1❡--✉1❡ ❛♥❞ 8❡♠♣❡1❛8✉1❡

❞❡♣❡♥❞❡♥8 ✈✐-❝♦-✐8② ♦❢ 8✇♦ ❣❧❛-- ❢♦1♠✐♥❣ ❧✐P✉✐❞-✿ ●❧②❝❡1♦❧ ❛♥❞ ❞✐❜✉8②❧ ♣❤8❤❛❧❛8❡✳ ❏✳ ❈❤❡♠✳

 ❤②#✳✱ ✶✵✵✿✺✶✼✽✱ ✶✾✾✹✳

❬✶✺❪ +✳●✳ ❞❡ ●❡♥♥❡- ❛♥❞ ❏✳ +1♦-8✳ ❚❤❡  ❤②#✐❝# ♦❢ ❧✐2✉✐❞ ❝5②#6❛❧#✳ ❖①❢♦1❞ ❯♥✐✈❡1-✐8② +1❡--✱ -❡❝♦♥❞

❡❞✐8✐♦♥ ❡❞✐8✐♦♥✱ ✶✾✾✸✳

❬✶✻❪ ▼✳◆✳●✳ ❞❡ ▼✉❧ ❛♥❞ ❏✳ ❆❞✐♥ ▼❛♥♥✳ ▼✉❧8✐❧❛②❡1 ❢♦1♠❛8✐♦♥ ✐♥ 8❤✐♥ ✜❧♠- ♦❢ 8❤❡1♠♦81♦♣✐❝ ❧✐P✉✐❞

❝1②-8❛❧- ❛8 8❤❡ ❛✐1✲✇❛8❡1 ✐♥8❡1❢❛❝❡✳ ▲❛♥❣♠✉✐5✱ ✶✵✿✷✸✶✶✱ ✶✾✾✹✳

❬✶✼❪ ❯✳ ❉❡❧❛❜1❡ ❛♥❞ ❆✳▼✳ ❈❛③❛❜❛8✳ ❈♦❛❧❡-❝❡♥❝❡ ❞1✐✈❡♥ ❜② ❧✐♥❡ 8❡♥-✐♦♥ ✐♥ 8❤✐♥ ♥❡♠❛8✐❝ ✜❧♠-✳

 ❤②#✳ ❘❡✈✳ ▲❡66✳✱ ✶✵✹✿✷✷✼✽✵✶✱ ✷✵✶✵✳

❬✶✽❪ ❯✳ ❉❡❧❛❜1❡✱ ❈✳ ❘✐❝❤❛1❞✱ ❛♥❞ ❆✲▼ ❈❛③❛❜❛8✳ ❙♦♠❡ -♣❡❝✐✜❝✐8✐❡- ♦❢ ✇❡88✐♥❣ ❜② ❝②❛♥♦❜✐♣❤❡♥②❧

❧✐P✉✐❞ ❝1②-8❛❧-✳ ❏✳  ❤②# ✿ ❈♦♥❞❡♥#❡❞ ♠❛66❡5✱ ✷✶✿✹✻✹✶✷✾✱ ✷✵✵✾✳

❬✶✾❪ ❯❧②--❡ ❉❡❧❛❜1❡✳ ❋✐❧♠# ♥=♠❛6✐2✉❡# ♠✐♥❝❡# #✉5 #✉❜#65❛6# ❧✐2✉✐❞❡#✳ +❤❉ 8❤❡-✐-✱ ❯♥✐✈❡1-✐8[

+❛1✐- ❱■✱ ✷✵✵✾✳

❬✷✵❪ ❊✳ ❉✉❜♦✐-✲❱✐♦❧❡88❡ ❛♥❞ ❞❡ ●❡♥♥❡- +✳●✳ ❊✛❡❝8- ♦❢ ❧♦♥❣ 1❛♥❣❡ ✈❛♥ ❞❡1 ✇❛❛❧- ❢♦1❝❡- ♦♥ 8❤❡

❛♥❝❤♦1✐♥❣ ♦❢ ❛ ♥❡♠❛8✐❝ ✢✉✐❞ ❛8 ❛♥ ✐♥8❡1❢❛❝❡✳ ❏♦✉5♥❛❧ ♦❢ ❈♦❧❧♦✐❞ ❛♥❞ ■♥6❡5❢❛❝❡ ❙❝✐❡♥❝❡✱ ✺✼✿✹✵✸✱

✶✾✼✻✳

❬✷✶❪ ❉✳❆✳ ❉✉♥♠✉1✱ ▼✳ ❘✳ ▼❛♥8❡1✜❡❧❞✱ ❲✳❍✳ ▼✐❧❧❡1✱ ❛♥❞ ❏✳ ❑✳ ❉✉♥❧❡❛✈②✳ ❚❤❡ ❞✐❡❧❡❝81✐❝ ❛♥❞

♦♣8✐❝❛❧ ♣1♦♣❡18✐❡- ♦❢ 8❤❡ ❤♦♠♦❧♦❣♦✉- -❡1✐❡- ♦❢ ❝②❛♥♦✲❛❧❦②❧✲❜✐♣❤❡♥②❧ ❧✐P✉✐❞ ❝1②-8❛❧-✳ ▼♦❧❡❝✉❧❛5

❈5②#6❛❧# ❛♥❞ ▲✐2✉✐❞ ❈5②#6❛❧#✱ ✹✺✿✶✷✼✱ ✶✾✼✽✳

❬✷✷❪ ❙✳ ❋❛❡88✐✳ ❚❤❡♦1② ♦❢ -✉1❢❛❝❡❧✐❦❡ ❡❧❛-8✐❝ ❝♦♥81✐❜✉8✐♦♥- ✐♥ ♥❡♠❛8✐❝ ❧✐P✉✐❞ ❝1②-8❛❧-✳  ❤②#✳ ❘❡✈✳

❊✱ ✹✾✿✹✶✾✷✕✹✷✵✺✱ ✶✾✾✹✳

❬✷✸❪ ❙✳ ❋❛❡88✐✱ ▼✳ ●❛88✐✱ ❛♥❞ ❱✳ +❛❧❧❡-❝❤✐✳ ▼❡❛-✉1❡♠❡♥8- ♦❢ -✉1❢❛❝❡ ❡❧❛-8✐❝ 8♦1P✉❡- ✐♥ ❧✐P✉✐❞

❝1②-8❛❧- ✿ ❛ ♠❡8❤♦❞ 8♦ ♠❡❛-✉1❡ ❡❧❛-8✐❝ ❝♦♥-8❛♥8- ❛♥❞ ❛♥❝❤♦1✐♥❣ ❡♥❡1❣✐❡-✳ ❘❡✈✳  ❤②#✳ ❆♣♣❧✳✱

✷✶✿✹✺✶✕✹✻✶✱ ✶✾✽✻✳

❬✷✹❪ ❙✳ ❋❛❡88✐ ❛♥❞ ❱✳ +❛❧❧❡-❝❤✐✳ ◆❡♠❛8✐❝✲✐-♦81♦♣✐❝ ✐♥8❡1❢❛❝❡ ♦❢ -♦♠❡ ♠❡♠❜❡1- ♦❢ 8❤❡ ❤♦♠♦❧♦❣♦✉-

-❡1✐❡- ♦❢ ✹✲❝②❛♥♦✲✹✬✲✭♥✲❛❧❦②❧✮❜✐♣❤❡♥②❧ ❧✐P✉✐❞ ❝1②-8❛❧-✳  ❤②#✳ ❘❡✈✳ ❆✱ ✸✵✿✸✷✹✶✱ ✶✾✽✹✳

❬✷✺❪ ❙❛♥❞1♦ ❋❛❡88✐✱ ▼❛18❛ ●❛88✐✱ ❱✐♥❝❡♥③♦ +❛❧❧❡-❝❤✐✱ ❛♥❞ ❚✐♠♦8❤② ❏✳ ❙❧✉❝❦✐♥✳ ❆❧♠♦-8 ❝1✐8✐❝❛❧

❜❡❤❛✈✐♦1 ♦❢ 8❤❡ ❛♥❝❤♦1✐♥❣ ❡♥❡1❣② ❛8 8❤❡ ✐♥8❡1❢❛❝❡ ❜❡8✇❡❡♥ ❛ ♥❡♠❛8✐❝ ❧✐P✉✐❞ ❝1②-8❛❧ ❛♥❞ ❛ -✐♦

-✉❜-81❛8❡✳  ❤②#✳ ❘❡✈✳ ▲❡66✳✱ ✺✺✭✶✻✮✿✶✻✽✶✱ ✶✾✽✺✳

❬✷✻❪ ▼✳❇✳ ❋❡❧❧❡1✱ ❲✳ ❈❤❡♥✱ ❛♥❞ ❨✳❘✳ ❙❤❡♥✳ ■♥✈❡-8✐❣❛8✐♦♥ ♦❢ -✉1❢❛❝❡✲✐♥❞✉❝❡❞ ❛❧✐❣♥♠❡♥8 ♦❢ ❧✐P✉✐❞✲

❝1②-8❛❧ ♠♦❧❡❝✉❧❡- ❜② ♦♣8✐❝❛❧ -❡❝♦♥❞✲❤❛1♠♦♥✐❝ ❣❡♥❡1❛8✐♦♥✳  ❤②#✳ ❘❡✈✳ ❆✱ ✹✸✿✻✼✼✽✕✻✼✾✷✱ ✶✾✾✶✳



❬✷✼❪ ❏✳✲❇✳ ❋♦✉+♥✐❡+ ❛♥❞ 1✳ ●❛❧❛4♦❧❛✳ ❈♦❛+6❡✲❣+❛✐♥❡❞ 6✉+❢❛❝❡ ❡♥❡+❣✐❡6 ❛♥❞ 4❡♠♣❡+❛4✉+❡✲✐♥❞✉❝❡❞

❛♥❝❤♦+✐♥❣ 4+❛♥6✐4✐♦♥6 ✐♥ ♥❡♠❛4✐❝ ❧✐=✉✐❞ ❝+②64❛❧6✳  ❤②#✳ ❘❡✈✳ ▲❡))✳✱ ✽✷✿✹✽✺✾✕✹✽✻✷✱ ✶✾✾✾✳

❬✷✽❪ ❏✳✲❇✳ ❋♦✉+♥✐❡+ ❛♥❞ 1✳ ●❛❧❛4♦❧❛✳ ❊✛❡❝4✐✈❡ ❛♥❝❤♦+✐♥❣ ❛♥❞ 6❝❛❧✐♥❣ ✐♥ ♥❡♠❛4✐❝ ❧✐=✉✐❞ ❝+②64❛❧6✳

❚❤❡ ❊✉-♦♣❡❛♥  ❤②#✐❝❛❧ ❏♦✉-♥❛❧ ❊✿ ❙♦❢) ▼❛))❡- ❛♥❞ ❇✐♦❧♦❣✐❝❛❧  ❤②#✐❝# ✱ ✷✿✺✾✕✻✺✱ ✷✵✵✵✳

❬✷✾❪ ❋✳ ❈✳ ❋+❛♥❦✳ ■✳ ▲✐=✉✐❞ ❝+②64❛❧6✳ ❖♥ 4❤❡ 4❤❡♦+② ♦❢ ❧✐=✉✐❞ ❝+②64❛❧6✳ ❉✐#❝✉##✳ ❋❛-❛❞❛② ❙♦❝✳✱

✷✺✿✶✾ ✕ ✷✽✱ ✶✾✺✽✳

❬✸✵❪ ●✳ ❋+✐❡❞❡❧✳ ▲❡6 Q4❛46 ♠Q6♦♠♦+♣❤❡6 ❞❡ ❧❛ ♠❛4✐R+❡✳ ❆♥♥❛❧❡# ❞❡ ♣❤②#✐@✉❡✱ ✶✽✿✷✼✸✱ ✶✾✷✷✳

❬✸✶❪ ▼✳❈✳ ❋+✐❡❞❡♥❜❡+❣✱ ●✳●✳ ❋✉❧❧❡+✱ ❈✳❲✳ ❋+❛♥❦✱ ❛♥❞ ❈✳❘✳ ❘♦❜❡+46♦♥✳ ❋♦+♠❛4✐♦♥ ♦❢ ❜✐❧❛②❡+ ❞✐6❦6

❛♥❞ 4✇♦✲❞✐♠❡♥6✐♦♥❛❧ ❢♦❛♠6 ♦♥ ❛ ❝♦❧❧❛♣6✐♥❣✴❡①♣❛♥❞✐♥❣ ❧✐=✉✐❞✲❝+②64❛❧ ♠♦♥♦❧❛②❡+✳ ▲❛♥❣♠✉✐-✱

✶✵✿✶✷✺✽✱ ✶✾✾✹✳

❬✸✷❪ ❇❛+❜❡+♦ ●✳ ❛♥❞ ●✳ ❉✉+❛♥❞✳ ❖♥ 4❤❡ ✈❛❧✐❞✐4② ♦❢ 4❤❡ +❛♣✐♥✐✲♣❛♣♦✉❧❛+ 6✉+❢❛❝❡ ❛♥❝❤♦+✐♥❣ ❡♥❡+❣②

❢♦+♠ ✐♥ ♥❡♠❛4✐❝ ❧✐=✉✐❞ ❝+②64❛❧6✳ ❏✳  ❤②#✳ ❋-❛♥❝❡✱ ✹✼✿✷✶✷✾✕✷✶✸✹✱ ✶✾✽✻✳

❬✸✸❪ ▼✳ ●✳ ❏✳ ●❛♥♥♦♥ ❛♥❞ ❚✳ ❊✳ ❋❛❜❡+✳ ❚❤❡ 6✉+❢❛❝❡ 4❡♥6✐♦♥ ♦❢ ♥❡♠❛4✐❝ ❧✐=✉✐❞ ❝+②64❛❧6✳  ❤✐❧♦✲

#♦♣❤✐❝❛❧ ▼❛❣❛③✐♥❡ ❆✱ ✸✼✿✶✶✼✕✶✸✺✱ ✶✾✼✽✳

❬✸✹❪ ■✳ ❍❛❧❧❡+✱ ❍✳❆✳ ❍✉❣❣✐♥6✱ ❛♥❞ ▼✳❏✳ ❋+❡✐6❡+❛✳ ❖♥ 4❤❡ ♠❡❛6✉+❡♠❡♥4 ♦❢ ✐♥❞✐❝❡6 ♦❢ +❡❢+❛❝4✐♦♥ ♦❢

♥❡♠❛4✐❝ ❧✐=✉✐❞6✳ ▼♦❧❡❝✉❧❛- ❈-②#)❛❧# ❛♥❞ ▲✐@✉✐❞ ❈-②#)❛❧#✱ ✶✻✿✺✸✕✺✾✱ ✶✾✼✷✳

❬✸✺❪ ❘✳ ●✳ ❍♦+♥✳ ❘❡❢+❛❝4✐✈❡ ✐♥❞✐❝❡6 ❛♥❞ ♦+❞❡+ ♣❛+❛♠❡4❡+6 ♦❢ 4✇♦ ❧✐=✉✐❞ ❝+②64❛❧6✳ ❏♦✉-♥❛❧ ❞❡

 ❤②#✐@✉❡✱ ✸✾✿✶✵✺✱ ✶✾✼✽✳

❬✸✻❪ ❇✳ ❏Q+^♠❡✳ ❙✉+❢❛❝❡ ❡✛❡❝46 ❛♥❞ ❛♥❝❤♦+✐♥❣ ✐♥ ❧✐=✉✐❞ ❝+②64❛❧6✳ ❘❡♣✳  -♦❣✳  ❤②#✳✱ ✺✹✿✸✾✶✕✹✺✶✱

✶✾✾✶✳

❬✸✼❪ ❱✳ ❆✳ ❑♦+❥❡♥❡✈6❦②❛ ❛♥❞ ▼✳ ●✳ ❚♦♠✐❧✐♥✳ ❊①♣❡+✐♠❡♥4❛❧ ✐♥✈❡64✐❣❛4✐♦♥ ♦❢ 4❤❡ 6✉+❢❛❝❡ ❡♥❡+❣② ♦❢

❛ ♥❡♠❛4✐❝ ❧✐=✉✐❞ ❝+②64❛❧✳ ▲✐@✉✐❞ ❈-②#)❛❧#✱ ✶✺✿✻✹✸✕✻✹✾✱ ✶✾✾✸✳

❬✸✽❪ ❙✳ ❑+✐6❤♥❛6✇❛♠②✳ ❊①♣❡+✐♠❡♥4❛❧ ❞❡4❡+♠✐♥❛4✐♦♥ ♦❢ 4❤❡ 6✉+❢❛❝❡ 4❡♥6✐♦♥ ♦❢ 4✇♦ ❧✐=✉✐❞ ❝+②64❛❧6✳

 -♦❝❡❡❞✐♥❣# ♦❢ )❤❡ ✐♥)❡-♥❛)✐♦♥❛❧ ❧✐@✉✐❞ ❝-②#)❛❧ ❝♦♥❢❡-❡♥❝❡✱ ❇❛♥❣❛❧♦-❡ ✱ ♣❛❣❡ ✹✽✼✱ ✶✾✽✵✳

❬✸✾❪ ❉✳ ❑+③②③❛♥6❦✐ ❛♥❞ ●✳ ❉❡+❢❡❧✳ ❙4+✉❝4✉+❡ ♦❢ 6♣♦♥4❛♥❡♦✉6 ♣❡+✐♦❞✐❝ ❞❡❢♦+♠❛4✐♦♥6 ✐♥ ❤②❜+✐❞

❛❧✐❣♥❡❞ ♥❡♠❛4✐❝ ❧❛②❡+6✳  ❤②#✳ ❘❡✈✳ ❊✱ ✻✸✿✵✷✶✼✵✷✱ ✷✵✵✶✳

❬✹✵❪ ▲❛✈+❡♥4♦✈✐❝❤ ❛♥❞ 1❡+❣❛♠❡♥6❤❝❤✐❝❦✳ 1❛44❡+♥6 ✐♥ 4❤✐♥ ❧✐=✉✐❞ ❝+②64❛❧ ✜❧♠6 ❛♥❞ 4❤❡ ❞✐✈❡+❣❡♥❝❡

✭✏6✉+❢❛❝❡❧✐❦❡✑✮ ❡❧❛64✐❝✐4②✳ ■♥)❡-♥❛)✐♦♥❛❧ ❏♦✉-♥❛❧ ♦❢ ▼♦❞❡-♥  ❤②#✐❝# ❇✱ ✾✿✷✸✽✾✕✷✹✸✼✱ ✶✾✾✺✳

❬✹✶❪ ❖✳ ❉✳ ▲❛✈+❡♥4♦✈✐❝❤ ❛♥❞ ❱✳ ▼✳ 1❡+❣❛♠❡♥6❤❝❤✐❦✳ 1❡+✐♦❞✐❝ ❞♦♠❛✐♥✲64+✉❝4✉+❡6 ✐♥ 4❤✐♥ ❤②❜+✐❞

♥❡♠❛4✐❝ ❧❛②❡+6✳ ▼♦❧✳ ❈-②#)✳ ▲✐@✳ ❈-②#)✳✱ ✶✼✾✿✶✷✺✱ ✶✾✾✵✳

❬✹✷❪ ❖✳ ❉✳ ▲❛✈+❡♥4♦✈✐❝❤ ❛♥❞ ❱✳ ▼✳ 1❡+❣❛♠❡♥6❤❝❤✐❦✳ ❙4+✐♣❡ ❞♦♠❛✐♥ ♣❤❛6❡ ♦❢ ❛ 4❤✐♥ ♥❡♠❛4✐❝ ✜❧♠

❛♥❞ 4❤❡ ❑✶✸ ❞✐✈❡+❣❡♥❝❡ 4❡+♠✳  ❤②#✳ ❘❡✈✳ ▲❡))✳✱ ✼✸✿✾✼✾ ✕ ✾✽✸✱ ✶✾✾✹✳



❬✹✸❪ ❋✳ ▲❡❡♥❤♦✉,- ❛♥❞ ❆✳❏✳ ❉❡❦❦❡4✳ ❊❧❛-,✐❝ ❝♦♥-,❛♥,- ♦❢ ♥❡♠❛,✐❝ ❧✐;✉✐❞ ❝4②-,❛❧❧✐♥❡ ❙❝❤✐✛✬- ❜❛-❡-✳

❏✳ ❈❤❡♠✳ &❤②(✳✱ ✼✹✿✶✾✺✻✕✶✾✻✺✱ ✶✾✽✶✳

❬✹✹❪ ■ ▲❡❧✐❞✐- ❛♥❞ ● ❇❛4❜❡4♦✳ ◆♦✈❡❧ -✉4❢❛❝❡✲✐♥❞✉❝❡❞ ♠♦❞✉❧❛,❡❞ ,❡①,✉4❡ ✐♥ ,❤✐❝❦ ♥❡♠❛,✐❝ -❛♠♣❧❡-✳

❊✉+♦♣❤②(✐❝( ❧❡11❡+(✱ ✻✶✿✻✹✻✕✻✺✷✱ ✷✵✵✸✳

❬✹✺❪ ❍✳ ▼❛❞❛✳ ❙,✉❞② ♦♥ ,❤❡ -✉4❢❛❝❡ ❛❧✐❣♥♠❡♥, ♦❢ ♥❡♠❛,✐❝ ❧✐;✉✐❞ ❝4②-,❛❧-✿ ,❡♠♣❡4❛,✉4❡ ❞❡♣❡♥❞❡♥❝❡

♦❢ ♣4❡✲,✐❧, ❛♥❣❧❡-✳ ▼♦❧❡❝✉❧❛+ ❈+②(1❛❧( ❛♥❞ ▲✐7✉✐❞ ❈+②(1❛❧(✱ ✺✶✿✹✸✱ ✶✾✼✾✳

❬✹✻❪ ◆✳❱✳ ▼❛❞❤✉-✉❞❛♥❛ ❛♥❞ ❘✳ Y4❛,✐❜❤❛✳ ❊❧❛-,✐❝✐,② ❛♥❞ ♦4✐❡♥,❛,✐♦♥❛❧ ♦4❞❡4 ✐♥ -♦♠❡

❝②❛♥♦❜✐♣❤❡♥②❧-✿ Y❛4, ✐✈✳ 4❡❛♥❛❧②-✐- ♦❢ ,❤❡ ❞❛,❛✳ ▼♦❧❡❝✉❧❛+ ❈+②(1❛❧( ❛♥❞ ▲✐7✉✐❞ ❈+②(1❛❧(✱

✽✾✿✷✹✾✱ ✶✾✽✷✳

❬✹✼❪ ❖✳❱✳ ▼❛♥②✉❤✐♥❛✱ ❆✳✲▼✳ ❈❛③❛❜❛,✱ ❛♥❞ ▼✳ ❇❡♥ ❆♠❛4✳ ■♥-,❛❜✐❧✐,② ♣❛,,❡4♥- ✐♥ ✉❧,4❛,❤✐♥

♥❡♠❛,✐❝ ✜❧♠-✿ ❈♦♠♣❛4✐-♦♥ ❜❡,✇❡❡♥ ,❤❡♦4② ❛♥❞ ❡①♣❡4✐♠❡♥,✳ ❊✉+♦♣❤②(✐❝( ❧❡11❡+(✱ ✾✷✿✶✻✵✵✺✱

✷✵✶✵✳

❬✹✽❪ ❚✳ ▼♦-❡- ❛♥❞ ❘✳ ❙❤❡♥✳ Y4❡,4❛♥-✐,✐♦♥❛❧ -✉4❢❛❝❡ ♦4❞❡4✐♥❣ ❛♥❞ ❞✐-♦4❞❡4✐♥❣ ♦❢ ❛ ❧✐;✉✐❞ ❝4②-,❛❧✳

&❤②(✳ ❘❡✈✳ ▲❡11✳✱ ✻✼✿✷✵✸✸✱ ✶✾✾✶✳

❬✹✾❪ ❱✳●✳ ◆❛③❛4❡♥❦♦✈✱ ❆✳❇✳ ◆②❝❤✱ ❛♥❞ ❇✳■✳ ▲❡✈✳ ❈4②-,❛❧ -,4✉❝,✉4❡ ✐♥ ♥❡♠❛,✐❝ ❡♠✉❧-✐♦♥✳ &❤②(✳

❘❡✈✳ ▲❡11✳✱ ✽✼✿✵✼✺✺✵✹✱ ✷✵✵✶✳

❬✺✵❪ ❏✳ ◆❡❤4✐♥❣ ❛♥❞ ❆✳ ❙❛✉♣❡✳ ❖♥ ,❤❡ ❡❧❛-,✐❝ ,❤❡♦4② ♦❢ ✉♥✐❛①✐❛❧ ❧✐;✉✐❞ ❝4②-,❛❧-✳ ❚❤❡ ❏♦✉+♥❛❧ ♦❢

❈❤❡♠✐❝❛❧ &❤②(✐❝(✱ ✺✹✿✸✸✼✕✸✹✸✱ ✶✾✼✶✳

❬✺✶❪ ❏✳ ◆❡❤4✐♥❣ ❛♥❞ ❆✳ ❙❛✉♣❡✳ ❈❛❧❝✉❧❛,✐♦♥ ♦❢ ,❤❡ ❡❧❛-,✐❝ ❝♦♥-,❛♥,- ♦❢ ♥❡♠❛,✐❝ ❧✐;✉✐❞ ❝4②-,❛❧-✳

❚❤❡ ❏♦✉+♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ &❤②(✐❝(✱ ✺✻✿✺✺✷✼✕✺✺✷✽✱ ✶✾✼✷✳

❬✺✷❪ ❆✳❇✳ ◆②❝❤✱ ❯✳▼✳ ❖❣♥②-,❛✱ ❱✳▼✳ Y❡4❣❛♠❡♥-❤❝❤✐❦✱ ❇✳■✳ ▲❡✈✱ ❱✳●✳ ◆❛③❛4❡♥❦♦✱ ■✳ ▼✉-❡✈✐❝✱

▼✳❙✳ ❑❛4❛❜♦,✱ ❛♥❞ ❖✳❉✳ ▲❛✈4❡♥,♦✈✐❝❤✳ ❈♦❡①✐-,❡♥❝❡ ♦❢ ,✇♦ ❝♦❧❧♦✐❞❛❧ ❝4②-,❛❧- ❛, ,❤❡ ♥❡♠❛,✐❝✲

❧✐;✉✐❞✲❝4②-,❛❧✲❛✐4 ✐♥,❡4❢❛❝❡✳ &❤②(✳ ❘❡✈✳ ▲❡11✳✱ ✾✽✿✵✺✼✽✵✶✱ ✷✵✵✼✳

❬✺✸❪ ❈✳ ❖❧❞❛♥♦ ❛♥❞ ●✳ ❇❛4❜❡4♦✳ ❆♥ ❛❜ ✐♥✐,✐♦ ❛♥❛❧②-✐- ♦❢ ,❤❡ -❡❝♦♥❞✲♦4❞❡4 ❡❧❛-,✐❝✐,② ❡✛❡❝, ♦♥

♥❡♠❛,✐❝ ❝♦♥✜❣✉4❛,✐♦♥-✳ &❤②(✐❝( ▲❡11❡+( ❆✱ ✶✶✵✿✷✶✸✕✷✶✻✱ ✶✾✽✺✳

❬✺✹❪ ❈✳❲✳ ❖-❡❡♥✳ ❚❤❡ ,❤❡♦4② ♦❢ ❧✐;✉✐❞ ❝4②-,❛❧-✳ ❉✐(❝✉((✳ ❋❛+❛❞❛② ❙♦❝✳✱ ♣❛❣❡ ✽✽✸✱ ✶✾✸✷✳

❬✺✺❪ Y✳ ❖-✇❛❧❞ ❛♥❞ Y✳ Y✐❡4❛♥-❦✐✳ ▲❡( ❝+✐(1❛✉① ❧✐7✉✐❞❡(✱ 1♦♠❡ ✶✳ ●❇ ❙❝✐❡♥❝❡ Y✉❜❧✐-❤❡4-✱ ✷✵✵✵✳

❬✺✻❪ Y✳ ❖-✇❛❧❞ ❛♥❞ Y✳ Y✐❡4❛♥-❦✐✳ ▲❡( ❝+✐(1❛✉① ❧✐7✉✐❞❡(✱ 1♦♠❡ ✷✳ ●❇ ❙❝✐❡♥❝❡ Y✉❜❧✐-❤❡4-✱ ✷✵✵✷✳

❬✺✼❪ ❱✳ ▼✳ Y❡4❣❛♠❡♥-❤❝❤✐❦✳ ❙✉4❢❛❝❡❧✐❦❡✲❡❧❛-,✐❝✐,②✲✐♥❞✉❝❡❞ -♣♦♥,❛♥❡♦✉- ,✇✐-, ❞❡❢♦4♠❛,✐♦♥- ❛♥❞

❧♦♥❣✲✇❛✈❡❧❡♥❣,❤ -,4✐♣❡ ❞♦♠❛✐♥- ✐♥ ❛ ❤②❜4✐❞ ♥❡♠❛,✐❝ ❧❛②❡4✳ &❤②(✳ ❘❡✈✳ ❊✱ ✹✼✿✶✽✽✶✱ ✶✾✾✸✳

❬✺✽❪ ❱✳ ▼✳ Y❡4❣❛♠❡♥-❤❝❤✐❦✳ ❑✶✸ ,❡4♠ ❛♥❞ ❡✛❡❝,✐✈❡ ❜♦✉♥❞❛4② ❝♦♥❞✐,✐♦♥ ❢♦4 ,❤❡ ♥❡♠❛,✐❝ ❞✐4❡❝,♦4✳

&❤②(✳ ❘❡✈✳ ❊✱ ✺✽✿❘✶✻✱ ✶✾✾✽✳



❬✺✾❪ ❱✳ ▼✳ '❡)❣❛♠❡♥.❤❝❤✐❦✳ ❙♣♦♥6❛♥❡♦✉. ❞❡❢♦)♠❛6✐♦♥. ♦❢ 6❤❡ ✉♥✐❢♦)♠ ❞✐)❡❝6♦) ❣)♦✉♥❞ .6❛6❡

✐♥❞✉❝❡❞ ❜② 6❤❡ .✉)❢❛❝❡❧✐❦❡ ❡❧❛.6✐❝ 6❡)♠. ✐♥ ❛ 6❤✐♥ ♣❧❛♥❛) ♥❡♠❛6✐❝ ❧❛②❡)✳  ❤②#✳ ❘❡✈✳ ❊✱

✻✶✿✸✾✸✻ ✕ ✸✾✹✶✱ ✷✵✵✵✳

❬✻✵❪ ❱▼✳ '❡)❣❛♠❡♥.❤❝❤✐❦✱ ❉✳ ❙✉❜❛❝✐✉.✱ ❛♥❞ ❖❉✳ ▲❛✈)❡♥6♦✈✐❝❤✳ ❑✲✶✸✲✐♥❞✉❝❡❞ ❞❡❢♦)♠❛6✐♦♥. ✐♥ ❛

♥❡♠❛6✐❝ ❧✐L✉✐❞ ❝)②.6❛❧✿ ❊①♣❡)✐♠❡♥6❛❧ 6❡.6 ♦❢ 6❤❡ ✜).6✲♦)❞❡) 6❤❡♦)②✳ ▼♦❧❡❝✉❧❛/ ❝/②#0❛❧# ❛♥❞

❧✐4✉✐❞ ❝/②#0❛❧#✱ ✷✾✷✿✷✺✕✷✼✱ ✶✾✾✼✳

❬✻✶❪ ❏✳❊✳ ')♦✉.6✱ ❊✳ '❡)❡③✱ ❛♥❞ ▲✳ ❚❡)✲▼✐♥❛..✐❛♥✲❙❛)❛❣❛✳ ❋✐❧♠. ♠✐♥❝❡. ❞❡ ❝)✐.6❛❧ ❧✐L✉✐❞❡ ♥U♠❛✲

6✐L✉❡ .✉) .✉♣♣♦)6 ❧✐L✉✐❞❡✿ ❙6)✉❝6✉)❡✱ 6❡♥.✐♦♥. .✉♣❡)✜❝✐❡❧❧❡. ❡6 6❡♥.✐♦♥ ❞❡ ❧✐❣♥❡✳ ❈♦❧❧♦✐❞ ✫

 ♦❧②♠❡/ ❙❝✐❡♥❝❡✱ ✷✺✻✿✻✻✻✕✻✽✶✱ ✶✾✼✽✳

❬✻✷❪ ❚✐❡③❤❡♥❣ ◗✐❛♥✱ ❳✐❛♦✇❡✐ ❩❤❛✉♥❣✱ ❛♥❞ ❨✳❘✳ ❙❤❡♥✳ ❙✉)❢❛❝❡✲♠♦♥♦❧❛②❡)✲✐♥❞✉❝❡❞ ❜✉❧❦ ❛❧✐❣♥♠❡♥6

♦❢ ❧✐L✉✐❞ ❝)②.6❛❧.✿ ❋)♦♠ ♥❡♠❛6✐❝ 6♦ .♠❡❝6✐❝✲❛ ♣❤❛.❡✳  ❤②#✳ ❘❡✈✳ ❊✱ ✺✾✿✶✽✼✸✕✶✽✼✾✱ ✶✾✾✾✳

❬✻✸❪ ❆✳ ❘❛♣✐♥✐ ❛♥❞ ▼✳ '❛♣♦✉❧❛)✳ ❉✐.6♦).✐♦♥ ❞✬✉♥❡ ❧❛♠❡❧❧❡ ♥U♠❛6✐L✉❡ .♦✉. ❝❤❛♠♣ ♠❛❣♥U6✐L✉❡✳

❝♦♥❞✐6✐♦♥. ❞✬❛♥❝)❛❣❡ ❛✉① ♣❛)♦✐.✳ ❏✳  ❤②#✳ ❈♦❧❧♦4✉❡#✱ ✶✾✻✾✳

❬✻✹❪ ❘ ❘♦..♦ ❛♥❞ ❊● ❱✐)❣❛✳ ▲♦❝❛❧ .6❛❜✐❧✐6② ❢♦) ❛ ❣❡♥❡)❛❧ ✇❡66✐♥❣ ❢✉♥❝6✐♦♥❛❧✳ ❏♦✉/♥❛❧ ♦❢ ♣❤②#✐❝#

❆✱ ✸✼✿✽✼✺✶✕✽✼✺✶✱ ✷✵✵✹✳

❬✻✺❪ ❆✳ ❑✳ ❙❡♥ ❛♥❞ ❉✳ ❊✳ ❙✉❧❧✐✈❛♥✳ ▲❛♥❞❛✉ ✲ ❞❡ ❣❡♥♥❡. 6❤❡♦)② ♦❢ ✇❡66✐♥❣ ❛♥❞ ♦)✐❡♥6❛6✐♦♥❛❧

6)❛♥.✐6✐♦♥ ❛6 ❛ ♥❡♠❛6✐❝ ✴ ❧✐L✉✐❞❡ .✉❜.6)❛6❡ ✐♥6❡)❢❛❝❡✳  ❤②#✳ ❘❡✈✳ ❆✱ ✸✺✿✶✸✾✶✕✶✹✵✸✱ ✶✾✽✼✳

❬✻✻❪ '✳ ❙❤❡♥❣✳ '❤❛.❡ 6)❛♥.✐6✐♦♥ ✐♥ .✉)❢❛❝❡✲❛❧✐❣♥❡❞ ♥❡♠❛6✐❝ ✜❧♠.✳  ❤②#✳❘❡✈✳ ▲❡00✱ ✸✼✿✶✵✺✾✱ ✶✾✼✻✳

❬✻✼❪ '✳ ❙❤❡♥❣✳ ❇♦✉♥❞❛)②✲❧❛②❡) ♣❤❛.❡ 6)❛♥.✐6✐♦♥ ✐♥ ♥❡♠❛6✐❝ ❧✐L✉✐❞ ❝)②.6❛❧.✳  ❤②#✳❘❡✈✳ ❆✱ ✷✻✿✶✻✶✵✱

✶✾✽✷✳

❬✻✽❪ '✳ ❙❤❡♥❣✱ ❇♦✲❩❛♥❣ ▲✐✱ ▼✳ ❩❤♦✉✱ ❚✳ ▼♦.❡.✱ ❛♥❞ ❨✳❘✳ ❙❤❡♥✳ ❉✐.♦)❞❡)❡❞✲.✉)❢❛❝❡✲❧❛②❡) 6)❛♥.✐✲

6✐♦♥ ✐♥ ♥❡♠❛6✐❝ ❧✐L✉✐❞ ❝)②.6❛❧.✳  ❤②#✳ ❘❡✈✳ ❆✱ ✹✻✿✾✹✻✕✾✺✵✱ ✶✾✾✷✳

❬✻✾❪ '✳ ❙❤❡♥❣ ❛♥❞ ❊❇✳ ')✐❡.6❧❡②✳ ■♥0/♦❞✉❝0✐♦♥ 0♦ ❧✐4✉✐❞ ❝/②#0❛❧#✳ ◆✳❨✳ ❛♥❞ ▲♦♥❞♦♥✿ '❧❡♥✉♠ ')❡..✱

✶✾✼✹✳

❬✼✵❪ ● ❙❦❛❝❡❥✱ ❆▲ ❆❧❡①❡✲■♦♥❡.❝✉✱ ● ❇❛)❜❡)♦✱ ❛♥❞ ❙ ❩✉♠❡)✳ ❙✉)❢❛❝❡✲✐♥❞✉❝❡❞ ♥❡♠❛6✐❝ ♦)❞❡)

✈❛)✐❛6✐♦♥✿ ■♥6)✐♥.✐❝ ❛♥❝❤♦)✐♥❣ ❛♥❞ .✉❜.✉)❢❛❝❡ ❞✐)❡❝6♦) ❞❡❢♦)♠❛6✐♦♥.✳  ❤②#✳ ❘❡✈✳ ❊✱ ✺✼✿✶✼✽✵✕

✶✼✽✽✱ ✾✽✳

❬✼✶❪ ❚✳❏✳ ❙❧✉❝❦✐♥ ❛♥❞ ❆✳ '♦♥✐❡✇✐❡).❦✐✳ ◆♦✈❡❧ ♣❤❛.❡ 6)❛♥.✐6✐♦♥ ✐♥ ♥❡♠❛6✐❝ ❧✐L✉✐❞ ❝)②.6❛❧. ✿ ✇❡66✐♥❣

❛♥❞ 6❤❡ ❦♦.6❡)❧✐6③✲6❤♦✉❧❡.. 6)❛♥.✐6✐♦♥✳  ❤②#✳ ❘❡✈✳ ▲❡00✳✱ ✺✺✿✷✾✵✼✱ ✶✾✽✺✳

❬✼✷❪ ■✳■ ❙♠❛❧②✉❦❤✱ ❙✳ ❈❤❡)♥②.❤✉❦✱ ❇✳■✳ ▲❡✈✱ ❆✳❇✳ ◆②❝❤✱ ❯✳ ❖❣♥②.6❛✱ ❱✳●✳ ◆❛③❛)❡♥❦♦✱ ❛♥❞ ❖✳❉✳

▲❛✈)❡♥6♦✈✐❝❤✳ ❖)❞❡)❡❞ ❞)♦♣❧❡6 .6)✉❝6✉)❡. ❛6 6❤❡ ❧✐L✉✐❞ ❝)②.6❛❧ .✉)❢❛❝❡ ❛♥❞ ❡❧❛.6✐❝✲❝❛♣✐❧❧❛)②

❝♦❧❧♦✐❞❛❧ ✐♥6❡)❛❝6✐♦♥.✳  ❤②#✳ ❘❡✈✳ ▲❡00✱ ✾✸✿✶✶✼✽✵✶✱ ✷✵✵✹✳



❬✼✸❪ ❇✳ ❙♦♥❣ ❛♥❞ ❏✳ ❙♣.✐♥❣❡.✳ ❙✉.❢❛❝❡ ♣❤❡♥♦♠❡♥❛ ♦❢ ❧✐7✉✐❞ ❝.②9:❛❧❧✐♥❡ 9✉❜9:❛♥❝❡9✿ ❚❡♠♣❡.❛:✉.❡✲

❞❡♣❡♥❞❡♥❝❡ ♦❢ 9✉.❢❛❝❡ :❡♥9✐♦♥✳ ▼♦❧❡❝✉❧❛' ❈'②*+❛❧* ❛♥❞ ▲✐0✉✐❞ ❈'②*+❛❧*✱ ✸✵✼✿✻✾✱ ✶✾✾✼✳

❬✼✹❪ ❆ ❙♣❛.❛✈✐❣♥❛✱ ▲ ❑♦♠✐:♦✈✱ ❛♥❞ ❆ ❙:.✐❣❛③③✐✳ ❍②❜.✐❞ ❛❧✐❣♥❡❞ ♥❡♠❛:✐❝9 ❛♥❞ ✷♥❞✲♦.❞❡. ❡❧❛9:✐❝✐:②✳

▼♦❧❡❝✉❧❛' ❈'②*+❛❧* ❛♥❞ ▲✐0✉✐❞ ❈'②*+❛❧*✱ ✹✸✿✷✶✵✕✷✶✺✱ ✶✾✾✶✳

❬✼✺❪ ❆✳ ❙♣❛.❛✈✐❣♥❛✱ ❖✳ ❉✳ ▲❛✈.❡♥:♦✈✐❝❤✱ ❛♥❞ ❆✳ ❙:.✐❣❛③③✐✳ P❡.✐♦❞✐❝ 9:.✐♣❡ ❞♦♠❛✐♥9 ❛♥❞ ❤②❜.✐❞✲

❛❧✐❣♥♠❡♥: .❡❣✐♠❡ ✐♥ ♥❡♠❛:✐❝ ❧✐7✉✐❞ ❝.②9:❛❧9✿ ❚❤.❡9❤♦❧❞ ❛♥❛❧②9✐9✳ 1❤②*✳ ❘❡✈✳ ❊✱ ✹✾✿✶✸✹✹✕✶✸✺✷✱

✶✾✾✹✳

❬✼✻❪ ❆✳ ❙♣❛.❛✈✐❣♥❛✱ ❖✳❉✳ ▲❛✈.❡♥:♦✈✐❝❤✱ ❛♥❞ ❆✳ ❙:.✐❣❛③③✐✳ ▼❛❣♥❡:✐❝ ✜❡❧❞ ❡✛❡❝: ♦♥ ♣❡.✐♦❞✐❝ 9:.✐♣❡

❞♦♠❛✐♥9 ✐♥ ♥❡♠❛:✐❝ ❧✐7✉✐❞ ❝.②9:❛❧9✳ 1❤②*✳ ❘❡✈✳ ❊✱ ✺✶✿✼✾✷✕✼✾✻✱ ✶✾✾✺✳

❬✼✼❪ ❆✳ ❙♣❛.❛✈✐❣♥❛ ❛♥❞ ❆✳ ❙:.✐❣❛③③✐✳ ❙♣❧❛② 9:.✐♣❡9 ✐♥ ❤②❜.✐❞ ❛❧✐❣♥❡❞ ♥❡♠❛:✐❝9 ✇✐:❤ ❜✉❧❦ ❡❧❛9:✐❝

✐9♦:.♦♣②✿ ❚❤❡ .♦❧❡ ♦❢ ❦✷✹✳ ▼♦❧❡❝✉❧❛' ❈'②*+❛❧* ❛♥❞ ▲✐0✉✐❞ ❈'②*+❛❧*✱✱ ✷✷✶✿✶✵✾✱ ✶✾✾✷✳

❬✼✽❪ ▼✳ ❚✐♥:❛.✉✱ ❘✳ ▼♦❧❞♦✈❛♥✱ ❚✳ ❇❡✐❝❛✱ ❛♥❞ ❙✳ ❋.✉♥③❛✳ ❙✉.❢❛❝❡ :❡♥9✐♦♥ ♦❢ 9♦♠❡ ❧✐7✉✐❞ ❝.②9:❛❧9

✐♥ :❤❡ ❝②❛♥♦❜✐♣❤❡♥②❧ 9❡.✐❡9✳ ▲✐0✉✐❞ ❝'②*+❛❧*✱ ✷✽✿✼✾✸✱ ✷✵✵✶✳

❬✼✾❪ ▼✳ P✳ ❱❛❧✐❣♥❛:✱ ❙✳ ❱✐❧❧❡::❡✱ ❏✳ ▲✐✱ ❘✳ ❇❛.❜❡.✐✱ ❘✳ ❇❛.:♦❧✐♥♦✱ ❊✳ ❉✉❜♦✐9✲❱✐♦❧❡::❡✱ ❛♥❞ ❈❛③❛❜❛:✳

❲❡::✐♥❣ ❛♥❞ ❛♥❝❤♦.✐♥❣ ♦❢ ❛ ♥❡♠❛:✐❝ ❧✐7✉✐❞ ❝.②9:❛❧ ♦♥ ❛ .♦✉❣❤ 9✉.❢❛❝❡✳ 1❤②*✳ ❘❡✈✳ ▲❡++✳✱

✼✼✿✶✾✾✹✕✶✾✾✼✱ ✶✾✾✻✳

❬✽✵❪ ❉✳ ✈❛♥ ❊✛❡♥:❡..❡✱ ❘✳ ❖❜❡.✱ ▼✳ P✳ ❱❛❧✐❣♥❛:✱ ❛♥❞ ❆✳ ▼✳ ❈❛③❛❜❛:✳ ❇✐♥❛.② 9❡♣❛.❛:✐♦♥ ✐♥ ✈❡.②

:❤✐♥ ♥❡♠❛:✐❝ ✜❧♠9✿ ❚❤✐❝❦♥❡99 ❛♥❞ ♣❤❛9❡ ❝♦❡①✐9:❡♥❝❡✳ 1❤②*✳ ❘❡✈✳ ▲❡++✳✱ ✽✼✿✶✷✺✼✵✶✱ ✷✵✵✶✳

❬✽✶❪ ❉✳ ✈❛♥ ❊✛❡♥:❡..❡✱ ▼✳P✳ ❱❛❧✐❣♥❛:✱ ❛♥❞ ❉✳ ❘♦✉①✳ ❈♦✉♣❧✐♥❣ ❜❡:✇❡❡♥ :❤❡ ♥❡♠❛:✐❝✴✐9♦:.♦♣✐❝

:.❛♥9✐:✐♦♥ ❛♥❞ ❛ :❤✐❝❦♥❡99 :.❛♥9✐:✐♦♥✿ ❆ :❤❡♦.❡:✐❝❛❧ ❛♣♣.♦❛❝❤✳ ❊✉'♦♣❤②*✳ ▲❡++✳✱ ✻✷✿✺✷✻✕✺✸✷✱

✷✵✵✸✳

❬✽✷❪ ❉❛♠✐❡♥ ✈❛♥ ❊✛❡♥:❡..❡✳ ■♥*+❛❜✐❧✐+; ❞✬✉♥ ✜❧♠ ♠✐♥❝❡ ❞❡ ♥;♠❛+✐0✉❡✳ P❤❉ :❤❡9✐9✱ ❯♥✐✈❡.9✐:`

P❛.✐9 ❱■✱ ✷✵✵✷✳

❬✽✸❪ ❍✳ ❆✳ ❱❛♥ ❙♣.❛♥❣ ❛♥❞ ❘✳ ●✳ ❆❛.:9❡♥✳ ❚♦.9✐♦♥❛❧ ❛♥❝❤♦.✐♥❣ ♦❢ ✺❝❜ ❛♥❞ ✺♣❝❤ ♦♥ ✈❛.✐♦✉9

9✉❜9:.❛:❡9✳ ▼♦❧❡❝✉❧❛' ❈'②*+❛❧* ❛♥❞ ▲✐0✉✐❞ ❈'②*+❛❧*✱ ✶✷✸✿✸✺✺✕✸✻✽✱ ✶✾✽✺✳

❬✽✹❪ ❋✳ ❱❛♥❞❡♥❜.♦✉❝❦✱ ❙✳ ❇❛.❞♦♥✱ ▼✳ P✳ ❱❛❧✐❣♥❛:✱ ❛♥❞ ❆✳ ▼✳ ❈❛③❛❜❛:✳ ❲❡::✐♥❣ :.❛♥9✐:✐♦♥ ❛♥❞

❞✐✈❡.❣❡♥❝❡ ♦❢ :❤❡ ❡①:.❛♣♦❧❛:✐♦♥ ❧❡♥❣:❤ ♥❡❛. :❤❡ ♥❡♠❛:✐❝✲✐9♦:.♦♣✐❝ :.❛♥9✐:✐♦♥✳ 1❤②*✳ ❘❡✈✳

▲❡++✳✱ ✽✶✿✻✶✵✕✻✶✸✱ ✶✾✾✽✳

❬✽✺❪ ❋.❛♥c♦✐9 ❱❛♥❞❡♥❜.♦✉❝❦✳ ❋✐❧♠* ♠✐♥❝❡* ❞❡ ❝'✐*+❛✉① ❧✐0✉✐❞❡*✳ P❤❉ :❤❡9✐9✱ ❯♥✐✈❡.9✐:` P❛.✐9 ❱■✱

✷✵✵✶✳

❬✽✻❪ ❊●✳ ❱✐.❣❛✳ ❱❛'✐❛+✐♦♥❛❧ +❤❡♦'✐❡* ❢♦' ❧✐0✉✐❞ ❝'②*+❛❧*✳ ▲♦♥❞♦♥✿ ❈❤❛♣♠❛♥ ❛♥❞ ❍❛❧❧✱ ✶✾✾✹✳

❬✽✼❪ ▼✳▼✳ ❲✐::❡❜.♦♦❞✱ ❉✳❍✳ ▲✉✐❥❡♥❞✐❥❦✱ ❚❤✳ ❙:❛❧❧✐♥❣❛✱ ❙✳❛♥❞ ❘❛9✐♥❣✱ ❛♥❞ ■✳ ▼✉9❡✈✐❝✳ ❚❤✐❝❦♥❡99✲

❞❡♣❡♥❞❡♥: ♣❤❛9❡ :.❛♥9✐:✐♦♥ ✐♥ :❤✐♥ ♥❡♠❛:✐❝ ✜❧♠9✳ 1❤②*✳ ❘❡✈✳ ❊✱ ✺✹✿✺✷✸✷✕✺✷✸✹✱ ✶✾✾✻✳



❬✽✽❪ ❏✳ ❳✉❡✱ ❈✳❙✳ ❏✉♥❣✱ ❛♥❞ ❑✐♠ ▼✳ ❲✳ 4❤❛6❡ 78❛♥6✐7✐♦♥6 ♦❢ ❧✐<✉✐❞✲❝8②67❛❧ ✜❧♠6 ♦♥ ❛♥ ❛✐8✲✇❛7❡8

✐♥7❡8❢❛❝❡✳  ❤②#✳ ❘❡✈✳ ▲❡))✳✱ ✻✾✿✹✼✹✕✹✼✼✱ ✶✾✾✷✳

❬✽✾❪ ❍✳ ❨♦❦♦②❛♠❛✳ ◆❡♠❛7✐❝✲✐6♦78♦♣✐❝ 78❛♥6✐7✐♦♥ ✐♥ ❜♦✉♥❞❡❞ 7❤✐♥ ✜❧♠6✳ ❏✳ ❈❤❡♠✳ ❙♦❝✱ ❋❛3❛❞❛②

)3❛♥#✳ ✷✱ ✽✹✿✶✵✷✸✱ ✶✾✽✽✳

❬✾✵❪ ❍✳ ❨♦❦♦②❛♠❛✳ ❙✉8❢❛❝❡ ❛♥❝❤♦8✐♥❣ ♦❢ ♥❡♠❛7✐❝ ❧✐<✉✐❞✲❝8②67❛❧6✳ ▼♦❧❡❝✉❧❛3 ❝3②#)❛❧# ❛♥❞ ❧✐;✉✐❞

❝3②#)❛❧#✱ ✶✻✺✿✷✻✺✕✸✶✻✱ ✶✾✽✽✳

❬✾✶❪ ❍✳ ❨♦❦♦②❛♠❛✳ ❉❡♥6✐7②✲❢✉♥❝7✐♦♥❛❧ 7❤❡♦8② ♦❢ 6✉8❢❛❝❡❧✐❦❡ ❡❧❛67✐❝✐7② ♦❢ ♥❡♠❛7✐❝ ❧✐<✉✐❞ ❝8②67❛❧6✳

 ❤②#✳ ❘❡✈✳ ❊✱ ✺✺✿✷✾✸✽✱ ✶✾✾✼✳

❬✾✷❪ ❍✳ ❨♦❦♦②❛♠❛✱ ❙✳ ❑♦❜❛②❛6❤✐✱ ❛♥❞ ❍✳ ❑❛♠❡✐✳ ❚❡♠♣❡8❛7✉8❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ 7❤❡ ❛♥❝❤♦8✐♥❣

678❡♥❣7❤ ❛7 ❛ ♥❡♠❛7✐❝ ❧✐<✉✐❞ ❝8②67❛❧✲❡✈❛♣♦8❛7❡❞ ❙✐❖ ✐♥7❡8❢❛❝❡✳ ❏♦✉3♥❛❧ ♦❢ ❆♣♣❧✐❡❞  ❤②#✐❝#✱

✻✶✿✹✺✵✶✕✹✺✶✽✱ ✶✾✽✼✳

❬✾✸❪ ❇✳ ❩❛♣♣♦♥❡✱ 4❤✳ ❘✐❝❤❡77✐✱ ❘✳ ❇❛8❜❡8✐✱ ❘✳ ❇❛87♦❧✐♥♦✱ ❛♥❞ ❍✳ ❚✳ ◆❣✉②❡♥✳ ❋♦8❝❡6 ✐♥ ♥❡♠❛7✐❝ ❧✐<✲

✉✐❞ ❝8②67❛❧6 ❝♦♥678❛✐♥❡❞ 7♦ 7❤❡ ♥❛♥♦♠❡7❡8 6❝❛❧❡ ✉♥❞❡8 ❤②❜8✐❞ ❛♥❝❤♦8✐♥❣ ❝♦♥❞✐7✐♦♥6✳  ❤②#✐❝❛❧

❘❡✈✐❡✇ ❊ ✭❙)❛)✐#)✐❝❛❧✱ ◆♦♥❧✐♥❡❛3✱ ❛♥❞ ❙♦❢) ▼❛))❡3  ❤②#✐❝#✮✱ ✼✶✿✵✹✶✼✵✸✱ ✷✵✵✺✳

❬✾✹❪ ❳✐❛♦✇❡✐ ❩❤✉❛♥❣✱ ▲♦8❡♥③♦ ▼❛8✉❝❝✐✱ ❛♥❞ ❨✳❘✳ ❙❤❡♥✳ ❙✉8❢❛❝❡✲♠♦♥♦❧❛②❡8✲✐♥❞✉❝❡❞ ❜✉❧❦ ❛❧✐❣♥✲

♠❡♥7 ♦❢ ❧✐<✉✐❞ ❝8②67❛❧6✳  ❤②#✳ ❘❡✈✳ ▲❡))✳✱ ✼✸✿✶✺✶✸✕✶✺✶✻✱ ✶✾✾✹✳

❬✾✺❪ 4✳ ❩✐❤❡8❧✱ ❘✳ 4♦❞❣♦8♥✐❦✱ ❛♥❞ ❙✳ ❩✉♠❡8✳ 46❡✉❞♦✲❝❛6✐♠✐8 ❡✛❡❝7 ✐♥ ♥❡♠❛7✐❝ ❧✐<✉✐❞ ❝8②67❛❧6 ✐♥

❢8✉678❛7✐♥❣ ❣❡♦♠❡78✐❡6✳  ❤②#✐❝❛❧ ❘❡✈✐❡✇ ▲❡))❡3#✱ ✽✹✿✶✷✷✽✱ ✷✵✵✵✳





❈❤❛♣$❡& ✸

❙♠❛❧❧ ✈♦❧✉♠❡ ♦❢ ✐♦♥✐❝ ❧✐,✉✐❞ ✐♥

❝♦♥.❛❝. ✇✐.❤ 1❡❧❡❝.❡❞ 1✉❜1.3❛.❡1

✲ ✇❡$$✐♥❣ ❜❡❤❛✈✐♦✉& ❛♥❞ ♠♦&♣❤♦❧♦❣② ✲

✸✳✶ ●♦✐♥❣ (♦✇❛+❞- ♥❛♥♦✲-❝❛❧❡-

❲❤❡♥ ✐% ❝♦♠❡) %♦ ♠✐❝*♦)❝♦♣✐❝ )❝❛❧❡)✱ ✇❡%%✐♥❣ ♣*♦♣❡*%✐❡) ❝❛♥ ❜❡ ♠♦❞✐✜❡❞ ❛♥❞ %❤❡ ✇❛② %❤❡② ❛*❡ ✐)

)%✐❧❧ )✉❜❥❡❝% %♦ ❝♦♥%*♦✈❡*)✐❡) ✭)❡❡ ❈❤❛♣%❡* ✶✮✳ ■♥ )✉❝❤ ❛ )✐%✉❛%✐♦♥✱ ✜♥❞✐♥❣ ❛ ✏❧✐?✉✐❞ ✴ )✉❜)%*❛%❡✑

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

✐♦♥✐❝ ❧✐?✉✐❞)✳ ❋✐*)%✱ %❤❡✐* ✇❡%%✐♥❣ ♣*♦♣❡*%✐❡) ❛*❡ ♥♦% ②❡% ❝♦♠♣❧❡%❡❧② ✉♥❞❡*)%♦♦❞ ❛♥❞ %❤❡② ❤❛✈❡

❛ ✇✐❞❡ *❛♥❣❡ ♦❢ ♣♦))✐❜❧❡ ❛♣♣❧✐❝❛%✐♦♥) ✐♥ %❤❡ ❡❧❡❝%*♦✲❝❤❡♠✐)%*② ✜❡❧❞✳ ❚❤❡② ❛❧)♦ ❤❛✈❡ ❛ ✈❡*② ❧♦✇

)❛%✉*❛%✐♥❣ ✈❛♣♦* ♣*❡))✉*❡ ✇❤✐❝❤ ✐♠♣❧✐❡) %❤❛% ✐♥ )%❛♥❞❛*❞ ❝♦♥❞✐%✐♦♥) ♦❢ %❡♠♣❡*❛%✉*❡ ❛♥❞ ♣*❡))✉*❡✱

❡✈❛♣♦*❛%✐♦♥ ✐) ♥❡❣❧✐❣✐❜❧❡✳ ■♥ %❤❡ ✜*)% ♣❛*% ♦❢ %❤✐) ❝❤❛♣%❡*✱ %❤❡ ♣*♦♣❡*%✐❡) ♦❢ ✐♦♥✐❝ ❧✐?✉✐❞) ✇✐❧❧ ❜❡

❢✉*%❤❡* ❞❡%❛✐❧❡❞ ❛) ✇❡❧❧ ❛) %❤❡ )♣❡❝✐✜❝ ♠❡%❤♦❞) ♦❢ ❞❡♣♦)✐%✐♦♥ ❛♥❞ ✐♠❛❣✐♥❣ %❤❛% ❛*❡ ❛❞❛♣%❡❞ %♦

)♠❛❧❧ )❝❛❧❡)✳ ❋✐♥❛❧❧②✱ ❡①♣❡*✐♠❡♥%) ✇❤❡*❡ ✐♦♥✐❝ ❧✐?✉✐❞) ❛*❡ ❞❡♣♦)✐%❡❞ ♦♥ ❞✐✛❡*❡♥% )✉❜)%*❛%❡) ✇✐❧❧

❜❡ ♣*❡)❡♥%❡❞✳

✸✳✶✳✶ ❆❜♦✉' ✐♦♥✐❝ ❧✐,✉✐❞.

✏■♦♥✐❝ ❧✐?✉✐❞)✑ ❛*❡ )%*✐❝%❧② )♣❡❛❦✐♥❣ ♠♦❧%❡♥ )❛❧%)✳ ❚❤❡② ❤❛✈❡ ❛ ❧♦✇ ♠❡❧%✐♥❣ %❡♠♣❡*❛%✉*❡ ❡①♣❧❛✐♥❡❞

❜② %❤❡ )%*✉❝%✉*❡ ♦❢ %❤❡✐* ✐♦♥)✳ ❚❤❡ )%❡*✐❝❛❧ ♠✐)♠❛%❝❤ ❜❡%✇❡❡♥ ❛♥✐♦♥) ❛♥❞ ❝❛%✐♦♥) ✐♠♣❧✐❡) %❤❛%

❝♦✉❧♦♠❜✐❝ ❛%%*❛❝%✐♦♥) ❛*❡ ❞❛♠♣❡♥❡❞ ❛♥❞ %❤❛% ❧❛%%✐❝❡ ♣❛❝❦✐♥❣ ❛**❛♥❣❡♠❡♥%) ❛*❡ ❢*✉)%*❛%❡❞✳ ❚❤❡

❧✐?✉✐❞ )%*✉❝%✉*❡ ✐) %❤❡♥ ❢❛✈♦✉*❡❞ ❛% ❛ ❧♦✇❡* %❡♠♣❡*❛%✉*❡ ❝♦♠♣❛*❡❞ %♦ ❛ ❝♦♠♠♦♥ )❛❧%✳ ❇❡)✐❞❡)

✾✸



❝❤❡♠✐❝❛❧ ❢♦)♠✉❧❛ C10H15F6N3O4S2

♠♦❧❡❝✉❧❛) ✇❡✐❣❤- 419.36 g.mol−1
❞❡♥0✐-② 1.4431 g.cm−3

❛- 293.40❑
✈✐0❝♦0✐-② 59.8 mPa.s ❛- 293.40❑
✢❛0❤ ♣♦✐♥- > 473K(200◦❈✮

♦♣-✐❝❛❧ ✐♥❞❡① 1.428
0✉)❢❛❝❡ -❡♥0✐♦♥ 33.9 mN.m−1

❛- 297❑
♠✐0❝✐❜✐❧✐-② ✇✐-❤ ✇❛-❡) ♥♦

▼♦❧❡❝✉❧❛) ✈♦❧✉♠❡ ♦❢ ✐♦♥ ♣❛✐) ✴ ♥♠

3 0.50
❉✐❛♠❡-❡) ♦❢ ✐♦♥ ♣❛✐) ✴ ♥♠ 0.79

❋✐❣✉)❡ ✸✳✶✿ ❈❤❛)❛❝-❡)✐0-✐❝0 ♦❢ ❬❇▼■▼❪❬❚❋❙■❪✳ ❖♥ -❤❡ -♦♣✱ ✐♠❛❣❡0 )❡♣)❡0❡♥-✐♥❣ -❤❡ -✇♦ ✐♦♥0✳ ❖♥

-❤❡ ❜♦--♦♠✱ -❛❜❧❡ 0✉♠♠❛)✐③✐♥❣ 0♦♠❡ ♣)♦♣❡)-✐❡0 ♦❢ ❬❇▼■▼❪❬❚❋❙■❪✳ ❉❡♥0✐-② ❛♥❞ ✈✐0❝♦0✐-② ❞❛-❛

✇❡)❡ -❛❦❡♥ ❢)♦♠ ❬✻❪ ❀ 0✉)❢❛❝❡ -❡♥0✐♦♥ ❢)♦♠ ❬✶✵❪

-❤❡✐) ❧♦✇ ✈❛♣♦) ♣)❡00✉)❡✱ ❝❤❛)❛❝-❡)✐0-✐❝0 ♦❢ ✐♦♥✐❝ ❧✐O✉✐❞0 ❛)❡ -❤❡✐) ❤✐❣❤ -❤❡)♠❛❧ 0-❛❜✐❧✐-② ❛♥❞ ❤✐❣❤

✈✐0❝♦0✐-② ❛0 ✇❡❧❧ ❛0 -❤❡ ❢❛❝- -❤❛- -❤❡② ❛)❡ ❡❧❡❝-)✐❝ ❝♦♥❞✉❝-♦)0✳

■♦♥✐❝ ❧✐O✉✐❞0 ❛)❡ O✉✐-❡ )❡❝❡♥- ♠❛-❡)✐❛❧0✳ ❚❤❡ ✜)0- 0②♥-❤❡0✐0 ♦❢ ❛♥ ✐♦♥✐❝ ❧✐O✉✐❞ ✇❛0 ♣❡)❢♦)♠❡❞

✐♥ 1914 ❜② Q✳ ❲❛❧❞❡♥✱ ❜✉- ✐- ✐0 ♦♥❧② ✐♥ -❤❡ 70s− 80s -❤❛- ✐♦♥✐❝ ❧✐O✉✐❞0 ❜❛0❡❞ ♦♥ -❤❡ ✐♦♥0 ✉0❡❞ ✐♥

-❤❡ ♣)❡0❡♥- ✇♦)❦ ✇❡)❡ ❞❡✈❡❧♦♣❡❞✳ ❚❤❡ ✐♦♥✐❝ ❧✐O✉✐❞ -❤❛- ✇❡ ✉0❡❞ ✐0 ❜✉-②❧ ✲ ♠❡-❤②❧ ✲ ✐♠✐❞❛③♦❧✐✉♠

❜✐0 ✭-)✐✢✉♦)♦♠❡-❤②❧0✉❧❢♦♥②❧✮ ✲ ✐♠✐❞❡✿ ❬❇▼■▼❪❬❚❋❙■❪ ✭♦) ❬❇▼■▼❪❬◆❚❢2❪✮✳ ❚❤❡ ✜❣✉)❡ ✸✳✶ ♣)❡0❡♥-0

❛ ♣✐❝-✉)❡ ♦❢ ❜♦-❤ ✐♦♥0 ❛❧♦♥❣ ✇✐-❤ ❛ ❢❡✇ ❝❤❛)❛❝-❡)✐0-✐❝0 ♦❢ -❤❡ ❝♦♠♣♦✉♥❞✳ ❬❇▼■▼❪❬❚❋❙■❪ ✐0 ♥♦-

♠✐0❝✐❜❧❡ ✇✐-❤ ✇❛-❡)✱ ❜✉- ❛0 ♦-❤❡) ✐♦♥✐❝ ❧✐O✉✐❞0✱ ❬❇▼■▼❪❬❚❋❙■❪ ♠✐❣❤- ❜❡ ❝♦♥-❛♠✐♥❛-❡❞ ❜② ✇❛-❡)

❢)♦♠ -❤❡ ❛-♠♦0♣❤❡)❡ ❬✺❪✳ ❙-✉❞✐❡0 ♦❢ -❤❡ ❡✈♦❧✉-✐♦♥ ♦❢ ❞✐✛❡)❡♥- ♣)♦♣❡)-✐❡0 ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ✐♥

❢✉♥❝-✐♦♥ ♦❢ ✇❛-❡) ❝♦♥-❛♠✐♥❛-✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✻❪✳ ■♥ -❤❡ ❝♦♥❞✐-✐♦♥0 ❝♦))❡0♣♦♥❞✐♥❣ -♦ ♦✉)

❡①♣❡)✐♠❡♥-0 ✭0❡❡ -❤❡)❡❛❢-❡)✮✱ -❤✐0 ❛❜0♦)♣-✐♦♥ ✐0 ♥❡❣❧✐❣✐❜❧❡✳

✸✳✶✳✷ ▼❡&❤♦❞* ❢♦, &❤❡ ❞❡♣♦*✐&✐♦♥ ♦❢ *♠❛❧❧ ❞,♦♣❧❡&* ♦❢ ✐♦♥✐❝ ❧✐4✉✐❞*

●❡♥❡)❛-✐♥❣ ❞)♦♣❧❡-0 ✇❤✐❝❤ ❞✐❛♠❡-❡) ✐0 ❧❡00 -❤❛♥ 50 µm ✐0 ♥♦- ❛♥ ❡❛0② ♣)♦❝❡00✳ ❙❡✈❡)❛❧ ♠❡-❤♦❞0

♦❢ ❞❡♣♦0✐-✐♦♥ ❝❛♥ ❜❡ ✉0❡❞✿

• ❉✐)❡❝- ❞❡♣♦0✐-✐♦♥ ♦❢ -❤❡ 0-✉❞✐❡❞ ❧✐O✉✐❞✳ ❚❤✐0 ❝❛♥ ❜❡ ❞♦♥❡ ✉0✐♥❣ ❛♥ ❛❡)♦0♦❧ ❬✾❪ ♦) ❜② ❞✐)❡❝-

❞❡♣♦0✐-✐♦♥ ✉0✐♥❣ 0♠❛❧❧ -♦♦❧0 0✉❝❤ ❛0 ❡-❝❤❡❞ ✇✐)❡0✱ ♦) ✈❡)② 0❤❛)♣ ♥❡❡❞❧❡0 ✭❝♦♥❞❡♥0❛-✐♦♥ ✐0

❛❧0♦ ✉0❡❞ ❢♦) ✈♦❧❛-✐❧❡ ❧✐O✉✐❞0 ❬✶✼❪✱ ❬✶✸❪✱ ❬✹❪✮✳

• ❉❡♣♦0✐-✐♦♥ ✈✐❛ ❛ ❞✐0♣❡)0✐♦♥ ♦) ❛ 0♦❧✉-✐♦♥ ♦❢ -❤❡ 0-✉❞✐❡❞ ❧✐O✉✐❞ ✇✐-❤ ❛ ✈♦❧❛-✐❧❡ 0♦❧✈❡♥-✳ ❚❤❡

✜)0- ♣♦00✐❜❧❡ ❞❡♣♦0✐-✐♦♥ ♠❡-❤♦❞ ✐0 -❤❡♥ 0♣✐♥✲❝♦❛-✐♥❣✿ 0♦❧✉-✐♦♥ ✐0 ❞❡♣♦0✐-❡❞ ♦♥ ❛ 0✉❜0-)❛-❡



✇❤✐❝❤ ✇✐❧❧ ✉♥❞❡)❣♦ ,♣✐♥♥✐♥❣✳ ❉✉)✐♥❣ 0❤❡ ,♣✐♥♥✐♥❣ ,0❡♣✱ 0❤❡ ✈♦❧❛0✐❧❡ ,♦❧✈❡♥0 ❡✈❛♣♦)❛0❡,

❧❡❛✈✐♥❣ 0✐♥② ❞)♦♣❧❡0, ♦♥ 0❤❡ ,✉❜,0)❛0❡ ❬✷❪✳ ❆♥♦0❤❡) ♣♦,,✐❜❧❡ ♠❡0❤♦❞ ✐, ❜❛,❡❞ ♦♥ 0❤❡ ❢❛❝0

0❤❛0 0❤❡ 0✇♦ ❧✐<✉✐❞,✱ ✈♦❧❛0✐❧❡ ✏,♦❧✈❡♥0✑ ❛♥❞ ❧✐<✉✐❞ ♦❢ ✐♥0❡)❡,0✱ ❛)❡ ✐♠♠✐,❝✐❜❧❡✳ ❚❤❡ ♣)❡♣❛)❡❞

❞✐,♣❡),✐♦♥ ✐, ,❤❛❦❡♥ ✭,♦♥✐❝❛0✐♦♥✮ ❛♥❞ ❛ 0✐♥② ❛♠♦✉♥0 ♦❢ ✐0 ✐, ❞❡♣♦,✐0❡❞ ♦♥ 0❤❡ ,✉❜,0)❛0❡

✶

✳

❆❢0❡) ❡✈❛♣♦)❛0✐♦♥ ♦❢ 0❤❡ ✈♦❧❛0✐❧❡ ❝♦♠♣♦✉♥❞✱ ❞)♦♣❧❡0, ❛)❡ ❧❡❢0 ♦♥ 0❤❡ ,✉❜,0)❛0❡✳

■♥ 0❤❡ ❡①♣❡)✐♠❡♥0, ❞❡,❝)✐❜❡❞ ✐♥ 0❤✐, ✇♦)❦✱ ❜♦0❤ ♠❡0❤♦❞, ✇❡)❡ ✉,❡❞✿ 0❤❡ ♣❛✐♥0❜)✉,❤✲,②)✐♥❣❡

♠❡0❤♦❞ ❢♦) 0❤❡ ❞✐)❡❝0 ❞❡♣♦,✐0✐♦♥ ❛♥❞ 0❤❡ ❞✐,♣❡),✐♦♥ ♠❡0❤♦❞ ❢♦) 0❤❡ ❞❡♣♦,✐0✐♦♥ ✈✐❛ ❛ ✈♦❧❛0✐❧❡

,♦❧✈❡♥0✳

■♥ 0❤❡ ♣❛✐♥0❜)✉,❤✲,②)✐♥❣❡ ♠❡0❤♦❞✱ ❛ ♠✐❝)♦✲,②)✐♥❣❡ ✐, ✜❧❧❡❞ ✉♣ ✇✐0❤ ✐♦♥✐❝ ❧✐<✉✐❞✳ ❆ ,♠❛❧❧

♥❡❡❞❧❡✱ 33 ❣❛✉❣❡✱ ✐, 0❤❡♥ ✜①❡❞ 0♦ 0❤❡ ,②)✐♥❣❡✳ ■♦♥✐❝ ❧✐<✉✐❞ ✐, 0❤❡♥ ❞✐,♣❡♥,❡❞ 0♦ ❝)❡❛0❡ ❛ ❞)♦♣❧❡0

❛0 0❤❡ ❡♥❞ ♦❢ 0❤❡ ♥❡❡❞❧❡✳ ❚❤❡ ❞)♦♣❧❡0 ,❤♦✉❧❞ ❜❡ ❛, ,♠❛❧❧ ❛, ♣♦,,✐❜❧❡✳ ❇② ❣❡♥0❧② 0❛♣♣✐♥❣ ♦♥ 0❤❡

,②)✐♥❣❡✱ 0❤❡ ✏♠♦0❤❡)✑ ❞)♦♣❧❡0 ✐, 0❤)♦✇♥ 0♦✇❛)❞, 0❤❡ ,✉❜,0)❛0❡ ✇❤✐❝❤ )❡,✉❧0, ✐♥ ,❡✈❡)❛❧ ✏❝❤✐❧❞✑

❞)♦♣❧❡0,✳ ❚❤❡ ❛❞✈❛♥0❛❣❡ ♦❢ 0❤✐, ♠❡0❤♦❞ ✐, 0♦ ♣)♦❞✉❝❡ ,♠❛❧❧ ❞)♦♣❧❡0, ✇✐0❤♦✉0 0❤❡ ♣)❡,❡♥❝❡ ♦❢ ❛

,♦❧✈❡♥0✿ ✐0 ❡♥,✉)❡, 0❤❛0 0❤❡ ❞)♦♣❧❡0, ❛)❡ ❢)❡❡ ❢)♦♠ )❡♠❛✐♥✐♥❣ ,♦❧✈❡♥0 ♠♦❧❡❝✉❧❡,✳ ❍♦✇❡✈❡)✱ 0❤❡ ❢❛❝0

0❤❛0 0❤❡ ❞)♦♣❧❡0, ❛)❡ ,♣❧❛,❤❡❞ ♦♥0♦ 0❤❡ ,✉❜,0)❛0❡ ❤❛, ❛♥ ✐♥✢✉❡♥❝❡ ♦♥ 0❤❡✐) ✜♥❛❧ ,❤❛♣❡ ❛♥❞ 0❤❡②

♦❢0❡♥ ❞♦ ♥♦0 )❡❝♦✈❡) ❛ ,♣❤❡)✐❝❛❧ ,❤❛♣❡ ❡✈❡♥ ♦♥ ❛ ,♠♦♦0❤ ,✉❜,0)❛0❡ ✭✇❤✐❝❤ ,✉❣❣❡,0, 0❤❛0 ♣✐♥♥✐♥❣

♣❧❛②, ❛ )♦❧❡✮

✷

✳ ❚❤❡ ❞)♦♣❧❡0, ♦❜0❛✐♥❡❞ ❛)❡ ,0✐❧❧ ,♠❛❧❧❡) ,✐③❡ 0❤❛♥ ❢♦) 0❤❡ ♦0❤❡) ❞✐)❡❝0 ❞❡♣♦,✐0✐♦♥

♠❡0❤♦❞, 0❤❛0 ✇❡ 0❡,0❡❞ ✭❛❡)♦,♦❧ ❛♥❞ ❡0❝❤❡❞ 0✉♥❣,0❡♥ ✇✐)❡,✮✳

❖♥ 0❤❡ ♦0❤❡) ❤❛♥❞✱ 0❤❡ ❞✐,♣❡),✐♦♥ ♠❡0❤♦❞ ♣)♦❞✉❝❡, ,♣❤❡)✐❝❛❧ ,❤❛♣❡❞ ❞)♦♣❧❡0, ♦♥ ,♠♦♦0❤

,✉❜,0)❛0❡, ❜✉0 ✇✐0❤ 0❤❡ ✐♥0❡)♠❡❞✐❛)② ♦❢ ❛ ❞✐,♣❡),✐♦♥ ✇✐0❤ ❛ ✈♦❧❛0✐❧❡ ❝♦♠♣♦✉♥❞✳ ❈♦♥0)♦❧❧✐♥❣ 0❤❡

❝♦♥❝❡♥0)❛0✐♦♥ ♦❢ ✐♦♥✐❝ ❧✐<✉✐❞ ✐♥ 0❤❡ ❞✐,♣❡),✐♦♥ ❛❧❧♦✇, ♦♥❡ 0♦ ❝♦♥0)♦❧ 0❤❡ ❛♠♦✉♥0 ♦❢ ✐♦♥✐❝ ❧✐<✉✐❞ ❧❡❢0

❛❢0❡) ❛ ❞)♦♣ ♦❢ ❞✐,♣❡),✐♦♥ ✐, ❞❡♣♦,✐0❡❞ ♦♥ ❛ ,✉❜,0)❛0❡ ❛♥❞ 0❤❡ ✈♦❧❛0✐❧❡ ❝♦♠♣♦✉♥❞ ✐, ❡✈❛♣♦)❛0❡❞✳

❚❤❡ ❝♦♥❝❡♥0)❛0✐♦♥ ♣❧❛②, ❛❧,♦ ❛ )♦❧❡ ♦♥ 0❤❡ ❞❡♣♦,✐0✐♦♥ ♠❡❝❤❛♥✐,♠✿ 0❤❡ ❧❡,, ❝♦♥❝❡♥0)❛0❡ ✐, 0❤❡

❞✐,♣❡),✐♦♥✱ 0❤❡ ♠♦)❡ ✐, 0❤❡ ♣)♦♣♦)0✐♦♥ ♦❢ 0❤❡ ❡0❤❛♥♦❧ ❛♥❞ 0❤❡♥ 0❤❡ ❡✈❛♣♦)❛0✐♦♥ ♣)♦❝❡,, ♦❢ 0❤❡

❡0❤❛♥♦❧ ❡♥,✉)❡, ❛ ,♠♦♦0❤ ❞❡♣♦,✐0✐♦♥✳ ❚♦ ♠❛❦❡ ,✉)❡ 0❤❛0 0❤❡ ❞)♦♣❧❡0, ❧❡❢0 ❛❢0❡) ❡✈❛♣♦)❛0✐♦♥ ❛)❡

✐♥❞❡❡❞ ❢)❡❡ ❢)♦♠ ❡0❤❛♥♦❧✱ ❝)♦,,✲❝❤❡❝❦, ✇❡)❡ ♣❡)❢♦)♠❡❞✳ ❋✐),0✱ ❢♦) ❡❛❝❤ ,✉❜,0)❛0❡✱ 0❤❡ ❡✈❛♣♦)❛0✐♦♥

♣)♦❝❡,, ✇❛, ❢♦❧❧♦✇❡❞ ✉♥❞❡) ♦♣0✐❝❛❧ ♠✐❝)♦,❝♦♣❡ ✇✐0❤ ❛ ❤✐❣❤ ,♣❡❡❞ ❝❛♠❡)❛✳ ❚❤❡ ❜✐❣❣❡,0 ✐♦♥✐❝ ❧✐<✉✐❞

❞)♦♣❧❡0, ❧❡❢0 ♦♥ 0❤❡ ,✉❜,0)❛0❡ ✇❡)❡ )❡,♦❧✈❡❞ ❜② 0❤❡ ♦♣0✐❝❛❧ ♠✐❝)♦,❝♦♣❡ ❛♥❞ ❞✐❞ ♥♦0 ,❤♦✇ ❛♥② ,✐❣♥

♦❢ ❡0❤❛♥♦❧ ❝♦♥0❛♠✐♥❛0✐♦♥

✸

✳ ❙❡❝♦♥❞✱ 0❤❡ ,❛♠♣❧❡✱ ✇❤✐❝❤ ❡✈❛♣♦)❛0✐♦♥ ♣)♦❝❡,, ✇❛, ❢♦❧❧♦✇❡❞✱ ✇❛,

♣❧❛❝❡❞ ✐♥ ❛ ♣❧❛,♠❛ ❝❧❡❛♥❡) ❢♦) ❛)♦✉♥❞ 2 ♠✐♥✉0❡,✳ ❚❤❡ ❝♦❧♦) ♦❢ 0❤❡ ♣❧❛,♠❛ ✇❛, ♥♦0 ♠♦❞✐✜❡❞

✭✐0 ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ✐♥ 0❤❡ ♣)❡,❡♥❝❡ ♦❢ ❛ ,✐❣♥✐✜❝❛♥0 ❛♠♦✉♥0 ♦❢ ❡0❤❛♥♦❧✮✳ ❚❤❡ ,❛♠♣❧❡ ✇❛, 0❤❡♥

♦❜,❡)✈❡❞ ❛❣❛✐♥ ✉♥❞❡) ♦♣0✐❝❛❧ ♠✐❝)♦,❝♦♣❡ ❛♥❞ ,❤♦✇❡❞ ♥♦ ♠♦❞✐✜❝❛0✐♦♥,✳ ❇♦0❤ 0❤❡ ❝♦❧♦) ♦❢ 0❤❡

♣❧❛,♠❛ ❛♥❞ 0❤❡ ❢❛❝0 0❤❛0 ♥♦ ❝❤❛♥❣❡ ✇❛, ♦❜,❡)✈❡❞ ♦♥ 0❤❡ ,❛♠♣❧❡ ❛❢0❡) 0❤❡ ♣❧❛,♠❛ 0)❡❛0♠❡♥0

❛❧❧♦✇ ♦♥❡ 0♦ ❜❡❧✐❡✈❡ 0❤❛0 0❤❡)❡ ✐, ♥♦ ,✐❣♥✐✜❝❛♥0 ♣)❡,❡♥❝❡ ♦❢ ❡0❤❛♥♦❧ ♠♦❧❡❝✉❧❡, ✐♥ ♦✉) ,❛♠♣❧❡,

❛❢0❡) 0❤❡ ❡0❤❛♥♦❧ ❡✈❛♣♦)❛0✐♦♥✳ ❚❤✐)❞✱ 0❤❡ )❡❢)❛❝0✐✈❡ ✐♥❞❡① ♦❢ ✐♦♥✐❝ ❧✐<✉✐❞ ♣)❡✈✐♦✉,❧② ♠✐①❡❞ ✇✐0❤

✶

❚❤❡ ♣♦❧②❞✐)♣❡*)✐+② ♦❢ +❤❡ ❡♠✉❧)✐♦♥ ✇❛) ♥♦+ ❝❤❛*❛❝+❡*✐③❡❞✳

✷

❆) +❤❡ ✐♦♥✐❝ ❧✐6✉✐❞ ✐) ✐♥ ❛ ♥♦♥✲✇❡++✐♥❣ ❝♦♥✜❣✉*❛+✐♦♥✱ ✐+ ✐) ♥♦+ ♣♦))✐❜❧❡ +♦ ❞❡♣♦)✐+ +❤❡ ❞*♦♣❧❡+ ❜② ❝*❡❛+✐♥❣ ❛

❞✐*❡❝+ ❝♦♥+❛❝+ ✇✐+❤ +❤❡ )✉❜)+*❛+❡✿ +❤❡ ❞*♦♣❧❡+ ✇♦✉❧❞ )+❛② ♦♥ +❤❡ )②*✐♥❣❡✳

✸

❊+❤❛♥♦❧ ❛♣♣❡❛*) ✉♥❞❡* ♠✐❝*♦)❝♦♣❡ ✇✐+❤ ❛ ❞✐✛❡*❡♥+ ❝♦♥+*❛)+ +❤❛♥ ✐♦♥✐❝ ❧✐6✉✐❞✿ ❜❡❢♦*❡ ❡✈❛♣♦*❛+✐♦♥✱ +❤❡ ❞✐)✲

♣❡*)✐♦♥ +❤❡♥ ✐) ❛ ♠✐① ♦❢ )♠❛❧❧ ❞❛*❦ ❣*❛② ❛♥❞ ❧✐❣❤+ ❣*❛② ③♦♥❡)✳ ❆❢+❡* ❡✈❛♣♦*❛+✐♦♥ ♦❢ +❤❡ ❡+❤❛♥♦❧✱ ♦♥❧② ❞❛*❦ ❣*❛②

)✉❜)✐)+)✱ ✐✳❡✳ ✐♦♥✐❝ ❧✐6✉✐❞✳



❡!❤❛♥♦❧ ✇❛( ♠❡❛(✉+❡❞ ❛❢!❡+ !❤❡ ❡!❤❛♥♦❧ ❤❛❞ ❜❡❡♥ ❡✈❛♣♦+❛!❡❞✳ ❚❤✐( +❡❢+❛❝!✐✈❡ ✐♥❞❡① ✇❛( ❢♦✉♥❞

!♦ ❜❡ !❤❡ (❛♠❡ !❤❛♥ !❤❡ ♦♥❡ ♦❢ ♣✉+❡ ✐♦♥✐❝ ❧✐6✉✐❞

✹

✳ ❚❤❡ ❝♦++❡(♣♦♥❞✐♥❣ +❡(✉❧!( ❛+❡ ♣+❡(❡♥!❡❞ ✐♥

!❤❡ !❛❜❧❡ ❜❡❧♦✇✿

+❡❢+❛❝!✐✈❡ ✐♥❞❡① ♠❡❛(✉+❡❞ ✇✐!❤

❣+❡❡♥ ✜❧!❡+ ✭546 ♥♠✮

+❡❢+❛❝!✐✈❡ ✐♥❞❡① ♠❡❛(✉+❡❞ ✇✐!❤

♦+❛♥❣❡ ✜❧!❡+ ✭589 ♥♠✮

❤✐❣❤ ♣✉+✐!② ❬❇▼■▼❪❬❚❋❙■❪ 1.4286 1.4274

❤✐❣❤ ♣✉+✐!② ❬❇▼■▼❪❬❚❋❙■❪

♣+❡✈✐♦✉(❧② ♠✐①❡❞ ✇✐!❤

❡!❤❛♥♦❧

1.4290 1.4273

❲✐!❤ ❡❛❝❤ ✜❧!❡+✱ !❤❡ ❞✐✛❡+❡♥❝❡ ✐♥ !❤❡ +❡❢+❛❝!✐✈❡ ✐♥❞✐❝❡( ❞♦❡( ♥♦! ❡①❝❡❡❞ 10−4
✇❤✐❝❤ ❝♦++❡(♣♦♥❞

!♦ !❤❡ ❡++♦+ ❜❛+ ♦❢ !❤❡ +❡❢+❛❝!♦♠❡!❡+ !❤❛! ✇❡ ✉(❡❞✿ ✐! ✐( ❤❡♥❝❡ ♥❡❣❧✐❣✐❜❧❡✳ ❚♦ ❝♦♥❝❧✉❞❡✱ ❛( !❤❡

❞✐(♣❡+(✐♦♥ ♠❡!❤♦❞ ♣+♦❞✉❝❡( (♣❤❡+✐❝❛❧ (❤❛♣❡❞ ❞+♦♣❧❡!( ♦♥ (♠♦♦!❤ (✉❜(!+❛!❡( ❛♥❞ ❞♦❡( ♥♦! (❡❡♠

!♦ ✐♥❞✉❝❡ ❝♦♥!❛♠✐♥❛!✐♦♥ ♦❢ !❤❡ ✐♦♥✐❝ ❧✐6✉✐❞✱ ✐! ✐( !❤❡ ♠❡!❤♦❞ ✇❤✐❝❤ ✇❛( ✉(❡❞ ♠♦(! ♦❢ !❤❡ !✐♠❡

❢♦+ ♦✉+ ❡①♣❡+✐♠❡♥!(✳

✸✳✶✳✸ ❍♦✇ &♦ ✈✐)✉❛❧✐③❡ ✇❡&&✐♥❣ ♣2♦❝❡))❡) ♦♥ ♥❛♥♦✲)❝❛❧❡) ❄

❱✐(✉❛❧✐③✐♥❣ ❞+♦♣❧❡!( ❛♥❞ ♣+❡❝✉+(♦+ ✜❧♠( ♦❢ ✐♦♥✐❝ ❧✐6✉✐❞( ✇❛( ♣❡+❢♦+♠❡❞ ✉(✐♥❣ !✇♦ ❙❝❛♥♥✐♥❣ I+♦❜❡

▼✐❝+♦(❝♦♣② ✭❙I▼✮ !❡❝❤♥✐6✉❡(✿ ❆!♦♠✐❝ ❋♦+❝❡ ▼✐❝+♦(❝♦♣② ✭❆❋▼✮ ❛♥❞ ❙❝❛♥♥✐♥❣ ❚✉♥♥❡❧✐♥❣ ▼✐✲

❝+♦(❝♦♣② ✭❙❚▼✮✳ ❆❋▼ ❛♥❞ ❙❚▼ ❛+❡ ❝♦♠♣❧❡♠❡♥!❛+② !❡❝❤♥✐6✉❡( ✇❤❡♥ ✐! ❝♦♠❡( !♦ ✐♠❛❣❡ ✐♦♥✐❝

❧✐6✉✐❞(✳ ❲❤✐❧❡ ❆❋▼ ✐♠❛❣❡( ❛+❡ ♥♦! ❢+❡❡ ♦❢ ❞✐(!♦+!✐♦♥( ❞✉❡ !♦ !❤❡ !✐♣ ❣❡♦♠❡!+②✱ ❙❚▼ ✐♠❛❣❡(

❛+❡✳ ❍♦✇❡✈❡+✱ ❙❚▼ ♦♥❧② ❛❧❧♦✇( ❢♦+ ✐♠❛❣✐♥❣ ❝♦♥❞✉❝!✐✈❡ (❛♠♣❧❡(✱ ✐✳❡✳ ❝♦♥❞✉❝!✐✈❡ ❧✐6✉✐❞( ❛( ✐♦♥✐❝

❧✐6✉✐❞(✱ ♦♥ ❛ ❝♦♥❞✉❝!✐✈❡ (✉❜(!+❛!❡✳ ❆❋▼ ❝❛♥ !❤❡♥ ♣♦!❡♥!✐❛❧❧② ✐♠❛❣❡ ❛ ❣+❡❛!❡+ ✈❛+✐❡!② ♦❢ (②(!❡♠(

!❤❛♥ ❙❚▼✱ ❜✉! ❙❚▼ ♣+♦✈✐❞❡( ♠♦+❡ ♣+❡❝✐(❡ ✐♠❛❣❡(✳

❚❤❡ ❞❡(❝+✐♣!✐♦♥ ♦❢ !❤❡(❡ !✇♦ ✐♠❛❣✐♥❣ !❡❝❤♥✐6✉❡( ❛( ✇❡❧❧ ❛( (♣❡❝✐✜❝ 6✉❡(!✐♦♥( +❡❧❛!❡❞ !♦ !❤❡

♣+♦❝❡(( ♦❢ ✐♠❛❣✐♥❣ ✐♦♥✐❝ ❧✐6✉✐❞(✱ (✉❝❤ ❛( (♣❡❝✐✜❝ ♣+♦❜❧❡♠ ♦❢ ❝❛♣!✉+❡ ❛♥❞ ♣+❡❝✐(✐♦♥✱ ✇✐❧❧ ❜❡ ❞✐(✲

❝✉((❡❞ ✐♥ !❤❡ ❆♣♣❡♥❞✐① ❛❜♦✉! ❆❋▼ ❛♥❞ ❙❚▼✳ ❖♥❡ ❝❛♥ (!✐❧❧ ♠❡♥!✐♦♥ !❤❛! !❤❡ 6✉❡(!✐♦♥ ♦❢ !❤❡

♣❡+!✉+❜❛!✐♦♥ ♦❢ !❤❡ (②(!❡♠ ❜② !❤❡ (❝❛♥♥✐♥❣ !✐♣ ✐♥ !❤❡ ❆❋▼ ♠❡!❤♦❞ ✐( ❞❡❧✐❝❛!❡ !♦ ❛♥(✇❡+✳

✸✳✷ ❲❡%%✐♥❣ ♦♥ ❛ ♠♦❞❡❧ ♦❢ /♠♦♦%❤ ❤②❞2♦♣❤✐❧✐❝ /✉❜/%2❛%❡

✲ ■♦♥✐❝ ❧✐9✉✐❞/ ♦♥ ♠✐❝❛ /✉❜/%2❛%❡ ✲

✸✳✷✳✶ ❆❜♦✉& ♠✐❝❛ )✉❜)&2❛&❡

▼✐❝❛ ✐( !❤❡ ♥❛♠❡ ♦❢ ❛ ❣+♦✉♣ ♦❢ (✐❧✐❝❛!❡ ♠✐♥❡+❛❧(✱ ✇❤✐❝❤ ♠❡❛♥( !❤❛! (✐❧✐❝❛ ❣+♦✉♣( ❛+❡ ♣❛+! ♦❢ !❤❡✐+

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

✹

❚❤❡ #❡❢#❛❝'✐✈❡ ✐♥❞❡① ♦❢ ❡'❤❛♥♦❧ ✐/ ❞✐✛❡#❡♥' '❤❛♥ '❤❡ ♦♥❡ ♦❢ '❤❡ /'✉❞✐❡❞ ✐♦♥✐❝ ❧✐2✉✐❞✿ neth = 1.36✳
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5 µm 5 µm

5 µm5 µm

❋✐❣✉$❡ ✸✳✷✿ ❋$❡*❤❧② ❝❧❡❛✈❡❞ ❜❛$❡ ♠✐❝❛ ✐♠❛❣❡❞ ✐♥ ❝♦♥6❛❝6 ♠♦❞❡✳ ✸❉ ♠✐①❡❞ ❤❡✐❣❤6 ❛♥❞ ♣❤❛*❡

✐♠❛❣❡* ♦❢✿ ♦♥ 6❤❡ ❧❡❢6✱ ♠✐❝❛ *❤❡❡6 ❛♥❞ ♦♥ 6❤❡ $✐❣❤6✱ ♠✐❝❛ ❞✐*❦✳

✇❤✐❝❤ ❝❛♥ ❜❡ ❝❧❡❛✈❡❞✳ ❚❤❡ *✉❜*6$❛6❡* 6❤❛6 ✇❡$❡ ✉*❡❞ ✇❡$❡ ❢$❡*❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ✭❣$❡❡♥ ♠✉*❝♦✈✐6❡✱

❱✲1 ❣$❛❞❡✮✳ ❚✇♦ ❦✐♥❞ ♦❢ ♠✐❝❛ ✇❡$❡ ✉*❡❞✱ ✜$*6✱ ❧❛$❣❡ *❤❡❡6✱ ❝✉6 ✐♥6♦ *❛♠♣❧❡* ♦❢ 6❤❡ ❛♣♣$♦♣$✐❛6❡

*✐③❡ ✭♣✉$❝❤❛*❡❞ ❢$♦♠ ❙✫❏ ❚$❛❞✐♥❣ ❈♦✮ ❛♥❞ *❡❝♦♥❞✱ *♠❛❧❧ ❞✐*❦* ♦❢ ♠✐❝❛ ✇✐6❤ ❝♦♥6$♦❧❧❡❞ *✐③❡ ✭✶✷

♠♠ ❞✐❛♠❡6❡$✮✳ ■♥ ❛♥ ✐❞❡❛❧ *✐6✉❛6✐♦♥✱ ❝❧❡❛✈❛❣❡ ✇♦✉❧❞ ♣$♦❞✉❝❡ ❛♥ ❛6♦♠✐❝❛❧❧② *♠♦♦6❤ *✉❜*6$❛6❡✳

❍♦✇❡✈❡$✱ ❛* 6❤❡ ❝❧❡❛✈❛❣❡ ♣$♦❝❡** ✐* ♥❡✈❡$ ♣❡$❢❡❝6✱ ♦♥❡ ♦❜6❛✐♥* ❛ *✉❜*6$❛6❡ ✇❤✐❝❤ ❝♦♥*✐*6* ✐♥ ❛

*✉❝❝❡**✐♦♥ ♦❢ *♠♦♦6❤ 6❡$$❛❝❡*✳ ■♥ *✉❝❤ ❛ *✐6✉❛6✐♦♥ ❞$♦♣❧❡6* *❤♦✇ ❛ 6❡♥❞❡♥❝② 6♦ ❜❡ ♣✐♥♥❡❞ ♦♥

6❤❡ ❢$♦♥6✐❡$* *❡♣❛$❛6✐♥❣ 6❤❡ ❞✐✛❡$❡♥6 ❛6♦♠✐❝ ♣❧❛♥❡*✳ ❍♦✇❡✈❡$✱ ❛* 6❤❡ ❝❤❛$❛❝6❡$✐*6✐❝ ❛$❡❛ ♦❢ 6❤❡

6❡$$❛❝❡* ✐* M✉✐6❡ ❧❛$❣❡ ✭6②♣✐❝❛❧❧② ♠♦$❡ 6❤❛♥ 90 µ♠ ✐♥ 6❤❡ ❝❡♥6❡$ ♦❢ 6❤❡ ♠✐❝❛ *❛♠♣❧❡✮✱ ❞$♦♣❧❡6* ❛$❡

♦❜*❡$✈❡❞ ❡✈❡$②✇❤❡$❡ ♦♥ 6❤❡ ♠✐❝❛ *❛♠♣❧❡*✱ ♥♦6 ♦♥❧② ♣✐♥♥❡❞ ♦♥ 6❤❡ ❢$♦♥6✐❡$* ♦❢ 6❤❡ ❛6♦♠✐❝ ♣❧❛♥❡*✳

❚❤❡ ♠✐❝❛ *✉❜*6$❛6❡* ✇❡$❡ ✐♠❛❣❡❞ ❥✉*6 ❛❢6❡$ ❝❧❡❛✈❛❣❡ ✇✐6❤ ❝♦♥6❛❝6 ♠♦❞❡ ❆❋▼✳ ❚❤❡ ✐♠❛❣❡* *❤♦✇

♥♦ 6❡$$❛❝❡* ❡①❝❡♣6 ❢♦$ $❛$❡ ❡①❝❡♣6✐♦♥*✱ ❜✉6 ❛❧✇❛②* *❤♦✇ *♠❛❧❧ ❢❡❛6✉$❡* ❞✉❡ 6♦ ♥♦♥✲♣❡$❢❡❝6 ❝❧❡❛✈❛❣❡✳

❋$♦♠ 6❤❡*❡ ✐♠❛❣❡*✱ $♦✉❣❤♥❡** ♠❡❛*✉$❡♠❡♥6* ✇❡$❡ ♣❡$❢♦$♠❡❞ ✭*❡❡ ✜❣✉$❡ ✸✳✷ ❢♦$ ❡①❛♠♣❧❡* ♦❢ ❆❋▼

*❝❛♥*✳✮✳ ❚❤❡ *✉♠♠❛$② ♦❢ 6❤❡ $❡*✉❧6* ♦❜6❛✐♥❡❞ ❢$♦♠ *❡✈❡$❛❧ 5 µ♠ *❝❛♥* ✐* ♣$❡*❡♥6❡❞ ❜❡❧♦✇✿

❘▼❙ $♦✉❣❤♥❡** ❘♦✉❣❤♥❡** ❛✈❡$❛❣❡ ♠❛① ♣❡❛❦ 6♦ ♣❡❛❦ ✈❛❧✉❡

▼✐❝❛ *❤❡❡6* 0.1 nm 0.1 nm 2.5 nm

▼✐❝❛ ❞✐*❦* 0.1 nm 0.1 nm 4.5 nm

❚❤❡ $❡*✉❧6* ❛$❡ M✉✐6❡ *✐♠✐❧❛$ ❢♦$ 6❤❡ 6✇♦ ❞✐✛❡$❡♥6 ❦✐♥❞* ♦❢ ♠✐❝❛ ❡①❝❡♣6 ❢♦$ 6❤❡ ♠❛①✐♠✉♠ ♣❡❛❦

6♦ ♣❡❛❦ ✈❛❧✉❡ ✇❤✐❝❤ ✐* ❛ ❜✐6 ❤✐❣❤❡$ ❢♦$ 6❤❡ ♠✐❝❛ ❞✐*❦* 6❤❛♥ ❢♦$ 6❤❡ ♠✐❝❛ *❤❡❡6*✳ ❚❤❡ $♦✉❣❤♥❡**

♠❡❛*✉$❡♠❡♥6* *❤♦✇ 6❤❛6 6❤❡ ❢$❡*❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛* ✉*❡❞ ❢♦$ ♦✉$ ❡①♣❡$✐♠❡♥6* ❛$❡ *♠♦♦6❤✱ ❜✉6 ♥♦6

❛6♦♠✐❝❛❧❧② *♠♦♦6❤✳ ❚❤❡$❡ ✇✐❧❧ 6❤❡♥ ❜❡ ❛ ♣♦**✐❜✐❧✐6② ♦❢ ♣✐♥♥✐♥❣ ❢♦$ 6❤❡ ✐♦♥✐❝ ❧✐M✉✐❞ ♦♥ 6❤❡ ❢❡❛6✉$❡*

♦❢ 6❤❡ *✉❜*6$❛6❡*✳ ❈♦♥*✐❞❡$✐♥❣ 6❤❛6 6❤❡ ❝❤❛$❛❝6❡$✐*6✐❝ ❛$❡❛ ♦❢ 6❤❡ ♦❜*❡$✈❡❞ ♠✐❝❛ 6❡$$❛❝❡* ✐* M✉✐6❡

❧❛$❣❡✱ 6❤❡ *♠❛❧❧ ❢❡❛6✉$❡* $❡*✉❧6✐♥❣ ❢$♦♠ ♥♦♥✲♣❡$❢❡❝6 ❝❧❡❛✈❛❣❡ ✇✐❧❧ ❝♦♥*6✐6✉6❡ 6❤❡ ♠♦*6 ✐♠♣♦$6❛♥6

✐♥✢✉❡♥❝❡ ♦♥ 6❤❡ ♠♦$♣❤♦❧♦❣② ♦❢ 6❤❡ *❛♠♣❧❡*✳

❋$♦♠ 6❤❡ $♦✉❣❤♥❡** $❡*✉❧6*✱ ✐6 ✐* ❝❧❡❛$ 6❤❛6 ❞❡*♣✐6❡ 6❤❡ ❢❛❝6 6❤❛6 6❤❡ 6✇♦ ♠✐❝❛* *❤❛$❡ 6❤❡ *❛♠❡

M✉❛❧✐6②✱ 6❤❡② *❤♦✇ ❞✐✛❡$❡♥❝❡*✳ ▼✐❝❛ ✐* ✐♥❞❡❡❞ ❛ ♠✐♥❡$❛❧ ❛♥❞ ❢♦$ ❞✐✛❡$❡♥6 ♠✐❝❛ *❛♠♣❧❡* ♠❛❞❡ ❢$♦♠



❞✐✛❡$❡♥& ♦$❡(✱ ❛ ❞✐✛❡$❡♥❝❡ ✐♥ &❤❡ ❡①❛❝& ❝❤❡♠✐❝❛❧ ❝♦♠♣♦(✐&✐♦♥ ❝❛♥ ❜❡ ♦❜(❡$✈❡❞✳ ❚❤✐( ❞✐✛❡$❡♥❝❡

✐♥ &❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦(✐&✐♦♥ $❡(✉❧&( ✐♥ ❛ ❞✐✛❡$❡♥❝❡ ✐♥ &❤❡ ❝❤❡♠✐❝❛❧ ❤❡&❡$♦❣❡♥❡✐&✐❡( ♣$❡(❡♥& ❛& &❤❡

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

(❛♠❡ $♦✉❣❤♥❡(( ❛$❡ ✐♥❞❡❡❞ (❧✐❣❤&❧② ❞✐✛❡$❡♥& ❛( ❡①♣❡$✐♠❡♥&( ✇✐❧❧ (❤♦✇ ✐♥ &❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛$❛❣$❛♣❤(✳

❇❡❢♦$❡ ❢♦❝✉(✐♥❣ ♦♥ &❤❡ ♠✐❝$♦(❝♦♣✐❝ ✇❡&&✐♥❣ ❜❡❤❛✈✐♦✉$ ♦❢ ✐♦♥✐❝ ❧✐<✉✐❞ ♦♥ ♠✐❝❛✱ ✐&( ♠❛❝$♦(❝♦♣✐❝

✇❡&&✐♥❣ ❜❡❤❛✈✐♦✉$ ♠✉(& ❜❡ ✐♥✈❡(&✐❣❛&❡❞✳

✸✳✷✳✷ ▼❛❝&♦(❝♦♣✐❝ ✇❡--✐♥❣ ❜❡❤❛✈✐♦✉&

✸✳✷✳✷✳✶ ❖✈❡'✈✐❡✇

❋✐"#$✱ $❤❡ ❝♦♥$❛❝$ ❛♥❣❧❡ ♦❢ ♠❛❝"♦#❝♦♣✐❝ ❞"♦♣# ♦❢ $❤❡ ✐♦♥✐❝ ❧✐2✉✐❞ ✉#❡❞ ✐♥ ♦✉" ❡①♣❡"✐♠❡♥$#✱

❬❇▼■▼❪❬❚❋❙■❪✱ ✇❛# ♠❡❛#✉"❡❞ ✇✐$❤ $❤❡ #❡##✐❧❡ ❞"♦♣ ♠❡$❤♦❞ ✭#❡❡ $❤❡ ❛♣♣❡♥❞✐① ♦♥ ♠❛❝"♦#❝♦♣✐❝

❝♦♥$❛❝$ ❛♥❣❧❡ ♠❡❛#✉"❡♠❡♥$ ♠❡$❤♦❞#✮✳ ❚❤❡ ❛❞✈❛♥❝✐♥❣✱ "❡❝❡❞✐♥❣ ❛♥❞ #♦ ❝❛❧❧❡❞ ✧❡2✉✐❧✐❜"✐✉♠✧

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

❬❇▼■▼❪❬❚❋❙■❪ ❛"❡ "❡♣♦"$❡❞ ♦♥ $❤❡ $❛❜❧❡✿

♠✐❝❛ #❤❡❡$# ♠✐❝❛ ❞✐#❦#

❛❞✈❛♥❝✐♥❣ ❝♦♥$❛❝$ ❛♥❣❧❡ 46± 5◦ 42± 5◦

"❡❝❡❞✐♥❣ ❝♦♥$❛❝$ ❛♥❣❧❡ 16± 5◦ 23± 4◦

❡2✉✐❧✐❜"✐✉♠ ❝♦♥$❛❝$ ❛♥❣❧❡ 26± 5◦ 24± 4◦

❚❤❡"❡ ✐# ❛ ❧❛"❣❡ ❤②#$❡"❡#✐# ❜❡$✇❡❡♥ $❤❡ ❛❞✈❛♥❝✐♥❣ ❛♥❞ $❤❡ "❡❝❡❞✐♥❣ ❝♦♥$❛❝$ ❛♥❣❧❡✳ ❚❤✐#

❤②#$❡"❡#✐# #❡❡♠# $♦ ✜♥❞ ✐$# ♦"✐❣✐♥ ✐♥ $❤❡ ♣✐♥♥✐♥❣ ♦❢ $❤❡ ❝♦♥$❛❝$ ❧✐♥❡ ♦♥ $❤❡ ❢❡❛$✉"❡# ♦❜#❡"✈❡❞ ✇✐$❤

$❤❡ ❆❋▼ ♦♥ ❢"❡#❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛✳ ❚❤❡ ❞"♦♣# ✐♥❞❡❡❞ #❤♦✇❡❞ ❛ #$✐❝❦ ✴ #❧✐♣ ❜❡❤❛✈✐♦✉" ❞✉"✐♥❣ $❤❡

❛❞✈❛♥❝✐♥❣ #$❡♣✱ ✇❤❡♥ ❧✐2✉✐❞ ✇❛# ❞✐#♣❡♥#❡❞✳ ❚❤❡ ❤②#$❡"❡#✐# ✐# ❧❛"❣❡" ♦♥ ♠✐❝❛ #❤❡❡$# $❤❛♥ ♦♥ ♠✐❝❛

❞✐#❦#✳ ▼✐❝❛ #❤❡❡$# ❛♥❞ ♠✐❝❛ ❞✐#❦# ♣♦##❡## #✐♠✐❧❛" "♦✉❣❤♥❡## ✭#❡❡ ❛❜♦✈❡✮✳ ❍♦✇❡✈❡"✱ $❤❡ ❞✐✛❡"❡♥❝❡

✐♥ $❤❡ ❝❤❡♠✐❝❛❧ ❤❡$❡"♦❣❡♥❡✐$✐❡# ❝❤❛"❛❝$❡"✐#$✐❝ ♦❢ ❡❛❝❤ ♠✐❝❛ ♠✐❣❤$ ❜❡ $❤❡ ♦"✐❣✐♥ ♦❢ $❤❡ ❞✐✛❡"❡♥❝❡

♦❜#❡"✈❡❞ ✐♥ $❤❡ ❤②#$❡"❡#✐# ✈❛❧✉❡#✳

❆ ❝♦♥✜"♠❛$✐♦♥ $❤❛$ $❤❡ ❞"♦♣# ❡①♣❡"✐❡♥❝❡ ♣✐♥♥✐♥❣ ♦♥ ❜❛"❡ ♠✐❝❛ ✇❛# ❣✐✈❡♥ ❜② ❛ #✐♠♣❧❡ ❡①♣❡"✲

✐♠❡♥$✿ ✜"#$✱ $❤❡ ❛❞✈❛♥❝✐♥❣ ❛♥❞ "❡❝❡❞✐♥❣ ❝♦♥$❛❝$ ❛♥❣❧❡ ♦❢ ❛ ❞"♦♣ ✇❡"❡ ♠❡❛#✉"❡❞ ❀ #❡❝♦♥❞✱ ✐♦♥✐❝

❧✐2✉✐❞ ✇❛# ❞✐#♣❡♥#❡❞ ♦♥ $❤❡ #❛♠❡ #♣♦$✳ ❚❤❡ ❛❞✈❛♥❝✐♥❣ ❛♥❞ "❡❝❡❞✐♥❣ ❝♦♥$❛❝$ ❛♥❣❧❡# ♦❢ $❤❡ ♥❡✇

❞"♦♣ ✇❡"❡ $❤❡♥ ♠❡❛#✉"❡❞✳ ❙❡✈❡"❛❧ #✉❝❝❡##✐✈❡ ❛❞✈❛♥❝✐♥❣ ❛♥❞ "❡❝❡❞✐♥❣ ❝②❝❧❡# ♣❡"❢♦"♠❡❞ ♦♥ $❤❡

#❛♠❡ #♣♦$ #❤♦✇ $❤❡ #❛♠❡ $❡♥❞❡♥❝②✿

• ❋♦" $❤❡ ✜"#$ ❛❞✈❛♥❝✐♥❣ ✴ "❡❝❡❞✐♥❣ ❝②❝❧❡✱ ♣❡"❢♦"♠❡❞ ♦♥ ❜❛"❡✱ ❢"❡#❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛✱ $❤❡"❡ ✐#

❛ ✈❡"② ❧❛"❣❡ ❤②#$❡"❡#✐# ✭❛"♦✉♥❞ 19◦ ♦♥ ♠✐❝❛ ❞✐#❦#✮✳

• ❋"♦♠ $❤❡ #❡❝♦♥❞ ❛❞✈❛♥❝✐♥❣ ✴ "❡❝❡❞✐♥❣ ❝②❝❧❡ ❛♥❞ ♦♥✱ $❤❡ ❛❞✈❛♥❝✐♥❣ ❝♦♥$❛❝$ ❛♥❣❧❡ #❤♦✇#

❛♥ ✐♠♣♦"$❛♥$ ❞❡❝"❡❛#❡ ❛♥❞ $❤❡ ❤②#$❡"❡#✐# ❢❛❧❧# ❞♦✇♥ $♦ ❛ ❢❡✇ ❞❡❣"❡❡# ✭❛"♦✉♥❞ 3◦ ♦♥ ♠✐❝❛

❞✐#❦#✮



• ■❢ ❡♥♦✉❣❤ ❧✐*✉✐❞ ✐, ❞✐,♣❡♥,❡❞ ,♦ .❤❛. .❤❡ ❞0♦♣ ❛❞✈❛♥❝❡, ♣❛,. .❤❡ ③♦♥❡ ❝♦✈❡0❡❞ ❜② .❤❡ ♣0❡✈✐♦✉,

♦♥❡✱ .❤❡ ❛❞✈❛♥❝✐♥❣ ❝♦♥.❛❝. ❛♥❣❧❡ ✐♥❝0❡❛,❡, ❛❣❛✐♥ ❛♥❞ 0❡❝♦✈❡0, .❤❡ ✈❛❧✉❡ ♠❡❛,✉0❡❞ ❞✉0✐♥❣

.❤❡ ✜0,. ❛❞✈❛♥❝✐♥❣ ✴ 0❡❝❡❞✐♥❣ ❝②❝❧❡✳

❆♥ ❡①❛♠♣❧❡ ♦❢ ,✉❝❤ ❛ ,✉❝❝❡,,✐♦♥ ♦❢ ❝②❝❧❡, ✐, ♣0❡,❡♥.❡❞ ♦♥ ✜❣✉0❡ ✸✳✸✳ ❚❤❡ ❛❞✈❛♥❝✐♥❣ ❝♦♥.❛❝.

❧✐♥❡ ✐, .❤❡♥ ♣✐♥♥❡❞ ❢♦0 ❛❞✈❛♥❝✐♥❣ ❞0♦♣, ♦♥ ❜❛0❡✱ ❢0❡,❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛✳ ❆❢.❡0 .❤❡ ✜0,. ❞❡♣♦,✐.✐♦♥

❛♥❞ ❛,♣✐0❛.✐♦♥ ♦❢ ❛♥ ✐♦♥✐❝ ❧✐*✉✐❞ ❞0♦♣✱ .❤❡ ,✉0❢❛❝❡ ♦❢ .❤❡ ♠✐❝❛ ✇❛, ♠♦❞✐✜❡❞ ✇❤✐❝❤ ✐, ❛ ,✐❣♥ .❤❛.

,♦♠❡ ✐♦♥✐❝ ❧✐*✉✐❞ ❧✐*✉✐❞ ✇❛, ❧❡❢. ❜❡❤✐♥❞ .❤❡ 0❡❝❡❞✐♥❣ ❞0♦♣✳ ❚❤❡ ❡①❛❝. ♠♦0♣❤♦❧♦❣② ♦❢ .❤❡ ✐♦♥✐❝

❧✐*✉✐❞ ❧❡❢. ❛❢.❡0 ❛ 0❡❝❡❞✐♥❣ ❞0♦♣ ✇❛, ,.✉❞✐❡❞ ✇✐.❤ .❤❡ ❆❋▼✳ ❚❤❡ ❝♦00❡,♣♦♥❞✐♥❣ ❡①♣❡0✐♠❡♥., ✇✐❧❧

❜❡ ❞❡,❝0✐❜❡❞ .❤❡0❡❛❢.❡0 ✭,❡❡ ✸✳✷✳✹✳✶✮✳

▼♦0❡♦✈❡0 ❛♥♦.❤❡0 ,♣❡❝✐✜❝ ❜❡❤❛✈✐♦✉0 ✐, ♦❜,❡0✈❡❞ ❢♦0 ♠❛❝0♦,❝♦♣✐❝ ❞0♦♣, ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞❡✲

♣♦,✐.❡❞ ♦♥ ♠✐❝❛ ,✉❜,.0❛.❡,✿ ✐❢ ❛ ❞0♦♣ ✐, ❧❡❢. ❢0❡❡✱ ✐., ❝♦♥.❛❝. ❛♥❣❧❡ ❞❡❝0❡❛,❡, ✇✐.❤ .✐♠❡✳ ❚❤❡

❝♦♥.❛❝. ❛♥❣❧❡✬, ❞❡❝0❡❛,❡ ✐, *✉✐.❡ ✐♠♣♦0.❛♥. ♦♥ ,❤♦0. .✐♠❡ ,❝❛❧❡, ❛♥❞ .❤❡♥ ❜❡❝♦♠❡, ❧❡,, ,.❡❡♣

✉♥.✐❧ ❛ ,.❛❜✐❧✐③❛.✐♦♥✱ ♦♥ ❧♦♥❣ .✐♠❡ ,❝❛❧❡, ✭♠♦0❡ .❤❛♥ ✸ ❤♦✉0,✮✳ ■. ❤❛, .♦ ❜❡ ♥♦.❡❞ .❤❛. .❤❡ 0❡❧❛①✲

❛.✐♦♥ ✐, .❤❡ ,❛♠❡ ✇❤❛.❡✈❡0 .❤❡ ✈♦❧✉♠❡ ♦❢ .❤❡ ❞0♦♣ ❛♥❞ .❤❛. .❤❡ 0❡❧❛①❛.✐♦♥ ❧❡❛❞, .♦ ❞✐✛❡0❡♥. ✜♥❛❧

❝♦♥.❛❝. ❛♥❣❧❡ ✈❛❧✉❡, ❢♦0 .❤❡ .✇♦ ❦✐♥❞, ♦❢ ♠✐❝❛✳ ❚✇♦ ❡①❛♠♣❧❡, ♦❢ ,✉❝❤ ❛ 0❡❧❛①❛.✐♦♥ ❛0❡ ,❤♦✇♥ ♦♥

✜❣✉0❡ ✸✳✹✳ ❈♦♠♣❧❡♠❡♥.❛0② ❡①♣❡0✐♠❡♥., ♣❡0❢♦0♠❡❞ ♦♥❧② ♦♥ ♠✐❝❛ ,❤❡❡.,✱ ,❡❡♠ .♦ ✐♥❞✐❝❛.❡ .❤❛.

❛❧♦♥❣ ✇✐.❤ .❤✐, ❡✈♦❧✉.✐♦♥ ♦❢ .❤❡ ❝♦♥.❛❝. ❛♥❣❧❡✱ ❛ ♣0❡❝✉0,♦0 ✜❧♠ ❝♦✉❧❞ ❞❡✈❡❧♦♣ ❛❤❡❛❞ ♦❢ .❤❡ ❞0♦♣

✺

✳

✸✳✷✳✷✳✷ #$❡❝✉$(♦$ ✜❧♠✱ ❝♦♠♣❧❡♠❡♥0❛$② ❡①♣❡$✐♠❡♥0( ♣❡$❢♦$♠❡❞ ♦♥ ♠✐❝❛ (❤❡❡0(

❆ ✜0,. ❡✈✐❞❡♥❝❡ ♦❢ .❤❡ ❡①✐,.❡♥❝❡ ♦❢ .❤❡ ♣0❡❝✉0,♦0 ✇❛, ✐♥❞✐0❡❝.❧② ♦❜.❛✐♥❡❞ ✇✐.❤ ❛♥ ♦♣.✐❝❛❧ ♠✐❝0♦✲

,❝♦♣❡✳ ❉0♦♣, ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ✇❡0❡ ❞❡♣♦,✐.❡❞ ♦♥ ♠✐❝❛ ❛♥❞ ♦❜,❡0✈❡❞ ❛. 0❡❣✉❧❛0 ✐♥.❡0✈❛❧,✳ ❆❢.❡0

❤❛❧❢ ❛ ❞❛②✱ ❛ ❢❡✇ ❞✉,. ♣❛0.✐❝❧❡, ✇❡0❡ ❢♦✉♥❞ ♦♥ .❤❡ ♠✐❝❛✱ ♥♦. .♦✉❝❤✐♥❣ .❤❡ ❞0♦♣, ✭❚❤❡ ,❛♠♣❧❡,

✇❡0❡ ♥♦. ♣0♦.❡❝.❡❞ ❞✉0✐♥❣ .❤❡ ♦❜,❡0✈❛.✐♦♥,✳ ❚❤❡② ✇❡0❡ ♦♥❧② ❝♦✈❡0❡❞ ❞✉0✐♥❣ .❤❡ ✇❛✐.✐♥❣ ♣❡0✐♦❞,✳✮✳

❆❧.❤♦✉❣❤ .❤❡ ❞✉,. ♣❛0.✐❝❧❡, ❞✐❞ ♥♦. .♦✉❝❤ .❤❡ ❞0♦♣✱ .❤❡② ✇❡0❡ ,✉00♦✉♥❞❡❞ ❜② ❛ 0✐♠ ♦❢ ✐♦♥✐❝ ❧✐*✉✐❞

✭,❡❡ ✜❣✉0❡ ✸✳✺✮✳ ❚❤✐, ♦❜,❡0✈❛.✐♦♥ ,.0♦♥❣❧② ,✉❣❣❡,.❡❞ .❤❡ ♣0❡,❡♥❝❡ ♦❢ ❛ ♣0❡❝✉0,♦0 ✜❧♠

✻

✳ ❚❤✐, ✇❛,

❝♦♥✜0♠❡❞ ❜② ❳✲❘❛② U❤♦.♦❡❧❡❝.0♦♥ ,♣❡❝.0♦,❝♦♣② ✭❳U❙✮ ♠❡❛,✉0❡♠❡♥., ✭❳U❙ ♠❡❛,✉0❡♠❡♥., ✇❡0❡

♣❡0❢♦0♠❡❞ ✇✐.❤ .❤❡ ❤❡❧♣ ♦❢ ❈❤0✐,.♦♣❤❡0 ❇❛,,❡❧❧✮

✼

✳ ❆ ❞0♦♣ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ✇❛, ❞❡♣♦,✐.❡❞ ♦♥

❢0❡,❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ❛♥❞ ❛♥❛❧②③❡❞ ❜② ❳U❙ ❛❢.❡0 ♦♥❡ ♥✐❣❤.✳ ❚❤❡ ❳U❙ ❛♥❛❧②,✐, ,❤♦✇❡❞ ❝❧❡❛0 ❡✈✐✲

❞❡♥❝❡ ♦❢ .❤❡ ♣0❡,❡♥❝❡ ♦❢ .❤❡ ❬❚❋❙■❪ ✐♦♥ ❢❛0 ❢0♦♠ .❤❡ ❞0♦♣ ✭,❡❡ ✜❣✉0❡ ✸✳✻✮✳ ❆ ♣0❡❝✉0,♦0 ✜❧♠ .❤❡♥

,♣0❡❛❞, ❢0♦♠ .❤❡ ❞0♦♣✳ ■., ❡①❛❝. ♥❛.✉0❡ 0❡♠❛✐♥, ❛♥ ♦♣❡♥ *✉❡,.✐♦♥ ❛❢.❡0 .❤❡ ❳U❙ ❡①♣❡0✐♠❡♥.✱

✇❤✐❝❤ ❝❛♥ ♦♥❧② ♣0♦✈✐❞❡ ❝❧❡❛0 ❡✈✐❞❡♥❝❡ ♦❢ .❤❡ ♣0❡,❡♥❝❡ ♦❢ .❤❡ ❬❚❋❙■❪ ✐♦♥

✽

✳ ❚❤❡ ♣0❡❝✉0,♦0 ✜❧♠

❝♦✉❧❞ .❤❡♥ ❡✐.❤❡0 ❜❡ ❝♦♠♣♦,❡❞ ♦❢ ✐♦♥✐❝ ❧✐*✉✐❞✱ ✐✳❡✳ ❬❇▼■▼❪ ❛♥❞ ❬❚❋❙■❪ ✐♦♥,✱ ♦0 ♦♥❧② ♦❢ ❬❚❋❙■❪ ✐♦♥✳

❍♦✇❡✈❡0✱ .❤❡ ❡✈❡♥.✉❛❧✐.② ♦❢ ❛ ♣0❡❝✉0,♦0 ♦♥❧② ❢♦0♠❡❞ ♦❢ ❬❚❋❙■❪ ✐♦♥ ✐, ✉♥❧✐❦❡❧② .♦ ❤❛♣♣❡♥ ❜❡❝❛✉,❡

♦❢ ❛ ,✐♠♣❧❡ ❡❧❡❝.0♦,.❛.✐❝ ❛0❣✉♠❡♥.✿ .❤❡ ♠✐❝❛ ,✉0❢❛❝❡ ✐, ❦♥♦✇♥ .♦ ❜❡ ♥❡❣❛.✐✈❡❧② ❝❤❛0❣❡❞ ❛, ✇❡❧❧

✺

❲❡ ❝❛❧❧ ✏♣'❡❝✉')♦'✑ ,❤❡ ,❤✐♥ ✜❧♠ ❣'♦✇✐♥❣ ❛❤❡❛❞ ♦❢ ,❤❡ ♠❛✐♥ ❞'♦♣✱ ❛❧,❤♦✉❣❤ ,❤❡ ❧✐7✉✐❞ ✇❡,) ♦♥❧② ♣❛',✐❛❧❧② ,❤❡

)✉❜),'❛,❡✳

✻

❚❤❡ ❞✉), ♣❛',✐❝❧❡ ✐) ✇❡,,❡❞ ❜② ,❤❡ ❧✐7✉✐❞ ✐, ✐) ,❤❡♥ ♥♦, ❧✐❦❡❧② ,❤❛, ✐, ❝♦✉❧❞ ❤❛✈❡ ,♦✉❝❤❡❞ ,❤❡ ❞'♦♣ ✇✐,❤♦✉,

❜❡✐♥❣ ,'❛♣♣❡❞✳

✼

❲✐,❤ ,❤❡ ❳?❙ ❞❡✈✐❝❡ ✉)❡❞✱ ,❤❡ ❞❡,❡❝,♦' ✐) ❛, ✾✵

◦
♦❢ ,❤❡ )✉'❢❛❝❡ ❛♥❞ ,❤❡ ❛♥❛❧②)✐) ❛'❡❛ ✐) ♦❢ 300 ❜② 700 µ♠✳

✽

❚❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦)✐,✐♦♥ ♦❢ ,❤❡ ❬❇▼■▼❪ ✐♦♥ ❞♦❡) ♥♦, ❛❧❧♦✇ ♦♥❡ ,♦ ❞✐),✐♥❣✉✐)❤ ,❤❡ ❳?❙ ♣❡❛❦) ❞✉❡ ,♦ ,❤❡

❬❇▼■▼❪ ❢'♦♠ ,❤❡ ♣❡❛❦) ❞✉❡ ,♦ ,❤❡ ♠✐❝❛ )✉❜),'❛,❡✳



Cycle 1 advancing 

1 on the graph 

  
 

Cycle 1 receding 

2 on the graph   

Cycle 2 advancing 

- zone previously 

covered by the first 

drop – 

3a on the graph 

   

Cycle 2 advancing 

-further advancing, 

zone not covered 

by the first drop – 

3b on the graph 

   

Cycle 2 receding 

4 on the graph    

Corresponding 

measurements 

 

0 10 20

20

25

30

35

40

45

3b1

C
A

 (
°)

Measurement number

 High purity [BMIM][TFSI] on freshly cleaved mica 

3a2 4

 

 

❋✐❣✉$❡ ✸✳✸✿ ❙✉❝❝❡++✐♦♥ ♦❢ ❛❞✈❛♥❝✐♥❣ ❛♥❞ $❡❝❡❞✐♥❣ ❝②❝❧❡+ ♣❡$❢♦$♠❡❞ ❛6 6❤❡ +❛♠❡ +♣♦6 ❢♦$

❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❢$❡+❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛✳



0 100 200 300
20

25

30

35

40

45
    ! "#$ %&'( )

    ! *#$ %&'( "

 
!
"
#
$
%

+,-. /0+.& %.('1,+,'2 3-,24

0 50 100 150 200

25

30

35

40

45

 
!
"
#
$
%

time (min)

High purity [BMIM][TFSI] on

 mica disk

 mica sheet

❋✐❣✉$❡ ✸✳✹✿ ❊①❛♠♣❧❡0 ♦❢ $❡❧❛①❛3✐♦♥ ♦❢ 3❤❡ ❝♦♥3❛❝3 ❛♥❣❧❡ ♦❢ ❞$♦♣0 ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦0✐3❡❞ ♦♥

❢$❡0❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ❞✐0❦✳ ❖♥ 3❤❡ ❧❡❢3✱ 3✇♦ ❞$♦♣0 ♦❢ ❞✐✛❡$❡♥3 ✈♦❧✉♠❡0 ❞❡♣♦0✐3❡❞ ❛3 3❤❡ 0❛♠❡ 3✐♠❡✱

✐✳❡✳ ✐♥ 0✐♠✐❧❛$ ❛3♠♦0♣❤❡$✐❝ ❝♦♥❞✐3✐♦♥0✱ $❡❧❛① 3♦ 3❤❡ 0❛♠❡ ✈❛❧✉❡✱ 0❤♦✇✐♥❣ 3❤❛3 3❤❡ $❡❧❛①❛3✐♦♥ ❞♦❡0

♥♦3 ❞❡♣❡♥❞ ♦♥ 3❤❡ ✈♦❧✉♠❡ ♦❢ 3❤❡ ❞$♦♣✳ ❖♥ 3❤❡ $✐❣❤3 0✐❞❡✱ 3✇♦ ❞$♦♣0 ❞❡♣♦0✐3❡❞ ❛3 3❤❡ 0❛♠❡ 3✐♠❡

♦♥ 3❤❡ 3✇♦ ❞✐✛❡$❡♥3 ❦✐♥❞ ♦❢ ♠✐❝❛0 $❡❧❛① 3♦✇❛$❞0 ❛ ❞✐✛❡$❡♥3 ✈❛❧✉❡✱ 0❤♦✇✐♥❣ ♦♥❝❡ ♠♦$❡ 3❤❛3 3❤❡

❞✐✛❡$❡♥❝❡ ✐♥ 3❤❡ ♠✐❝❛ 0✉❜03$❛3❡0 ♣❧❛②0 ❛ $♦❧❡✳

Dust particle 

surrounded 

by ionic liquid

Drop of 

ionic liquid

50 µm

❋✐❣✉$❡ ✸✳✺✿ ❉$♦♣ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ♠✐❝❛ 0✉❜03$❛3❡✳ ❆$♦✉♥❞ ❛ ❞✉03 ♣❛$3✐❝❧❡ ✇❤✐❝❤ ❞♦❡0 ♥♦3

3♦✉❝❤ 3❤❡ ❞$♦♣✱ ❛ $✐♠ ♦❢ ✐♦♥✐❝ ❧✐J✉✐❞ ✐0 ♣$❡0❡♥3✳ ❚❤✐0 0✉❣❣❡030 3❤❡ ♣$❡0❡♥❝❡ ♦❢ ❛ ♣$❡❝✉$0♦$ ✜❧♠✳



Binding energy (eV)

1000   800   600     400      200

C
P

S
 (

x 
1

0
 )3

2

4

6

8

10

12

8mm from the drop

N
a

1
s

B
a

3
d

O
1

S

N
1

S K
2

p
C

1
S

S
2

p S
i2

p
A

l2
p

C
a

2
pF
1

S C
P

S
 (

x 
1

0
 )3

14

12

10

8

6

4

2

1000   800   600     400      200

Binding energy (eV)

B
a

3
d

O
1

S

N
1

S K
2

p
C

1
S

S
2

p S
i2

p
A

l2
p

N
a

1
s

5mm from the drop

F
1

S

1000   800   600     400      200

Binding energy (eV)

C
P

S
 (

x 
1

0
 )3

1mm from the drop 

2

4

6

8

10

12

14

A
l2

p
S

i2
p

S
2

p

C
1

SK
2

p

N
1

SB
a

3
d

O
1

S

F
1

S

O
1

S

N
1

S

B
a

3
d

C
1

S
K

2
p

S
2

p

S
i2

p
A

l2
p

1000   800   600     400      200

Binding energy (eV)

C
P

S
 (

x 
1

0
 )3

1

2

3

4

6

5

7

8

On the drop 

F
1

S

❋✐❣✉$❡ ✸✳✻✿ ❳+❙ $❡-✉❧/- ❢♦$ ❛ ❞$♦♣ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦-✐/❡❞ ♦♥ ❛ ❢$❡-❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ -✉❜-/$❛/❡

❛♥❞ ❛♥❛❧②③❡❞ ❛❢/❡$ ♦♥❡ ♥✐❣❤/✳ ❆/ ❛ ❞✐-/❛♥❝❡ ♦❢ 8 mm ❢$♦♠ /❤❡ ❞$♦♣✱ /❤❡ ♣$❡-❡♥❝❡ ♦❢ ✢✉♦$✐♥❡ ✐-

❝❤❛$❛❝/❡$✐-/✐❝ ♦❢ /❤❡ ♣$❡-❡♥❝❡ ♦❢ /❤❡ ❬❚❋❙■❪ ✐♦♥✳



❛! "❤❡ ❬❚❋❙■❪ ✐♦♥✳ ❚❤❡ ♣0❡!❡♥❝❡ ♦❢ "❤❡ ❬❇▼■▼❪ ❝♦✉♥"❡0✐♦♥ ✐! ♥❡❝❡!!❛0② "♦ ❡♥!✉0❡ "❤❡ !"❛❜✐❧✐"② ♦❢

"❤❡ ♣0❡❝✉0!♦0✳ ❚❤❡ ♣0❡❝✉0!♦0 ✜❧♠ ♠✉!" "❤❡♥ ❜❡ ❝♦♥!"✐"✉"❡❞ ♦❢ ❜♦"❤ ✐♦♥!✳

❋♦0 ♠❛❝0♦!❝♦♣✐❝ <✉❛♥"✐"✐❡! ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦!✐"❡❞ ♦♥ ♠✐❝❛ !✉❜!"0❛"❡!✱ ✐" ✐! "❤❡♥ ♣♦!!✐❜❧❡

"♦ ♦❜!❡0✈❡ ❛ ❞0♦♣✱ ✇❤✐❝❤ ❝♦♥"❛❝" ❛♥❣❧❡ ❞✐♠✐♥✐!❤❡! ❛! ❛ ♣0❡❝✉0!♦0 ✜❧♠ ❞❡✈❡❧♦♣! ❛❤❡❛❞ ♦❢ "❤❡ ❞0♦♣✳

❚❤❡ ❝♦♥"❛❝" ❛♥❣❧❡ ✐! ❛❧✇❛②! ❜❡❧♦✇ 60◦✱ ✇❤✐❝❤ ✐! "❤❡ ✐❞❡❛❧ ❝❛!❡ ❢♦0 ❆❋▼ ✐♠❛❣✐♥❣ ✭!❡❡ "❤❡ ❛♣♣❡♥❞✐①

♦♥ ❆❋▼ ❛♥❞ ❙❚▼ ✐♠❛❣❡!✮✳

◆♦"❡ "❤❛" "❤❡ !❛♠❡ ❜❡❤❛✈✐♦0 ✇❛! ♦❜!❡0✈❡❞ ✇✐"❤ ♥♦♥✲✐♦♥✐❝ !✉0❢❛❝"❛♥"! ✭"❤❡ !♦✲❝❛❧❧❡❞ !✉♣❡0✲

!♣0❡❛❞❡0!✮ ❬✶✹❪ ❛♥❞ ✐!♦"0♦♣✐❝ ✭♥♦♥ ✇❡""✐♥❣✮ ✺❈❇ ♠❛❝0♦!❝♦♣✐❝ ❞0♦♣❧❡"! ❞❡♣♦!✐"❡❞ ♦♥ ♦①✐❞✐③❡❞

!✐❧✐❝♦♥ ✇❛❢❡0! ❬✶✻❪ ✭!❡❡ ✜❣✉0❡ ✸✳✼✮✳ ❚❤❡ ♣0♦❣0❡!!✐✈❡ ❞❡✈❡❧♦♣♠❡♥" ♦❢ ❛ "0✐❧❛②❡0 ❛❤❡❛❞ ♦❢ "❤❡ ♠❛✐♥

❞0♦♣ ✇❛! 0❡❝♦0❞❡❞ ✉!✐♥❣ !♣❛"✐❛❧❧② 0❡!♦❧✈❡❞ ❡❧❧✐♣!♦♠❡"0②✳ ❚❤❡ ❛!!♦❝✐❛"❡❞ ❞❡❝0❡❛!❡ ♦❢ ❝♦♥"❛❝" ❛♥❣❧❡

✇❛! ❢♦❧❧♦✇❡❞ ❜② ✐♥"❡0❢❡0♦♠❡"0②✱ ❛! "❤❡ ❛♥❣❧❡! ✇❡0❡ !✐❣♥✐✜❝❛♥"❧② !♠❛❧❧❡0 ✭❧❡!! "❤❛♥ ✶✵

◦
✮✭!❡❡ ✜❣✉0❡

✸✳✼✮✳

✸✳✷✳✸ ❉✐%❝✉%%✐♦♥ ❛❜♦✉, -❡♣-♦❞✉❝✐❜✐❧✐,② ♦❢ ,❤❡ ❡①♣❡-✐♠❡♥,%

❆! ❛❧0❡❛❞② ♠❡♥"✐♦♥❡❞✱ !❧✐❣❤" ❞✐✛❡0❡♥❝❡! ✐♥ ♠✐❝❛ !✉❜!"0❛"❡! ❝❛♥ ♣❧❛② ❛ 0♦❧❡ ♦♥ "❤❡ ♠❡❛!✉0❡❞

❝♦♥"❛❝" ❛♥❣❧❡!✳ ❖"❤❡0 ♣❛0❛♠❡"❡0! ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❝0✐"✐❝❛❧ ✇❤✐❧❡ ♣❡0❢♦0♠✐♥❣ "❤❡ ❡①♣❡0✐♠❡♥"! ✇❡0❡

❛❧!♦ "❡!"❡❞ ❛! ❝0♦!!✲❝❤❡❝❦!✿ "❤❡ ✐♠♣♦0"❛♥❝❡ ♦❢ ❛ ❢0❡!❤ ❝❧❡❛✈❛❣❡ ♦❢ "❤❡ ♠✐❝❛ !✉❜!"0❛"❡!✱ "❤❡ ♣✉0✐"②

♦❢ "❤❡ ✐♦♥✐❝ ❧✐<✉✐❞ ❛♥❞ "❤❡ ❤✉♠✐❞✐"②✳

✸✳✷✳✸✳✶ ❋%❡'❤❧② ❝❧❡❛✈❡❞ ✈' ❛❣❡❞ ♠✐❝❛

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

✇❛"❡0 ❢0♦♠ "❤❡ ❛"♠♦!♣❤❡0❡ ❢♦0 ❡①❛♠♣❧❡✮✳ ❉❡♣♦!✐"✐♦♥ ♦❢ ✐♦♥✐❝ ❧✐<✉✐❞ ❥✉!" ❛❢"❡0 ❝❧❡❛✈✐♥❣ "❤❡♥ "❛❦❡!

♣❧❛❝❡ ♦♥ !❧✐❣❤"❧② ❝♦♥"❛♠✐♥❛"❡❞ ♠✐❝❛✳ ❖♥ "❤❡ ❝♦♥"0❛0②✱ ✐❢ "❤❡ ✐♦♥✐❝ ❧✐<✉✐❞ ✐! ❞❡♣♦!✐"❡❞ ♦♥ ❛❣❡❞

♠✐❝❛ ✭♠✐❝❛ ❝❧❡❛✈❡❞ ❢♦0 ❡①❛♠♣❧❡ !❡✈❡0❛❧ ❞❛②! ❜❡❢♦0❡✮✱ "❤❡ ❞❡♣♦!✐"✐♦♥ ♦❝❝✉0! ♦♥ ❛ ❝♦♠♣❧❡"❡❧② ❝♦♥✲

"❛♠✐♥❛"❡❞ ♠✐❝❛ !✉0❢❛❝❡✳ ❈❧❡❛✈❛❣❡ ✐! ❦♥♦✇♥ "♦ ❜❡ ❛ ❝0✐"✐❝❛❧ ♣❛0❛♠❡"❡0 ❢♦0 ❡①♣❡0✐♠❡♥"! ♦♥ ❤✐❣❤

❡♥❡0❣② !✉0❢❛❝❡!✱ "❤❡ <✉❡!"✐♦♥ ✇❛! "❤❡♥ ❡✈❛❧✉❛"❡ ❤♦✇ ❝0✐"✐❝❛❧ ✐" ✇❛! ✐♥ ♦✉0 ❝❛!❡ ❢♦0 "❤❡ 0❡♣0♦✲

❞✉❝✐❜✐❧✐"② ♦❢ "❤❡ 0❡!✉❧"!✳ ❚♦ ❛❞❞0❡!! "❤✐! <✉❡!"✐♦♥✱ "❤❡ 0❡❧❛①❛"✐♦♥ ♦❢ "❤❡ ❝♦♥"❛❝" ❛♥❣❧❡ ♦❢ ❛ ❞0♦♣ ♦❢

❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦!✐"❡❞ ♦♥ ❛❣❡❞ ♠✐❝❛ ✇❛! ❢♦❧❧♦✇❡❞ ✐♥ ♣❛0❛❧❧❡❧ ✇✐"❤ "❤❡ ❝♦♥"❛❝" ❛♥❣❧❡ ♦❢ ❛ ❞0♦♣

❞❡♣♦!✐"❡❞ ♦♥ ❢0❡!❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ❛" "❤❡ !❛♠❡ "✐♠❡ ✭!❛♠❡ ❛"♠♦!♣❤❡0✐❝ ❝♦♥❞✐"✐♦♥!✮✳ ❚♦ ♦❜"❛✐♥

❛❣❡❞ ♠✐❝❛✱ "❤❡ ♠✐❝❛ ❞✐!❦! ✇❡0❡ !✐♠♣❧② ✉!❡❞ ❛! 0❡❝❡✐✈❡❞ ❢0♦♠ "❤❡ !✉♣♣❧✐❡0✱ ✇✐"❤♦✉" ❝❧❡❛✈✐♥❣ "❤❡♠

❛❣❛✐♥✳ ❚❤❡ ❝♦♥"❛❝" ❛♥❣❧❡ ♦♥ !✉❝❤ ❛❣❡❞ ♠✐❝❛ !"❛❜✐❧✐③❡! ✐"!❡❧❢ ♠✉❝❤ ♠♦0❡ <✉✐❝❦❧② "❤❛♥ ❢♦0 ❢0❡!❤❧②

❝❧❡❛✈❡❞ ♠✐❝❛✱ "②♣✐❝❛❧❧② 15 ♠✐♥✉"❡! ✐♥!"❡❛❞ ♦❢ ♠♦0❡ "❤❛♥ 180 ♠✐♥✉"❡!✳ ❆♥♦"❤❡0 ❞✐✛❡0❡♥❝❡ ✇✐"❤

❢0❡!❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ✐! "❤❛" "❤❡ !"❛❜❧❡ ✈❛❧✉❡ ♦❢ "❤❡ ❝♦♥"❛❝" ❛♥❣❧❡ ✐! ♥♦" 0❡♣0♦❞✉❝✐❜❧❡✳ ❖♥ ✜❣✉0❡

✸✳✽✱ "❤0❡❡ ❡①❛♠♣❧❡! ♦❢ 0❡❧❛①❛"✐♦♥ ♦♥ ❛❣❡❞ ♠✐❝❛ ❛0❡ ♣0❡!❡♥"❡❞✳ ❚❤❡ ✜♥❛❧ ✈❛❧✉❡! ❡①❤✐❜✐" ♠✉❝❤ ♠♦0❡

!❝❛""❡0✐♥❣ "❤❛♥ ❢♦0 ❞0♦♣! ❞❡♣♦!✐"❡❞ ♦♥ ❢0❡!❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ✐♥ !✐♠✐❧❛0 ❛"♠♦!♣❤❡0✐❝ ❝♦♥❞✐"✐♦♥!✳

❚❤❡ ✜♥❛❧ ✈❛❧✉❡ ✐! ❛❧!♦ ❛❧✇❛②! ❧❛0❣❡0 "❤❛♥ "❤❡ ♦♥❡ ♦❜"❛✐♥❡❞ ♦♥ ❢0❡!❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ✭❢♦0 ❡①❛♠♣❧❡✱

♠♦0❡ "❤❛♥ 5◦ ❢♦0 !❛♠♣❧❡ 1✮✳ ❚❤❡ ❧❛❝❦ ♦❢ 0❡♣0♦❞✉❝✐❜✐❧✐"② 0❡!✉❧"! ❢0♦♠ "❤❡ ❞✐✛❡0❡♥❝❡ ✐♥ "❤❡ ❛❝"✉❛❧

❝♦♠♣♦!✐"✐♦♥ ♦❢ "❤❡ ♠♦❧❡❝✉❧❡! ❛❞!♦0❜❡❞ ♦♥ "❤❡ ♠✐❝❛ ✇❤✐❝❤ ❝♦♥!"✐"✉"❡ "❤❡ ❝♦♥"❛♠✐♥❛"✐♦♥ ♦❢ "❤❡
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❋✐❣✉$❡ ✸✳✼✿ ■♠❛❣❡- .❛❦❡♥ ❢$♦♠ ❬✶✻❪✳ ✶✴ ❖♥ .❤❡ .♦♣ ✿ ❖♥ .❤❡ ❧❡❢. -✐❞❡✱ ✉♥❞❡$ ♠✐❝$♦-❝♦♣❡✱ ❛ ❞$♦♣ ♦❢

✐-♦.$♦♣✐❝ ✺❈❇ ✭♥♦♥ ✇❡..✐♥❣✮ ♦♥ ❛ -✐❧✐❝♦♥ ✇❛❢❡$✱ ❝❧♦-❡ .♦ .❤❡ ♥❡♠❛.✐❝ ✴ ✐-♦.$♦♣✐❝ ♣❤❛-❡ .$❛♥-✐.✐♦♥✳

❚❤❡ ✐♠❛❣❡ ✐- .❛❦❡♥ 44 ♠✐♥ ❛❢.❡$ ❞❡♣♦-✐.✐♦♥✳ ❆ ♣$❡❝✉$-♦$ ✜❧♠ ✐- ❞❡✈❡❧♦♣✐♥❣ ❛❤❡❛❞ ♦❢ .❤❡ ❞$♦♣✳ ❖♥

.❤❡ $✐❣❤. -✐❞❡✱ ❡❧❧✐♣-♦♠❡.$✐❝ ♣$♦✜❧❡- ♦❢ ❛ ♠✐❝$♦✲❞$♦♣ ♦❢ ✐-♦.$♦♣✐❝ ✺❈❇ ✭♥♦♥ ✇❡..✐♥❣✮ ♦♥ ❛ -✐❧✐❝♦♥

✇❛❢❡$✱ ❝❧♦-❡ .♦ .❤❡ ♥❡♠❛.✐❝ ✴ ✐-♦.$♦♣✐❝ ♣❤❛-❡ .$❛♥-✐.✐♦♥✳ 30 ♠✐♥ ❛❢.❡$ ❞❡♣♦-✐.✐♦♥✱ .❤❡ ❞$♦♣ ❞♦❡-
♥♦. -❤♦✇ ❛♥② -.$✉❝.✉$❛.✐♦♥✳ 24 ❤ ❛❢.❡$ ❞❡♣♦-✐.✐♦♥✱ .❤❡ ❞$♦♣✬- ❢♦♦. ✐- -.$✉❝.✉$❡❞✳ ▼❡❛♥✇❤✐❧❡✱ .❤❡
♣$❡❝✉$-♦$ ✜❧♠ -♣$❡❛❞ ❛❤❡❛❞ ♦❢ .❤❡ ❞$♦♣ ❛♥❞ .❤❡ ❝♦♥.❛❝. ❛♥❣❧❡ ♦❢ .❤❡ ❞$♦♣ ❞❡❝$❡❛-❡❞✳ ✷✴ ❖♥ .❤❡

❜♦..♦♠✱ .❤❡ ❡✈♦❧✉.✐♦♥ ✐♥ .✐♠❡ ♦❢ .❤❡ ❝♦♥.❛❝. ❛♥❣❧❡ ❢♦$ .❤❡ -❛♠❡ -②-.❡♠✳
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High purity [BMIM][TFSI] 

deposited on aged mica

 sample 1/

 sample 2/

 sample 3/

 Witness for 1/: high 

         purity [BMIM][TFSI] 

         deposited on freshly 

         clived mica

❋✐❣✉$❡ ✸✳✽✿ ❈♦♥-❛❝- ❛♥❣❧❡ $❡❧❛①❛-✐♦♥ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦<✐-❡❞ ♦♥ ❛❣❡❞ ♠✐❝❛ <✉❜<-$❛-❡ ❞✐<❦<✳

❈♦♠♣❛$✐<♦♥ ✇✐-❤ -❤❡ $❡❧❛①❛-✐♦♥ ♦❜-❛✐♥❡❞ ♦♥ ❢$❡<❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ✐< ♣$♦✈✐❞❡❞ ❜② -❤❡ ❝✉$✈❡ <❤♦✇✐♥❣

❜❧❛❝❦ <D✉❛$❡< ❛♥❞ ❝♦$$❡<♣♦♥❞✐♥❣ -♦ ❛ ❞$♦♣ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦<✐-❡❞ ♦♥ ❢$❡<❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛

❛- -❤❡ <❛♠❡ -✐♠❡ -❤❛♥ <❛♠♣❧❡ ♥✉♠❜❡$ 1✳

<✉$❢❛❝❡✳ ❆< ❡①♣❡❝-❡❞✱ -❤❡ ✉<❡ ♦❢ ❢$❡<❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ✐< -❤❡♥ ❢✉♥❞❛♠❡♥-❛❧ ❢♦$ -❤❡ $❡♣$♦❞✉❝✐❜✐❧✐-②

♦❢ -❤❡ ❡①♣❡$✐♠❡♥-<✳

✸✳✷✳✸✳✷ #✉%✐'② ♦❢ '❤❡ ✐♦♥✐❝ ❧✐0✉✐❞

❚✇♦ ❞✐✛❡$❡♥- ❦✐♥❞< ♦❢ ✐♦♥✐❝ ❧✐D✉✐❞< ✇❡$❡ ✉<❡❞✿ ❢♦$ <②♥-❤❡<✐< ✐♦♥✐❝ ❧✐D✉✐❞ ❛♥❞ ❤✐❣❤ ♣✉$✐-② ✐♦♥✐❝

❧✐D✉✐❞ ✭♣✉$❝❤❛<❡❞ ❢$♦♠ ▼❡$❝❦<✮✱ -❤❡ ✏❢♦$ <②♥-❤❡<✐<✑ D✉❛❧✐-② ❜❡✐♥❣ ♣♦♦$❡$ -❤❛♥ -❤❡ ✏❤✐❣❤ ♣✉$✐-②✑

♦♥❡✳ ❚❤❡ <✉$❢❛❝❡ -❡♥<✐♦♥ ❛♥❞ -❤❡ ♠❛❝$♦<❝♦♣✐❝ ❝♦♥-❛❝- ❛♥❣❧❡ ♦♥ ♠✐❝❛ <✉❜<-$❛-❡< ♦❢ ❬❇▼■▼❪❬❚❋❙■❪

♦❢ ❜♦-❤ D✉❛❧✐-② ✇❡$❡ ♠❡❛<✉$❡❞✳

❚❤❡ <✉$❢❛❝❡ -❡♥<✐♦♥< ♦❢ -❤❡ -✇♦ ❞✐✛❡$❡♥- ✐♦♥✐❝ ❧✐D✉✐❞< ✐♥ ❛✐$ ✇❡$❡ ♠❡❛<✉$❡❞ ✈✐❛ -❤❡ ♣❡♥❞❛♥-

❞$♦♣ -❡❝❤♥✐D✉❡ ✇✐-❤ -❤❡ <❡<<✐❧❡ ❞$♦♣ ❞❡✈✐❝❡✳ ❆ ❞$♦♣ ♦❢ ✐♦♥✐❝ ❧✐D✉✐❞ ✐< -❤❡♥ ❞✐<♣❡♥<❡❞ ❢$♦♠ ❛

<②$✐♥❣❡ ♣♦<<❡<<✐♥❣ ❛ <♣❡❝✐✜❝✱ ❧❛$❣❡ ♥❡❡❞❧❡✳ ❚❤❡ ❞✐<♣❡♥<❡ ♣$♦❝❡<< ✐< <-♦♣♣❡❞ ✇❤❡♥ -❤❡ ❞$♦♣ ✐< ♦♥

-❤❡ ✈❡$❣❡ ♦❢ ❢❛❧❧✐♥❣ ❢$♦♠ -❤❡ ♥❡❡❞❧❡✳ ❆ ♣✐❝-✉$❡ ♦❢ -❤❡ <②<-❡♠ ✐< -❤❡♥ -❛❦❡♥ ❛♥❞ ✐♠❛❣❡ ❛♥❛❧②<✐<

❛❧❧♦✇< ♦♥❡ -♦ ❞❡❞✉❝❡ -❤❡ ❝♦$$❡<♣♦♥❞✐♥❣ ✈❛❧✉❡ ♦❢ -❤❡ <✉$❢❛❝❡ -❡♥<✐♦♥ ✐♦♥✐❝ ❧✐D✉✐❞ ✴ ❛✐$✱ γBT−Air
✾

✳

❚❤❡ ♠❡❛<✉$❡❞ <✉$❢❛❝❡ -❡♥<✐♦♥< ❛$❡ ♣$❡<❡♥-❡❞ ✐♥ -❤❡ -❛❜❧❡ ❜❡❧♦✇

✶✵

✿

◗✉❛❧✐-② ♦❢ -❤❡ ✐♦♥✐❝ ❧✐D✉✐❞ ❙✉$❢❛❝❡ -❡♥<✐♦♥

❢♦$ <②♥-❤❡<✐< 32.0± 0.6 ♠◆✴♠

❤✐❣❤ ♣✉$✐-② 32.6± 0.2 ♠◆✴♠

✾

■♠❛❣❡ ❛♥❛❧②(✐( ✇❛( ♣❡,❢♦,♠❡❞ ✈✐❛ 1❤❡ ❖❈❆ (♦❢1✇❛,❡ ♦❢ 1❤❡ (❡((✐❧❡ ❞,♦♣ ❞❡✈✐❝❡✳

✶✵

❋♦, ❝♦♠♣❛,✐(♦♥✱ 1❤❡ (✉,❢❛❝❡ 1❡♥(✐♦♥ ♦❜1❛✐♥❡❞ ❢,♦♠ 1❤❡ ❧✐1❡,❛1✉,❡ ❢♦, ❬❇▼■▼❪❬❚❋❙■❪ ✐( ♦❢ 33.9 ♠◆✴♠ ❢$♦♠
$❡❢❡$❡♥❝❡ ❬✶✵❪✳ ❚❤❡$❡ ✐1 2❤❡♥ ❛ 1♠❛❧❧ ❞✐✛❡$❡♥❝❡ ✇✐2❤ ♦✉$ ♠❡❛1✉$❡♠❡♥21✳ ❆ ❝$♦11✲❝❤❡❝❦ ✇❛1 2❤❡♥ ♣❡$❢♦$♠❡❞ ✇✐2❤

♦✉$ ❞❡✈✐❝❡ ❛♥❞ ♠✐❧✐◗ ✇❛2❡$✳ ❚❤❡ ✈❛❧✉❡ ♦❜2❛✐♥❡❞ ✐1 ♦❢ 73.0 ♠◆✴♠ ❛2 24◦ 2♦ ❜❡ ❝♦♠♣❛$❡❞ 2♦ 2❤❡ ❝❤❛$❛❝2❡$✐12✐❝
✈❛❧✉❡1 ♦❜2❛✐♥❡❞ ❢♦$ ✇❛2❡$✿ 72.9 ♠◆✴♠ ❛2 20◦ ❛♥❞ 72.0 ♠◆✴♠ ❛2 25◦✳ ❚❤❡ 1♠❛❧❧ ❞✐✛❡$❡♥❝❡ ♦❜2❛✐♥❡❞ ❢♦$ ✇❛2❡$
❡♥1✉$❡1 2❤❛2 2❤❡ ✈❛❧✉❡ ♦❢ 2❤❡ 1✉$❢❛❝❡ 2❡♥1✐♦♥ ♦❢ 2❤❡ ✐♦♥✐❝ ❧✐A✉✐❞ ✐1 $❡❧✐❛❜❧❡✳ ❚❤❡ 1❧✐❣❤2 ❞✐✛❡$❡♥❝❡ ✇✐2❤ 2❤❡ ✈❛❧✉❡ ♦❢

2❤❡ ❧✐2❡$❛2✉$❡ ✐1 12✐❧❧ ♥♦2 ❡①♣❧❛✐♥❡❞ ❜✉2 ❝♦✉❧❞ ❜❡ ❞✉❡ 2♦ 2❤❡ ♣✉$✐2② ♦❢ 2❤❡ ✐♦♥✐❝ ❧✐A✉✐❞✳
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❋✐❣✉$❡ ✸✳✾✿ ❊①❛♠♣❧❡ ♦❢ $❡❧❛①❛2✐♦♥ ♦❢ 2❤❡ ♠❛❝$♦6❝♦♣✐❝ ❝♦♥2❛❝2 ❛♥❣❧❡ ♦❢ ✐♦♥✐❝ ❧✐7✉✐❞ ♦❢ ❞✐✛❡$❡♥2

7✉❛❧✐2✐❡6✱ $❡6♣❡❝2✐✈❡❧② ✏❢♦$ 6②♥2❤❡6✐6✑ ❛♥❞ ✏❤✐❣❤ ♣✉$✐2②✑✱ ♦♥ ♠✐❝❛✳ ❖♥ 2❤❡ ❧❡❢2 6✐❞❡✱ 2❤❡ ✐♦♥✐❝ ❧✐7✉✐❞

❞$♦♣6 ✇❡$❡ ❞❡♣♦6✐2❡❞ ♦♥ ❛ ♠✐❝❛ 6❤❡❡2✳ ❖♥ 2❤❡ $✐❣❤2 6✐❞❡✱ 2❤❡ ✐♦♥✐❝ ❧✐7✉✐❞ ❞$♦♣6 ✇❡$❡ ❞❡♣♦6✐2❡❞

♦♥ ❛ ♠✐❝❛ ❞✐6❦✳ ❚❤❡ $❡❧❛①❛2✐♦♥ ♦❢ 2❤❡ ❤✐❣❤ ♣✉$✐2② ✐♦♥✐❝ ❬❇▼■▼❪❬❚❋❙■❪ ❛❧✇❛②6 ❧❡❛❞6 2♦ ❛ 6♠❛❧❧❡$

❝♦♥2❛❝2 ❛♥❣❧❡ 2❤❛♥ ❢♦$ 2❤❡ ❢♦$ 6②♥2❤❡6✐6 ❬❇▼■▼❪❬❚❋❙■❪✳

❆6 ❢♦$ ♦2❤❡$ ❧✐7✉✐❞6✱ 2❤❡ ♣$❡6❡♥❝❡ ♦❢ ❛ ❝❡$2❛✐♥ ❛♠♦✉♥2 ♦❢ ✐♠♣✉$✐2✐❡6 ❛✛❡❝26 2❤❡ ✐♦♥✐❝ ✴ ❧✐7✉✐❞ ❛✐$

6✉$❢❛❝❡ 2❡♥6✐♦♥ ❛♥❞ ❝♦✉❧❞ ❛❧6♦ ❛✛❡❝2 2❤❡ ♦2❤❡$ 2✇♦ 6✉$❢❛❝❡ 2❡♥6✐♦♥6✳ ❖♥❡ 2❤❡♥ ❡①♣❡❝26 2♦ ♦❜6❡$✈❡

❛ ❞✐✛❡$❡♥❝❡ ✐♥ 2❤❡ ♠❛❝$♦6❝♦♣✐❝ ❝♦♥2❛❝2 ❛♥❣❧❡ ♦❢ 2❤❡ ✐♦♥✐❝ ❧✐7✉✐❞✳

❚❤❡ ♠❛❝$♦6❝♦♣✐❝ ❡7✉✐❧✐❜$✐✉♠ ❝♦♥2❛❝2 ❛♥❣❧❡ ✇❛6 2❤❡♥ ♠❡❛6✉$❡❞ ✐♥ ❢✉♥❝2✐♦♥ ♦❢ 2✐♠❡ 2♦ ♦❜6❡$✈❡

2❤❡ $❡❧❛①❛2✐♦♥ ♣❤❡♥♦♠❡♥♦♥✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ 2❤❡ $❡6✉❧26 ♦❢ 6✉❝❤ ❛ 2❡62 ✐6 ♣$❡6❡♥2❡❞ ♦♥ ✜❣✉$❡ ✸✳✾✳

❚❤❡ ✏❡7✉✐❧✐❜$✐✉♠✑ ❝♦♥2❛❝2 ❛♥❣❧❡ ♦❢ ✏❢♦$ 6②♥2❤❡6✐6✑ ✐♦♥✐❝ ❧✐7✉✐❞ ✐6 ❛❧✇❛②6 ❤✐❣❤❡$ 2❤❛♥ 2❤❡ ♦♥❡ ♦❢ 2❤❡

✏❤✐❣❤ ♣✉$✐2②✑ ✐♦♥✐❝ ❧✐7✉✐❞ ✭2❤❡ ❞✐✛❡$❡♥❝❡ ✐♥ 2❤❡ 2✇♦ ✈❛❧✉❡6 ✐6 ❝♦♠♣❛$❛❜❧❡ 2♦ 2❤❡ ❡$$♦$ ❜❛$6 ♦❢ 2❤❡

6②62❡♠✮✳ ❚❤❡ 6❛♠❡ 2❡♥❞❡♥❝② ✐6 ♦❜6❡$✈❡❞ ♦♥ ❜♦2❤ ♠✐❝❛ 6✉❜62$❛2❡6✿ ♠✐❝❛ 6❤❡❡26 ❛♥❞ ♠✐❝❛ ❞✐6❦6✳ ❆6

❡①♣❡❝2❡❞✱ 2❤❡ ❞✐✛❡$❡♥❝❡ ✐♥ ♣✉$✐2② ♦❢ 2❤❡ ✐♦♥✐❝ ❧✐7✉✐❞ ♣❧❛②6 2❤❡♥ ❛ $♦❧❡ ♦♥ 2❤❡ ♠❛❝$♦6❝♦♣✐❝ ✇❡22✐♥❣

❜❡❤❛✈✐♦✉$ ❜✉2 $❡♣$♦❞✉❝✐❜✐❧✐2② ♦❢ 2❤❡ $❡6✉❧26 ❝❛♥ 62✐❧❧ ❜❡ ♦❜2❛✐♥❡❞ ✇✐2❤ ❛ 6❧✐❣❤2❧② ❝♦♥2❛♠✐♥❛2❡❞

✐♦♥✐❝ ❧✐7✉✐❞✳

✸✳✷✳✸✳✸ ❍✉♠✐❞✐(②

❚❤❡ ❤✉♠✐❞✐2② ♦❢ 2❤❡ ❛♠❜✐❡♥2 ❛2♠♦6♣❤❡$❡ ❝❛♥ 6❤♦✇ ✈❛$✐❛2✐♦♥6 ✐♥ 2❤❡ ❧❛❜♦$❛2♦$② ✇❤❡$❡ 2❤❡ ❡①✲

♣❡$✐♠❡♥26 ✇❡$❡ ♣❡$❢♦$♠❡❞✳ ■26 ✐♥✢✉❡♥❝❡ ♦♥ 2❤❡ ✇❡22✐♥❣ ❜❡❤❛✈✐♦✉$ ♦❢ ✐♦♥✐❝ ❧✐7✉✐❞6 ✇❛6 2❤❡♥ ❛♥

✐♠♣♦$2❛♥2 ❝$♦66✲❝❤❡❝❦ 2♦ ♣❡$❢♦$♠ 2♦ ❡♥6✉$❡ 2❤❡ $❡♣$♦❞✉❝✐❜✐❧✐2② ♦❢ 2❤❡ $❡6✉❧26✳ ❋♦$ 2❤❛2 ♣✉$♣♦6❡✱

❛ ❞$♦♣ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ✇❛6 ❞❡♣♦6✐2❡❞ ♦♥ ❢$❡6❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛✳ ❚❤❡ ❝♦♥2❛❝2 ❛♥❣❧❡ ✇❛6 2❤❡♥ ❢♦❧✲

❧♦✇❡❞ ❞✉$✐♥❣ 2❤❡ $❡❧❛①❛2✐♦♥ ❛♥❞ ✉♥2✐❧ ✐2 ❛❞♦♣2❡❞ ❛ 62❛❜❧❡ ✈❛❧✉❡✳ ❆2 2❤✐6 62❛❣❡✱ 2❤❡ ❤✉♠✐❞✐2② ♦❢ 2❤❡

$♦♦♠ ✇❛6 ✐♥❝$❡❛6❡❞ ♦❢ 6%✳ ❚❤❡ ❝♦♥2❛❝2 ❛♥❣❧❡ ♦❢ 2❤❡ ❞$♦♣ 2❤❡♥ 6❤♦✇❡❞ ❛ ❞❡❝$❡❛6❡ ♦❢ ♦♥❡ ❞❡❣$❡❡✳

❚❤❡ $❡6✉❧26 ❛$❡ ♣$❡6❡♥2❡❞ ✐♥ ✜❣✉$❡ ✸✳✶✵ ✇❤✐❝❤ ✐6 ♥❡❣❧✐❣✐❜❧❡ ❝♦♠♣❛$❡❞ 2♦ 2❤❡ ❡$$♦$ ❜❛$6 ♦❜2❛✐♥❡❞

❢♦$ ❝♦♥2❛❝2 ❛♥❣❧❡ ♠❡❛6✉$❡♠❡♥26 ✇✐2❤ 2❤❡ 6❡66✐❧❡ ❞$♦♣ ❞❡✈✐❝❡✳ ❋♦$ ❛ ✈❛$✐❛2✐♦♥ ♦❢ 2❤❡ ❤✉♠✐❞✐2②

♦❢ 2❤✐6 ♦$❞❡$ ♦❢ ♠❛❣♥✐2✉❞❡✱ 2❤❡ ❝♦♥6❡7✉❡♥❝❡ ♦♥ 2❤❡ ♠❛❝$♦6❝♦♣✐❝ ❝♦♥2❛❝2 ❛♥❣❧❡ ✐6 2❤❡♥ ♥❡❣❧✐❣✐❜❧❡

❛♥❞ ❤✉♠✐❞✐2② ❞♦❡6 ♥♦2 ❛♣♣❡❛$ ✐♥ 2❤❛2 ❝❛6❡ ❛6 ❛ ❝$✐2✐❝❛❧ ♣❛$❛♠❡2❡$ ❢♦$ 2❤❡ $❡♣$♦❞✉❝✐❜✐❧✐2② ♦❢ 2❤❡
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❋✐❣✉$❡ ✸✳✶✵✿ ■♥✢✉❡♥❝❡ ♦❢ ✐♥❝$❡❛2✐♥❣ ❤✉♠✐❞✐6② ♦♥ 6❤❡ ✜♥❛❧ ❝♦♥6❛❝6 ❛♥❣❧❡ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞$♦♣2

❞❡♣♦2✐6❡❞ ♦♥ ❢$❡2❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛✳

❡①♣❡$✐♠❡♥62✳

✸✳✷✳✹ ▼✐❝'♦)❝♦♣✐❝ ✇❡--✐♥❣ ❜❡❤❛✈✐♦✉'✿ ♣'❡❝✉')♦' ❛♥❞ ❞'♦♣❧❡-)

❖♥❡ ♦❢ 6❤❡ ♣$♦♣❡$6✐❡2 ♦❢ ♠✐❝❛ ✐2 6♦ ❜❡ ❛♥ ❡❧❡❝6$✐❝ ✐♥2✉❧❛6♦$✳ ❉$♦♣❧❡62 ❝$❡❛6❡❞ ♦♥ 2✉❝❤ ❛ 2✉❜26$❛6❡

❝♦✉❧❞ 6❤❡♥ ♥♦6 ❜❡ ✐♠❛❣❡❞ ✇✐6❤ ❙❚▼✳ ❚❤❛6 ✐2 ✇❤② 6❤❡ $❡2✉❧62 ♣$❡2❡♥6❡❞ ✐♥ 6❤✐2 ♣❛$6 ❛$❡ ♦♥❧②

❆❋▼ ✐♠❛❣❡2✳

❚❤❡ ✐♦♥✐❝ ❧✐H✉✐❞✱ ❬❇▼■▼❪❬❚❋❙■❪✱ ✇❛2 ❞❡♣♦2✐6❡❞ ♦♥ 6❤❡ ♠✐❝❛ 2✉❜26$❛6❡ ✉2✐♥❣ 6❤❡ ❡6❤❛♥♦❧ ❞✐2✲

♣❡$2✐♦♥ ♠❡6❤♦❞✳ ❉❡♣❡♥❞✐♥❣ ♦♥ 6❤❡ ❝♦♥❝❡♥6$❛6✐♦♥ ♦❢ 6❤❡ ✐♥✐6✐❛❧ ❞✐2♣❡$2✐♦♥✱ 6❤❡ ❣❡♥❡$❛❧ 6$❡♥❞

$❡✈❡❛❧❡❞ ❜② ❆❋▼ ✐♠❛❣❡2 ✇❛2 ❞✐✛❡$❡♥6✳ ❚❤$❡❡ ❞✐✛❡$❡♥6 ❞✐2♣❡$2✐♦♥2 ♦❢ ❞✐✛❡$❡♥6 ❝♦♥❝❡♥6$❛6✐♦♥2

✇❡$❡ ♣$❡♣❛$❡❞✳ ❚❤❡ 2❛♠❡ H✉❛♥6✐6② ♦❢ ❡❛❝❤ ❞✐2♣❡$2✐♦♥ ✇❛2 ❞❡♣♦2✐6❡❞ ♦♥ 2❡✈❡$❛❧ 2❛♠♣❧❡2 ♦❢ ❢$❡2❤❧②

❝❧❡❛✈❡❞ ♠✐❝❛ ❞✐2❦2✳ ❋♦$ ❞✐2♣❡$2✐♦♥2 ✇✐6❤ ❛ ❧♦✇ ❝♦♥❝❡♥6$❛6✐♦♥✱ 6❤❡ ❡6❤❛♥♦❧ ❡✈❛♣♦$❛6✐♦♥ ♦❝❝✉$2

2♠♦♦6❤❧②✳ ❉$♦♣❧❡62✱ 2✉$$♦✉♥❞❡❞ ❜② ❛ ❧✐H✉✐❞ ✜❧♠ ❛♥❞ ✐2♦❧❛6❡❞ ❧✐H✉✐❞ ✜❧♠ ♣❛6❝❤❡2 ❛$❡ ♦❜2❡$✈❡❞✳

❋♦$ ❞✐2♣❡$2✐♦♥2 ♦❢ ❤✐❣❤❡$ ❝♦♥❝❡♥6$❛6✐♦♥✱ 6❤❡ ♦❜2❡$✈❡❞ ❧❛♥❞2❝❛♣❡ ✐2 ❞✐✛❡$❡♥6✿ ❞$♦♣❧❡62 ❛$❡ 26✐❧❧

♣$❡2❡♥6✱ ✇✐6❤ ❛ ❧❛$❣❡$ ❞✐❛♠❡6❡$ ✐♥ ❛✈❡$❛❣❡✱ ❜✉6 6❤❡② ❛$❡ ♥♦6 2✉$$♦✉♥❞❡❞ ❜② ❛ ✜❧♠✳ ❊①❝❡♣6 ❢$♦♠

6❤❡ ❞$♦♣❧❡62✱ ✐♦♥✐❝ ❧✐H✉✐❞ ✐2 ♣$❡2❡♥6 ✐♥ 6❤❛6 ❝❛2❡ ❛2 ♣❛6❝❤❡2 ♦♥ 6❤❡ ♠✐❝❛ ✇❤✐❝❤ ❞♦ ♥♦6 2❡❡♠ 6♦ ❜❡

❧✐H✉✐❞ ✭6❤✐2 ✐2 ❣♦✐♥❣ 6♦ ❜❡ ❞❡6❛✐❧❡❞ ✐♥ 6❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛$❛❣$❛♣❤2✮✳ ◆♦ ♠❛66❡$ ✇❤❛6 ✐2 6❤❡ ❝♦♥❝❡♥✲

6$❛6✐♦♥ ♦❢ 6❤❡ ❞✐2♣❡$2✐♦♥✱ 6❤❡ 2❤❛♣❡ ♦❢ 6❤❡ ♣❛6❝❤❡2 ♦❢ ✐♦♥✐❝ ❧✐H✉✐❞ ✐2 ✐$$❡❣✉❧❛$ ❛♥❞ 6❤✉2 $❡✈❡❛❧2 6❤❡

♣$❡2❡♥❝❡ ♦❢ ♣✐♥♥✐♥❣✳

■♥ ❜♦6❤ ❝❛2❡✱ 6❤❡ ❞$♦♣❧❡62 ♦❜2❡$✈❡❞ 2❤♦✇ ♥♦ ❢♦♦6 ✭♥♦ ❞❡❢♦$♠❛6✐♦♥ ✐♥ 6❤❡ ✈✐❝✐♥✐6② ♦❢ 6❤❡

2✉❜26$❛6❡✮

✶✶

✳ ❚❤❡ ❝♦♥6❛❝6 ❛♥❣❧❡ ♦❢ 6❤❡2❡ ❞$♦♣❧❡62 ✇❛2 ♠❡❛2✉$❡❞ ❢$♦♠ 6❤❡ ❆❋▼ ✐♠❛❣❡2 ❛♥❞

❝♦♠♣❛$❡❞ 6♦ 6❤❡ ♠❛❝$♦2❝♦♣✐❝ ✈❛❧✉❡✳ ■6 ✇❛2 ❛❧2♦ ♣♦22✐❜❧❡ 6♦ ❢♦❝✉2 ♦♥ 6❤❡ 26$✉❝6✉$❡ ♦❢ 6❤❡ ✜❧♠ ❛♥❞

♣❛6❝❤❡2 ❢❛$ ❛♥❞ ❝❧♦2❡ 6♦ ❞$♦♣❧❡62✳

✶✶

❆! ♠❡♥%✐♦♥❡❞ ✐♥ %❤❡ ❆♣♣❡♥❞✐① ❛❜♦✉% ❆❋▼ ✐♠❛❣❡!✱ %❤❡ ❞3♦♣❧❡%! ♦❢ ♣✉3❡ ■▲ !❤♦✇❡❞ ♦♥❧② !❧✐❣❤% ❞❡❢♦3♠❛%✐♦♥! ❛%

%❤❡✐3 ❜❛!❡ %❤❛% ❝❛♥ ♥♦% ❜❡ ✐♥%❡3♣3❡%❡❞ ❛! ❛ ❢♦♦% ❜❡❝❛✉!❡ ♦❢ %❤❡✐3 ♥❛33♦✇ ❧❛%❡3❛❧ ❡①%❡♥!✐♦♥ ❝♦♠♣❛3❡❞ %♦ %❤❡ ❧❛%❡3❛❧

3❡!♦❧✉%✐♦♥ ✐❢ %❤❡ ❆❋▼ %✐♣✳ ■% ✐! ✇♦3%❤ ♥♦%✐♥❣ %❤❛% ❛ ❢♦♦% ✇✐%❤ ❛ !✐❣♥✐✜❝❛♥% ❧❛%❡3❛❧ ❡①%❡♥!✐♦♥ ✇❛! ♦♥❧② ♦❜!❡3✈❡❞ ✐♥

%❤❡ ❝❛!❡ ♦❢ ❛ ❝♦♥%❛♠✐♥❛%❡❞ !❛♠♣❧❡✳



✸✳✷✳✹✳✶ ❋✐❧♠) ❛♥❞ ♣❛.❝❤❡)

❋!♦♠ $❤❡ ❣❡♥❡!❛❧ $!❡♥❞ !❡✈❡❛❧❡❞ ❜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✉4❡ ✐♦♥✐❝ ❧✐6✉✐❞ ❚❤❡ ❡①♣❡!✐♠❡♥$ ✐2 $❤❡ ❞❡♣♦2✐$✐♦♥ ♦❢ ❛ ❧❛!❣❡ ♠❛❝!♦2❝♦♣✐❝ ❞!♦♣ ✉2✐♥❣ $❤❡

2❡22✐❧❡ ❞!♦♣ ❞❡✈✐❝❡✱ ✇❤✐❝❤ ❝♦♥2✐2$2 ✐♥ ❛ 2②!✐♥❣❡✱ ✜①❡❞ ✐♥ ❛ ✈❡!$✐❝❛❧ ♣♦2✐$✐♦♥ ❛♥❞ ✇✐$❤ $✉♥❛❜❧❡

❞✐2♣❡♥2❡ !❛$❡✳ ❖♥❝❡ $❤❡ ❞!♦♣ ✇❛2 ❞❡♣♦2✐$❡❞✱ $❤❡ ❞✐2♣❡♥2❡ ✇❛2 !❡✈❡!2❡❞ ❛♥❞ $❤❡ ❞!♦♣ ✇❛2 $❤❡♥

2❧♦✇❧② 2✉❝❦❡❞ ❜② $❤❡ 2②!✐♥❣❡✳ ❚❤❡ ③♦♥❡2 ✇❤❡!❡ $❤❡ ❞!♦♣ ✇❛2 2✐$$✐♥❣ ♦♥ $❤❡ ♠✐❝❛ ❞✐2❦2✱ ③♦♥❡ 1✱ ❛♥❞

✇❤❡!❡ $❤❡ ❞!♦♣ ✇❛2 ♥♦$ 2✐$$✐♥❣ ♦♥ $❤❡ ♠✐❝❛ ❞✐2❦✱ ③♦♥❡ 2✱ ✇❡!❡ ✐♠❛❣❡❞ ✇✐$❤ $❤❡ ❆❋▼ ✭2❡❡ ✜❣✉!❡

✸✳✶✶✮✳ ■♠❛❣✐♥❣ ③♦♥❡ 1 !❡✈❡❛❧2 ♣❛$❝❤❡2 ♦❢ ✐♦♥✐❝ ❧✐<✉✐❞ ✭❞✐✛❡!❡♥$ ♣❤❛2❡ $❤❛♥ $❤❡ ♠✐❝❛✱ ❝❤❛!❛❝$❡!✐2$✐❝

❤❡✐❣❤$ ❛!♦✉♥❞ 2♥♠✮ ❛♥❞ ✐♠❛❣✐♥❣ ③♦♥❡ 2✱ ❜❛!❡ ♠✐❝❛✳ ❚❤❡ ✐!!❡❣✉❧❛! !✐♠ ♦❢ $❤❡ ♣❛$❝❤❡2 ✐♥❞✐❝❛$❡2

$❤❛$ $❤❡!❡ ✐2 ♣✐♥♥✐♥❣ ♦❢ $❤❡ ✐♦♥✐❝ ❧✐<✉✐❞ ♦♥ $❤❡ ♠✐❝❛✳ ■♥ ③♦♥❡ 1✱ 2❝❛♥♥✐♥❣ 2❡✈❡!❛❧ $✐♠❡2 ✐♥ ❛ !♦✇

$❤❡ 2❛♠❡ ③♦♥❡ ❛❧❧♦✇2 ♦♥❡ $♦ ♦❜2❡!✈❡ $❤❛$ $❤❡ ✐♥$❡!❛❝$✐♦♥ ✇✐$❤ $❤❡ ❆❋▼ $✐♣ ✭♥♦♥ ❝♦♥$❛❝$ ♠♦❞❡✮
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Zone 2 - Bare mica terraces,

height ~0.5 nm
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Zone 1 - Ionic liquid patches on mica,

height ~2 nm

0

2µm

1.5

1

0.5

2µm 1.5 1 0.5

scan a scan b scan c

Schematic top view of the mica disk ; 

the dashed circle represents the zone 

where the drop was sitting
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HEIGHT HEIGHT0 02µm 2µm
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Area fraction covered by patches         18(.3) % 

Mean height of the patches                   1.9(7) nm
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✭%❡❡ ✜❣✉'❡ ✸✳✶✸✮✳ ❚❤❡ ❣❡♥❡'❛❧ *'❡♥❞ ✐% *❤❛* *❤❡ *❤✐❝❦♥❡%% ♦❢ *❤❡ ✐%♦❧❛*❡❞ ♣❛*❝❤❡% ✐% 8✉✐*❡ ❝♦♥✲

%*❛♥*✿ ✐*% ✈❛❧✉❡ ✐% ❛❧✇❛②% ❛'♦✉♥❞ 2 ♥♠ ❛% *❤❡ ♦♥❡ ♦❢ *❤❡ ♣❛*❝❤❡% ♦❢ ♣✉'❡ ✐♦♥✐❝ ❧✐8✉✐❞✳ ❲✐*❤✐♥

♦♥❡ ♣❛*❝❤✱ *❤❡ %✉'❢❛❝❡ %❤♦✇% %♠❛❧❧ ✈❛'✐❛*✐♦♥%✱ ❜✉* *❤❡ *❤✐❝❦♥❡%% ✐% ♦✈❡'❛❧❧ ❝♦♥%*❛♥*✳ ❍♦✇❡✈❡'✱

*❤❡ ✜❧♠ %✉''♦✉♥❞✐♥❣ ❞'♦♣❧❡*% *❛❦❡% ❞✐✛❡'❡♥* ♠♦'♣❤♦❧♦❣✐❡%✳ ❋♦' %♠❛❧❧ ❞'♦♣❧❡*%✱ ❜❛%❡ '❛❞✐✉% ❧❡%%

*❤❛♥ ❛'♦✉♥❞ 1 µ♠✶✹

✱ *❤❡ ✜❧♠ ✐% ✉♥✐❢♦'♠ ✐♥ *❤✐❝❦♥❡%%✱ ❜✉* *❤✐% ✐♥✐*✐❛❧ *❤✐❝❦♥❡%% ✐% ♥♦* *❤❡ %❛♠❡

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

❞'♦♣❧❡*%✿ ◆♦ ♠❛**❡' ✇❤❛* ✐% *❤❡ *❤✐❝❦♥❡%% ♦❢ *❤❡ ✜❧♠ ❛* *❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ *❤❡ %❝❛♥♥✐♥❣ ♣'♦❝❡%%✱

❤✐❣❤❡' ♦' ❧♦✇❡' *❤❛♥ 2♥♠✱ *❤❡ ♠♦'❡ *❤❡ ❆❋▼ *✐♣ ✐% %❝❛♥♥✐♥❣✱ *❤❡ ♠♦'❡ *❤❡ ✜❧♠ *❡♥❞% *♦ ❛♣♣'♦❛❝❤

*❤✐% *❤✐❝❦♥❡%% ♦❢ 2♥♠✳ ❚❤❡ ♦❜%❡'✈❛*✐♦♥ ♦❢ *❤✐% ♣'♦❝❡%% ✇❛% ♠❛❞❡ ❜② ♠❡❛%✉'✐♥❣ ❜♦*❤ *❤❡ ❛✈❡'❛❣❡

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

✶✸

❚❤✐# ❡①♣❡'✐♠❡♥* ✇❛# ♣❡'❢♦'♠❡❞ ✇✐*❤ ♠✐❝❛ #❤❡❡*# ❛♥❞ ❢♦' #②♥*❤❡#✐# ❬❇▼■▼❪❬❚❋❙■❪ ❛# ✇❡❧❧ ❛# ♠✐❝❛ ❞✐#❦# ❛♥❞

❢♦' #②♥*❤❡#✐# ❛♥❞ ❤✐❣❤ ♣✉'✐*② ❬❇▼■▼❪❬❚❋❙■❪

✶✹

❚❤❡ ♠♦'❡ ❝♦♠♣❧❡① ❝❛#❡ ♦❢ ❧❛'❣❡' ❞'♦♣❧❡*# ✐# ❞❡#❝'✐❜❡❞ ✐♥ *❤❡ ❧❛#* ❆♣♣❡♥❞✐①✳



HEIGHT
-1.6 nm

2.6 nm

0.0 5.0 µm

section

❋✐❣✉$❡ ✸✳✶✸✿ ❙+❡♣- ❢♦$ +❤❡ ♠❡❛-✉$❡♠❡♥+ ♦❢ +❤❡ +❤✐❝❦♥❡-- ♦❢ ❛ ✜❧♠✳ ❖♥ +❤❡ ❧❡❢+ -✐❞❡✱ ❆❋▼ ❤❡✐❣❤+

✐♠❛❣❡ ♦❢ ✐-♦❧❛+❡❞ ♣❛+❝❤❡- ♦❢ ✜❧♠ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ♠✐❝❛ -✉❜-+$❛+❡✳ ❚❤❡ ✇❤✐+❡ ❧✐♥❡ ❧♦❝❛❧✐③❡- +❤❡

-❡❝+✐♦♥ $❡♣$❡-❡♥+❡❞ ♦♥ +❤❡ $✐❣❤+ -✐❞❡✳ ❖♥ +❤✐- -❡❝+✐♦♥✱ +❤❡ ♣♦-✐+✐♦♥ ♦❢ +❤❡ ✜❧♠ ❛♥❞ +❤❡ ♣♦-✐+✐♦♥ ♦❢

+❤❡ -✉❜-+$❛+❡ ❛$❡ ✜++❡❞ ✐♥ ❛ ❧✐♥❡❛$ ✇❛②✳ ❚❤❡ +❤✐❝❦♥❡-- ✐- +❤❡♥ ❞❡❞✉❝❡❞ ❢$♦♠ +❤❡ ❞✐-+❛♥❝❡ ❜❡+✇❡❡♥

+❤❡-❡ +✇♦ ❧✐♥❡-✳

❚✇♦ ❡①❛♠♣❧❡- ❛$❡ ♣$❡-❡♥+❡❞ ♦♥ ✜❣✉$❡ ✸✳✶✹✳ ■♥ +❤✐- ❝❛-❡✱ +❤❡$❡ ✐- +❤❡♥ ❧✐H✉✐❞ ✜❧♠- -✉$$♦✉♥❞✐♥❣

❞$♦♣❧❡+-✳ ❚❤❡-❡ ✜❧♠- -❤♦✇ ♣✐♥♥✐♥❣ +❤❛+ ✐- ♦✈❡$❝♦♠❡ ❜② +❤❡ -❝❛♥♥✐♥❣ ♣$♦❝❡--✱ +❤❡ ✜❧♠- ❛$❡

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

♣$❡❢❡$❡♥+✐❛❧ +❤✐❝❦♥❡-- ❢♦$ ❛ ✜❧♠ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ♠✐❝❛✳ ❚❤✐- ✐- ❝♦♥✜$♠❡❞ ❜② +❤❡ ❢❛❝+ +❤❛+ +❤❡

2 ♥♠ ✈❛❧✉❡ ❛❧-♦ ❝♦$$❡-♣♦♥❞- +♦ +❤❡ +❤✐❝❦♥❡-- ♦❜-❡$✈❡❞ ❢♦$ ♣❛+❝❤❡- ♦❢ ♣✉$❡ ✐♦♥✐❝ ❧✐H✉✐❞ ♦♥ ♠✐❝❛✳

❉✐"♣❡%"✐♦♥" ♦❢ ❤✐❣❤ ❝♦♥❝❡♥,%❛,✐♦♥ ❋♦$ ❞✐-♣❡$-✐♦♥- ♦❢ ❤✐❣❤ ❝♦♥❝❡♥+$❛+✐♦♥✱ ❞$♦♣❧❡+- ❛$❡ ♥♦+

-✉$$♦✉♥❞❡❞ ❜② ❛ ✜❧♠✳ ❖♥❧② -♠❛❧❧ ♣❛+❝❤❡- ♦❢ ✐♦♥✐❝ ❧✐H✉✐❞ ❛$❡ ♣$❡-❡♥+ ❛❧❧ ♦✈❡$ +❤❡ ♠✐❝❛ ❛♥❞

+❤❡✐$ ❞❡♥-✐+② ❞❡❝$❡❛-❡- ✇✐+❤ +❤❡ ✐♥❝$❡❛-✐♥❣ ❝♦♥❝❡♥+$❛+✐♦♥ ♦❢ +❤❡ ❞✐-♣❡$-✐♦♥✳ ❚❤❡-❡ ♣❛+❝❤❡- ❛$❡

✐♦♥✐❝ ❧✐H✉✐❞ ❛- +❤❡② -❤♦✇ ❛ ❞✐✛❡$❡♥+ ♣❤❛-❡ +❤❛♥ +❤❡ ♠✐❝❛ ♦♥ +❤❡ ❆❋▼ ♣❤❛-❡ ✐♠❛❣❡ ❛♥❞ ❛$❡

❤✐❣❤❡$ +❤❛♥ +❤❡ ❢❡❛+✉$❡- ♦❜-❡$✈❡❞ ♦♥ ❜❛$❡ ♠✐❝❛✳ ❍♦✇❡✈❡$ ✉♥❧✐❦❡ +❤❡ ♣❛+❝❤❡- ♦❜-❡$✈❡❞ ❢♦$ ♣✉$❡

✐♦♥✐❝ ❧✐H✉✐❞ ❛♥❞ +❤❡ ✜❧♠ ❛♥❞ ♣❛+❝❤❡- ♦❜-❡$✈❡❞ ✇❤❡♥ ✉-✐♥❣ ❧♦✇ ❝♦♥❝❡♥+$❛+✐♦♥ ❞✐-♣❡$-✐♦♥-✱ +❤❡②

❞♦ ♥♦+ -♣$❡❛❞ ✇❤❡♥ +❤❡ ❆❋▼ +✐♣ ✐- -❝❛♥♥✐♥❣✳ ■+ -✉❣❣❡-+- +❤❛+ +❤❡✐$ -+$✉❝+✉$❡ ♠✐❣❤+ ♥♦+ ❜❡

❧✐H✉✐❞ ❛♥❞ +❤❡② ♠✐❣❤+ ❜❡ -♦❧✐❞✐✜❡❞✳ ❚❤❡ -+$✉❝+✉$❡ ♦❢ +❤❡ ♣❛+❝❤❡- ✐- +❤❡♥ ❝♦♠♣❧❡+❡❧② ❞✐✛❡$❡♥+

✇❤❡♥ ❤✐❣❤ ❝♦♥❝❡♥+$❛+✐♦♥ ❞✐-♣❡$-✐♦♥- ❛$❡ ✉-❡❞✳ ■♥ +❤❡ ✈✐❝✐♥✐+② ♦❢ ❞$♦♣❧❡+-✱ +❤❡ ♦$❣❛♥✐③❛+✐♦♥ ♦❢ +❤❡

♣❛+❝❤❡- -♦♠❡+✐♠❡- ❤❛♣♣❡♥ +♦ -❤♦✇ ❛ ♣$❡✈✐♦✉- ♣♦-✐+✐♦♥ ♦❢ +❤❡ ❝♦♥+❛❝+ ❧✐♥❡✳ ❚❤❡ ❝♦♥+❛❝+ ❧✐♥❡ +❤❡♥

✉♥❞❡$✇❡♥+ ❛ $❡+$❛❝+✐♦♥ ❛❢+❡$ ❞❡♣♦-✐+✐♦♥ ❧❡❛✈✐♥❣ ♣❛+❝❤❡- ❜❡❤✐♥❞✳ ❚❤✐- ✐- ❛♥♦+❤❡$ ❝♦♥✜$♠❛+✐♦♥

+❤❛+ +❤❡ ♣❛+❝❤❡-✱ ❛❧+❤♦✉❣❤ +❤❡② ❞♦ ♥♦+ ✢♦✇ ❛$❡ ♠❛❞❡ ♦❢ ✐♦♥✐❝ ❧✐H✉✐❞✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ -✉❝❤ ❛

-+$✉❝+✉$❡ ✐- -❤♦✇♥ ♦♥ ✜❣✉$❡ ✸✳✶✺✳ ❚❤❡ ❢❡❛+✉$❡- ♦❜-❡$✈❡❞ ✇❤❡♥ ❤✐❣❤ ❝♦♥❝❡♥+$❛+✐♦♥ ❞✐-♣❡$-✐♦♥-



Thickness

1.2 nm
Thickness

1.6 nm

Area fraction covered by the !lm 30.8 % Area fraction covered by the !lm 22.6 %

0 0

4 µm 4 µm

3 3

334 µm 4 µm

2

22

2

1 1

1 1

a/ Thickness of the !lm below 2nm, increasing when scanning

b/ Thickness of the !lm above 2nm, decreasing when scanning

Increasing area fraction covered by the !lm

03.64 µm 2.4 1.2

4 µm

1.8

1.2

0.6

2.4

3.0

3.6

3.0 1.8 0.6 0

4 µm

1.8

1.2

0.6

2.4

3.0

3.6

3.64 µm 2.4 1.23.0 1.8 0.6

Thickness

3.1 nm
Thickness

2.9 nm

❋✐❣✉$❡ ✸✳✶✹✿ ❊①❛♠♣❧❡1 ♦❢ ❡✈♦❧✉5✐♦♥ ♦❢ 5❤❡ 5❤✐❝❦♥❡11 ♦❢ ✜❧♠1 ❧✐♥❦❡❞ 5♦ 1♠❛❧❧ ❞$♦♣❧❡51 ✭✸❉ ❆❋▼

✐♠❛❣❡1✮✿ 5❤❡ 5❤✐❝❦♥❡11 5❡♥❞1 5♦ ❛♣♣$♦❛❝❤ 2 ♥♠✳ ❖♥ 5❤❡ 5♦♣✱ 5❤❡ 5❤✐❝❦♥❡11 ❛5 5❤❡ ❜❡❣✐♥♥✐♥❣

✐1 ❜❡❧♦✇ 2 ♥♠ ❛♥❞ 5❤❡♥ ✐♥❝$❡❛1❡1 5♦✇❛$❞1 2 ♥♠ ✇❤❡♥ 5❤❡ 5✐♣ ✐1 1❝❛♥♥✐♥❣✳ ❖♥ 5❤❡ ❜♦55♦♠✱

5❤❡ 5❤✐❝❦♥❡11 ❛5 5❤❡ ❜❡❣✐♥♥✐♥❣ ✐1 ❛❜♦✈❡ 2 ♥♠ ❛♥❞ 5❤❡♥ ✐♥❝$❡❛1❡1 5♦✇❛$❞1 2 ♥♠ ✇❤❡♥ 5❤❡ 5✐♣ ✐1

1❝❛♥♥✐♥❣✳



❛!❡ ✉$❡❞ &❡♥❞ &♦ $❤♦✇ &❤❛& ✇❤❡♥ &❤❡ ❝♦♥❝❡♥&!❛&✐♦♥ ✐$ ✐♥❝!❡❛$❡❞✱ &❤❡ ❞❡♣♦$✐&✐♦♥ ♣!♦❝❡$$ ✐$ ♥♦&

❡✣❝✐❡♥&✳

10 µm

10 µm 0

2.5

2.5

7.5

7.5 5

5

5 µm

0

2

4

3

2

1

1345 µm

❋✐❣✉!❡ ✸✳✶✺✿ 3❉ ❆❋▼ $❝❛♥$ $❤♦✇✐♥❣ ❛♥ ♦!❣❛♥✐③❛&✐♦♥ ♦❢ ♣❛&❝❤❡$ ✐♠♣❧②✐♥❣ &❤❛& &❤❡ ❞!♦♣❧❡& !❡✲

&!❛❝&❡❞ ❛❢&❡! ❞❡♣♦$✐&✐♦♥ ❢♦! ❤✐❣❤ ❝♦♥❝❡♥&!❛&✐♦♥ ❞✐$♣❡!$✐♦♥$✳ ❖♥ &❤❡ ❧❡❢& $✐❞❡✱ 10 µ♠ $❝❛♥✳ ❖♥ &❤❡
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High purity [BMIM][TFSI] 

on mica disks

 Dispersion 1:  0.71 g/L

 Dispersion 2: 1.63 g/L

 Dispersion 3: 9.69 g/L
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For synthesis [BMIM][TFSI]

on mica sheets

 0.71 g/L
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High purity

[BMIM][TFSI]
For synthesis

[BMIM][TFSI]

Surface tension

Macroscopic 

«equilibrium» CA

Microscopic 

«equilibrium» CA

Film / patches

Low 

concentration

0.71g/L

High

 concentration 

Microscopic 

«equilibrium» CA

Film / patches

Pure IL, 

no dispersion 

in ethanol

Film / patches

24 ± 4 ° 26 ± 5 °

32.6 ± 0.2  mN/m 32.0 ± 0.6  mN/m

Patches, 

spreading when the tip 

is scanning

Film around droplets 

and patches, spreading 

when the tip is scanning

Film around droplets 

and patches, spreading 

Patches, NOT spreading 

when the tip is scanning

 for 1.63 g/L : 12 ± 2 °

 for 9.69 g/L: 17± 2 °

 4 ± 2 °  5 ± 1  °

Film
indications of the 

presence of a #lm 

(dust experiment, XPS)
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0

5 nm 5 nm

0

0 100 nm 100 nm0

❋✐❣✉$❡ ✸✳✷✵✿ ❙♦❧✐❞✐✜❝❛2✐♦♥ ♣❛2❝❤❡6 ♦♥ ❛ ♣$❡❝✉$6♦$ ✜❧♠✳ ❖♥ 2❤❡ ❧❡❢2 6✐❞❡✱ ❆❋▼ ❤❡✐❣❤2 ✐♠❛❣❡✳ ❚❤❡

2✇♦ ✇❤✐2❡ $❡❝2❛♥❣❧❡6 6❤♦✇ 2❤❡ ③♦♥❡6 ❝♦$$❡6♣♦♥❞✐♥❣ 2♦ 2❤❡ ♦♥❡6 ♣$❡6❡♥2❡❞ ♦♥ 2❤❡ 2❛❜✉❧❛$ ♦♥ 2❤❡

$✐❣❤2 6✐❞❡✳ ■♥ 2❤❡ 2❛❜✉❧❛$ ③♦♦♠6 ♦♥ ❤❡✐❣❤2 ❛♥❞ ♣❤❛6❡ ✐♠❛❣❡6 ❛$❡ ♣$❡6❡♥2❡❞✳ ❚❤❡ 6♦❧✐❞ ♣❛2❝❤❡6

❝♦$$❡6♣♦♥❞ 2♦ 2❤❡ ❜$✐❣❤2 ③♦♥❡6 ✐♥ ❤❡✐❣❤2✱ ✐✳❡✳ 2❤✐❝❦ ③♦♥❡6✱ ❛♥❞ 2♦ 2❤❡ ❞❛$❦ ③♦♥❡6 ✐♥ ♣❤❛6❡✱ ✐✳ ❡✳

❞✐✛❡$❡♥2 ♥❛2✉$❡ 2❤❛♥ 2❤❡ ✐♦♥✐❝ ❧✐D✉✐❞✳ ❚❤❡ 2✇♦ 6❡❝2✐♦♥6 ♦❢ ❤❡✐❣❤2 ✐♠❛❣❡6 ♣$❡6❡♥2❡❞ ✐♥ 2❤❡ 2❛❜✉❧❛$

❛❧❧♦✇ ♦♥❡ 2♦ 6❡❡ 2❤❛2 2❤❡ 6❤❛♣❡ ♦❢ 2❤❡ ♣❛2❝❤❡6 ❧♦♦❦6 ❧✐❦❡ 6♦❧✐❞ ♠❛2❡$✐❛❧✳



PHASE0.0 1.0 µm

-34.3°

51.9°

❋✐❣✉$❡ ✸✳✷✶✿ ❙♦❧✐❞✐✜❝❛2✐♦♥ ✐♥ ❛ ❞$♦♣❧❡2✳ ❚❤❡ ✜$72 2✇♦ ✐♠❛❣❡7 ♦♥ 2❤❡ ❜♦22♦♠ ❛$❡ ✸❉ ✐♠❛❣❡7 7❡❡♥

$❡7♣❡❝2✐✈❡❧② ❢$♦♠ 2❤❡ 2♦♣ ❛♥❞ ❢$♦♠ ❛ 2✐❧2❡❞ ❛♥❣❧❡✳ ❚❤❡ ✐♠❛❣❡ 7❡❡♥ ❢$♦♠ ❛ 2✐❧2❡❞ ❛♥❣❧❡ ❛❧❧♦✇7 ♦♥❡

2♦ ❞✐72✐♥❣✉✐7❤ 2❤❡ 7❤❛♣❡ ♦❢ 2❤❡ ✏❞$♦♣❧❡2✑ ✇❤✐❝❤ ❧♦♦❦7 ❛7 ✐❢ ✐27 ❝♦$❡ ✇❛7 7♦❧✐❞✳ ❖♥ 2❤❡ ❜♦22♦♠✱

2❤❡ ❝♦$$❡7♣♦♥❞✐♥❣ ♣❤❛7❡ ✐♠❛❣❡ ❝❧❡❛$❧② 7❤♦✇7 2✇♦ ❞✐✛❡$❡♥2 ③♦♥❡7✿ 2❤❡ ❜$✐❣❤2 ③♦♥❡ ❝♦$$❡7♣♦♥❞7 2♦

❧✐F✉✐❞ ✐♦♥✐❝ ❧✐F✉✐❞ ❛♥❞ 2❤❡ ❞❛$❦ ♦♥❡ ✐♥ 2❤❡ ❝♦$❡ ♦❢ 2❤❡ ❞$♦♣❧❡2 2♦ 2❤❡ 7♦❧✐❞✐✜❡❞ ♣❛2❝❤✳



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

♣❛ ❝❤❡' ✐' ♠✉❝❤ ❧❛$❣❡$  ❤❛♥  ❤❡ ❝❤❛$❛❝ ❡$✐' ✐❝ ❧❛ ❡$❛❧ '✐③❡ ♦❢  ❤❡ '♦❧✐❞ ♣❛ ❝❤❡'✳

✸✳✸ ■♥✢✉❡♥❝❡ ♦❢ *♦✉❣❤♥❡-- ❛♥❞ ♣♦*♦-✐2②✱ ❡✈❛♣♦*❛2❡❞ ❝❛*❜♦♥

✸✳✸✳✶ ❊✈❛♣♦(❛)❡❞ ❝❛(❜♦♥✿ ❙✐❖❚❙❈

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

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

'✉❜' $❛ ❡' ❛♥❞ ❛❧❧♦✇❡❞ ✉'  ♦ ♠❛❦❡ ♦ ❤❡$ ♦❜'❡$✈❛ ✐♦♥'✳

✸✳✸✳✶✳✶ ❉❡✈❡❧♦♣✐♥❣ ❡✈❛♣♦-❛.❡❞ ❝❛-❜♦♥ ✭❙✐❖❚❙❈✮ 8✉❜8.-❛.❡8

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

✐' ❝♦❛ ❡❞ ✇✐ ❤ ❖❝ ❛❞❡❝②❧✲❚$✐❝❤❧♦$♦❙✐❧❛♥❡ ✭❖❚❙✮

✷✵

✳ ❚❤❡ ❖❚❙ ❝♦❛ ✐♥❣ $❡'✉❧ ' ✐♥  ❤❡ ♠♦❞✐✜❝❛ ✐♦♥

♦❢  ❤❡ '✉$❢❛❝❡ ❡♥❡$❣② ♦❢  ❤❡ '✐❧✐❝♦♥ ✇❛❢❡$✳ ■ ❝❛♥ ❜❡ ✈❡$✐✜❡❞ ❜② ❞❡♣♦'✐ ✐♦♥ ♦❢ ✇❛ ❡$✳ ❚❤❡ ❝♦♥✲

❝❡♥ $❛ ✐♦♥ ♦❢  ❤❡ ❝♦❛ ✐♥❣ '♦❧✉ ✐♦♥ ✭❖❚❙ ❞✐❧✉ ❡❞ ✐♥  ♦❧✉❡♥❡✮ ❛♥❞  ❤❡  ✐♠❡ ♦❢ ✐♠♠❡$'✐♦♥ ♦❢  ❤❡

'✐❧✐❝♦♥ ✇❛❢❡$ ✐♥  ❤❡ ❖❚❙ '♦❧✉ ✐♦♥ ❛❧❧♦✇ ❢♦$  ❤❡  ✉♥✐♥❣ ♦❢  ❤❡ ❝♦♥ ❛❝ ❛♥❣❧❡ ♦❜ ❛✐♥❡❞✳ ■♥ ♦✉$ ❝❛'❡✱

 ❤❡ '✐❧✐❝♦♥ ✇❛❢❡$' ✇❡$❡ ❝♦❛ ❡❞ ✐♥ ♦$❞❡$  ♦ ❣❡ ❛ ❝♦♥ ❛❝ ❛♥❣❧❡ ♦❢ 60◦ ❢♦$ ❛ ❞$♦♣ ♦❢ ✇❛ ❡$✳ ❆❢ ❡$

 ❤✐' ' ❡♣✱  ❤❡ '✉$❢❛❝❡ ✇✐❧❧ ♣$♦✈✐❞❡ ❛ ❣♦♦❞ ❛❞❤❡'✐♦♥ ♦❢  ❤❡ ❡✈❛♣♦$❛ ❡❞ ❝❛$❜♦♥✳ ❖♥❝❡  ❤❡ ❖❚❙

❝♦❛ ✐♥❣ ✐' ♣❡$❢♦$♠❡❞✱ ❛ ❧❛②❡$ ♦❢ 20 nm ♦❢ ❝❛$❜♦♥ ✐' ❡✈❛♣♦$❛ ❡❞ ♦♥  ❤❡ ✇❛❢❡$ ✭❚❤✐' ❧❛' ' ❡♣ ✇❛'

♣❡$❢♦$♠❡❞ ✇✐ ❤  ❤❡ ❤❡❧♣ ♦❢ ❙✳ ❆❜♦  ✮✳ ❆❢ ❡$  ❤❡ ❡✈❛♣♦$❛ ✐♦♥✱  ❤❡ '✉❜' $❛ ❡' '❤♦✉❧❞ ❜❡ ❜❧♦✇♥

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

✇✐❧❧ ❜❡ $❡❢❡$$❡❞  ♦ ❛' ✏❙✐❖❚❙❈✑ ❜❡❝❛✉'❡ ♦❢  ❤❡✐$ ♣$❡♣❛$❛ ✐♦♥ ♣$♦❝❡''✳

✸✳✸✳✶✳✷ ❈❤❛-❛❝.❡-✐③❛.✐♦♥ ♦❢ .❤❡ 8✉❜8.-❛.❡8

❚❤❡ ❝❤❛$❛❝ ❡$✐③❛ ✐♦♥ ♦❢  ❤❡ ❙✐❖❚❙❈ '✉❜' $❛ ❡' ✇❛' ❞♦♥❡ ✐♥  ✇♦ ' ❡♣'✳ ❚❤❡② ✇❡$❡ ✜$' ✐♠❛❣❡❞

✇✐ ❤ ❆❋▼ ❛♥❞  ❤❡♥ ❜② ❙❚▼ ❛'  ❤❡ ❝❛$❜♦♥ ❝♦❛ ✐♥❣ ♠❛❦❡' ❙✐❖❚❙❈ '✉❜' $❛ ❡' ❝♦♥❞✉❝ ✐✈❡✳ ❆❋▼

'❝❛♥' '❤♦✇ ❛ $♦✉❣❤ '✉$❢❛❝❡ ✇✐ ❤ '♠❛❧❧ ♣✐❧❧❛$'✿  ❤❡② '❡❧❞♦♠ ❡①❝❡❡❞ 20 nm ✐♥ ❤❡✐❣❤ ✭'❡❡ ✜❣✉$❡

✸✳✷✷✮✳ ❚❤❡ ♣✐❧❧❛$' ❛$❡ ❛❧✐❣♥❡❞ ❛❧♦♥❣  ❤❡ ❡✈❛♣♦$❛ ✐♦♥ ❞✐$❡❝ ✐♦♥✳ ❆❢ ❡$ ❆❋▼ ✐♠❛❣✐♥❣✱ ❙❚▼ ✐♠❛❣✐♥❣

$❡✈❡❛❧❡❞ ❛ '✉$♣$✐'✐♥❣ ' $✉❝ ✉$❡ ♦❢  ❤❡ ❙✐❖❚❙❈ '✉❜' $❛ ❡' ✇❤✐❝❤ ❝♦✉❧❞ ♥♦ ❜❡ ✐♠❛❣❡❞ ✇✐ ❤  ❤❡

❆❋▼ ❜❡❝❛✉'❡ ♦❢  ❤❡ ❣❡♦♠❡ $② ♦❢  ❤❡  ✐♣✳ ❙✐❖❚❙❈ '✉❜' $❛ ❡' ✐♥❞❡❡❞ ♣♦''❡'' '♠❛❧❧ ♣♦$❡' ✇❤✐❝❤

♠✐♥✐♠✉♠ ❧❛ ❡$❛❧ ❡① ❡♥'✐♦♥ ✐' 10 nm✷✶

✳ ❚♦ '✉♠♠❛$✐③❡✱ ❙✐❖❚❙❈ '✉❜' $❛ ❡' ❛$❡  ❤❡♥ ❛ ♥❡✇ ❦✐♥❞

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

♦❢  ❤❡ '✉❜' $❛ ❡' ✇❡$❡ ♠❡❛'✉$❡❞ ❢$♦♠  ❤❡ ❙❚▼ ✐♠❛❣❡'✿

✷✵

❚❤❡ ❝❧❡❛♥✐♥❣ ♣*♦❝❡,, ❝♦♥,✐,-, ✐♥✿ ❙♦♥✐❝❛-✐♦♥ ✐♥ ❡-❤❛♥♦❧ ❀ ❘✐♥,✐♥❣ ✇✐-❤ ♠✐❧❧✐◗ ✇❛-❡* ❀ ,♦♥✐❝❛-✐♦♥ ✐♥ ❛❝❡-♦♥❡ ❀

*✐♥,✐♥❣ ✇✐-❤ ♠✐❧❧✐◗ ✇❛-❡* ❀ ❞*②✐♥❣ ✇✐-❤ ♥✐-*♦❣❡♥ ❣✉♥ ❀ ♣✐*❛♥❤❛ ❝❧❡❛♥✐♥❣ ✭2/3 ♣✉*❡ ,✉❧❢✉*✐❝ ❛❝✐❞ ❢♦* 1/3 ❤②❞*♦❣❡♥
♣❡*♦①②❞❡✮ ❀ *✐♥,✐♥❣ ✇✐-❤ ♠✐❧❧✐◗ ✇❛-❡* ❀ ❞*②✐♥❣ ✇✐-❤ ♥✐-*♦❣❡♥ ❣✉♥ ❀ ♣❧❛,♠❛ ❝❧❡❛♥✐♥❣ ❀ *❡♠♦✈✐♥❣ ❡✈❡♥-✉❛❧ *❡♠❛✐♥✐♥❣

❞✉,- ♣❛*-✐❝❧❡, ✇✐-❤ ♥✐-*♦❣❡♥ ❣✉♥✳

✷✶

❚❤❡ ,✉❝❝❡,,✐♦♥ ♦❢ ♣✐❧❧❛*, ❛♥❞ ♣♦*❡, ✇✐-❤ ,✉❝❤ ❛ ,♠❛❧❧ ❧❛-❡*❛❧ ❡①-❡♥,✐♦♥ ❞✐❞ ♥♦- ❛❧❧♦✇ ❢♦* -❤❡ ❆❋▼ -✐♣ -♦

♣❡♥❡-*❛-❡ ✐♥-♦ -❤❡ ♣♦*❡, ❛♥❞ -❤❡♥ -♦ ✐♠❛❣❡ -❤❡♠✳ ❙❡❡ -❤❡ ❛♣♣❡♥❞✐① ❛❜♦✉- ❆❋▼ ✐♠❛❣✐♥❣ ❢♦* ❢✉*-❤❡* ❞❡-❛✐❧,✳



500nm

500nm

500nm

500nm

2.5 µm0 2.5 µm0

500nm

❋✐❣✉$❡ ✸✳✷✷✿ ❖♥ ,❤❡ ,♦♣✱ 5 × 5 µm 3D ❆❋▼ ✐♠❛❣❡ ♦❢ ❙✐❖❚❙❈ 9✉❜9,$❛,❡✳ ❖♥ ,❤❡ ❜♦,,♦♠✱ ❧❡❢,

9✐❞❡✱ ❢♦✉$ 2.5× 2.5 µm ❙❚▼ 9❝❛♥9✳ ❖♥ ,❤❡ $✐❣❤, 9✐❞❡✱ ③♦♦♠ ♦♥ ♦♥❡ ♦❢ ,❤❡ ❢♦✉$ ❙❚▼ 9❝❛♥9✳ ❚❤❡

♣♦$❡9 ❛♣♣❡❛$ ❛9 ❜❧❛❝❦ ③♦♥❡9✳
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❋✐❣✉$❡ ✸✳✷✸✿ ❈$♦99✲9❡❝,✐♦♥9 ♦❢ ❆❋▼ ❛♥❞ ❙❚▼ ✐♠❛❣❡9 9❤♦✇✐♥❣ ,❤❛, ❆❋▼ ✐♠❛❣❡9 ❞♦ ♥♦, ❛❧❧♦✇ ❢♦$

,❤❡ ♦❜9❡$✈❛,✐♦♥ ♦❢ ♣♦$♦✉9 9,$✉❝,✉$❡9✳ ❙❝❛❧❡9 ✐♥ ❞✐9,❛♥❝❡ ❛$❡ ,❤❡ 9❛♠❡✱ ❜✉, ♥♦, 9❝❛❧❡9 ✐♥ ❤❡✐❣❤,✳



150 µm 150 µm

❋✐❣✉$❡ ✸✳✷✹✿ ❖♥ -❤❡ ❧❡❢- 1✐❞❡✱ ♠✐❝$♦1❝♦♣❡ ✐♠❛❣❡ ♦❢ ❛ ♠❛❝$♦1❝♦♣✐❝ ❞$♦♣ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥

❙✐❖❚❙❈ -❛❦❡♥ 5♠✐♥ ❛❢-❡$ ❞❡♣♦1✐-✐♦♥✳ ❖♥ -❤❡ $✐❣❤- 1✐❞❡✱ -❤❡ 1❛♠❡ ❞$♦♣✱ 2❤30♠✐♥ ❛❢-❡$ ❞❡♣♦1✐-✐♦♥✿
-❤❡ ❝♦♥-❛❝- ❧✐♥❡ ✐1 ♠♦$❡ ❞❡❢♦$♠❡❞ -❤❛♥ ❛- -❤❡ ❜❡❣✐♥♥✐♥❣ ❞✉❡ -♦ -❤❡ 1♣$❡❛❞✐♥❣ ♦❢ -❤❡ ✐♦♥✐❝ ❧✐C✉✐❞

✐♥1✐❞❡ -❤❡ $♦✉❣❤♥❡11✳

❘▼❙ $♦✉❣❤♥❡11 ❘♦✉❣❤♥❡11 ❛✈❡$❛❣❡ ❛✈❡$❛❣❡ ♣❡❛❦

-♦ ♣❡❛❦ ✈❛❧✉❡

♠❛① ♣❡❛❦ -♦

♣❡❛❦ ✈❛❧✉❡

♠✐♥ ♣❡❛❦ -♦

♣❡❛❦ ✈❛❧✉❡

7.2 nm 5.6 nm 64.5 nm 101.4 nm 47.1 nm

❋$♦♠ -❤❡ $♦✉❣❤♥❡11 ♠❡❛1✉$❡♠❡♥-1✱ ✐- ❛♣♣❡❛$1 -❤❛- -❤❡ -❤$❡❡✲♣❤❛1❡ ❝♦♥-❛❝- ❧✐♥❡ ♦❢ ❧✐C✉✐❞

❞❡♣♦1✐-❡❞ ♦♥ 1✉❝❤ ❛ 1✉❜1-$❛-❡ ✇✐❧❧ ❝❡$-❛✐♥❧② ❜❡ ♣✐♥♥❡❞ ♦♥ -❤❡ ♣✐❧❧❛$1✳ ■- ✐1 ❛❧1♦ ❧✐❦❡❧② -❤❛- ❢♦$

♠❛❝$♦1❝♦♣✐❝ ❝♦♥-❛❝- ❛♥❣❧❡1 ❧♦✇❡$ -❤❛♥ 90◦✱ ❧✐C✉✐❞ ✇✐❧❧ ♣❡♥❡-$❛-❡ ♣❛$-✐❛❧❧② ✐♥-♦ -❤❡ ♣♦$❡1✳ ❚❤❡1❡

❤②♣♦-❤❡1❡1 ✇✐❧❧ ❜❡ ✈❡$✐✜❡❞ ❜② -❤❡ ❞❡♣♦1✐-✐♦♥ ♦❢ ♠❛❝$♦1❝♦♣✐❝ ❛♥❞ ♠✐❝$♦1❝♦♣✐❝ C✉❛♥-✐-✐❡1 ♦❢ ✐♦♥✐❝

❧✐C✉✐❞1✳

✸✳✸✳✶✳✸ ▼❛❝&♦(❝♦♣✐❝ ✇❡--✐♥❣ ❜❡❤❛✈✐♦✉&

❆1 ❞❡1❝$✐❜❡❞ ✐♥ ❈❤❛♣-❡$ ✶✱ -❤❡ ❡✛❡❝- ♦❢ $♦✉❣❤♥❡11 ✐1 -♦ ✐♥❝$❡❛1❡ -❤❡ ♥❛-✉$❛❧ -❡♥❞❡♥❝② ♦❜1❡$✈❡❞

♦♥ -❤❡ ❝♦$$❡1♣♦♥❞✐♥❣ 1♠♦♦-❤ 1✉❜1-$❛-❡✿ ❢♦$ ❛ 1♠♦♦-❤ 1✉❜1-$❛-❡ ✇❤✐❝❤ ❝♦♥-❛❝- ❛♥❣❧❡ ✐1 ❛❜♦✈❡ 90◦✱

-❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ♦♥ ❛ ❝♦$$❡1♣♦♥❞✐♥❣ $♦✉❣❤ 1✉❜1-$❛-❡ ✇✐❧❧ ✐♥❝$❡❛1❡ ❛♥❞ ❢♦$ ❛ 1♠♦♦-❤ 1✉❜1-$❛-❡

✇❤✐❝❤ ❝♦♥-❛❝- ❛♥❣❧❡ ✐1 ❜❡❧♦✇ 90◦✱ -❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ♦♥ ❛ ❝♦$$❡1♣♦♥❞✐♥❣ $♦✉❣❤ 1✉❜1-$❛-❡ ✇✐❧❧

❞❡❝$❡❛1❡✳ ❍❖O● 1✉❜1-$❛-❡1 ✭1❡❡ ✸✳✹✮ ❛$❡ ♠❛❞❡ ♦❢ -❤❡ 1❛♠❡ ♠❛-❡$✐❛❧ -❤❛♥ ❙✐❖❚❙❈ 1✉❜1-$❛-❡1✱

❜✉- ❛$❡ 1♠♦♦-❤❡$✳ ❖♥❡ -❤❡♥ ❡①♣❡❝-1 -❤❡ ♥❛-✉$❛❧ ✇❡--✐♥❣ -❡♥❞❡♥❝② ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❍❖O● -♦

❜❡ ❡♠♣❤❛1✐③❡❞ ♦♥ ❙✐❖❚❙❈✳ ❚❤❡ ♠❛❝$♦1❝♦♣✐❝ ❛❞✈❛♥❝✐♥❣ ❝♦♥-❛❝- ❛♥❣❧❡ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦1✐-❡❞

♦♥ ❍❖O● ✭✐✳❡✳ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ -❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ❢♦$ -❤❡ ❬❇▼■▼❪❬❚❋❙■❪ ✴ ❍❖O● 1②1-❡♠✮ ✐1 ♦❢

53.7± 4.0◦✱ -❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ♦♥ ❙✐❖❚❙❈ ✐1 -❤❡♥ ❡①♣❡❝-❡❞ -♦ ❜❡ ❧❡11 -❤❛♥ -❤✐1 ✈❛❧✉❡✳ ❉❡♣♦1✐-✐♦♥

♦❢ ❛ ♠❛❝$♦1❝♦♣✐❝ C✉❛♥-✐-② ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ✐♥❞❡❡❞ ❧❡❛❞1 -♦ ❞$♦♣1 ✇❤✐❝❤ ❝♦♥-❛❝- ❛♥❣❧❡ ✐1 ✈❡$② ❧♦✇✳

❚❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ✐1 ✐♥ ❢❛❝- 1♦ ❧♦✇ -❤❛- ✐- ❝♦✉❧❞ ♥♦- ❜❡ ♠❡❛1✉$❡❞ ✇✐-❤ -❤❡ 1❡11✐❧❡ ❞$♦♣ ♠❡-❤♦❞✳

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



1
2

3

40 10µm

0 20µm

Thin "lm Droplets of di#erent diameter ;

pinned contact line

❋✐❣✉$❡ ✸✳✷✺✿ ❈❡♥-❡$ ♦❢ -❤❡ ✐♠❛❣❡✿ ✐♠❛❣❡ ♦❢ ♦♣-✐❝❛❧ ♠✐❝$♦6❝♦♣❡ ♦❢ ❛ 6❛♠♣❧❡ ♦❢ ❙✐❖❚❙❈ ✇✐-❤

❬❇▼■▼❪❬❚❋❙■❪ ❞❡♣♦6✐-❡❞ ❜② -❤❡ ❞✐6♣❡$6✐♦♥ ♠❡-❤♦❞✳ ❚❤❡ ❞✐✛❡$❡♥- ③♦♥❡6 ❛$❡ ♠❛$❦❡❞ ❜② ♥✉♠❜❡$6✳

❆- -❤❡ ❝❡♥-❡$✱ ✐♥ ③♦♥❡ 1✱ ❞$♦♣6 ♦❢ ✐♦♥✐❝ ❧✐H✉✐❞ ❛$❡ ♣$❡6❡♥-✳ ❚❤❡② ❛$❡ 6✉$$♦✉♥❞❡❞ ❜② ❛ -❤✐❝❦ ✜❧♠
✐♥ ③♦♥❡ 2✳ ❆- -❤❡ ❢$✐♥❣❡✱ ③♦♥❡6 3 ❛♥❞ 4 6❤♦✇ $❡6♣❡❝-✐✈❡❧② -❤✐♥ ✜❧♠ ❛♥❞ ❞$♦♣❧❡-6 ♦❢ ❞✐✛❡$❡♥- 6✐③❡✳

❈♦$$❡6♣♦♥❞✐♥❣ 3D ❆❋▼ ✐♠❛❣❡6 ❛$❡ ♣$❡6❡♥-❡❞ ♦♥ ❜♦-❤ 6✐❞❡6 ♦❢ -❤❡ ❝❡♥-$❛❧ ♣✐❝-✉$❡✳

❧♦✇ ❝♦♥-❛❝- ❛♥❣❧❡6 ✭6❡❡ -❤❡ ❛♣♣❡♥❞✐① ❛❜♦✉- ♠❛❝$♦6❝♦♣✐❝ ❝♦♥-❛❝- ❛♥❣❧❡ ♠❡❛6✉$❡♠❡♥-6 ♠❡-❤♦❞6✮✳

❉$♦♣6 ♦❢ ✐♦♥✐❝ ❧✐H✉✐❞ ✇❡$❡ -❤❡♥ ♦❜6❡$✈❡❞ ✉♥❞❡$ ❛♥ ♦♣-✐❝❛❧ ♠✐❝$♦6❝♦♣❡ ✇✐-❤ ♠♦♥♦❝❤$♦♠❛-✐❝ ❣$❡❡♥

❧✐❣❤- ✭✇❛✈❡❧❡♥❣-❤ 560 nm✮✳ ❋♦❧❧♦✇✐♥❣ -❤❡ ❡✈♦❧✉-✐♦♥ ♦❢ -❤❡ 6❤❛♣❡ ♦❢ -❤❡ ❞$♦♣6 ✇✐-❤ -✐♠❡✱ ✐-

✇❛6 ♣♦66✐❜❧❡ -♦ ♦❜6❡$✈❡ -❤❛- -❤❡ ❝♦♥-❛❝- ❧✐♥❡ ♦❢ -❤❡ ❞$♦♣6 ✇❤✐❝❤ ✇❛6 ❛- ✜$6- $❛-❤❡$ 6♠♦♦-❤

✉♥❞❡$✇❡♥- ❞❡❢♦$♠❛-✐♦♥6 ❛6 -✐♠❡ ❡❧❛♣6❡❞ ✭6❡❡ ✜❣✉$❡ ✸✳✷✹✮✳ ❚❤❡ ❞❡❢♦$♠❛-✐♦♥6 ❛$❡ ❞✉❡ -♦ -❤❡ ❢❛❝-

-❤❛- 6♦♠❡ ❧✐H✉✐❞ ♣❡♥❡-$❛-❡6 ✐♥-♦ -❤❡ ❧❛$❣❡✲6❝❛❧❡ $♦✉❣❤♥❡66 ✭-❤❛- ✐6✱ ❜❡-✇❡❡♥ -❤❡ ❧✐♥❡6 ♦❢ ♣✐❧❧❛$6✱

✇❤✐❝❤ ❞✐6-❛♥❝❡ ✐6 ✐♥ -❤❡ ♠✐❝$♦♠❡-❡$ $❛♥❣❡✮ ❛❤❡❛❞ ♦❢ -❤❡ ♠❛✐♥ ❞$♦♣ ✭6❡❡ ✜❣✉$❡ ✸✳✷✹✮ ❛♥❞ -❤❡♥

♣$♦❜❛❜❧② ✐♥6✐❞❡ -❤❡ ♣♦$❡6✳ ❚❤✐6 ❡①♣❧❛✐♥6 -❤❡ ✈❡$② ❧♦✇ ❝♦♥-❛❝- ❛♥❣❧❡ ✈❛❧✉❡6✿ ❜❛6✐❝❛❧❧②✱ -❤❡ ♠❛✐♥

❞$♦♣ ✜❧❧6 -❤❡ $♦✉❣❤♥❡66✳ ❚❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ♦❢ -❤❡ ❞$♦♣6 ❝♦✉❧❞ ❜❡ ♠❡❛6✉$❡❞ ♦♥ 6❤♦$- -✐♠❡ 6❝❛❧❡6✳

❖♥ ❧♦♥❣ -✐♠❡ 6❝❛❧❡6✱ ♦♥❧② ♠❡❛♥ ✈❛❧✉❡6 ♦❢ ❧♦❝❛❧ ❝♦♥-❛❝- ❛♥❣❧❡6 ❝♦✉❧❞ ❜❡ ♠❡❛6✉$❡❞✿

-✐♠❡ ❡❧❛♣6❡❞ ♠❡❛♥ ❝♦♥-❛❝- ❛♥❣❧❡ ♥✉♠❜❡$ ♦❢ ♠❡❛6✉$❡♠❡♥-6

5 ♠✐♥ 3.1± 1.5◦ 80

50 ♠✐♥ 1.8◦ ✭♠❛① ✈❛❧✉❡✿ 3.9◦✮ 22

2❤30♠✐♥ 1.5◦ ✭♠❛① ✈❛❧✉❡✿ 5.1◦✮ 18

❆❧-❤♦✉❣❤ ♦♥ ❧♦♥❣ -✐♠❡ 6❝❛❧❡6✱ -❤❡ $❡6✉❧-6 6❤♦✇ ❧❛$❣❡ ❡$$♦$ ❜❛$6✱ ❛ ❝❧❡❛$ ❞❡❝$❡❛6❡ ♦❢ -❤❡

♠❛❝$♦6❝♦♣✐❝ ❝♦♥-❛❝- ❛♥❣❧❡ ✐6 ♦❜6❡$✈❡❞ ✇✐-❤ -✐♠❡✳ ❚❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ✜♥❛❧❧② 6-❛❜✐❧✐③❡6 ✐-6❡❧❢ ❛-

-❤❡ ✈❡$② ❧♦✇ ✈❛❧✉❡ ♦❢ 1.5◦✳ ❙✉❝❤ ❛ 6♠❛❧❧ ♠❛❝$♦6❝♦♣✐❝ ❝♦♥-❛❝- ❛♥❣❧❡ ✐6 ❝♦♥✈❡♥✐❡♥- -♦ ✐♠❛❣❡ -❤❡

❞$♦♣❧❡-6 ✇✐-❤ -❤❡ ❆❋▼✿ ✐❢ -❤❡ ❝♦♥-❛❝- ❛♥❣❧❡ ✐6 ❧♦✇✱ -❤❡ ❞$♦♣❧❡-6 ✇✐❧❧ ❜❡ H✉✐-❡ ✢❛- ❛♥❞ -❤❡$❡ ✇✐❧❧

-❤✉6 ❜❡ ♥♦ $✐6❦ ♦❢ ❡①❝❡❡❞✐♥❣ -❤❡ ✈❡$-✐❝❛❧ $❡6♦❧✉-✐♦♥ ♦❢ -❤❡ ❆❋▼ -✐♣✳



0 0 010 µm 10 µm 10 µm

after 20 min after 1 h 40 min

❋✐❣✉$❡ ✸✳✷✻✿ 3D ❆❋▼ -❝❛♥- -❤♦✇✐♥❣ 4❤❛4 4❤❡ 4❤✐♥ ✜❧♠ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ❞♦❡- ♥♦4 ❡✈♦❧✈❡ ✇✐4❤

4✐♠❡✳

✸✳✸✳✶✳✹ ▼✐❝'♦)❝♦♣✐❝ ✇❡--✐♥❣ ❜❡❤❛✈✐♦✉'

❚❤❡ ✐♦♥✐❝ ❧✐A✉✐❞ ✇❛- ✜$-4 ❞❡♣♦-✐4❡❞ ✉-✐♥❣ 4❤❡ ❞✐-♣❡$-✐♦♥ ♠❡4❤♦❞✳ ❚❤❡ ❞❡♣♦-✐4✐♦♥ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪

✈✐❛ 4❤❡ ❞✐-♣❡$-✐♦♥ ♠❡4❤♦❞ ❢♦❧❧♦✇- ❛ -♣❡❝✐✜❝ -❝❡♥❛$✐♦ ♦♥ ❛ $♦✉❣❤ -✉❜-4$❛4❡ -✉❝❤ ❛- ❙✐❖❚❙❈✳ ❚❤❡

-♦❧✉4✐♦♥ ✜$-4 -♣$❡❛❞- ♦♥ 4❤❡ -❛♠♣❧❡✳ ❊✈❛♣♦$❛4✐♦♥ ♦❢ ❡4❤❛♥♦❧ 4❤❡♥ ❜❡❣✐♥- ❛4 4❤❡ ❡❞❣❡-✳ ❚❤❡ ✜❧♠ ♦❢

❡4❤❛♥♦❧ ❛♥❞ ❬❇▼■▼❪❬❚❋❙■❪ 4❤❡♥ ❜$❡❛❦- ✐4-❡❧❢ ✐♥ -❡✈❡$❛❧ ❧♦❝❛4✐♦♥- ❧❡❛✈✐♥❣ ✏❝❡❧❧-✑ ♦❢ -♦❧✉4✐♦♥✳ ❚❤❡

❡✈❛♣♦$❛4✐♦♥ ♦❢ 4❤❡ ✏❝❡❧❧-✑ 4❤❡♥ ❝❛$$✐❡- ♦♥ -♠♦♦4❤❧②✳ ❚❤❡ $❡-✉❧4✐♥❣ -❛♠♣❧❡ ✐- 4❤❡♥ ♦$❣❛♥✐③❡❞ ❛$♦✉♥❞

-❡✈❡$❛❧ ❝♦$❡- ✇❤✐❝❤ ❝♦$$❡-♣♦♥❞ 4♦ 4❤❡ ❧♦❝❛4✐♦♥ ♦❢ 4❤❡ ❝❡♥4❡$ ♦❢ 4❤❡ ❢♦$♠❡$ ✑❝❡❧❧-✑✳ ❖❜-❡$✈✐♥❣ 4❤❡

❝♦$❡- ✉♥❞❡$ ♦♣4✐❝❛❧ ♠✐❝$♦-❝♦♣❡ $❡✈❡❛❧- ❞✐✛❡$❡♥4 ③♦♥❡- ✭-❡❡ ✜❣✉$❡ ✸✳✷✺✮✳ ❚❤❡ ❣❡♥❡$❛❧ ♣✐❝4✉$❡ ❧♦♦❦-

❧✐❦❡ ❛♥ ❛4♦❧❧✿ ❛4 4❤❡ ❝❡♥4❡$✱ ❞$♦♣- ♦❢ ✐♦♥✐❝ ❧✐A✉✐❞ ✭1✮ ❛$❡ -✉$$♦✉♥❞❡❞ ❜② ❛ 4❤✐❝❦ ✜❧♠ ✭2✮ ❀ ♦♥ 4❤❡

❢$✐♥❣❡ ♦❢ 4❤❡ 4❤✐❝❦ ✜❧♠✱ 4✇♦ -4$✉❝4✉$❡- ❝♦❡①✐-4 ✇❤✐❝❤ ❛$❡ 4❤✐♥ ✜❧♠ ✭3✮ ❛♥❞ ❞$♦♣❧❡4- ✭4✮✳ ❆❋▼

✐♠❛❣✐♥❣ ✇❛- ♣❡$❢♦$♠❡❞ ♦♥ 4❤❡ 4❤✐♥ ✜❧♠ ❛♥❞ ♦♥ 4❤❡ ❞$♦♣❧❡4- ③♦♥❡-✳

❆❋▼ -❝❛♥- ♦❢ ③♦♥❡ 3 -❤♦✇ ❛ 4❤✐♥ ✜❧♠ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ✇❤✐❝❤ 4❤✐❝❦♥❡-- ✐- 15.8 ± 3.7 nm✱

-✐♠✐❧❛$ 4♦ ♣✐❧❧❛$✬- ❤❡✐❣❤4✳ ❚❤✐- ✜❧♠ ✐- 4❤✐❝❦❡$ 4❤❛♥ 4❤❡ ♣$❡❝✉$-♦$ ✜❧♠- ♦❜-❡$✈❡❞ ♦♥ ♠✐❝❛ ❛♥❞ ❞♦❡-

♥♦4 ❡✈♦❧✈❡ ✐♥ 4✐♠❡✳ ❚❤❡ -❛♠❡ ③♦♥❡ ♦❢ ✜❧♠ ✇❛- ✐♥❞❡❡❞ ❢♦❧❧♦✇❡❞ ❞✉$✐♥❣ 2❤ ✇✐4❤♦✉4 -❤♦✇✐♥❣ ❛♥②

❝❤❛♥❣❡ ✭-❡❡ ✜❣✉$❡ ✸✳✷✻✮✳

■♠❛❣✐♥❣ ③♦♥❡ 4 $❡✈❡❛❧- ❞$♦♣❧❡4- ♦❢ ❞✐✛❡$❡♥4 -✐③❡ ✇❤✐❝❤ ❝♦♥4❛❝4 ❧✐♥❡ ✐- ♣✐♥♥❡❞ ♦♥ 4❤❡ ❞❡❢❡❝4-

✭♣✐❧❧❛$-✮ ♦❢ 4❤❡ -✉❜-4$❛4❡✳ ❈♦♥4❛❝4 ❛♥❣❧❡ ♠❡❛-✉$❡♠❡♥4- ♦♥ -✉❝❤ ❞$♦♣❧❡4- 4❤❡♥ -❤♦✇ ❧❛$❣❡ ❡$$♦$

❜❛$-✳ ❆ ✈✐❜$❛4✐♦♥ ❡①♣❡$✐♠❡♥4 ✇❛- 4❤❡♥ ❞❡✈❡❧♦♣❡❞ ✇✐4❤ 4❤❡ ❤♦♣❡ ♦❢ ♣❛$4✐❛❧❧② ❞❡✲♣✐♥♥✐♥❣ 4❤❡

❝♦♥4❛❝4 ❧✐♥❡ ♦❢ 4❤❡ ❞$♦♣❧❡4-✳ ❚❤❡ ❡✛❡❝4 ♦❢ ✈✐❜$❛4✐♦♥ -❤♦✉❧❞ ✐♥❞❡❡❞ ❝♦♥-✐-4 ✐♥ ♦❜-❡$✈✐♥❣ ♦♥❧② ♠❡❛♥

❜❡❤❛✈✐♦✉$ ♦♥ 4❤❡ 4$❡❛4❡❞ -❛♠♣❧❡ ✭❬✶✶❪✮✳ ❚❤✐- ✐- ✇❤❛4 -❤♦✉❧❞ ❤❛♣♣❡♥ ❢♦$ $♦✉❣❤ -✉❜-4$❛4❡- -❤♦✇✐♥❣

♥♦ ♣♦$♦-✐4②✳ ■♥ ♦✉$ ❝❛-❡✱ ❜❡❝❛✉-❡ ♦❢ 4❤❡ ♣♦$♦✉- -4$✉❝4✉$❡-✱ 4❤❡ ❜❡❤❛✈✐♦✉$ ♦❢ ✈✐❜$❛4❡❞ -❛♠♣❧❡- ✇❛-

❢♦✉♥❞ 4♦ ❜❡ ❞✐✛❡$❡♥4✳ ❚❤❡ ✈✐❜$❛4✐♦♥ ✇❛- ❛♣♣❧✐❡❞ ✉-✐♥❣ ❛ ❧♦✉❞ -♣❡❛❦❡$✳ ❆♥ ❛♠♣❧✐✜❡❞ ❛❝♦✉-4✐❝

-✐❣♥❛❧ ♦❢ ❧♦✇ ❢$❡A✉❡♥❝② ❛♥❞ -✐♥✉-♦✐❞❛❧ -❤❛♣❡ ✇❛- -❡♥4 4♦ 4❤❡ ❧♦✉❞ -♣❡❛❦❡$ ♦♥ ✇❤✐❝❤ 4❤❡ -❛♠♣❧❡

✇❛- ✜①❡❞✳ ❚❤✐- ❡①♣❡$✐♠❡♥4 ✇❛- ♣❡$❢♦$♠❡❞ ♦♥ -❛♠♣❧❡- ✇❤❡$❡ 4❤❡ ✐♦♥✐❝ ❧✐A✉✐❞ ✇❛- ❞❡♣♦-✐4❡❞ ❜②



 ❤❡ ❞✐%♣❡'%✐♦♥ ♠❡ ❤♦❞ ❛♥❞ ❜②  ❤❡ ♣❛✐♥ ❜'✉%❤✲%②'✐♥❣❡ ♠❡ ❤♦❞ ❀  ❤❡ '❡%✉❧ % %❤♦✇❡❞  ❤❡ %❛♠❡  '❡♥❞

✐♥ ❜♦ ❤ ❝❛%❡%✳ ❆❢ ❡' ✈✐❜'❛ ✐♦♥✱ ❆❋▼ ✐♠❛❣❡% ❞✐❞ ♥♦ %❤♦✇ ❛ ❝❧❡❛' ❞❡✲♣✐♥♥✐♥❣ ♦❢  ❤❡  ❤'❡❡✲♣❤❛%❡

❝♦♥ ❛❝ ❧✐♥❡✿  ❤❡ ❢'❛❝ ❛❧ ♥✉♠❜❡' ♦❢  ❤❡ '✐♠ ♦❢  ❤❡ ❞'♦♣❧❡ % ✇❛% ♦❢ 1.12 ± 0.06 ❜❡❢♦'❡ ✈✐❜'❛ ✐♦♥

❛♥❞ ♦❢ 1.11± 0.06 ❛❢ ❡' ✈✐❜'❛ ✐♦♥

✷✷

✳ ▼♦'❡♦✈❡'✱ ❛ =✉❛❧✐ ❛ ✐✈❡ ♦❜%❡'✈❛ ✐♦♥ ♦❢ ❞'♦♣❧❡ % ♦❢  ❤❡ %❛♠❡

❞✐❛♠❡ ❡' ❜❡❢♦'❡ ❛♥❞ ❛❢ ❡' ✈✐❜'❛ ✐♦♥ ✐♥❞✐❝❛ ❡❞  ❤❛ ❛❢ ❡'  ❤❡ ✈✐❜'❛ ✐♦♥✱  ❤❡ ❤❡✐❣❤ ♦❢  ❤❡ ❞'♦♣❧❡ %

❞❡❝'❡❛%❡❞✳ ❚❤✐% ♦❜%❡'✈❛ ✐♦♥ ✐% ♦♥❧② =✉❛❧✐ ❛ ✐✈❡ ❛%  ❤❡ ❆❋▼  ❤❛ ✇❡ ✉%❡❞ ❞♦❡% ♥♦ ❛❧❧♦✇ ✉%  ♦ ✜♥❞

❛♥❞ ✐♠❛❣❡  ❤❡ %❛♠❡ ③♦♥❡ ♦❢  ❤❡ %❛♠♣❧❡ ❜❡❢♦'❡ ❛♥❞ ❛❢ ❡' ✈✐❜'❛ ✐♦♥✳ ❈♦♠♣❛'✐%♦♥% ❝❛♥ ♦♥❧② ❜❡ ❞♦♥❡

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

=✉❛❧✐ ❛ ✐✈❡ '❡%✉❧ %✳ ❆♥♦ ❤❡' =✉❛❧✐ ❛ ✐✈❡ ♦❜%❡'✈❛ ✐♦♥ %❤♦✇✐♥❣  ❤❡ %❛♠❡  '❡♥❞ ✐%  ❤❡ ♠❡❛%✉'❡♠❡♥ 

♦❢ ❝♦♥ ❛❝ ❛♥❣❧❡% ❢♦' ❞'♦♣% ♦❢  ❤❡ %❛♠❡ ❞✐❛♠❡ ❡' ❜❡❢♦'❡ ❛♥❞ ❛❢ ❡' ✈✐❜'❛ ✐♦♥✳ ❚✇♦ ❡①❛♠♣❧❡% ❛'❡

♣'❡%❡♥ ❡❞ ✐♥  ❤❡  ❛❜❧❡ ❜❡❧♦✇✿

'❛❞✐✉% ❝♦♥ ❛❝ ❛♥❣❧❡

❜❡❢♦'❡ ✈✐❜'❛ ✐♦♥ ✲ ✜'% ❞'♦♣ ✲ 2.30 µm 4.1◦

❛❢ ❡' ✈✐❜'❛ ✐♦♥ ✲ %❡❝♦♥❞ ❞'♦♣ ✲ 2.28 µm 3.2◦

❜❡❢♦'❡ ✈✐❜'❛ ✐♦♥ ✲  ❤✐'❞ ❞'♦♣ ✲ 2.62 µm 5.2◦

❛❢ ❡' ✈✐❜'❛ ✐♦♥ ✲ ❢♦✉' ❤ ❞'♦♣ ✲ 2.66 µm 4.0◦

❋✐♥❛❧❧②✱ ❜❡❝❛✉%❡  ❤❡ ♣✐♥♥✐♥❣ ♦❢  ❤❡  ❤'❡❡✲♣❤❛%❡ ❝♦♥ ❛❝ ❧✐♥❡ % ❛②%  ❤❡ %❛♠❡ ❛❢ ❡'  ❤❡ ✈✐❜'❛ ✐♦♥

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

❧✐=✉✐❞ ♠✉% ♣❡♥❡ '❛ ❡ ❢✉' ❤❡' ✐♥ ♦  ❤❡ ♣♦'❡% ♦❢  ❤❡ %✉❜% '❛ ❡✳

✸✳✹ ❋♦%✇❛%❞ )*✉❞②✿ ❙❚▼ ✐♠❛❣✐♥❣ ♦❢ ❞%♦♣❧❡*) ♦❢ ✐♦♥✐❝ ❧✐:✉✐❞)

❚♦ ♦✉' ❦♥♦✇❧❡❞❣❡✱ ❙❚▼ ✐♠❛❣✐♥❣ ✇❛% ♥❡✈❡' ✉%❡❞  ♦ ✐♠❛❣❡ ❧✐=✉✐❞ ❞'♦♣❧❡ % ❛❧ ❤♦✉❣❤ ✉♥❧✐❦❡ ❆❋▼

✐♠❛❣❡%✱ ❙❚▼ ✐♠❛❣❡% ❞♦ ♥♦ %❤♦✇ ❛' ❡❢❛❝ % ❞✉❡  ♦  ❤❡ ❣❡♦♠❡ '② ♦❢  ❤❡ ✇✐'❡ ✭%❡❡  ❤❡ ❛♣♣❡♥❞✐①

❛❜♦✉ ❆❋▼ ❛♥❞ ❙❚▼ ✐♠❛❣✐♥❣✮✳ ❚❤❡ '❡❛%♦♥ ❢♦'  ❤✐% ✐%  ❤❛ ❙❚▼ ✐♠❛❣✐♥❣ '❡=✉✐'❡%  ❤❛ ❜♦ ❤

%✉❜% '❛ ❡ ❛♥❞ ❧✐=✉✐❞ %❤♦✉❧❞ ❜❡ ❝♦♥❞✉❝ ✐✈❡✳ ■♦♥✐❝ ❧✐=✉✐❞% ❛'❡ ❝♦♥❞✉❝ ✐✈❡ ❧✐=✉✐❞% ❛♥❞ ❛'❡ ♥♦♥

✈♦❧❛ ✐❧❡✱  ❤❡②  ❤✉% ❝♦♥% ✐ ✉ ❡ ❛ ♣'♦♣❡' %②% ❡♠  ♦ ❞❡✈❡❧♦♣ ❙❚▼ ✐♠❛❣✐♥❣ ♦❢ ❞'♦♣❧❡ %✳ ❋♦'  ❤✐%

❢♦'✇❛'❞ % ✉❞②✱ ❛ ❝♦♥❞✉❝ ✐✈❡ %✉❜% '❛ ❡ ✇❛% ❝❤♦%❡♥✿ ❍✐❣❤❧② ❖'❞❡'❡❞ J②'♦❧✐ ✐❝ ●'❛♣❤✐ ❡ ✭❍❖J●✮✳

❍❖J● ✐% ❣'❛❞❡ 1 ♣✉'❝❤❛%❡❞ ❢'♦♠ ❙J■ ✭❙J■✲1✮✳ ❚❤✐% ❝❤♦✐❝❡ ✇❛% ♥♦ '❛♥❞♦♠❧② ♠❛❞❡ ❛% ❍❖J●

✐% ❡❛%✐❧② ✐♠❛❣❡❞ ✉♥❞❡' ❙❚▼✳ ❙ ✉❞✐❡% ♦❢ %♠❛❧❧ =✉❛♥ ✐ ✐❡% ♦❢ ✐♦♥✐❝ ❧✐=✉✐❞% ❞❡♣♦%✐ ❡❞ ♦♥ ❍❖J●

❛❧%♦ ❤❛✈❡ ❛❧'❡❛❞② ❜❡❡♥ ♣❡'❢♦'♠❡❞ ✉♥❞❡' ❆❋▼ ❛♥❞ ❧❡❛❞❡❞  ♦ ❛ ❝♦♥ '♦✈❡'%② ❛❜♦✉  ❤❡ ♣'❡%❡♥❝❡

♦❢ ❞'♦♣❧❡ %✿ ❨♦❦♦ ❛ ❡ ❛❧✳ ❞✐❞ ♥♦ ♦❜%❡'✈❡ ❛♥② ❞'♦♣❧❡ % ❬✶✽❪✱ ✇❤❡'❡❛% ❇♦✈✐♦ ❡ ❛❧ ❬✸❪ '❡♣♦' 

 ❤❡✐' ❡①✐% ❡♥❝❡✳ ■♥  ❤✐% ❝♦♥ ❡① ✱ ❆❋▼ ❛♥❞ ❙❚▼ % ✉❞✐❡% ♦❢  ❤❡ %②% ❡♠ ♣'❡%❡♥ ❛ ❞♦✉❜❧❡ ✐♥ ❡'❡% ✿

❞❡✈❡❧♦♣✐♥❣ ❛ ♥❡✇ ✇❛②  ♦ ✐♠❛❣❡ ✐♦♥✐❝ ❧✐=✉✐❞ ❞'♦♣❧❡ % ❛♥❞ ❛♥%✇❡'✐♥❣  ❤❡ =✉❡% ✐♦♥ ❛❜♦✉  ❤❡ ♣♦%%✐❜❧❡

❢♦'♠❛ ✐♦♥ ♦❢ ✐♦♥✐❝ ❧✐=✉✐❞ ❞'♦♣❧❡ % ♦♥ ❍❖J●✳

✷✷

❚❤❡ ❢$❛❝'❛❧ ❞✐♠❡♥-✐♦♥ ✐- ♠❡❛-✉$❡❞ ❢$♦♠ '❤❡ ❆❋▼ -❝❛♥-✳ ❚❤❡ ❝♦♥'♦✉$ ♦❢ '❤❡ ❞$♦♣❧❡'- ✐- ✜$-' ✐-♦❧❛'❡❞ ❢$♦♠

♣❤❛-❡ ✐♠❛❣❡-✳ ❚❤✐- -'❡♣ ✐- ♣❡$❢♦$♠❡❞ ♦♥ ♣❤❛-❡ ✐♠❛❣❡- ❛- '❤❡② -❤♦✇ ❛ ❝❧❡❛$❡$ ♣✐❝'✉$❡ ♦❢ '❤❡ ❝♦♥'♦✉$ ♦❢ '❤❡ ❞$♦♣ ❛-

'❤❡② ❛$❡ ❢$❡❡ ❢$♦♠ ❛$'❡❢❛❝'- ❞✉❡ '♦ '❤❡ ❣❡♦♠❡'$② ♦❢ '❤❡ '✐♣✳ ❚❤❡ ❢$❛❝'❛❧ ❞✐♠❡♥-✐♦♥ ♦❢ '❤❡ ❝♦♥'♦✉$ ✐- '❤❡♥ ♠❡❛-✉$❡❞

✉-✐♥❣ '❤❡ ✏❋$❛❝▲❛❝✑ ♣❧✉❣✐♥ ♦❢ ✐♠❛❣❡❏ ✇❤✐❝❤ ✐- ❜❛-❡❞ ♦♥ ❛♥ ❡✈♦❧✈❡❞ ❜♦①✲❝♦✉♥'✐♥❣ ♠❡'❤♦❞✳



1.0µm

❋✐❣✉$❡ ✸✳✷✼✿ ❙❚▼ 5× 5µm.❝❛♥ ♦❢ ❛ ❢$❡.❤❧② ❝❧❡❛✈❡❞ ❍❖;● .✉❜.>$❛>❡✳

✸✳✹✳✶ ❈❤❛'❛❝)❡'✐③❛)✐♦♥ ♦❢ ❍❖2● 4✉❜4)'❛)❡4

❍❖;● ✐. ❛ .✉❝❝❡..✐♦♥ ♦❢ ❣$❛♣❤✐>❡ .❤❡❡>.✳ ❚❤❡ ♠♦$❡ ♦$❞❡$❡❞ ✐. >❤❡ ❍❖;●✱ >❤❡ ♠♦$❡ ❝❧❡❛✈❛❜❧❡

✐> ✐.✳ ❚❤❡ ❞❡❣$❡❡ ♦❢ ♦$❞❡$ ✐. >❤❡♥ B✉✐>❡ ✐♠♣♦$>❛♥> ❛. ✐> ✇✐❧❧ ❞❡>❡$♠✐♥❡ >❤❡ B✉❛❧✐>② ♦❢ >❤❡ ❍❖;●

.✉❜.>$❛>❡. ✇❤✐❝❤ ❛$❡ ♠❛❞❡ ✇✐>❤ ❢$❡.❤❧② ❝❧❡❛✈❡❞ ❍❖;●✳ ■❢ >❤❡ ❝❧❡❛✈❛❣❡ ✐. ❣♦♦❞✱ >❤❡$❡ ✇✐❧❧ ✐♥❞❡❡❞

❜❡ ❧❡.. ❢$♦♥>✐❡$. ❜❡>✇❡❡♥ ❞✐✛❡$❡♥> ❛>♦♠✐❝ ♣❧❛♥❡. ♦♥ >❤❡ .✉$❢❛❝❡ ♦❢ >❤❡ .✉❜.>$❛>❡✳ ❍♦✇❡✈❡$✱ ❝❧❡❛✈✐♥❣

❍❖;● ✐. ♠♦$❡ ❞✐✣❝✉❧> >❤❛♥ ❝❧❡❛✈✐♥❣ ♠✐❝❛ ❛♥❞ >❤❡ >❡$$❛❝❡. ♦❜>❛✐♥❡❞ ✇❡$❡ ♥❡✈❡$ ❛. ❧❛$❣❡ ❛. >❤❡

♦♥❡. ♦❜>❛✐♥❡❞ ❢♦$ ♠✐❝❛ .✉❜.>$❛>❡.✳ ❆❋▼ ❛♥❞ ❙❚▼ ✐♠❛❣✐♥❣ ♦❢ >❤❡ ❍❖;● .✉❜.>$❛>❡. ✇❡$❡ ❞♦♥❡ ✭❛

❝❤❛$❛❝>❡$✐.>✐❝ ❙❚▼ .❝❛♥ ✐. ♣$❡.❡♥>❡❞ ♦♥ ✜❣✉$❡ ✸✳✷✼✮✳ ▼❡❛.✉$❡♠❡♥>. ♦❢ >❤❡ ♠❛❝$♦.❝♦♣✐❝ ❝♦♥>❛❝>

❛♥❣❧❡ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❍❖;● ✇❡$❡ ❛❧.♦ ♣❡$❢♦$♠❡❞ ✉.✐♥❣ >❤❡ .❡..✐❧❡ ❞$♦♣ ♠❡>❤♦❞✳ ❚❤❡

♠❛❝$♦.❝♦♣✐❝ ❛❞✈❛♥❝✐♥❣ ❛♥❞ $❡❝❡❞✐♥❣ ❝♦♥>❛❝> ❛♥❣❧❡. ✇❡$❡ ❢♦✉♥❞ >♦ ❜❡ $❡.♣❡❝>✐✈❡❧② ♦❢ 53.7± 4.0◦

❛♥❞ 22.4 ± 3.2◦✳ ❆. ✐♥ >❤❡ ❝❛.❡ ♦❢ ♠✐❝❛✱ ❜❡❝❛✉.❡ ♦❢ >❤❡ ❢$♦♥>✐❡$. ❜❡>✇❡❡♥ ❞✐✛❡$❡♥> >❡$$❛❝❡.✱ >❤❡

❝♦♥>❛❝> ❧✐♥❡ .❤♦✇❡❞ ❛ .>✐❝❦ ✴ .❧✐♣ ❜❡❤❛✈✐♦✉$ ❞✉$✐♥❣ >❤❡ .❡..✐❧❡ ❞$♦♣ ❡①♣❡$✐♠❡♥>✱ >❤✉. ❡①♣❧❛✐♥✐♥❣

>❤❡ ❧❛$❣❡ ❤②.>❡$❡.✐. ✈❛❧✉❡✳ ❋✉$>❤❡$♠♦$❡✱ >❤❡ ❢❛❝> >❤❛> >❤❡ ♠❛❝$♦.❝♦♣✐❝ ❝♦♥>❛❝> ❛♥❣❧❡ ✐. ❜❡❧♦✇ 60◦

✐. ❛❣❛✐♥ ❛ ❣♦♦❞ ❝♦♥✜❣✉$❛>✐♦♥ ❢♦$ ❆❋▼ ✐♠❛❣✐♥❣✳

✸✳✹✳✷ ❆❋▼ ❛♥❞ ❙❚▼✿ ▼✐❝'♦4❝♦♣✐❝ ✇❡))✐♥❣ ❜❡❤❛✈✐♦✉'

❋♦$ ❜♦>❤ ❆❋▼ ❛♥❞ ❙❚▼ .>✉❞✐❡.✱ ❍❖;● ✇❛. ❝❧❡❛✈❡❞ ❥✉.> ❜❡❢♦$❡ >❤❡ ❞❡♣♦.✐>✐♦♥ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪✳

❚❤❡ ✐♦♥✐❝ ❧✐B✉✐❞ ✇❛. ❞❡♣♦.✐>❡❞ ✉.✐♥❣ ❜♦>❤ >❤❡ ♣❛✐♥>❜$✉.❤✲.②$✐♥❣❡ ♠❡>❤♦❞ ❛♥❞ >❤❡ ❞✐.♣❡$.✐♦♥

♠❡>❤♦❞✳ ❋✐$.>✱ ❆❋▼ ✐♠❛❣✐♥❣ .❤♦✇❡❞ ❞$♦♣❧❡>. ♣✐♥♥❡❞ ♦♥ >❤❡ ❢$♦♥>✐❡$. ❜❡>✇❡❡♥ >❤❡ >❡$$❛❝❡.

♦❢ ❍❖;● .❡❡ ✜❣✉$❡ ✸✳✷✽✳ ❋✉$>❤❡$ ✐♥✈❡.>✐❣❛>✐♦♥ ✇♦✉❧❞ ❜❡ $❡B✉✐$❡❞ ✐♥ ♦$❞❡$ >♦ ♠❡❛.✉$❡ >❤❡



3.0µm
0

10 µm

10 µm

0

35.2 nm

❋✐❣✉$❡ ✸✳✷✽✿ ❖♥ -❤❡ ❧❡❢- 1✐❞❡✱ ❛ 10 × 10µm✱ 3D ❆❋▼ 1❝❛♥ 1❤♦✇✐♥❣ ❞$♦♣❧❡-1 ♦❢ ❬❇▼■▼❪❬❚❋❙■❪

♣✐♥♥❡❞ ♦♥ -❤❡ ❢$♦♥-✐❡$1 ♦❢ -❤❡ -❡$$❛❝❡1 ♦❢ ❢$❡1❤❧② ❝❧❡❛✈❡❞ ❍❖D●✳ ❖♥ -❤❡ $✐❣❤- 1✐❞❡✱ ✜$1- ❛--❡♠♣-

♦❢ ❙❚▼ ✐♠❛❣✐♥❣ ❢♦$ ❛ ❞$♦♣❧❡- ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❍❖D●✳ ❖♥ -❤❡ 15× 15µm 1❝❛♥✱ -❤❡ ❞$♦♣❧❡-

❛❧1♦ 1❤♦✇1 ♣✐♥♥✐♥❣✳

♠✐❝$♦1❝♦♣✐❝ ❝♦♥-❛❝- ❛♥❣❧❡ ✐♥ ❢✉♥❝-✐♦♥ ♦❢ -❤❡ $❛❞✐✉1✳ ■❢ ❞$♦♣❧❡-1 ❝♦✉❧❞ ❜❡ ✐♠❛❣❡❞ ✈✐❛ ❙❚▼✱ ❞❛-❛

✇♦✉❧❞ ❜❡ ❡✈❡♥ ♠♦$❡ ♣$❡❝✐1❡ ❛♥❞ ❛ ♥♦♥✲❞❡❢♦$♠❡❞ ♣✐❝-✉$❡ ♦❢ -❤❡ ❢♦♦- ♦❢ -❤❡ ❞$♦♣❧❡-1 ❝♦✉❧❞ ❜❡

♣$♦✈✐❞❡❞✳ ❆ ✜$1- ❛--❡♠♣- ♦❢ ❙❚▼ ❡①♣❡$✐♠❡♥- ✇❛1 ♣❡$❢♦$♠❡❞ ✇✐-❤ ▼✳ ❑$❛1♦✇1❦❛ ❢♦$ ❞$♦♣❧❡-1

❞❡♣♦1✐-❡❞ ✉1✐♥❣ -❤❡ ♣❛✐♥-❜$✉1❤✲1②$✐♥❣❡ ♠❡-❤♦❞✳ ❆ $❡❧❛-✐✈❡❧② ❜✐❣ ❞$♦♣❧❡- ❝♦✉❧❞ ❜❡ ✐♠❛❣❡❞ ✭1❡❡
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❜② ,❤❡ ❖❈❆ 0♦❢,✇❛$❡✱ ✇❤✐❝❤ ❡①,$❛❝,0 ,❤❡ ❧♦❝❛,✐♦♥ ♦❢ ,❤❡ 0✉❜0,$❛,❡ ❛♥❞ ,❤❡ ❞$♦♣✬0 ❝♦♥,♦✉$✳ ❚❤❡

❝♦♥,♦✉$ ♦❢ ,❤❡ ❞$♦♣ ✐0 ✜,,❡❞ ❜② ❛ 0♣❤❡$✐❝❛❧ 0❤❛♣❡ ❛♥❞ ,❤❡ ❝♦♥,❛❝, ❛♥❣❧❡ ✐0 ♦❜,❛✐♥❡❞✳ ❙❡00✐❧❡ ❞$♦♣

❛❧❧♦✇0 ,♦ ♣❡$❢♦$♠ ❡①♣❡$✐♠❡♥,0 ✐♥ ❞✐✛❡$❡♥, ❡♥✈✐$♦♥♠❡♥,0✳ ■, ✇❛0 ✉0❡❞✱ ❜♦,❤ ✐♥ ❛✐$ ❛♥❞ ✐♥ ❛ ✇❛,❡$

❝❡❧❧ ❢♦$ ❛❞✈❛♥❝✐♥❣✱ $❡❝❡❞✐♥❣ ❛♥❞ ❡A✉✐❧✐❜$✐✉♠ ❝♦♥,❛❝, ❛♥❣❧❡ ♠❡❛0✉$❡♠❡♥,0✳ ■♥ ❛✐$✱ ,❤❡ ♣$❡❝✐0✐♦♥ ♦❢

✶✸✺



 ❤✐# ♠❡ ❤♦❞✱ ❞❡♣❡♥❞✐♥❣ ♦♥  ❤❡ ,♦✉❣❤♥❡## ❛♥❞ ❞❡❢❡❝ # ♦❢  ❤❡ #✉❜# ,❛ ❡ ✐# ❜❡  ❡,  ❤❛♥ 5 ❞❡❣,❡❡#✳

❋♦, ❡①♣❡,✐♠❡♥ # ❞♦♥❡ ✐♥ ✇❛ ❡, ❝❡❧❧✱  ❤❡ ♣,❡❝✐#✐♦♥ ✐# ❧❡## ❣♦♦❞✳

❚❤✐# ♠❡ ❤♦❞ ✇♦,❦# ✈❡,② ✇❡❧❧ ❢♦, ❧❛,❣❡ ❝♦♥ ❛❝ ❛♥❣❧❡#✳ ❍♦✇❡✈❡,✱ ✇❤❡♥ ❝♦♥ ❛❝ ❛♥❣❧❡# ❛,❡ ❧❡##

 ❤❛♥ 25◦✱  ❤❡ ❝♦♥ ♦✉, ♦❢  ❤❡ ❞,♦♣ ✐# ♥♦ ❡❛#✐❧② ❧♦❝❛❧✐③❡❞ ❜②  ❤❡ #♦❢ ✇❛,❡  ❤✉# ✐♥❝,❡❛#✐♥❣  ❤❡ ❡,,♦,

❜❛,# ♦❢  ❤❡ ♠❡❛#✉,❡♠❡♥ #✳ ▼♦,❡ ❛❝❝✉,❛ ❡ ♠❡ ❤♦❞# ❡①✐#  ♦ ♠❡❛#✉,❡ #♠❛❧❧ ❝♦♥ ❛❝ ❛♥❣❧❡# ❛#  ❤❡

♦♥❡ ❜❛#❡❞ ♦♥ ✐♥ ❡,❢❡,♦♠❡ ,② ✇❤✐❝❤ ✇✐❧❧ ❜❡ ♣,❡#❡♥ ❡❞ ✐♥  ❤❡ ♥❡① #❡❝ ✐♦♥✳

❆✳✷ ■♥%❡'❢❡'♦♠❡%'②

❆✳✷✳✶ ❋%✐♥❣❡* ♦❢ ❡-✉❛❧ 1❤✐❝❦♥❡**❡*

AIR

LIQUID 

 -refractive index n -

❋✐❣✉,❡ ❆✳✷✿ ❆  ❤✐♥ ❧✐A✉✐❞ ✇❡❞❣❡ ✐❧❧✉♠✐♥❛ ❡❞ ❜② ❛ ♠♦♥♦❝❤,♦♠❛ ✐❝ ❧✐❣❤ #♦✉,❝❡✱  ❤❡ ✐♥❝✐❞❡♥❝❡

❜❡✐♥❣ ♥♦,♠❛❧✳

▲❡ ✉# ❝♦♥#✐❞❡, ❛ ♠❛❝,♦#❝♦♣✐❝ ❞,♦♣ ❞❡♣♦#✐ ❡❞ ♦♥ ❛ #✉❜# ,❛ ❡✳ ❈❧♦#❡  ♦  ❤❡  ❤,❡❡✲♣❤❛#❡ ❝♦♥ ❛❝ 

❧✐♥❡✱  ❤❡ ❞,♦♣ ❝❛♥ ❜❡ ❧♦❝❛❧❧② ❝♦♥#✐❞❡,❡❞ ❛# ❛  ❤✐♥ ✇❡❞❣❡ ✭#❡❡ ✜❣✉,❡ ❆✳✷✮✳ ❚❤❡ ❝♦♥ ❛❝ ❛♥❣❧❡ ♦❢

 ❤❡ ❞,♦♣ ✐# #♠❛❧❧ #♦  ❤❛  ❤❡ ❧♦❝❛❧  ❤✐❝❦♥❡## ✈❛,✐❛ ✐♦♥ ✐# #❧♦✇✳ ■❢  ❤❡ ❞,♦♣ ✐# ✐❧❧✉♠✐♥❛ ❡❞ ❜②

❛ ♠♦♥♦❝❤,♦♠❛ ✐❝ ❧✐❣❤ #♦✉,❝❡ ♦❢ ✇❛✈❡❧❡♥❣ ❤ λ✱  ❤❡ ♦♣ ✐❝❛❧ ♣❛ ❤ ❞✐✛❡,❡♥❝❡ ❜❡ ✇❡❡♥  ❤❡  ✇♦

✐♥ ❡,❢❡,✐♥❣ ,❛②# ✐♥ ♥♦,♠❛❧ ✐♥❝✐❞❡♥❝❡ ✐# ❡A✉❛❧  ♦ 2ne✱ ✇❤❡,❡ n ✐#  ❤❡ ♦♣ ✐❝❛❧ ✐♥❞❡① ♦❢  ❤❡ ❧✐A✉✐❞

✇❡❞❣❡ ❛♥❞ e ✐ # ❧♦❝❛❧  ❤✐❝❦♥❡##✳ ❚❤❡ ❝♦,,❡#♣♦♥❞✐♥❣ ♣❤❛#❡ ❞✐✛❡,❡♥❝❡ ✐#  ❤❡♥✿

∆φ =
2π

λ
2ne ✭❆✳✶✮

▼✐♥✐♠❛ ✐♥ ✐♥ ❡♥#✐ ② ✭✐✳❡✳ ❞❛,❦ ❢,✐♥❣❡#✮ ❛,❡ ♦❜#❡,✈❡❞ ✇❤❡♥  ❤❡ ♣❤❛#❡ ❞✐✛❡,❡♥❝❡ ✐# ∆φ = (2p+1)π

✇✐ ❤ p ∈ Z✳ ❚❤❡ ❞✐✛❡,❡♥❝❡ ♦❢  ❤✐❝❦♥❡## ❜❡ ✇❡❡♥  ✇♦ ❝♦♥#❡❝✉ ✐✈❡ ♠✐♥✐♠❛ ❝❛♥  ❤❡♥ ❜❡ ❝❛❧❝✉❧❛ ❡❞

❛#✿

∆e =
λ

2n
(p+ 1 +

1

2
)−

λ

2n
(p+

1

2
) =

λ

2n
✭❆✳✷✮

❚❤❡ ❧♦❝❛❧  ❤✐❝❦♥❡## ♦❢  ❤❡ ✇❡❞❣❡ ♦❢ ❛ ❞,♦♣ ❛♥❞  ❤❡♥ ✐ # ♣,♦✜❧❡ ❝❛♥ ❡❛#✐❧② ❜❡ ♦❜ ❛✐♥❡❞ ❜② ♣❧♦  ✐♥❣

 ❤❡ ♠❡❛#✉,❡❞  ❤✐❝❦♥❡## ✈❡,#✉#  ❤❡ ❞✐# ❛♥❝❡  ♦  ❤❡  ❤,❡❡✲♣❤❛#❡ ❝♦♥ ❛❝ ❧✐♥❡✳ ❚❤❡ ❝♦♥ ❛❝ ❛♥❣❧❡

✐# ❞❡❞✉❝❡❞ ❢,♦♠  ❤✐# ♣,♦✜❧❡✳ ❚❤✐# ♠❡ ❤♦❞ ❣✐✈❡# ♣,❡❝✐#❡ ,❡#✉❧ # ♦♥❧② ❢♦, ,❡❧❛ ✐✈❡❧② #♠❛❧❧ ❝♦♥ ❛❝ 

❛♥❣❧❡# ❛#  ❤❡ ❢,✐♥❣❡ #♣❛❝✐♥❣ ✐# ❡❛#✐❧② ♠❡❛#✉,❡❞✳
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❋✐❣✉$❡ ❆✳✸✿ ❖♥ ,❤❡ ❧❡❢, 0✐❞❡✱ ❡①❛♠♣❧❡ ♦❢ ♠❛❝$♦0❝♦♣✐❝ ❞$♦♣0 0❡❡♥ ✉♥❞❡$ ♠♦♥♦❝❤$♦♠❛,✐❝ ❣$❡❡♥

❧✐❣❤, ✭6CB ✭✐0♦,$♦♣✐❝✮ ♦♥ ✇❛,❡$ 0✉❜0,$❛,❡✮✳ ❖♥ ,❤❡ $✐❣❤,✱ ✐♥,❡♥0✐,② ♣$♦✜❧❡ ❝♦$$❡0♣♦♥❞✐♥❣ ,♦ ,❤❡

✇❤✐,❡ ❧✐♥❡ ❞$❛✇♥ ♦♥ ,❤❡ ♣✐❝,✉$❡✳ ❚❤❡ ③♦♥❡ ♦❢ ,❤❡ ✐♥,❡♥0✐,② ♣$♦✜❧❡ ✇❤❡$❡ ♠❡❛0✉$❡♠❡♥,0 ✇❡$❡

♣❡$❢♦$♠❡❞ ✐0 ❤✐❣❤❧✐❣❤,❡❞ ✐♥ $❡❞✳

❆✳✷✳✷ ❆♣♣❧✐❝❛(✐♦♥+

■♥ ♣$❛❝,✐❝❡✱ ,❤❡ ❡①♣❡$✐♠❡♥, ❝♦♥0✐0,0 ✐♥ ♦❜0❡$✈✐♥❣ ❛ ❞$♦♣ ✉♥❞❡$ ♠✐❝$♦0❝♦♣❡✳ ❆ ✜❧,❡$ ♦❢ ❦♥♦✇♥

✇❛✈❡❧❡♥❣,❤ ✐0 ♣❧❛❝❡❞ ✐♥ ,❤❡ ✐♥❝✐❞❡♥, ❜❡❛♠ ♦❢ ❧✐❣❤, ✇❤✐❝❤ ❛❧❧♦✇0 ,♦ ♦❜0❡$✈❡ ,❤❡ ❢$✐♥❣❡0 ♦❢ ❡D✉❛❧

,❤✐❝❦♥❡00✳ ❚❤❡ ✐♥,❡♥0✐,② ❛❧♦♥❣ ❛ $❛❞✐✉0 ♦❢ ,❤❡ ❞$♦♣ ✐0 ❡①,$❛❝,❡❞ ❢$♦♠ ,❤❡ ♠✐❝$♦0❝♦♣❡ ✐♠❛❣❡0 ✭0❡❡

✜❣✉$❡ ❆✳✸✮✳ ❖♥ ,❤❡ ❝✉$✈❡ $❡♣$❡0❡♥,✐♥❣ ,❤❡ ✐♥,❡♥0✐,② ✈❡$0✉0 ,❤❡ ❞✐0,❛♥❝❡✱ ,❤❡ ♠✐♠✐♠❛ ❛$❡ 0♣♦,,❡❞

❛♥❞ ,❤❡ ♣$♦✜❧❡ ♦❢ ,❤❡ ❞$♦♣ ❝♦♠♣✉,❡❞✳

■♥,❡$❢❡$♦♠❡,$② ✇❛0 ✉0❡❞ ✐♥ ,✇♦ ❝❛0❡0✳ ❋✐$0,✱ ✐, ✇❛0 ✉0❡❞ ,♦ ♠❡❛0✉$❡ ,❤❡ ❝♦♥,❛❝, ❛♥❣❧❡ ♦❢

♠❛❝$♦0❝♦♣✐❝ ❞$♦♣0 ♦♥ 0♦❧✐❞ 0✉❜0,$❛,❡0 ✇❤❡♥ ,❤❡ 0❡00✐❧❡ ❞$♦♣ ❝♦✉❧❞ ♥♦, ♣$♦✈✐❞❡ ❛ ♣$❡❝✐0❡ ✈❛❧✉❡

❛♥②♠♦$❡✳ ❚❤✐0 ❝♦$$❡0♣♦♥❞0 ,♦ ❧♦✇ ❝♦♥,❛❝, ❛♥❣❧❡0✳ ❙❡❝♦♥❞✱ ✐, ✇❛0 ✉0❡❞ ,♦ ♠❡❛0✉$❡ ,❤❡ ❝♦♥,❛❝,

❛♥❣❧❡ ♦❢ ♠❛❝$♦0❝♦♣✐❝ ❞$♦♣0 ♦❢ ❧✐D✉✐❞ ❝$②0,❛❧0 ✐♥ ❧✐D✉✐❞ ✐0♦,$♦♣✐❝ ♣❤❛0❡ ❞❡♣♦0✐,❡❞ ♦♥ ❛ ✇❛,❡$

0✉❜0,$❛,❡✳ ❚❤❡ ♣$❡❝✐0✐♦♥ ♦❢ ,❤✐0 ♠❡,❤♦❞ $❡❧✐❡0 ♠❛✐♥❧② ♦♥ ,❤❡ D✉❛❧✐,② ♦❢ ,❤❡ ♠✐❝$♦0❝♦♣❡ ✐♠❛❣❡0✳

❚❤❡ ♣$♦✜❧❡ ✐0 ✐♥❞❡❡❞ ♦❜,❛✐♥❡❞ ,❤$♦✉❣❤ ,❤❡ ♠✐♥✐♠❛ ♦❢ ✐♥,❡♥0✐,②✳ ❚❤❡ ♣♦0✐,✐♦♥ ♦❢ ,❤♦0❡ ♠✐♥✐♠❛

✐0 ❡❛0② ,♦ ✜♥❞ ✇❤❡♥ ,❤❡ ✐♥,❡♥0✐,② ♣$♦✜❧❡ ✐0 ♦❢ ❣♦♦❞ D✉❛❧✐,②✳ ❍♦✇❡✈❡$✱ ,❤❡0❡ ♣♦0✐,✐♦♥0 ❛$❡ ♥♦,

❛❧✇❛②0 ♦❜✈✐♦✉0 ❢♦$ ❛ ♥♦✐0② 0✐❣♥❛❧✳ ◆♦✐0❡ ✐♥ ,❤❡ 0✐❣♥❛❧ ✐0 0♦♠❡,✐♠❡0 ❛♥ ✉♥❛✈♦✐❞❛❜❧❡ ♣❛$, ♦❢ ,❤❡

❡①♣❡$✐♠❡♥,✳ ❋♦$ ❡①❛♠♣❧❡✱ ✐♥ ,❤❡ ❡①♣❡$✐♠❡♥,0 ✇✐,❤ ,❤❡ ❧✐D✉✐❞ ❝$②0,❛❧0✱ ,❤❡ ♣$❡0❡♥❝❡ ♦❢ ❛ ❧✐D✉✐❞

0✉❜0,$❛,❡ ✐♠♣❧✐❡0 ,❤❛, ,❤❡ 0❛♠♣❧❡ ✐0 ♥❡✈❡$ ❝♦♠♣❧❡,❡❧② ♠♦,✐♦♥❧❡00✳ ❊✈❡♥ ✐❢ ,❤✐0 ♠♦,✐♦♥ ✐0 $❡❞✉❝❡❞

❛0 ♠✉❝❤ ❛0 ♣♦00✐❜❧❡✱ ,❤❡$❡ ✐0 ❛❧✇❛②0 ❛ ❧✐,,❧❡ ❜✐, ♦❢ ♥♦✐0❡ ✐♥ ,❤❡ ♠✐❝$♦0❝♦♣❡ ✐♠❛❣❡0 ❛♥❞ ,❤✉0 ✐♥ ,❤❡
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♦$ ❡①♣❛♥0✐♦♥✮✳ ❆, ,❤❡ 0❛♠❡ ,✐♠❡✱ ,❤❡ 0✉$❢❛❝❡ ♣$❡00✉$❡✱ ❛ 2D ❡@✉✐✈❛❧❡♥, ♦❢ ,❤❡ 3D ♣$❡00✉$❡ ✐0

♠❡❛0✉$❡❞✳ ▲❡, ✉0 ♥♦✇ ❢♦❝✉0 ♦♥ ,❤❡ 0✉$❢❛❝❡ ♣$❡00✉$❡✳

❇✳✶✳✶ ❙✉%❢❛❝❡ ♣%❡++✉%❡

❙✉$❢❛❝❡ ♣$❡00✉$❡✱ π✱ ✐0 ,❤❡ ❢♦$❝❡ ♣❡$ ✉♥✐, ❧❡♥❣,❤ ❡①❡$,❡❞ ❜② ,❤❡ ,❤✐♥ ✜❧♠ ♦♥ ,❤❡ 0,$❛✐❣❤, ❧✐♥❡

0❡♣❛$❛,✐♥❣ ,❤❡ ,❤✐♥ ✜❧♠ ❞❡♣♦0✐,❡❞ ♦♥ ❛ 0✉❜♣❤❛0❡ ❛♥❞ ,❤❡ ❜❛$❡ 0✉❜♣❤❛0❡✳ ❚❤❡ 0✉$❢❛❝❡ ,❡♥0✐♦♥

♦❢ ,❤❡ ♣✉$❡ 0✉❜♣❤❛0❡ ✐0 γ0 ❛♥❞ ,❤❡ ♦♥❡ ♦❢ ,❤❡ 0✉❜♣❤❛0❡ ❝♦✈❡$❡❞ ❜② ,❤❡ ,❤✐♥ ✜❧♠ ✐0 γf ✳ ■❢ ,❤❡

❜♦✉♥❞❛$② ✐0 ♥♦✇ ♠♦✈❡❞ ❢$♦♠ ❛ 0♠❛❧❧ ❞✐0,❛♥❝❡✱ dx ✭0❡❡ ✜❣✉$❡ ❇✳✷✮✱ ,❤❡ ✈❛$✐❛,✐♦♥ ♦❢ ,❤❡ 0✉$❢❛❝❡

❡♥❡$❣② ✐0✿

∆E = γ0dxa− γfdxa ✭❇✳✶✮

∆E

a
= πdx where π = γ0 − γf ✭❇✳✷✮

❚❤❡ 0✉$❢❛❝❡ ♣$❡00✉$❡ ✐0 ,❤❡♥ ,❤❡ ❞✐✛❡$❡♥❝❡ ♦❢ ,❤❡ ,✇♦ 0✉$❢❛❝❡ ,❡♥0✐♦♥0✳ ■♥ ♦✉$ ❡①♣❡$✐♠❡♥,0✱

0✉$❢❛❝❡ ♣$❡00✉$❡ ✇❛0 ♠❡❛0✉$❡❞ ,❤$♦✉❣❤ ,❤❡ ❞✐✛❡$❡♥❝❡ ♦❢ 0✉$❢❛❝❡ ,❡♥0✐♦♥0 ✈✐❛ ,❤❡ ❲✐❧❤❡❧♠② ♣❧❛,❡

♠❡,❤♦❞✳

❇✳✶✳✷ ▼❡❛+✉%❡♠❡♥0 ♦❢ 0❤❡ +✉%❢❛❝❡ 0❡♥+✐♦♥✿ 0❤❡ ❲✐❧❤❡❧♠② ♣❧❛0❡ 0❡❝❤✲

♥✐9✉❡

■♥ ,❤❡ ❲✐❧❤❡❧♠② ♣❧❛,❡ ,❡❝❤♥✐@✉❡✱ ❛ ♣❧❛,❡ ✐0 ❞✐♣♣❡❞ ✐♥ ❧✐@✉✐❞ ,♦ ❛ ❞❡♣,❤ h ✭0❡❡ ✜❣✉$❡ ❇✳✷✮✳ ❚❤$❡❡

❢♦$❝❡0 ❛$❡ ❡①❡$,❡❞ ♦♥ 0✉❝❤ ❛ ♣❧❛,❡✿ ✐,0 ✇❡✐❣❤,✱ ,❤❡ ❜✉♦②❛♥, ❢♦$❝❡ ✭❆$❝❤✐♠❡❞❡0✬0 ♣$✐♥❝✐♣❧❡✮ ❛♥❞ ,❤❡

0✉$❢❛❝❡ ,❡♥0✐♦♥✳ ❚❤❡ ,♦,❛❧ ❢♦$❝❡✱ ♣$♦❥❡❝,❡❞ ♦♥ ,❤❡ ✈❡$,✐❝❛❧ ❛①✐0✱ ✐0 ,❤❡♥ ✇$✐,,❡♥✿

F = ρp(Lle)g − ρw(hle)g + 2(l + e)cosθγ ✭❇✳✸✮
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♦❢ "❤❡ ♣❧❛"❡ ❀ g✱ "❤❡ ❛❝❝❡❧❡)❛"✐♦♥ ♦❢ ❣)❛✈✐"② ❀ θ✱ "❤❡ ❛♥❣❧❡ ♦❢ "❤❡ ❧✐5✉✐❞ ♠❡♥✐*❝✉* ❀ γ✱ "❤❡ *✉)❢❛❝❡

"❡♥*✐♦♥ ♦❢ "❤❡ ❧✐5✉✐❞✳ h ❜❡✐♥❣ ❦❡♣" ❝♦♥*"❛♥"✱ ✐❢ "❤✐* "♦"❛❧ ❢♦)❝❡ ✐* ♠❡❛*✉)❡❞ ✐♥ "✇♦ *✐"✉❛"✐♦♥*✱ ✜)*"
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❢♦)❝❡* ♠❡❛*✉)❡❞ ❣✐✈❡*✿

∆F = 2(l + e)cosθ(γ0 − γf ) = 2(l + e)cosθ ∗Π ✭❇✳✹✮

❚❤✐* )❡*✉❧" ✐* ♣)♦♣♦)"✐♦♥❛❧ "♦ "❤❡ *✉)❢❛❝❡ ♣)❡**✉)❡ ❛♥❞ "❤✉* ❛❧❧♦✇* "♦ ♠❡❛*✉)❡ ✐"✳ ■♥ ♣)❛❝"✐❝❡✱

❢♦) ❛ ▲❛♥❣♠✉✐) ✐*♦"❤❡)♠✱ ❛ ❝❛❧✐❜)❛"✐♦♥ ♠❡❛*✉)❡♠❡♥" ✐* ❛❧✇❛②* ♣❡)❢♦)♠❡❞ ✜)*"✿ "❤❡ ♠❡❛*✉)❡♠❡♥"
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♠❡❛*✉)❡❞✳ ❚❤❡ *✉)❢❛❝❡ ♣)❡**✉)❡ ❝❛♥ "❤✉* ❜❡ ❝♦♠♣✉"❡❞ ❢♦) ❛❧❧ "❤❡ ❝♦♠♣)❡**✐♦♥ ❧❡✈❡❧* ❜)♦✇*❡❞ ❜②

"❤❡ ❡①♣❡)✐♠❡♥"✳

■♥ "❤✐* ♠❡"❤♦❞✱ "❤❡ ❝♦♥"❛❝" ❛♥❣❧❡ θ ❝♦✉❧❞ ❜❡ "❤❡ *❡♥*✐"✐✈❡ ♣❛)❛♠❡"❡)✳ ❚♦ ❛✈♦✐❞ ❛♥② ❞✐✣❝✉❧"②✱
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♦❢ ❝♦♥"❛♠✐♥❛"✐♦♥ ❞✉)✐♥❣ "❤❡ ❡①♣❡)✐♠❡♥"*✳ ❍♦✇❡✈❡)✱ "❤❡② ❛)❡ 5✉✐"❡ ❞✐✣❝✉❧" "♦ ❝❧❡❛♥ ❛❢"❡) ❡❛❝❤
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❝♦♥"❛❝" ❛♥❣❧❡✳ ❚❤❛" ✐* ✇❤② ♣❛♣❡) ♣❧❛"❡* ✇❡)❡ ♣)❡❢❡))❡❞ ❢♦) ♠♦*" ❡①♣❡)✐♠❡♥"*✳ ❚❤❡ ♣❛♣❡) ♣❧❛"❡*

✇❡)❡ ♣✉)❝❤❛*❡❞ ❢)♦♠ ❑❙❱ ❛♥❞ ◆■▼❆✳ ❚❤❡② ❛)❡ ♠❛❞❡ ♦❢ ❝❤)♦♠❛"♦❣)❛♣❤✐❝ ♣❛♣❡) ❛♥❞ ❛)❡ ✉*❡❞

♦♥❧② ♦♥❝❡✱ "❤✉* ❛✈♦✐❞✐♥❣ ❛♥② ❝❧❡❛♥✐♥❣ ♣)♦❜❧❡♠✳

❇✳✷ ❉❡%❝'✐♣*✐♦♥ ♦❢ *❤❡ ▲❛♥❣♠✉✐' *'♦✉❣❤%

❚✇♦ ❞✐✛❡)❡♥" ▲❛♥❣♠✉✐) ")♦✉❣❤* ✇❡)❡ ✉*❡❞ ❢♦) ♦✉) ❡①♣❡)✐♠❡♥"* ❬✶❪✿ ❛ ❝♦♠♠❡)❝✐❛❧ ❑❙❱ ♠✐♥✐♠✐❝)♦

✶* ❬✷❪ ❛♥❞ ❛ ❝✉*"♦♠✲♠❛❞❡ ")♦✉❣❤ ❞❡*✐❣♥❡❞ ❛♥❞ ❝♦♥*")✉❝"❡❞ ❜② ❏✳ ▼❡✉♥✐❡) ❛♥❞ "❤❡ ♠❡❝❤❛♥✐❝❛❧

✇♦)❦*❤♦♣ ♦❢ "❤❡ ▲T❙✳ ❚❤❡ ❝❤❛)❛❝"❡)✐*"✐❝* ♦❢ ❜♦"❤ ")♦✉❣❤* ❛)❡ ♣)❡*❡♥"❡❞ ✐♥ ✜❣✉)❡ ❇✳✸✳ ❇♦"❤

")♦✉❣❤* ❛)❡ "❤❡)♠❛❧✐③❡❞ ❜② ❛ ❝✐)❝✉❧❛"✐♦♥ ♦❢ ✇❛"❡) ✐♥*✐❞❡ "❤❡ ✇❛❧❧* ♦❢ "❤❡ ")♦✉❣❤✳ ❚❤❡ ❑❙❱ ")♦✉❣❤

✇❛* "❤❡ ♠♦*" ✉*❡❞✳ ■" ✐* ❛ *♠❛❧❧ ")♦✉❣❤✱ ✇❤✐❝❤ ✐♠♣❧✐❡* "❤❛" ❧❡** ❧✐5✉✐❞ ❝)②*"❛❧ ✐* ✉*❡❞ ❛♥❞ "❤❛"

✐" ✐* ❡❛*✐❧② ❝❧❡❛♥❡❞✳ ❍♦✇❡✈❡)✱ "❤❡ ❑❙❱ ")♦✉❣❤ ❞♦❡* ♥♦" ❛❧❧♦✇ ♦♥❡ "♦ ♦❜"❛✐♥ "❤❡ ✇❤♦❧❡ ✐*♦"❤❡)♠

♦❢ ♦♥❡ ❝♦♠♣♦✉♥❞ ❛" ♦♥❝❡✳ ■" ✐* "❤❡♥ ♥❡❝❡**❛)② "♦ )❡♣❡❛" "❤❡ ❝♦♠♣)❡**✐♦♥ ✴ ❡①♣❛♥*✐♦♥ ❝②❝❧❡*

❢♦) *❡✈❡)❛❧ ✐♥✐"✐❛❧ 5✉❛♥"✐"✐❡* ♦❢ ❧✐5✉✐❞ ❝)②*"❛❧*✳ ❚❤❡ *♠❛❧❧ *✐③❡ ♦❢ "❤❡ ")♦✉❣❤ ❛❧*♦ ♠❛❦❡* ✐" ♠♦)❡

*❡♥*✐"✐✈❡ "♦ ♠❡♥✐*❝✉* ❡✛❡❝"*✱ "❤❡ ♠❡♥✐*❝✉* ✐♥ 5✉❡*"✐♦♥ ❜❡✐♥❣ "❤❡ ♠❡♥✐*❝✉* ♦♥ "❤❡ ❜♦✉♥❞❛)✐❡* ♦❢

"❤❡ ")♦✉❣❤ ❛♥❞ "❤❡ ♠❡♥✐*❝✉* ♦♥ "❤❡ ❜❛))✐❡)*

✸

✳ ❚❤❛" ✐* ✇❤② "❤❡ ❝✉*"♦♠✲♠❛❞❡ ")♦✉❣❤ ✇❛* ✉*❡❞

"♦ ❜❡ *✉)❡ "❤❛" "❤❡ )❡*✉❧"* ♦❜"❛✐♥❡❞ ✇✐"❤ "❤❡ ❑❙❱ ")♦✉❣❤ ✇❡)❡ )❡❧✐❛❜❧❡✳ ❋♦) ❜♦"❤ ")♦✉❣❤*✱ "❤❡

✸

❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ *❤❡ ♠❡♥✐,❝✉, ♣.❡,❡♥* ♦♥ *❤❡ ❜♦✉♥❞❛.✐❡, ♦❢ *❤❡ *.♦✉❣❤ ❝❛♥ ❜❡ .❡❞✉❝❡❞ ❜② ❛ ✜♥❡ *✉♥✐♥❣ ♦❢ *❤❡

❧❡✈❡❧ ♦❢ ✇❛*❡. ✐♥ *❤❡ *.♦✉❣❤✳
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Wilhelmy

plate

Trough

Barriers

L

l

L× l
195× 51 520× 155
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❆♣♣❡♥❞✐① ❈

❆❜♦✉$ ❣❧②❝❡*♦❧✬, $*✐❝❦,

❈✳✶ ●❧②❝❡(♦❧ ❛♥❞ ▲❛♥❣♠✉✐( ✐2♦3❤❡(♠2 ❡①♣❡(✐♠❡♥32
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Hybrid nematic films deposited on liquid substrates reveal a complex behavior, which is not fully understood. Here,
the behavior of the n-cyanobiphenyl series onwater and glycerol has been studied in a wide temperature range, including
the vicinity of the nematic-isotropic (NI) transition. Wettability, allowed film thicknesses, and line tension of nematic
domains have been investigated. The study provides a coherent picture of hybrid nematic films, allowing us to account
for lower thickness threshold, structure of the film edge, and line tension of domains in the whole nematic range of
temperatures.

I. Introduction

Due to potential applications, the behavior of thin nematic
films deposited on solid or liquid substrates is currently a living

field of research. “Hybrid films” are a specific case. “Hybrid”
means that the anchoring conditions at the free surface and on the
substrate are antagonistic and the local orientation of the mole-

cules changes within the film. Many studies deal with cyanobi-
phenyl liquid crystals, referred to as nCB, where n corresponds to
the length of the aliphatic chain connected to the cyanobiphenyl

group.1-3 The anchoring conditions are antagonist on substrates
such as silica, water, or glycerol. The nCB molecules tend to lay
parallel to these substrates (planar anchoring), while they tend to
be normal to the free interface (homeotropic anchoring). The

most frequently nCBs used are 5-, 6-, 7-, and 8CB, for which the
nematic range is around room temperature. They are the ones
considered here.

5CB nematic films deposited on glycerol were studied at room
temperature by Lavrentovich and Pergamenshchik, and Spara-
vigna and co-workers.4-8 Under microscope, these films show

striking stripe patterns in the thickness range 20 nm e d < D ≈

0.5 μm. No thinner mesoscopic film is visible. The usual defects
of nematic phases replace the stripes in films thicker thanD≈0.5μm.

On the other hand, nematic 5CB microdroplets deposited on
oxidized silicon wafers, or spin coated nematic 5CB films, have
been studied using ellipsometry, microscopy, and small angle

X-ray scattering.9-12 Here, the striking feature is the occurrence
of a forbidden range of thickness, visible as a discontinuity in
microdroplet profiles, or from the coexistence of films with
different thickness. This forbidden range depends only on temp-

erature. A “phase diagram is available for 5CB12 and is schemati-
zed in Figure 1. In the following, LBwill be the lower boundary of
the forbidden range andUB the upper one.At room temperature,

LB is a trilayer of molecules, while UB ≈ 20 nm.
More recently, it has become clear that both behaviors are

common to all the investigated nCBs, and several substrates. The

forbidden range of thickness observed on siliconwafers exists also
on glycerol and water, and with similar values for LB and
UB.13-15 Noticeably, for 5CB deposited on glycerol at room
temperature (15  C below the nematic-isotropic transition), LB

is a trilayer and UB ≈ 20 nm. Therefore, the threshold UB
coincides with the minimum thickness of the striped films, and
this appears to be a general feature for all the systems investigated.

While stripe patterns are observable undermicroscope onglycerol
and water but not on silicon wafers, the difference here is merely
the wavelength. Patterns with long wavelength (much larger than

the film thickness, i.e., observable under microscope) exist only if
the planar anchoring is stronger.4-6 This is the case on water and
glycerol but not on silica, where the wavelength is of the order of

the film thickness, that is, nonobservable.16,17 However, the
presence of instability patterns in both cases is widely accepted.

Therefore, experimental observations on the various pairs of
nCB/substrate in thewhole nematic rangemust finda placewithin

a robust, general framework.Theywill provide aworking base for
further theoretical analyses. The present paper focuses on striped
films, D > d g UB, and is organized as follows:

In a first part, materials and methods are briefly presented.
Considering the substrates, previously reported13-15 similarities
and differences are summarized. New results dealing with mutual

solubility of the phases answer pending questions and complete
that part. The secondpart presents a complete experimental study
of the stripe patterns for 5-, 6-, 7-, and 8CB on water and glycerol
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in the whole nematic range of temperatures. Available models are

discussed. Noticeably, we reconsider the analyses of the lower
thickness threshold for the striped configuration, which is also the
upper boundary (UB) of the forbidden range of thickness. We

complete the description by taking into account the possibility of
thickness gradients, which play a significant role at the film edge.
The film edge is further investigated in the third part, which

reports line tension measurements in the 6CB/water system close
to the nematic-isotropic (NI) transition. A discussion follows.

II. Materials and Methods

II.1. Substrates, Liquid Crystals, and Methods. II.1.1.

Substrates. The liquid substrates are pure water (18.2 MΩ.cm)
and glycerol fromSigma-Aldrich (purity 99%). Experiments with
glycerol are performed in closed boxes with desiccant, in order to
avoid uptaking atmospheric water. The solid substrates are
oxidized silicon wafers (crystallographic plane (100), p-doped,
purchased fromSiltronix), cleaned by oxygen plasma. The under-
lying silicon bears a natural oxide layer typically 2 nm thick, for
which the properties are similar to the ones of silica.

II.1.2. Liquid Crystals. Two types of liquid crystal samples
are used. The “standard” one, purity 98%, was purchased from
Sigma Aldrich; the “pure” one, purity >99%, was purchased
from Frinton. Transition temperatures available in the literature
are the following:

Tsolid-nematic ¼

TSN ¼ 24  C for5CB, 14:5  C for6CB, 30  C for7CB

Tsolid- smectic ¼ TSSm ¼ 21:5  C for8CB,

Tsmectic-nematic ¼ TSmN ¼ 33:5  C for8CB

Tnematic- isotropic ¼

TNI ¼ 35:3  C for5CB, 29  C for6CB, 42:8  C for7CB, 40:5  C for8CB

While purity is not critical inmost bulk studies, where amere shift
of the nematic-isotropic transition temperature is often the sole
consequence of the presence of impurities,2 the problem is severe
as soon as interfaces are concerned. An example is the wide range

of surface tension values of 5CB available in the literature (values
have been collected in ref 15), between 0.02818 and 0.040Nm-1 19

at room temperature. The prime cause of the difference is the
purity of the 5CB, a “standard” one in the first case,18 and a
specifically purified sample in the second one.19 As at least a
part of these impurities is surface-active; they alter the wetting
behavior. While all our “pure” nematic compounds wet water,
the “standard” 5CB does not wet and the 7CB gives scattered
results.15

II.1.3. Methods. The films are observed under microscope
(Polyvar MET-Reichert-Jung) using either a black and white
camera (CoolSnap, Photometrics) or a color one (EXI aqua, Q
imaging). The Newton scale of colors is used to measure film
thicknesses d larger than50nm typically. For thinner films,weuse
the calibrated gray levels of the black and white camera. Image
processing provides high sensitivity, as we are able to image the
boundary between a compact monolayer and a trilayer of
molecules.20 Brewster angle microscopy21 should be required to
image the edge of the monolayer.

II.2. Substrates: Similarities, Differences, and Potential

Problems. If “pure” samples are used, all our nCB wet water,
glycerol, and oxidized silicon wafers, in the nematic range of
temperatures.

II.2.1. Similarities. On silicon wafers,12 spin coated films are
homogeneous if their average thickness is outside the forbidden
range (LB-UB). If this is not the case, two films coexist, forwhich
the thicknesses are LB and UB, respectively, fixed at given
temperature; see Figure 1.

II.2.2. Differences.Unexpectedly, metastability is the rule on
liquid substrates, as already observed with smectic 8CB on
water.22 On both water and glycerol, striped films of different
thicknesses dgUB coexist with thinner nonstriped ones, deLB.
These thinner films will be referred to as “molecular” films; see
Figure 2. There are also differences in the filmbehavior depending
on the liquid substrate.13-15 Extended films with or without
thickness gradients are observed on glycerol, while smaller do-
mains of constant thickness are observed on water; see Figure 2.

II.2.3. Potential Problems. While the differences in film
behavior may result from the specific values of anchoring
energies,1-3 an observation requires further study: except for
the 8CB, surface pressure isotherms on glycerol at room tempera-
ture differ strongly from the (well established23) ones on water.15

While coexistence of monolayers, trilayers, and even “penta-
layers” on glycerol is visible under a microscope,15 no trace of
layering is seen with the film balance (KSV mini micro 1S).15

Aftermany crosschecks and complementary studies, the reason
seems to be simple, although somewhat upsetting. Nothing
specific is visible under microscope with nCB films thinner than
typically 1 μm, which explains that the question was never raised
for striped films. However, for thicker ones, small spheres of
glycerol progressively invade the sample (Figure 3). In fact, the
solubility of glycerol in the nCB is not completely negligible, even
at room temperature. It increases with decreasing n, which
explains why for the 8CB the surface pressure isotherm is
acceptable. It increases alsowith increasing temperature: actually,
this has been used to generate glycerol drops in 5CB.24 Unfortu-
nately, it becomes questionable to interpret data as a function of
temperature, as the possible role of glycerolmolecules diffusing in
thin films is not yet analyzed. No suspect behavior is observed
with water.

For all the nCBs investigated, approaching the NI transition
means heating a liquid substrate. Besides the open question of

Figure 1. Schematic behavior of 5CB on an oxidized silicon
wafer.12 “Phase diagram”: Dependence of the upper and lower
boundaries with temperature. The range of thickness between the
two boundaries is forbidden. Inset: (top) Schematic microdroplet
profile, showing the forbidden range of thickness (LB-UB);
(bottom) spin coated film. Orders of magnitude:12 15  C below
TNI, LB = 3.5 nm is a trilayer of molecules, UB ≈ 20 nm; 1  C
below TNI, LB ≈ 30 nm, UB ≈ 75 nm.

(18) Gannon, M. G. J.; Faber, T. E. Philos. Mag. 1978, 37, 117.

(19) Proust, J. E.; Ter-Minassian-Saraga, L. J. Phys. (Paris) 1979, 40, C3–490.
(20) Delabre, U.; Richard, C.;Meunier, J.; Cazabat, A.M.Europhys. Lett. 2008,

83, 66004.
(21) H�enon, S.; Meunier, J. Rev. Sci. Instrum. 1991, 62, 936.
(22) Zou, L.; Wang, J.; Basnet, P.; Mann, E. K. Phys. Rev. E 2007, 767, 031602.
(23) Inglot, K.; Martynski, T.; Bauman, D. Liq. Cryst. 2006, 33, 855.
(24) Smalyukh, I. I.; Chernyshuk, S.; Lev, B. I.; Nych, A. B.; Ognysta, Y.;

Nazarenko, V. G.; Lavrentovich, O. D. Phys. Rev. Lett. 2004, 93, 117801.
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enhanced diffusion of glycerol molecules inside the nCB film,
convection, or any flow in the substrate, must be avoided. Here,

the situation is worse with water, due to the lower viscosity, and
with 7CB and 8CB, where the transition temperature is higher.
Evenwith thin liquid substrates, investigating stripe patterns with
these compounds becomes very tricky.

III. Striped Films on Water and Glycerol

III.1. Experimental Investigation of Stripe Patterns.

Here, we are investigating films with thickness D > d g UB;

see Figure 2. Previous studies13 of stripe patterns on water and
glycerol have been repeated with pure compounds and in the
whole nematic range of temperatures. As first reported by

Lavrentovich and Pergamenshchik, the wavelength λ of the
stripes increases with the film thickness d.5,6A relevant parameter
is the ratio:6

χ ¼ 2π
d

λ

Small values of χ correspond to long (observable) wavelengths;
they allow specific approximations in the models. Measured

values of χ or λ as a function of the thickness d are reported in
Figures 4-6 for various compounds, substrates, and tempera-
tures. The main features are as follows:

(i) At intermediate thicknesses, χ is almost constant and
much smaller than 1.
Typical values are around 0.05, both on water and
glycerol, which validates the approximation χ, 1. A

proper representation allowing the comparison of
the various nCBs requiresworking at a given distance
of the NI transition. For 5-, 6-, and 7CB, the curves

coincide considering the scattering of the experimen-
tal data. We met difficulties with the 8CB, because
the nematic range is relatively narrow. (In the smectic

range, 8CB films on water22 or glycerol do not show
stripes, because the smectic elasticity differs from the
nematic one: twist is not allowed; see below.) In
Figures 4 and 5, being far from the NI transition

(TNI=40.5  C) means for 8CB to be close to the

Figure 2. “Phasediagram” fornCBdepositedon liquid substrates.
Several film thicknesses coexist, both belowLB (“molecular films”,
left segment) and above UB. Striped films (right segment) are
observed between UB and a maximum thickness D above which
classical nematic defects replace stripes.At the temperatureT1, well
below the NI transition, LB is a trilayer of molecules, which can
coexist with a monolayer. Striped films on water are flat domains
(picture, 8CB on water) of different thickness in contact with the
trilayer. Note that the small domain (bottom, center) is not striped.
Size of the picture: 0.18 mm ! 0.13 mm.

Figure 3. Thick film of 5CB deposited on glycerol at 27  C. After
0.5 h, the characteristic picture of the nematic phase is sprinkled
with little glycerol spheres. They are denser for the short nCBs (5
and 6CB) and at higher temperature. They do not show up in films
thinner than 1 μmtypically. Size of the picture: 0.18mm! 0.13mm.

Figure 4. Series of nCBs on a glycerol substrate. χ = 2π(d/λ) is
measured at a given distance from the NI transition. Wavelengths
are measured between the lower threshold UB and the upper
threshold D. Slight differences between 5-, 6-, and 7CB are in the
error bars. In contrast, χ and the upper threshold D are signifi-
cantly larger for the 8CB.However,what is probablyobservedhere
is the vicinity of the (second order) SmN transition. In all cases, χ
increases at the lower thickness threshold UB but stays signifi-
cantly smaller than 1.
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smectic-nematic transition (TSmN=33.5  C), where

χ increases. Farther from the SmN transition (1.5  C
below TNI), usual values χ ≈ 0.05 are recovered on
glycerol, but now the temperature is 39  C and the

diffusion of glycerol in 8CB might blur the results.
Data on water at 39  C are compatible with that on
glycerol but considerably more scattered, as pre-

viously explained.
(ii) A decrease of χ, that is, an increase of λ, is observed at

the upper thresholdD. Experiment does not allow to
one discriminate between a divergence of the wave-

length (χ f 0), or a saturation.
(iii) A scattering of data, but with undoubtedly an in-

crease of χ, is observed at the lower threshold UB.

Typical UB values are 20-30 nm far from the NI
transition. The largest χ values are close to 0.15, still
significantly smaller than 1.

Complementary experiments with MBBA (4-meth-
oxybenzylidene-40-butylaniline) on glycerol at room
temperature give similar results. UB andD values are

similar to the ones in 5CB; χ is slightly less in the
intermediate range (χ ≈ 0.02) but increases faster
close to UB (χUB ≈ 0.18). Note that stripe patterns

with MBBA on glycerol were first observed by
Lavrentovich and Pergamenshchik.4

(iv) At a given thickness, λ increases (χ decreases) with

increasing temperature.
As can be seen in Figure 6, where 6CB is deposited on
water, the increase is moderate. The upper threshold
D seems to decrease. The same trend is observed for

8CB on glycerol, where D is around 0.9 μm at 35  C
(figures 4 and 5) and around 0.6 μm at 39  C, with
the still open problem of the enhanced diffusion of

glycerol in the 8CB film. Again, data on water are
compatible with that of glycerol but are considerably
more scattered.

III.2. Some Generalities about Available Models for

Stripe Patterns, and the Usual Terminology. Striped nematic

structures are complex and are not tractable by simple ap-
proaches. We first introduce the main points of the available
models; equations will be written later.

III.2.1. The LP Model. The dependence λ(d) has been
investigated by Lavrentovich and Pergamenshchik (LP).4-6They
use a linear perturbation of a base state referred to as “HAN”, for
hybrid aligned nematic.4-8

The HAN configuration and the reference frame for the angles
θ andj defining the local orientation are presented in Figure 7. In
theHANconfiguration,j=0and θ depends only on z. The local
orientation rotates from bottom to top in the plane xz, and the
system is invariant along x and y. The HAN structure is usually
achieved and studied in experimentswhere the liquid crystal is put

between two solid walls.1-3 One wall is treated to promote
homeotropic anchoring, and the second one is rubbed in the x

direction and promotes planar, nondegenerate anchoring parallel
to x (j= 0).

In the present case, the molecules are free to rotate at both
interfaces. The perturbation of the HAN state corresponds to

Figure 6. 6CB on water. At a given thickness, the wavelength λ
increases slightly close to the NI transition. The upper thresholdD
for the observation of stripes seems to decrease. This point requires
confirmation considering the experimental difficulties when heat-
ing water substrates.

Figure 5. Same as before on a water substrate. An experimental
difficulty is to avoid convection in the heated water substrate.
Measurements are critical for 8CB, andwedid not investigate 7CB.
The conclusions are the same as those for glycerol.

Figure 7. Euler angles used for introducing polar θ and azimuthal
j orientations. The interfaces are normal to the z axis. Top: HAN
structure. The local orientation rotates inside a xz plane, and the
system is invariant in any xy plane. Bottom: P structure. The local
orientation is everywhere parallel to x.
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azimuthal periodic oscillations out of the plane xz, that is, in the y
direction (twist). Now, the angles θ(y,z) and j(y,z) depend on z

and are periodic functions of y, with the system still being
invariant in the x direction. The periodic structure is referred to
as “PHAN” in the literature,4-8 and P is here for periodic.

The LP model accounts satisfactorily for the intermediate

range of thickness, while difficulties are met close to the upper
D and lower UB thickness thresholds of χ(d).

(i) Considering the lower threshold UB, a HAN config-

uration exists only above a certain thickness
dHAN-homogeneous below which it is replaced by a
homogeneous one, imposed by the stronger anchor-

ing. As anchoring is stronger on water and glycerol
than at the free surface, here the homogeneous con-
figuration is planar. It is referred to as P in the liter-

ature; see Figure 7.4-8 Therefore, the HAN structure
cannot be used as a base state below dHAN-P, which
requires UB g dHAN-P. However, values of dHAN-P

available in the literature1-3,19 are much larger than

the UB values found in our systems.
(ii) The relevance of a linear analysis is questionable,

as the azimuthal deviation j of the local orientation

out of the plane xz amounts to (π/4, which is quite
large.

(iii) The model is not robust at the upper threshold D,

where the predicted χ(d) limit jumps from zero to
infinity for very small changes of the parameters.

III.2.2. The AS Model. Another approach has been devel-
oped by Sparavigna and co-workers (AS model).7,8 Here, the
analysis focuses on the values of the thickness boundaries between

the possible film structureswhen themolecules are free to rotate at
both interfaces. The important result is that the PHAN structure
is found to be intercalated between P andHAN, and therefore the
P-HAN transition merely disappears (Figure 8). An obvious con-

sequence is that the thicker PHAN films may possibly be treated
as perturbations of the HAN state, but not the thinner ones.
Although the wavelengths at the boundaries (i.e., the visibility of

the stripes) are not calculated in the AS analysis, one may expect
dPHAN-P to be close to UB (we only know that dPHAN-P e UB)
and dPHAN-HAN close to the upper thickness threshold D for the

observation of stripes.
Sayingmore requires writing explicitly the surface energy of the

films. It must be clear that the equations aim at describing films
d g UB, and that a continuous approach with usual approxima-

tions is used. The “molecular films”, thinner than LB, are not
considered.
III.3. Continuous Theoretical Description of Hybrid

Films. The free energy of a nematic film contains bulk and
surface contributions. Ignoring van der Waals interaction, which
plays at lower thicknesses,13 one may write:4-8,16,17,25

F ¼

ZZZ

fFrank dV þ

ZZ

fs þK13kB 3nBdivnB
h

- ðK22 þK24ÞkB 3 ðnBdivnBþ nB∧rotnsfÞ
i

dS

The bulk elastic energy density writes as26

fFrank ¼
1

2
K11ðdivnBÞ

2 þ
1

2
K22ðnB 3 rotn

sf

Þ2 þ
1

2
K33ðnB∧rotn

sf

Þ2

Here, the unit vector nB gives the local orientation and the three

elastic constants K11 (splay), K22 (twist), and K33 (bend) are
associated to the three principal deformations. In the surface
term, fs is the contribution of the two anchorings, kB is the unit

vector normal to the surface and directed outward, K13 is the
splay-bend constant, and K24 the saddle-splay constant. The two
last surface terms play only for thin films, and they are relevant
parameters for describing the stripe patterns. Anticipating on the

forthcoming discussion, the “control parameter” κ in Figure 8 is
k = K24/K11.

The complexity of the elastic response, which contains five

elastic constants, has led to various approximations. Considering
the bulk elasticity, the “one-constant” approximation K11 =
K22 = K33 = K is frequent.7,8 However, as surface terms are

important here, it is safer to take K11=K33=K, which is strictly
true in the framework of Landau-de Gennes analysis27 and to
refer to experimental data forK22. For the series of nCBs,

28K33 is
actually close to K11 (except for 8CB close to the SmN transition,

where K33 diverges), while K22 ≈ 0.5K11.
There are also approximations for the anchoring term. With

reference to the frame presented in Figure 7, polar anchoring can

be expressed as29

fs ¼
1

2
WH sin2 θH þ

1

2
WP cos2 θP

At the free interface, WH is the homeotropic anchoring energy
and θH the angle between nB and the normal to the film (the

preferred angle is 0). On the substrate,WP is the planar anchoring
energy and θP is the angle between nB and the normal (the
preferred angle is π/2). The response of the nematic liquid crystal

is characterized by extrapolation lengths Lj = K/Wj.
Azimuthal anchoring, that is, a preferred value for the azi-

muthal angles jH and jP (see Figure 7), can be introduced in a

similar way.7,8

Figure 8. Adapted fromref 8.The control parameter κdepends on
the elastic constants of the nematic film and will be defined in the
main text. For given κ, striped films are observed between the two
threshold lines P-PHAN (UB) and PHAN-HAN (D: stripes are
replaced by nematic defects).

(25) Nehring, J.; Saupe, A. J. Chem. Phys. 1971, 54, 337.
(26) Frank, F. C. Discuss. Faraday Soc. 1958, 25, 19.

(27) Sluckin, T. J.; Ponierwierski, A. In Fluid Interfacial phenomena; Croxton,
C. A., Ed.; Wiley & Sons Ltd.: New York, 1986. Chapter 5, p 215. Sheng, P.; Priestley,
E. B. In Introduction to liquid crystals; Priestley, E. B., Wojtowicz, P., Sheng, P., Ed.;
Plenum Press: New York and London, 1974; Chapter 10, p 143.

(28) Madhusudana, N. V.; Pratibha, R. Mol. Cryst. Liq. Cryst. 1990, 179, 207.
(29) Rapini, A.; Papoular, M. J. Phys. (Paris) 1969, 30, C4.
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(i) The thickness threshold dHAN-P has been calculated
by Barbero and Barberi30 for HAN films bounded

by two solid walls and jH = jP = 0. The two last
surface terms are neglected. The result is

d0 ¼ jLH -LPj

(ii) In the LP model,5,6 all the surface terms are taken

into account. dHAN-P is calculated by linear pertur-
bation of theHANstate and does not depend on the
last surface term, that is, on the “control para-
meter” κ, in contrast with the AS model. However,

it is shifted due to the splay-bend term:5,6,31

dHAN-P ¼ jLH -LPj 1-
2K13

K

 !

The LP model uses five adjustable parameters, LH,
LP,K13/K,K24/K, andK22/K. The best fit with experi-
mental data obtained with 5CB on glycerol leads to a
negative value ofK13/K; therefore, dHAN-P> d0. The

upper threshold dPHAN-HAN is also calculated.
(iii) In the ASmodel,K11=K22=K33=K, andK13=

0.7,8 The thresholds depend on k = K24/K, with:

dPHAN-HAN g d0 g dPHAN-P

The upper threshold is obtained by linear perturba-
tion of the HAN state, and the lower one by linear
perturbation of the P state. The corresponding
“phase diagram” is represented in Figure 8. In a

more recent, numerical work, similar results for the
lower threshold dPHAN-P have been obtained be-
yond linear analysis by Krzyzanski and Derfel

(KD) with K13 = 0, K33 = 1.3K11, and K22 =
0.5K11, close to the 5CB case.32 The remarkable
result of these approaches is the possibility to

obtain UB values much smaller thand0, as illu-
strated in Figure 8.

In order to explore further this point, we have rewritten the AS
approachwith theKDvalues of elastic constants,K13=0,K33=
1.3K11, and K22 = 0.5K11, including also the possibility of

azimuthal anchoring. This is noticeably useful in the presence
of thickness gradients, which remove the planar degeneracy.
III.4. The Lower Stripe Threshold: Extension of the

Available Models. The principle of the calculations is given in

the Appendix. A linear perturbation of the P state is introduced.
The minimization of the free energy leads to equations in θ and
j.7,8 The condition to obtain a nontrivial solution, that is, a

PHAN structure, gives the lower threshold dPHAN-P.We solved it
numerically for several ratios of polar and azimuthal anchorings
at both interfaces. Typical results are reported in Figure 9.

(i) Without azimuthal anchoring, the KD result is re-
covered, which is satisfactory.

(ii) At given K24/K11, an azimuthal anchoring increases

the value of dPHAN-P toward the d0 value. For strong
azimuthal anchoring, the Barbero-Barberi value d0
is recovered. A remarkable, nonintuitive result is
that azimuthal anchoring is much more efficient at

the homeotropic interface than at the planar one.

(iii) A consequence is an increase of the dPHAN-P thresh-
old at the edge of films. As stated by several
authors,8,33 a thickness gradient is equivalent to
an azimuthal anchoring. Simple geometrical mod-

els based on a HAN configuration have been devel-
oped for thicknesses larger than d0. If Δθ is the
difference of the polar angles at the interfaces and R
the slope of the free surface, then the effective
azimuthal extrapolation length writes as33

LjH "
d

RΔθ

Here, we are mostly concerned with situations
where d < d0 and where the film structure is far

Figure 9. P-PHAN threshold UB for several values of the azi-
muthal extrapolation lengths. The ratio of the polar extrapolation
lengths is LH/LP = WP/WH = 2. The P-PHAN threshold UB
decreases considerably for |k=K24/K11|≈ 0.5 . Top: no azimuthal
anchoring on the substrate (LjP¥), effect of the azimuthal anchor-
ing at the free (homeotropic) interface. LjH¥, no azimuthal
anchoring at the free interface.LjH=LP: the azimuthal anchoring
is equal to the planar anchoring. LjH = 0, infinitely strong
azimuthal anchoring. Bottom: no azimuthal anchoring at the free
surface (LjH¥), effect of the azimuthal anchoring at the substrate.
Values chosen for the ratios of elastic constants: K13 = 0, K33 =
1.3K11, and K22 = 0.5K11.

(30) Barbero, G.; Barberi, R. J. Phys. (Paris) 1983, 44, 609.
(31) Alexe-Ionescu, A. L. Int. J. Mod. Phys. B 1993, B7, 1131.
(32) Krzyzanski, D.; Derfel, G. Phys. Rev. E 2001, 63, 021702.
(33) Sparavigna, A.; Komitov, L.; Stebler, B.; Strigazzi, A. Mol. Cryst. Liq.

Cryst. 1991, 207, 265. Lavrentovich, O. D. Phys. Rev. A 1992, 46, R722.



DOI: 10.1021/la102373w GLangmuir XXXX, XXX(XX), XXX–XXX

Delabre et al. Article

from the HAN configuration. Anyway, LjH does
exist, even if it is not easily calculated. Therefore, a

structural change from PHAN to P will take place
at the edge of the striped films.8

III.5. Comparison with Experiments. III.5.1. Avail-

able Parameters. The three bulk elastic constants are relatively
well-known for the investigated nCBs,28 but this is not the case for

the two surface ones. The saddle-splay constant K24 has been
investigated by NMR measurements in 5CB34 and found to be
such as |K24/K11| e 0.6. The mere existence of the splay-bend
constant K13, at least in a continuous approach (in the present

approach, only the local orientation is allowed to change; the
value of the order parameter is constant within the film27), is a
matter of debate.35 All these constants decrease with increasing

temperature and vanish in the isotropic range. In the framework
of the Landau-de Gennes analysis, they scale like the square of
the order parameter.

The anchoring energyWH at the free interface is of the order of
10-5 J m-2 far from the NI transition.5,19 For the substrates,
WPwater≈WPglycerol>WH>WPsilica, although data are scattered.
(Besides experimental difficulties, the mere meaning of anchoring

depends on the scale, and so do the measured values.) Anchoring
energies decrease when approaching the NI transition, and
extrapolation lengths increase.36,37

Far from the NI transition, accepted values of d0 are around
0.3-0.5 μm for 5CB.8 Similar ones are expected for the other
nCBs. The extrapolation lengths are around the micrometer

range.
III.5.2. Specific Analysis of the χ(D)Behavior
(i) Measured values of the lower stripe thresholdUB are

in the range 20-30 nm, whatever the substrate and
the nCB. This means that UB , d0, and therefore,
calculations based on AS and KD models are re-
quired for the thinner striped films. In the specific

cases K22=0.5K11 and K33=1.3K11, experimental
values of UB are accounted for if |K24| ≈ K22

(Figure 9), compatible with NMR measurements in

5CB.34 (The relevant parameter is |1-2(K22 þ K24)-
K11|; therefore, K24 and -K24 give identical results.)
Unfortunately, calculating wavelengths becomes now

quite tricky. Moreover, in such very thin films, both a
continuous analysis of elasticity and the simple shape
used for the anchoring energy become questionable.
The only clear conclusion is that the low value of UB is

explained. Noticeably, assuming d0 to be much smaller
than the extrapolation lengths, as in the LPmodel,5 it is
no longer required.

(ii) The temperature dependence of χ(d,T) at given d is
relatively weak. We expect the wavelength to in-
crease with increasing temperature more or less like

the extrapolation lengths, but significant effects, if
any, seem to be restricted to the immediate vicinity
of the NI transition.

III.6. Conclusion. Themain features of the χ(d) behavior are
acceptably understood. Noticeably, the ingredients required to

account for the lower thickness threshold for the stripes are

identified. Experiment shows that this threshold coincides with
the boundaryUB. This is not strictly demonstrated, as writing the

free energy in the complete range of thickness is not yet possible.
Very close to TNI, as both LB and UB are mesoscopic, a model
with a homogeneous order parameter and strong anchorings has
been proposed on silicon wafers.12 At least on water, as we shall

see below, such a simple situation is clearly not met. Let us now
report line tension measurements, and especially close to the NI
transition.

IV. Line Tension Measurements

Line tensions are measurable on water, as well-defined, flat
domains are present. Measurements are easiest with 6CB, which
has the lowest range of nematic temperatures. Previous investiga-
tions were performed far from the NI transition, both by static

and dynamic methods.20Here, we investigate the approach to the
transition, using only the dynamic method.
IV.1. Method Used, Previous Measurements, and Further

Comment. The line tension τ is deduced from the long-time
relaxation dynamics of coalescing domains, selected to have
comparable size and thickness.15,20 The driving parameter for

coalescence is the line tension (which is the 2Danalogue of surface
tension). At late times, the dissipation takes place in the liquid
substrate, for which the viscosity is ηb. The relaxation toward the

final circular shape of radius RF is exponential, with a character-
istic time Trel:

38

Trel ¼
5π

16

ηbRF
2

τ

The line tension increases linearly with the stripe wavelength for
thicknesses less than 0.2 μm typically. Moreover, under high
magnification, a nonstriped rim, with width δ approximately half

the wavelength, is seen at the edge of the nematic domains.20

Using polarized light shows that the rim has a planar (P)
configuration. Then a simple model assumes that the main
contribution to the line tension is due to the anchoring energy

at the free interface, as the planar configuration is unfavorable
there.20

τ "WHδ "WH

λ

2

The calculated values of τ agree satisfactorily with the measured

ones for WH ≈ 10-5 J m-2, which is the accepted value for the
homeotropic anchoring energy far from the NI transition.

The presence of a planar rim around a hybrid nematic domain

is expected if we refer to the discussion of the lower stripe
threshold in III.4. Thickness gradients at the domain edge remove
the azimuthal degeneracy, which is equivalent to an azimuthal

anchoring. The threshold dPHAN-P increases toward the value h0
≈ 0.3-0.5 μm, as predicted.

In contrast, the proportionality between τ and δ, and the
success of the very primitive model linking the line tension to

the homeotropic anchoring energy τ≈WHδ, was not expected.
20

IV.2. Vicinity of the NI Transition. IV.2.1. Approach-
ing the transition temperature TNI on a water substrate is much

more tricky than on silicon wafers. In contrast with the gradual
increase of LB observed on the wafers, here there is an abrupt
change typically 1.5  C below TNI. The LB value jumps from 3 to

5 nm to more than 30 nm. No intermediate LB values are
observed. In the following, the LB film close to TNI, 30 nm thick
or more, will be referred to as a “thickmolecular” film (Figure 10).

(34) Allender, D. W.; Crawford, G. P.; Doane, J. W. Phys. Rev. Lett. 1992, 67,
1442.
(35) Oldano, C.; Barbero, G.Phys. Lett. 1985, 110A, 213. Oldano, C.; Barbero, G.

Nuovo Cimento 1985,D6, 479. Barbero, G.; Oldano, C.Mol. Cryst. Liq. Cryst. 1989,
168, 1. Barbero, G.; Oldano, C. Mol. Cryst. Liq. Cryst. 1989, 170, 99.
(36) Van Sprang, H. A.; Aartsen, R. G. Mol. Cryst. Liq. Cryst. 1985, 123, 355.
(37) Faetti, S.; Gatti, M.; Palleschi, V.; Sluckin, T. Phys. Rev. Lett. 1985, 55,

1681. (38) Stone, H.; McConnell, H. M. Proc. R. Soc. London, Ser. A 1995, 448, 97.
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IV.2.1. Line tension between the stripeddomains and this film
can be deduced from the dynamics of coalescence between two
striped domains of comparable size and thickness surrounded by

the thickmolecular film. The size of this filmmust be at least three
times the diameter of the domains, which ensures that it does not
play in the dynamics.38

At late times, the dissipation in the liquid subphase takes over
the surface dissipation, like far from the NI transition, and the
surface viscosity of the thick molecular film does not play any-
more. The relevant parameter is therefore the bulk viscosity ηb of

the liquid substrate. The line tension is again deduced from the
formula:

Trel ¼
5π

16

ηbRF
2

τ

The validity of the analysis has been checked by collectingdata for

coalescence events between domains of different size and compar-
able thickness (each event corresponds to two domains with the
same size and same thickness). This specific check is required in

the present situation as the surface viscosity of the thickmolecular
film is much larger than the one of the trilayer. Figure 11 shows
that the squared dependence Trel ¥ RF

2 is well obeyed.

IV.2.2. Rim δ at the edge of the striped domains is also
measured. When plotted versus the stripe wavelength, no effect
of temperature is observed; see Figure 12. In contrast, the line
tension τ drops down dramatically as soon as the surrounding

filmbecomes a “thickmolecular” film; seeFigure 13. If we refer to
the model presented above, the difference should therefore be in

the value of the anchoring energy WH, which decreases close to
TNI.

37 Assuming WH ≈ 1.4  10-6 J m-2 accounts for the data
close to TNI, and such a value is quite plausible. However, even if

this specific result is satisfactory, further work is required to
understand why on water the LB boundary jumps so suddenly,
and which is the structure of the thick molecular film. The
behavior of thin hybrid nematic films has been the subject of

extensive analyses, both from the theoretical and the experimental
point of view.39-41 It is widely accepted that when the planar
anchoring is degenerate, which is the case here, the value of the

order parameter is not homogeneous within the film. Then the
whole Landau-de Gennes free energy is required for a proper
description: both local orientation and local value of the order

parameter are needed.27 While a continuous description works
acceptably for the striped films, where the local orientation plays
themajor role, this is probably not the case for the thickmolecular
films.

V. Summary and Conclusion

The present work completes the previous studies of thin
nematic films on various substrates. A better control of the purity
of the liquid crystal samples, and the investigation of mutual

miscibilitywith the underlying liquid substrate allowus toprovide
a coherent picture of these systems far from the nematic-isotro-
pic transition.

The available models are discussed, and the relevant results
extracted: stripewavelength in the intermediate range of thickness
for the Lavrentovich-Pergamenshchik LP model; thickness
thresholds for the stripe pattern for Sparavigna AS and Krzy-

zanski-Derfel KD models. An extension of the AS model with
proper elastic constants and accounting for azimuthal anchoring

Figure 10. Close to the NI transition (6CB on water), some
molecular films become significantly thicker, without stripes.
Striped domains (the stripes are present, although hardly visible
in the picture because of the lowmagnification) are in contact with
the “thick molecular” film of thickness LB. Size of the picture:
0.9 mm  0.7 mm.

Figure 11. Check of the process controlling the dynamics of
coalescence. For a collection of coalescing pairs with similar
thickness, the relaxation time scales like the square of the radius,
which proves that viscous dissipation in the bulk liquid substrate
controls the coalescence dynamics. Each point corresponds to one
coalescence between two striped domains with same size and
thickness on a “thick molecular” surrounding film LB.

(39) Miyano, K. J. Chem. Phys. 1979, 71, 4108.Miyano, K.Phys. Rev. E 1979, 43,
51. Tarczon, J.; Miyano, K. J. Chem. Phys. 1980, 73, 1994.

(40) Yokohama, H. J. Chem. Soc., Faraday Trans. 2 1988, 84, 1023.
(41) Moses, T.; Shen, Y. R. Phys. Rev. Lett. 1991, 67, 2033. Feller, M. B.; Chen,

W.; Shen, Y. R. Phys. Rev. A 1991, 43, 6778. Sheng, P.; Li, B.-Z.; Zhou, M.; Moses, T.;
Shen, Y. R. Phys. Rev. A 1992, 46, 946. Zhuang, X.; Marrucci, L.; Shen, Y. R. Phys.
Rev. Lett. 1994, 73, 1513. Qian, T.; Zhuang, X.; Shen, Y. R. Phys. Rev. E 1999, 59,
1873.
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has been added. The role of azimuthal anchoring allows one to
explain the structure of the edge of nematic domains. A very
simple model of line tension using this structure is found satisfac-

tory.
The behavior of the systems when approaching the nema-

tic-isotropic transition has been investigated. A steep decrease of
the line tension of nematic domains in coexistence with the “thick

molecular films” developing very close to the transition is ob-
served. Results are compatible with the previous model of line
tension considering the decrease of the anchoring energies, which

is quite satisfactory. However, the structure of the “thick molec-
ular films” is an open problem. Many questions are still unan-
swered, noticeably considering the difficulty of experiments very

close to the transition.
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Appendix: The P-PHAN Threshold

1. Principle of the Calculation: The P-HAN Threshold.

Let us introduce the calculation in the simple one-constant
approximation in the Barbero-Barberi approach:30 only the
polar angles are considered. The free energy per unit areawrites as

f ¼

Z d

0

K

2

dθ

dz

! "2

dzþ
1

2
WH sin2 θH þ

1

2
WP cos2 θP

The minimization of the free energy at given θH and θP gives the
Euler-Lagrange equation d2θ/dz2 = 0. Now the free energy is
minimized with respect to the angles θH(d) and θP(d).

f ¼
K

2d
ðθH - θPÞ

2 þ
1

2
WH sin2 θH þ

1

2
WP cos2 θP

The values of the angles are determined by the coupled equations,

which are solved numerically:

2K

d
ðθH - θPÞ þWP sin 2θP ¼ 0

2K

d
ðθH - θPÞ þWH sin 2θH ¼ 0

Anonzero value ofθH- θP requires d> d0, d0=|LH-LP|,Lj=
K/Wj.
2. The P-PHAN Threshold. Now all the constants except

K13 are considered. The angles θ and j are supposed to be small
(we are close to a P configuration), and a linear approximation is
used. After the first minimization of the free energy, the equations
for the angles are as follows:

For the planar interface

K11

dθ

dz

#

#

#

#

#

P

þ K11 - 2ðK22 þK24Þ
$ % dj

dy

#

#

#

#

#

P

-WPθP ¼ 0

K22

dj

dz

#

#

#

#

#

P

þ ðK22 þ 2K24Þ
dθ

dy

#

#

#

#

#

P

-WjPjP ¼ 0

For the homeotropic interface

K11

dθ

dz

#

#

#

#

#

H

þ ðK11 - 2 K22 þK24Þ
$ % dj

dy

#

#

#

#

#

H

-WHθH ¼ 0

K22

dj

dz

#

#

#

#

#

H

þ ðK22 þ 2K24Þ
dθ

dy

#

#

#

#

#

H

þWjHjH ¼ 0

Without azimuthal anchoring, WjH = WjP = 0, the relevant
parameters are the ratio k = K24/K11, and the extrapolation
lengths LP=K11/WP and LH=K11/WH. With azimuthal anchor-

ing, two azimuthal extrapolation lengths LjP =K11/WjP and
LjH = K11/WjH come into play.

Figure 12. Width δ of the rim of the striped domains. Even if the
data are scattered, one may exclude a significant dependence of δ
with temperature. Picture taken between crossed polarizers. The
smallest domains on the bottom left have a fully planar, radial
configuration with a line defect in the center.20

Figure 13. Line tension at the edge of striped domains surrounded
by a “thick molecular” film of thickness LB close to the NI
transition. Inset: The upper points are the measured line tension
far fromthe transition,15,20 inwhich case the surrounding filmLB is
a trilayer. The lower ones correspond to the main curve.
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Thin films of cyanobiphenyl liquid crystals (nCB) deposited on water or glycerol have been studied in the
nematic temperature range. A common property of the systems is the hybrid anchoring conditions at the film
interfaces. The preferred orientation of the nematic director is planar at the liquid interface, and it is homeotropic
and somewhat weaker at the air interface. The resulting structure of the film depends on its thickness. Films
thicker than 0.5 µm show the usual defects of nematics. Between 0.5 µm and 20-30 nm, complex instability
patterns such as stripes, “chevrons”, or squares are observed in extended films. Then there is a forbidden
range of thickness below in which much thinner structures (usually monolayers and trilayers) are present.
The present paper investigates this common behavior in various systems and gives arguments for its analysis.

Introduction

Thin films of nematic liquid crystals (LC) are confined media,

and their physical parameters and structures may significantly

differ from the ones of the bulk phases.1-6 Most studies use

cells where the LC is enclosed between two solid walls situated

a few tens of micrometers apart.7-9 The situation is different if

the film has a free interface, in which case the thickness is not

imposed. Films of different thicknesses may coexist, and a

forbidden range of thickness has been observed for films

deposited on oxidized silicon wafers.4-6,10,11

The anchoring of liquid crystals, that is, the orientation of

the nematic director at interfaces, has been widely investi-

gated.7-9,12 The anchoring of the n-cyanobiphenyls (nCB) is

known to be homeotropic at the free interface (nematic director

normal to the interface) and planar degenerate on amorphous

silica, water, or glycerol (director in the plane of the interface).

These hybrid conditions cause a distortion of the nematic order

in the LC film, which is usually described as follows:

Let us call z the normal at the interface which is a xy plane

(Figure 1). For relatively thick films, the two interfaces are

independent. Let the director be along x on the substrate. It will

rotate inside a xz plane to be along z at the free interface (Figure

1a). Within the one-constant approximation,13-15 the cost of the

elastic distortion per unit area is

where h is the film thickness and K the common value of the

elastic constants. For thinner films, the angles at interfaces differ

from their preferred values. In the present case, if θi is the

effective angle of the director with respect to the normal at

interfaces (Figure 1b), the free energy can be written as16

W1 and W2 are the anchoring energies per unit area at the
substrate and at the free interface, respectively. Associated
characteristic lengths are L1 ) K/W1 and L2 ) K/W2. Such a
structure with translational invariance along x and with the
director rotating inside a xz plane is referred to as a “distorted
nematic”.

The cost of elastic distortion is too large for very thin films.17

Below a threshold thickness hC ) |L1-L2| a second-order
anchoring transition is observed: thinner films show a homo-
geneous orientation imposed by the stronger anchoring.

Extrapolation lengths are of the order of micrometers at the
air, water, and glycerol interfaces with the anchoring being
weaker at the free interface (L2 > L1).

18 The values of anchoring
energy on silica are quite scattered in the literature, but it is
accepted that it is weaker than the one on air (L2 < L1).

4,19
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felastic )
K(π/2)2

2h
(1)

Figure 1. (a) Sketch of a thick film structure: the director is along the
easy axis at each interface. (b) Sketch of a thin film structure; the
director deviates from the easy direction at each interface. (c) Horizontal
projection of the director field in stripes (from Sparavigna et al.27).

f )
W1

2
cos2 θ1 +

W2

2
sin2 θ2 +

K(θ1 - θ2)
2

2h
(2)
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This leads to the following picture:
– on oxidized silicon wafers, the film is distorted above hC

and homeotropic below.
– on water and glycerol, the film is distorted above hC and

planar below.
– except if the two anchoring energies are very close, hC is

less than micrometer but comparable. The specific case L1 =

L2, that is, h C , micrometer, should be exceptional.
– As the anchoring transition is second-order, nothing specific

is expected when the film thickness crosses value hC.
Experiments performed in the bulk nematic range of tem-

peratures provide an unexpected landscape, summarized in
Figure 2, which analysis is still under debate:

– On oxidized silicon wafers, a thickness discontinuity is
observed for both 5CB4-6,10,11 and 6CB,20 and on both
smooth5,6,10,11,20 or obliquely evaporated4 silica. This has been
interpreted assuming that the thicker film (thickness hlim) is a
distorted nematic (hlim > hC). It coexists with a thinner film
(thickness h0) whose structure is different (see Figure 2a).4-6,10,11,20

Close to the bulk nematic-isotropic (NI) transition, both films
are relatively thick, and the thinner film might be isotropic.6

Far below the transition, hlim ≈ 20-30 nm, and the thinner film
is a well defined trilayer h0 ) hT.

– far below the NI transition, the behavior of nCB nematic
films on liquids (5CB/glycerol, 6CB/glycerol, 6CB/water,20 8CB/
glycerol, 8CB/water [present study]) is qualitatively similar to
the one on silica. Whatever the system, hlim ≈ 20 -30 nm. On
water, the thinner film is a trilayer (h0 ) hT) both for 8CB21-24

and 6CB.25 On glycerol, the precise structure of the thinner film
is not known, but thickness h0 is still in the molecular range.

– On the same nematic nCB/liquid systems, instability
patterns are present for hlim e h e hmax, with hmax ≈ 0.5-0.6
µm,20 the wavelengths being much larger than the film thickness.
Available models consider azimuthal perturbations (twist) of

Figure 2. Schematic behavior of thin nematic films with antagonist
anchoring at interfaces (adapted from Figure 1, ref 20) On silicon
wafers, a thickness discontinuity is observed at the edge of a spreading
drop (b).4,10,11 For spin-coated films and average deposited thickness
haverage, a coexistence is observed between films of thickness h0 and
hlim respectively if h0 < haverage < hlim (2c), and a homogeneous film of
thickness haverage is observed if haverage > hlim.5,6,10 On a liquid substrate,
isolated domains of different thicknesses ghlim may coexist with the
film of thickness h0. It is accepted20-25 that all these domains are in
metastable equilibrium, except those of thickness hlim, which are in
full equilibrium with the film of thickness h0.

Figure 3. Stripe patterns of the nematic 8CB on glycerol at T ) 35
°C and 6CB on water at T ) 22 °C. (a) Stripes of 8 CB on glycerol
with λ ∼ 50 µm. Size of image: 630 µm × 475 µm. (b) Stripes of
8CB on glycerol and a film boundary at h ) hlim ≈ 20 nm, λ ∼ 2
µm. Size of image 52 µm × 70 µm. The thinner film in the upper
part of the figure is probably a trilayer (≈4 nm thick), but the
structure of these films on glycerol has not yet been precisely
investigated. (c) Top: striped domain of 6CB on water at T ) 22
°C. Bottom: same picture but enhanced contrast reveals trilayer films
which coexist with the nematic phase. Ahead of the trilayers, the
continuous phase is a monolayer.21-25

3648 J. Phys. Chem. B, Vol. 113, No. 12, 2009 Delabre et al.
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the “distorted nematic” structure, see Figure 1c.26-28 Perturba-
tions of homogeneous structures (homeotropic or planar) do not
lead to long wavelengths.29

Therefore, films as thin as 20-30 nm are distorted, while hC

) L2 - L1 is at least ten times larger. As previously quoted,20

eqs 1 and 2, from which the relation hC ) |L1 - L2| results, are
written in a continuous approximation and do not include van
der Waals interaction. However, the continuous approximation
is not expected to be drastically wrong in this range of thickness,
and the van der Waals contribution becomes negligible above
40 nm.20

The present paper proposes an alternative analysis of the
results. The procedure is to accumulate data on various systems
in order to exclude explanations based on implausible assump-
tions, that is, very specific values for anchoring energies and
elastic constants.26 Previous results20 with 5CB and 6CB films
on water and glycerol are implemented by an explorative
investigation of the structure of instability patterns. New
experiments with 8CB on water and glycerol are also performed.

Materials and Methods

The nCB liquid crystals are purchased from Sigma-Aldrich
and used as received. The bulk transition temperatures are15

Tsolid-nematic ) TSN ) 24 °C for 5CB, 14.5 °C for 6CB

Tsolid-smectic ) TSSm ) 21.5 °C for 8CB

Tsmectic-nematic ) TSmN ) 33.5 °C for 8CB

Tnematic-isotropic ) TNI )

35.3 °C for 5CB, 29 °C for 6CB, 40.5 °C for 8CB

5CB and 6CB have been studied at room temperature 22 (

1 °C, far from the NI transitions. 8CB has been studied both at
room temperature (in the smectic range) and between 34 and
40 °C (in the nematic range). Surface induced melting is the
rule for the nCB,30 which means that we do not have to consider
the occurrence of a SN or SSm transition.

Pure water (18.2 MΩ · cm) and glycerol from Sigma-Aldrich
are used as liquid substrates in common Petri dishes. Samples
with glycerol must be kept in closed boxes with desiccant in
order to avoid uptaking atmospheric water.

Films are obtained by the deposition of drops of solutions of
the nCB in hexane. After complete evaporation of the solvent,
some local rearrangements including domain coalescence take
place during 15-20 mn, and then the films evolve much more

slowly over days. While 6CB and 8CB spread both on water
and glycerol, 5CB spreads only on glycerol. On water, small
droplets with a finite contact angles are obtained. Glycerol is
also more convenient than water if heating is needed, because
the larger viscosity avoids convection inside the liquid substrate.

The films are observed under microscope (Polyvar MET-
Reichert-Jung) and the images recorded for further analysis. The
thickness is estimated using the Newton scale of colors. For
the thinnest samples, a high sensitivity black and white camera
(CoolSnap-Photometrics) is used. The thickness is estimated by

Figure 4. Wavelength (µm) versus thickness (µm) for various
compounds. (2) 6CB on glycerol, (0) 6CB on water, (O) 5CB on
glycerol, (9) 8CB on glycerol at T ) 35 °C. While 5CB and 8CB are
at the bottom limit of the nematic phase, 6CB is in the middle.

Figure 5. (a) “Chevrons” pattern: 8CB on glycerol at T ) 35 °C.
Size of image 630 µm × 475 µm. (b) Zig-zag pattern: 5CB on glycerol
at T ) 22 °C. Size of image 320 µm × 240 µm (see ref 15, p 203). (c)
Square lattice: 6CB on glycerol at T ) 22 °C. Size of image: 645 µm
× 480 µm.

Thin Nematic Films on Liquid Substrates J. Phys. Chem. B, Vol. 113, No. 12, 2009 3649
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extrapolation of the data for thicker samples and is cross-checked
by the intensity scale of the camera.

Experimental Results

Stripe Patterns Far below the NI Transition. Stripe patterns
were observed long ago on 5CB films spread on glycerol.26,27

More recently, a comparative study has been performed on 5CB/
glycerol, 6CB/glycerol, and 6CB/water systems.20 Similar
patterns are obtained in the nematic range for 8CB on both water
and glycerol (recording is more critical with water, due to easy
convection). Figure 3 gives an example of such patterns on
glycerol at 35 °C. Note that instability patterns do not occur in
8CB smectic films, where twist is forbidden.14,15,22-24

The wavelength λ of the stripes increases with film thickness
h, more or less linearly between hlim and typically 0.2-0.3 µm,
then steeper, and it diverges at hmax ≈ 0.5-0.6 µm.20,26,27 Data
including the values obtained with 8CB on glycerol at 35 ( 1
°C for h e 0.35 µm are reported on Figure 4. Strictly speaking,
the curves cannot be compared quantitatively because 6CB is
closer to the NI transition than the two other compounds.
However it is clear that the behavior of the three nCB is
qualitatively the same.

The only model available has been proposed by Lavrentovich
and Pergamenshchik,26 and it assumes that stripes result from
an azimuthal perturbation of the “distorted nematic” structure

(Figure 1c). The complete set of elastic constants which
describes splay, bend, and twist deformations. The coupling
between them13-15,26 is required for the analysis. The model
agrees on the whole with experimental data for the 5CB/glycerol
system, but at the expense of several assumptions:

(1) L1 and L2 are very close (L1 ) 0.76 µm; L2 ) 0.86 µm,
L2 - L1 ) 0.1 µm).

(2) Data for h < 0.15 µm are excluded from the fit. The
authors state that the thickness might significantly change close
to the edge of the film, which might cause azimuthal anchoring
contributions not included in the analysis.26,27 As a matter of
fact, the model fails for h e 1.5 (L2 - L1).

26

(3) Ratios K13/K11, K24/K11 of the elastic constants13-15 are
very critical to provide the correct shape of the curve λ(h) at
large h and especially the presence and the position of the
wavelength divergence.

These assumptions must be questioned considering the
recent20 and present experiments:

(1) Flat films do exist till h ) hlim ≈ 20-30 nm, even close
to the film edge [ref 20 and Figure 3b].

(2, 3) The shape of the curves λ(h), and the values of hlim

and hmax are similar for the 5CB/glycerol, 6CB/water and
glycerol, 8CB/glycerol systems, and therefore they are very
robust.

To summarize, the robustness of the value of hlim implies
that it cannot be always larger than L2 - L1, and the robustness
of both the divergence in wavelength and the corresponding
value of hmax implies that they cannot depend critically on the
ratio of elastic constants. Furthermore, the K13 term should be
negligible at large thickness because spatial variations of density
and order parameter are of minor importance here.31

Alternative numerical methods based on a perturbation
analysis of the planar state have been developed27,32 but failed
to describe the spectrum of wavelength for stripe patterns.

In fact, parallel stripes are not the sole instability pattern
observable in nematic films on water and glycerol. They have
been studied because they can be easily treated as azimuthal
perturbations of a base state where the director field belongs to
the xz plane and is invariant along x (Figure 1). Threshold
thickness hC) |L1 - L2| is calculated for this base state, that is,
the “distorted nematic”. However if stripes are not small
perturbations, the base state is no longer relevant to predict any
threshold thickness. The presence of patterns with different
symmetry supports also this assumption.

Complementary Observations. Patterns with different sym-
metries easily coexist with stripes. Examples are given in Fig-
ure 5.

Such patterns look very similar to the Williams instabilities
observed in planar LC samples when an electric field is applied
between the walls.7-9,14,15 Here, the thickness plays the role of
the external field. However the wavelengths are at least a
hundred times larger than the thickness, and different structures
may be observed and even coexist for the same thickness, while
for the electro-hydrodynamical instabilities, they are observed
for different field strength or frequency.14,15

Squared structures are especially interesting because there is
no longer a privileged direction. Note that they are mentioned
in the review paper by Lavrentovich and Pergamenshchik28 but
without analysis or comment. In Figure 6, the wavelength of
squares is plotted versus the one of stripes for the same film
thickness. They are close, and this is the strongest support to
our previous assumption: instability patterns are not merely small
perturbations of the base state represented in Figure 1a,b.

Figure 6. Wavelength of squares versus wavelength of stripes. 6CB
on glycerol at T ) 22 °C.

Figure 7. Wavelength versus thickness for the 8CB compound on
glycerol at various temperatures. (9) Full squares, T ) 35 °C; (0)
open squares, T ) 37 °C; (O) open circles, T ) 39.5 °C; (2) full
triangles, T ) 40 °C. TNI (8CB) ) 40.5 °C. The seemingly oscillatory
behavior of the curves is an artifact due to the spectrum of the
microscope lamp.
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However, the ingredients of any analysis are still the usual
elastic constants, anchoring energies, and characteristic lengths
L1 and L2. Noticeably, closer to the nematic-isotropic transition,
the wavelength increases at a given thickness (see Figure 7)
which is associated to the known divergence of K/W.10,14,15

Summary and Further Discussion. For all the systems
investigated far below the NI transition, the situation is as
follows:

– There is a forbidden range for the thickness of nCB nematic
films on silica, water, and glycerol.

– The thinner films are molecular structures, a few nanometers
thick.

– The minimum thickness of the thicker films is hlim ≈ 20-30
nm. These films are distorted nematics and their structure on
liquid substrates is modified by instability patterns if thickness
h is less than 0.6 µm typically. The value of hlim is certainly
less than hC ) |L1 - L2|.

Let us discuss more specifically the case of these “thicker”
films (hlim e h e hmax).

Data on Liquid Substrates. (1) On liquid substrates,
instability patterns provide the clue to explain why films thinner
than hC can be distorted: perturbative analyses26-28 are not
sufficient close to hlim, and therefore the threshold thickness
calculated using the in-plane base-state is irrelevant. Even if
the conclusion is frustrating, a result possibly useful for further
theoretical analysis is the similarity in wavelengths for squares
and stripes (Figure 6).

While wavelengths and instability patterns are similar on
water and glycerol, this is not the case for the film itself. Flat
domains of various sizes and thicknesses coexist on water, while
extended films are more easily observed on glycerol. Interesting
observations can be made on the 6CB/water system:25 for a
given thickness and therefore a given wavelength, domains
smaller than the wavelength cannot accommodate stripes (Figure
8). They show a planar orientation of the director with a
disclination line in the center. The orientation has a radial
symmetry, which means that either the director is radial, or it
is orthoradial everywhere.14,15 This is also the case at the very
edge of striped domains, where a planar configuration is clearly
present. Until now, the largest thickness for which such domain
edges have been observed is 0.35 µm,25 which suggests that
this might be a lower threshold for hC. However, further studies
are needed to support this conjecture.

(2) Close to the wavelength divergence, stripes become the
most probable pattern. Squares and “chevrons” are no longer
observed (see the scale in figure 6). Therefore, a perturbative
treatment with translational symmetry is probably still relevant.
The difficulty with the previous model26-28 is the sensitivity to
the ratios of elastic constants. It is worth noting that what
happens around hmax is not a mere divergence of wavelength,
but the emergence of nonperiodic patterns of nematic defects
which should be included in an energy balance.

Data on Solid Substrates. We propose a highly conjectural
hypothesis:

Instability patterns are not expected on silica because the
homeotropic anchoring (on air) is stronger than the planar
one.4,19,26-29 Moreover, molecules are not free to move on the
solid. Therefore, the arguments used on liquid substrates to
explain why films thinner than hC can be distorted seem
irrelevant.

However, the question is not about the presence of developed
long-wavelength instability, but it is about the ability of the
film to relax the elastic energy due to the hybrid anchoring by
azimuthal variations of the director. In a somewhat paradoxical
way, a random substrate with many strong anchoring defects33,34

might be more favorable than a homogeneous one with weaker
anchoring.

Data might support such an assumption:
– On evaporated silica,4 the anchoring is planar, nondegen-

erate. However, a microscopic droplet spreads with radial
symmetry, which shows that the anchoring is weak. The
measured values of hlim are close to 30 nm.4

– On smooth hydrophilic silica, one may expect a large
heterogeneity. Strong anchoring defects lead to visible structures
on macroscopic spreading drops, and they interact with the flow
to generate instability patterns.35 At the microscopic scale, the
measured values of hlim are slightly less than 20 nm.10

– On smooth hydrophobic silica, the anchoring is weaker and
nothing specific is seen on spreading drops.11 At the microscopic
scale, the measured values of hlim at the edge of these drops are
close to 30 nm.11

Quite recently, new configurations of thin nematic films have
been proposed both theoretically and numerically which involve
order reconstruction or what is called a steplike configuration.36,37

Such configurations have not been observed yet and more
controlled experiments are required to answer the question
properly.

Conclusion

Instability patterns exist in thin nematic films on liquid
substrates and relax the elastic energy by twist deformations
down to a film thickness about 20-30 nm. Previous studies of
stripe patterns in 5CB and 6CB liquid crystals20,25 are comple-
mented by new ones using the 8CB in the nematic phase.
Noticeably, the dependence of stripes wavelength on temperature
is investigated. The accumulation of data and the variety of
patterns presented here clearly indicate that the analysis of thin
nematic films requires more than a simple perturbation theory
of a distorted nematic. In addition, the generality of the results
we observe on various compounds and in different situations,
rules out previous explanations that require precise values or
ratios of elastic and anchoring constants.

A simple projection of this analysis to the solid substrate case
is tempting but still highly conjectural.

Acknowledgment. A story of thin films of liquid crystals
on oxidized silicon wafers was initiated in the laboratory of

Figure 8. Statistical study of radius versus wavelength and the presence
of stripes (extended domains) or a nematic defect (vertical disclination
line, small domains). (2) Full triangles: striped domains. (0) Open
squares: defect domains. Domain DD (picture B) is the magnified image
of one of the little domains visible at the bottom right-hand corner of
the main picture A. From the colors, it has the same thickness as the
large striped domain but is too small to accommodate stripes.
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Static and dynamic measurements
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PACS 61.30.-v – Liquid crystals
PACS 68.18.-g – Langmuir-Blodgett films on liquids
PACS 47.57.-s – Complex fluids and colloidal systems

Abstract – The line tension of nematic Langmuir films on water is investigated using the 6CB
member of the cyanobiphenyl liquid-crystals series. Both static and dynamic measurements are
performed independently. The line tension increases linearly with film thickness up to 0.2µm. The
increment of line tension is significantly smaller than for the smectic 8CB compound, due to the
difference in the allowed elastic deformations of smectic and nematic films. A simple model of
the nematic edge accounts both for the linear dependence and the order of magnitude of the line
tension. Moreover, it sheds new light on the structure of thin nematic films on liquid substrates.

Copyright c© EPLA, 2008

Introduction. – The free energy of Langmuir films at
the air-water interface includes bulk and surface terms,
but also a contribution associated with the film boundary.
The line tension —the two-dimensional analog of surface
tension— is the corresponding free energy per unit length.
Measurements and theoretical models of the line tension
of monolayers on water have been developed over the
last twenty years [1–4]. More recently, the line tension of
smectic liquid-crystal multilayers has been studied, both
theoretically [5] and experimentally [2,6–8]. Experiments
at the air-water interface have been performed using 8CB
(4′-8-alkyl[1,1′-biphenyl]-4-carbonitrile) at room temper-
ature [6,7]. Increasing the amount of 8CB leads first
to simple monolayer domains on water, then to multi-
layer domains built up by stacked bilayers on top of the
monolayer [7,9–11]. While for monolayer and trilayer coex-
istence means full equilibrium, this is no longer the case for
thicker domains. As a matter of fact, domains of different
thickness usually coexist in metastable equilibrium with
the same trilayer [7,9]. The 8CB molecules bear a large
axial dipole moment (∼ 5D [12,13]) and are parallel in the
monolayer, but antiparallel in the bilayers. Line tensions
have been measured using Brewster Angle Microscopy
(BAM) and analyzing the relaxation of domains previously
deformed by hydrodynamic flow [2,7,14]. The line tension
τw of monolayer domains on water is 1.2± 0.3 pN [6],

(a)E-mail: anne-marie.cazabat@upmc.fr

the same order of magnitude as for many monolayer
systems [2,3,6]. In contrast, the trilayer-monolayer line
tension τ0 (a bilayer domain on top of a continuous mono-
layer) is ten times larger (11 ± 2 pN [6], 15± 1 pN [7]).
Accounting for such a large value is not straightforward. It
has been assumed [6] that the specific location of the mole-
cules in both the monolayer and the upper bilayer leads
to a globally unbalanced dipolar and strong interaction.
Such an assumption is supported by the measurements
of the surface potential [6,7], indicating that the bilayer in
the trilayer structure is significantly distorted. This is also
the case for the first bilayer in thicker structures, while the
next upper bilayers become rapidly symmetric [7,9].
The line tension between thicker smectic domains
and trilayer is found to depend linearly on the domain
thickness h in the range investigated (h6 60 nm) [7].
The increment is 3.3mN/m, or 11 pN per added bilayer,
which is very similar to the value of τ0. This is too large
to be due to the short-range quadrupolar interaction in
the symmetric bilayers. According to Oswald’s model [5]
it is assumed that an edge dislocation —a typical defect
of the smectic structure— is present at the boundary of
the smectic domain [7]. This corresponds to the folding
of smectic layers around a disclination line located at the
periphery of the domain [7,15,16]. The associated elastic
energy accounts for the high measured line tension.
We are not aware of any line tension measurement of

nematic films. Manipulating 8CB domains on water is a

66004-p1
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Fig. 1: A nematic domain (3) coexists with trilayer domain (2)
which is in equilibrium with the surrounding monolayer (1).
The surface pressure of the trilayer can be written in two ways:
Π2 =Π3+ τ(h)/R23 =Π1+ τ0/R12. The procedure is repeated
for all the trilayer domains contacting (3) and in equilibrium
with (1). The picture on the left is over-exposed and the
intensity on the nematic domains appears saturated. The
wavelength in the domain (3) is about 5µm. Size of the images:
210µm× 230µm.

difficult task at room temperature [7] and would become
a challenge with the added constraint of a temperature
control (8CB is nematic between 33.5 and 40.5 ◦C). The
widely used 5CB is nematic at ambient temperature but
it does not wet water. The convenient member of the
cyanobiphenyl series is the 6CB which has a nematic phase
between 14.5 and 29 ◦C and can be spread on water. The
same succession and coexistence of monolayer, trilayer
and then domains of various thicknesses, is observed by
increasing the deposited amount [17]. However, nematic
domains show long wavelength stripe patterns which are
specific responses of the nematic elasticity to the hybrid
anchoring conditions at the two fluid interfaces [17–20].
Such patterns do not exist in smectic films, where the
corresponding twist deformation is forbidden [15,16].

Materials and methods. – Solutions of 6CB (Sigma-
Aldrich, purity 98%, used as received) in hexane are
deposited on pure water (18.2MΩ · cm) at room tempera-
ture (22± 1 ◦C). The films are observed under microscope
(Polyvar MET-Reichert-Jung) and the images recorded.
After complete evaporation of the solvent, some local
rearrangements including domain coalescence take place
during about 20mn. Then the films evolve much more
slowly over days. While the structures of monolayer and
trilayer seem very similar in the nematic and smectic case,
respectively, this is no longer the case for thicker films:
the next film after the trilayer (h= 3.5 nm) is significantly
thicker in the nematic case (h= 30nm) and shows the
stripe patterns characteristic of nematic elasticity. Stripes
are observed for thickness 30 nm6 h6 0.6µm, and provide
also an easy way to measure h if the curve λ(h) has been
previously drawn [17,18]. The wavelength λ is much larger
than the thickness h. For 6CB on water, it is close to
250h for h6 0.35µm (see fig. 5a) and increases steeper
at larger thickness [17]. Two independent procedures have

Fig. 2: (Colour on-line) Dynamic of relaxation just after
coalescence of two pancakes with same thickness (i.e. same
colour). The numbers at the bottom left of the pictures indicate
time in seconds. Focussing is done on the edge of the domains,
and the contrast of the stripes is poor. Size of the images:
715µm× 700µm.

been used for line tension measurements, taking advantage
of the preserved specific structures due to the metastabil-
ity of the thicker domains —like in the smectic case [7]—
induced during deposition and solvent evaporation.

1) Static measurements are run several hours after the
deposition. At very low concentration, relatively
thick domains (h6 0.35µm) can be found, coexisting
in metastable equilibrium with trilayer domains,
which themselves coexist with a continuous mono-
layer (fig. 1). In that case, the wide dynamics of
the camera (CoolSnap-Photometrics) allows us to
visualize not only the nematic domain, but also the
boundary between the trilayer and the monolayer
(fig. 1).

2) Moreover, during the initial transient, at a somewhat
larger concentration, a rare but interesting situation
occurs when coalescence takes place between two
nematic domains surrounded by a continuous trilayer
with both the same thickness and a similar size
(fig. 2). These dynamic processes are recorded and
analyzed afterwards.

Line tension measurements. –

Static measurements of domain shapes (fig. 1). The
two-dimensional film pressures Πi on both sides of the
boundary between coexisting films are linked by the anal-
ogous Laplace law at 2 dimensions, even in metastable
equilibrium (which is a local minimum of the free energy).
Figure 1 illustrates the procedure which is used to link
the line tension τ(h) between a domain of thickness h
and the trilayer to the line tension τ0 between the trilayer
and the continuous monolayer. Rij is the curvature radius
of the 2-dimensional boundary between i and j:

Π2 =Π3+
τ(h)

R32
=Π1+

τ0
R12
. (1)

66004-p2



Line tension of nematic pancakes

Fig. 3: (Colour on-line) Line tension of nematic pancake vs.
thickness. Full squares: dynamic measurements. Circles: static
measurements reported as 12. τ(h)/τ0(pN).

Repeated and systematic measurements show that the
ratio τ(h)/τ0: i) is the same everywhere on the boundary
of a given domain and ii) depends only on the thickness for
different domains. This validates the procedure and allows
us to define unambiguously a line tension. In addition,
boundaries between phases in fig. 1 show a very regular
shape with a constant radius of curvature, indicating that
long-range electrostatic effects can be neglected in line
tension measurements [2,4]. The results are reported in
fig. 3 (open circles). The trend is a linear variation of τ(h)
with h, at least up to 0.20µm. For larger thickness, line
tension and curvature radii are large, and the procedure
becomes inaccurate.

Dynamic measurement of the relaxation dynamics

(fig. 2). Absolute values of the line tension can be
deduced from the coalescence dynamics of two domains
with equal thickness and similar size, surrounded by
the trilayer. Here, we follow the analysis used in BAM
studies [2,6,7]. If the bulk dissipation is dominant, then
at the end of the coalescence process, the relaxation
dynamics towards a circular shape of radius R0 becomes
exponential with a characteristic time Θ [2,7,14]:

Θ≈
5π

16

ηB,waterR
2
0

τ(h)
, (2)

where ηB,water is the viscosity of water. A typical semi-
logarithmic plot of the domain anisotropy vs. time is
given in fig. 4. Three thicknesses have been investi-
gated. The results are τ(h) = 88.5 pN for h= 0.14µm,
τ(h) = 108 pN for h= 0.17µm, and τ = 132 pN for h=
0.18–0.19µm (fig. 3, full squares). They agree with a linear
variation of τ(h) and coincide with the static results for
τ0 = 12± 1.5 pN, a value very close to the one found for
the smectic 8CB.
Note that the bulk dissipation dominates provided R0 >
ηB,6CB ·h/ηB,water [7]. Indeed a rough estimate of the

0 1 2 3
0.01

0.1

1

L
 /
 W

 -
1
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L 

W 

Fig. 4: (Colour on-line) Typical graph of the relaxation dynam-
ics (semi-log plot). At short time (a few milliseconds) the
coalescence between two individual domains is observed. At
longer time, the relaxation of the resulting domain towards
a circular shape is exponential. The anisotropy L/W − 1 has
been shown to be the relevant parameter [2,7].

surface viscosity ηs is given by ηs ∼ ηB,6CB ·h, where
ηB,6CB is the bulk viscosity of the nematic 6CB [7,21]. The
largest value of h is 0.35 µm. With ηB,6CB = 30mPa · s,
the condition becomes R0 > 10µm, which is always largely
fulfilled. This supports the use of eq. (2) in the calculation
of τ(h).

Comments and discussion. – Considering the line
tension between monolayer and trilayer, it is quite satis-
factory to find that the values are close for the smectic
8CB and the nematic 6CB. Actually, the two compounds
are similar, and the nature of the order in the bulk is
not expected to play at that scale. The combination of
static and dynamic procedures in the present measurement
supports the assumption by Lauger [6] that the struc-
ture of the trilayer is very specific. In contrast, the line
tension between a nematic domain and the trilayer is,
for a given thickness, significantly smaller than the one
between a smectic domain and the trilayer. Typically, the
slope τ(h)/h is 0.7mN/m for the nematic domain, instead
of 3.3mN/m for the smectic one [7]. Our assumption is
that the difference between the elastic response of smectic
and nematic phases, respectively, accounts for the change
in the line tension values for the corresponding films.
How the edge of a nematic domain looks like is not obvi-

ous. In fact, the mere structure of the nematic domains on
water is still controversial [17]. Hybrid anchoring condi-
tions occur at the interfaces: planar on the substrate,
homeotropic on air (normal to the interface). The struc-
ture of thick nematic films in that case is well known. Let
x, y be the plane of interface, then the director is along z at
the free interface. Let us assume that the director is along

66004-p3



U. Delabre et al.

Fig. 5: (Colour on-line) a) Wavelength vs. thickness. Wave-
length of stripes increases almost linearly with thickness up
to 0.3 µm with a factor of ∼ 250. b) Edge width vs. wave-
length. The edge width is about λ/5 for this thickness range:
0.1µm6 h6 0.35µm. The edge is not sharp and is about 50h.

x at the substrate. It rotates from bottom to top of the
film inside the (x, z)-plane, the structure being invariant
by any translation parallel to the (x, y)-plane. This config-
uration is referred to as a “distorted nematic”. However,
on a liquid substrate like water, the planar anchoring is
stronger than the homeotropic one and is degenerate so the
molecules are free to move. Stripe patterns are one charac-
teristic response of a “distorted nematic” in that case: the
director oscillates out of the (x, z)-plane. The correspond-
ing twist term is usually treated as a first-order perturba-
tion of the “distorted nematic” configuration [18–20,22].
The “distorted nematic” configuration is not allowed for
very thin films [23], the cost in elastic energy becoming
larger than the anchoring energy below a threshold thick-
ness hc which is about a micron or less typically. The orien-
tation of the director for h6 hc is normally imposed by
the stronger anchoring. In contrast, experiments provide
evidence of striped films in the thickness range 30 nm6
h6 0.6µm. The stripe phase has been observed before
in distorted or homogenous (fully homeotropic or planar)
thick samples in the presence of an electric or a magnetic
field [24,25]. Even if formally the thickness can play the
role of the external field, the situation of thin films is
specific because surface-like terms must be included in the
theory. This is an old problem which has not been clearly
answered yet [17–20,22].

Fig. 6: (Colour on-line) Nematic domains between crossed
polarizers. The surrounding trilayer appears black. The three
largest domains are striped, even if the pattern becomes
irregular in the two smaller ones. Three smaller domains are
also present, where only the black cross characteristic of a
radial nematic order with a defect in the center is visible. At the
edge of the striped domains, the black cross is again present.
All the domains have approximately the same thickness (i.e.
the same colour).

Further investigations provide a plausible answer to the
problem, and also a model for the line tension. First,
stripes exist only if the radius of the domain is larger
than the stripe wavelength. Smaller domains show the
characteristic nematic defects, (see fig. 6). Second, the
edge of the striped domains is not sharp. A systematic
study shows that the apparent width of the edge in
the range 0.1µm6 h6 0.35µm is approximately λ/5 (see
fig. 5(b)). A counter-intuitive result is that the nematic
edge has a weak slope (∼ 1/50).
A plausible answer to the presence of stripes in films

much thinner than the micrometer is that these stripes are
not merely small perturbations of a “distorted nematic”
configuration taken as the base state in the model
[18–20,22]. The corresponding twist relaxes the elastic
energy in an efficient way. Therefore, when stripes are
present, the threshold thickness calculated assuming
a “distorted nematic” configuration [23] is no longer
relevant. An immediate consequence is that inside the
edge, which is too narrow to accommodate stripes and
relax elastic energy, the “distorted nematic” configuration
is not allowed. As the planar anchoring is stronger, the
film must be planar everywhere in the edge (with a radial
orientation of the director as the local slope removes the
planar degeneracy [19,22]). The possibility of an anchoring
transition close to the edge of a striped domain (5CB on
glycerol) was already mentioned by Sparavigna et al. [19].
Figure 6, where the domains are observed between crossed
polarizers, supports the present model, showing crossed
extinctions in the domain edge, with a good optical
contrast. In the edge, which has a small slope (1/50),
the director is approximately orthogonal to the preferred
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(homeotropic) orientation at the upper interface. The
energy cost is due to the anchoring energy at the free
interface, which is the dominant contribution (the van
der Waals contribution is negligible for h> 40 nm [17]).
The corresponding area per unit length is approximately
the width of the edge. The anchoring energy per unit
area is typically 10−5 J/m2 [18,19,26], the width is 50h,
therefore the line tension becomes τ(h)≈ 5 · 10−4h (N),
very close to the experimental value 7 · 10−4h (N).

Conclusion. – The line tension of 6CB nematic
domains on water substrates has been measured by a
combination of static and dynamic measurements. The
results coincide if, as far as monolayer and trilayer are
concerned, the 6CB behaves like the 8CB, the next even
member of the cyanobiphenyl series, which is highly
probable. The measured values of the line tension for
thicker films are significantly less in nematics than in
smectics. A simple model accounts quantitatively for
the measured values, and removes the inconsistencies
of the present descriptions of nematic films on liquid
substrates [17–19]. The stripe patterns observed on water
or glycerol and due to twist deformations relax efficiently
the elastic distortion energy. As they cannot be treated
as first-order perturbations of the “distorded nematic”
structure, the corresponding thickness threshold [23] is
irrelevant for striped films. In contrast, the anchoring
transition takes place at the edge of the films, which is
too narrow to accommodate stripes. The next step is to
check the present model on glycerol substrates, where
the stripe patterns are similar to the ones on water, but
where the trilayer structure is still unknown.
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✈❛$✐❛,✐♦♥ ♦❢ ,❤❡ ❛♠♣❧✐,✉❞❡ ♦❢ ,❤❡ ❝❛♥,✐❧❡✈❡$✬8 ♦8❝✐❧❧❛,✐♦♥✳ ❚❤✐8 ♠♦❞❡ ❤❛8 ❛ ♥❛♥♦♠❡,❡$ $❡8♦✲

❧✉,✐♦♥✳ ■, ✐8 ✇❡❧❧✲❛❞❛♣,❛,❡❞ ,♦ 8♦❧✐❞ ❛♥❞ 8♦❢, 8✉$❢❛❝❡8 ❜♦,❤ ✐♥ ❛✐$ ❛♥❞ ✐♥ ❧✐F✉✐❞ ❡♥✈✐$♦♥♠❡♥,❀

• ◆♦♥✲❈♦♥,❛❝, ♠♦❞❡✱ ❛ ✈❛$✐❛♥, ♦❢ ,❤❡ ,❛♣♣✐♥❣ ♠♦❞❡ ✇❤❡$❡ ,❤❡ ,✐♣ ♥❡✈❡$ ,♦✉❝❤❡8 ,❤❡ 8❛♠♣❧❡✬8

8✉$❢❛❝❡✳ ❚♦ ✐♠❛❣❡ ❧✐F✉✐❞8 ✇✐,❤♦✉, ❞❡❢♦$♠✐♥❣ ,❤❡♠✱ ,❤❡ ♥♦♥✲❝♦♥,❛❝, ♠♦❞❡ ✐8 ,❤❡ ♦♥❧② ♦♥❡

,❤❛, ❝❛♥ ❜❡ ✉8❡❞✳

❊✳✶✳✶ ◆♦♥✲❝♦♥(❛❝( ❛♥❞ ✐♥(❡-♠✐((❡♥(✲❝♦♥(❛❝( ❆❋▼

■♥ ♥♦♥✲❝♦♥,❛❝, ♠♦❞❡✱ ,❤❡ ❝❛♥,✐❧❡✈❡$ ♦8❝✐❧❧❛,❡8 ❛, ❛ ❣✐✈❡♥ ❢$❡F✉❡♥❝② ❬✺❪✳ ❚♦ ❡♥8✉$❡ ❛ ♠❛①✐♠✉♠

8❡♥8✐,✐✈✐,②✱ ,❤✐8 ❢$❡F✉❡♥❝② ✐8 ❝❧♦8❡ ,♦ ,❤❡ ♠❡❝❤❛♥✐❝❛❧ $❡8♦♥❛♥❝❡ ✭✉8✉❛❧❧② 5 − 10% ❜❡❧♦✇✮✳ ❚❤❡

,✐♣ ❡①♣❡$✐❡♥❝❡8 8✉$❢❛❝❡ ❢♦$❝❡8 ✇❤❡♥ ❝❧♦8❡ ,♦ ,❤❡ 8✉$❢❛❝❡ ♦❢ ,❤❡ 8❛♠♣❧❡✳ ❚❤❡8❡ ❢♦$❝❡8 ❛$❡ ❦❡♣,

❝♦♥8,❛♥, ❜② ❛ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ✇❤✐❝❤ ❛❝,8 ♦♥ ,❤❡ ❛♠♣❧✐,✉❞❡ ♦❢ ,❤❡ ♦8❝✐❧❧❛,✐♦♥ ♦❢ ,❤❡ ❝❛♥,✐❧❡✈❡$✳ ❚❤❡

♥♦♥✲❝♦♥,❛❝, ♠♦❞❡ ✐8 ❛ ♣❛$,✐❝✉❧❛$ ❝❛8❡ ♦❢ ,❤❡ ,❛♣♣✐♥❣ ♠♦❞❡✳ ❚❤❡ ❞✐✛❡$❡♥❝❡ ❜❡,✇❡❡♥ ,❤❡8❡ ,✇♦

♠♦❞❡8 $❡❧✐❡8 ✐♥ ,❤❡ ❝❤♦✐❝❡ ♦❢ ,❤❡ ♣❛$❛♠❡,❡$8 ♦❢ ,❤❡ ❆❋▼✳

■♥ ,❤❡ ♥♦♥✲❝♦♥,❛❝, ♠♦❞❡✱ ,❤❡ ,✐♣ ♥❡✈❡$ ,♦✉❝❤❡8 ,❤❡ 8✉$❢❛❝❡ ♦❢ ,❤❡ 8❛♠♣❧❡✳ ❚❤✐8 ❝❛♥ ❜❡

❛❝❤✐❡✈❡❞ ✐❢ ,❤❡ ,✐♣ ❡①♣❡$✐❡♥❝❡8 ♦♥❧② ❧♦♥❣✲$❛♥❣❡ ❢♦$❝❡8 ✭❱❛♥ ❞❡$ ❲❛❛❧8 ✐♥,❡$❛❝,✐♦♥ ✐♥ ❛✐$✮✳ ■❢ ,❤❡

,✐♣ ❤❛♣♣❡♥8 ,♦ ,♦✉❝❤ ♣❡$✐♦❞✐❝❛❧❧② ,❤❡ 8✉$❢❛❝❡ ♦❢ ,❤❡ 8❛♠♣❧❡✱ ,❤❡ ✐♠❛❣✐♥❣ ✐8 8❛✐❞ ,♦ ❜❡ ✐♥,❡$♠✐,,❡♥,✲

❝♦♥,❛❝, ✭■❈✮ ♠♦❞❡ ❬✶✵❪✳ ❚❤❡ ,✐♣ ❡①♣❡$✐❡♥❝❡8 ,❤❡♥ $❡♣✉❧8✐✈❡ ❛♥❞ ❛❞❤❡8✐♦♥ ❢♦$❝❡8✳ ❲❤❡♥ ✐♠❛❣✐♥❣ ❛



HEIGHT0 20 µm

- 48 nm

73.6 nm

PHASE0 20 µm

- 6.4

11.5

1 2

PHASE IMAGING 

- schematic -

signal sent

signal measured

❋✐❣✉$❡ ❊✳✷✿ ❖♥ ,❤❡ ❧❡❢,✱ ❡①❛♠♣❧❡ ♦❢ ❤❡✐❣❤, ❛♥❞ ♣❤❛7❡ ✐♠❛❣❡ ❢♦$ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❙✐❖❚❙❈✳ ❚❤❡

✐♠❛❣❡7 ❛$❡ ♥♦, ✢❛,,❡♥❡❞✳ ❖♥ ,❤❡ $✐❣❤,✱ ,❤❡ ♣$✐♥❝✐♣❧❡ ♦❢ ♣❤❛7❡ ✐♠❛❣✐♥❣ ✐7 ❞❡7❝$✐❜❡❞✿ ,❤❡ ♣❤❛7❡

✐♠❛❣❡ ✐7 ❝♦♥7,$✉❝,❡❞ ❢$♦♠ ,❤❡ ♣❤❛7❡ ❧❛❣ ❜❡,✇❡❡♥ ,❤❡ 7✐❣♥❛❧ 7❡♥, ,♦ ,❤❡ ❝❛♥,✐❧❡✈❡$ ❛♥❞ ✐,7 ❛❝,✉❛❧

♦7❝✐❧❧❛,✐♦♥✳ ❚❤✐7 ♣❤❛7❡ ❧❛❣ ✐7 ❞✐✛❡$❡♥, ❢♦$ ❞✐✛❡$❡♥, ❦✐♥❞ ♦❢ ♠❛,❡$✐❛❧✳

7❛♠♣❧❡✱ ✐, ✐7 ♣♦77✐❜❧❡ ,♦ 7✇✐,❝❤ ❜❡,✇❡❡♥ ,❤❡7❡ ,✇♦ ♠♦❞❡7✳ ❈❤❛♥❣✐♥❣ ❢$♦♠ ❛ ♥♦♥✲❝♦♥,❛❝, ♠♦❞❡ ,♦

❛♥ ✐♥,❡$♠✐,,❡♥, ❝♦♥,❛❝, ♠♦❞❡ ❝❛♥ ❜❡ ❛ ♣$♦❜❧❡♠ ✇❤❡♥ ❧✐H✉✐❞7 ❛$❡ ✐♠❛❣❡❞✳ ❚❤❡ ❝♦♥,❛❝, ❜❡,✇❡❡♥

,❤❡ ,✐♣ ❛♥❞ ,❤❡ ❧✐H✉✐❞ ❝$❡❛,❡7 ❛ ♠❡♥✐7❝✉7✳ ❚❤✐7 ❞❡❢♦$♠7 ♠♦$❡ ♦$ ❧❡77 ,❤❡ 7❛♠♣❧❡✬7 ✐♠❛❣❡ ❛♥❞

❝♦♥,❛♠✐♥❛,❡7 ,❤❡ ,✐♣

✷

✳ ◆♦♥✲❝♦♥,❛❝, ♠♦❞❡ ✐7 ,❤❡♥ ,❤❡ ♠♦7, ❛♣♣$♦♣$✐❛,❡ ❆❋▼ ♠♦❞❡ ,♦ ✐♠❛❣❡

❧✐H✉✐❞7

✸

✳

❊✳✶✳✷ ❍❡✐❣❤) ❛♥❞ ♣❤❛.❡ ✐♠❛❣❡.

❚❤❡ ❤❡✐❣❤, ✐♠❛❣❡ ❣✐✈❡7 ,❤❡ ,♦♣♦❣$❛♣❤② ♦❢ ,❤❡ 7❛♠♣❧❡✳ ■, ✐7 ❞✐$❡❝,❧② ♦❜,❛✐♥❡❞ ,❤$♦✉❣❤ ,❤❡ ♠❡❛✲

7✉$❡♠❡♥, ♦❢ ,❤❡ ,✐♣✲❝❛♥,✐❧❡✈❡$ ♦7❝✐❧❧❛,✐♦♥✳ ❍❡✐❣❤, ✐♠❛❣❡ ✐7 7❡♥7✐,✐✈❡ ,♦ ,❤❡ ❣❡♦♠❡,$② ♦❢ ,❤❡ ,✐♣✳

■, ❝❛♥ ❛❧7♦ 7❤♦✇ ♥♦✐7❡ ❞✉❡ ,♦ ,❤❡ 7❝❛♥♥✐♥❣ ♣$♦❝❡77✳ ◆♦✐7❡ ❝❛♥ ❜❡ ❞✉❡ ❢♦$ ❡①❛♠♣❧❡ ,♦ ❛ ,✐❧, ❛♥❣❧❡

❜❡,✇❡❡♥ ,❤❡ 7✉$❢❛❝❡ ❛♥❞ ,❤❡ ,✐♣✳ ❚❤❡ ❆❋▼ ✐♠❛❣❡ ,❤❡♥ ❛♣♣❡❛$7 ❛7 ,✐❧,❡❞✳ ❚♦ 7✉♠♠❛$✐③❡✱ ❛♥

❤❡✐❣❤, ✐♠❛❣❡ ❝❛♥ ,②♣✐❝❛❧❧② 7❤♦✇ ❛$,✐❢❛❝,7 ✇❤✐❝❤ ❛$❡ ❛ ,✐❧,✱ ❛ ❜♦✇ ♦$ $❛♥❞♦♠ ❞❛$❦❡$ ❧✐♥❡7 ✭❧♦✇

❢$❡H✉❡♥❝② ♥♦✐7❡✮✳ ❚❤❡7❡ ❛$,✐❢❛❝,7 ❝❛♥ ❜❡ $❡♠♦✈❡❞ ✉7✐♥❣ ,❤❡ ✢❛,,❡♥✐♥❣ ❢✉♥❝,✐♦♥ ♦❢ ,❤❡ ❛♥❛❧②7✐7

7♦❢,✇❛$❡ ✭◆❛♥♦7❝♦♣❡ ❆♥❛❧②7✐7 ✐♥ ♦✉$ ❝❛7❡✮✳ ❍♦✇❡✈❡$✱ ✢❛,,❡♥✐♥❣ ❝❛♥ ❛❧7♦ ♠♦❞✐❢② ,❤❡ 7❤❛♣❡ ♦❢ ,❤❡

❢❡❛,✉$❡7 ,❤❛, ❛$❡ ♣$❡7❡♥, ♦♥ ,❤❡ ✐♠❛❣❡✳ ■♥ ♣❛$,✐❝✉❧❛$ ❝♦♥,❛❝, ❛♥❣❧❡ ♠❡❛7✉$❡♠❡♥,7 7❤♦✉❧❞ ,❤❡♥

❜❡ ♣❡$❢♦$♠❡❞ ♦♥ ✉♥✢❛,,❡♥❡❞ ❤❡✐❣❤, ✐♠❛❣❡7✳

❚❤❡ ♣❤❛7❡ ✐♠❛❣❡ 7❝❛♥7 ,❤❡ ❞✐✛❡$❡♥❝❡ ✐♥ ❝♦♠♣♦7✐,✐♦♥ ♦❢ ,❤❡ ❞✐✛❡$❡♥, ③♦♥❡7 ♦❢ ,❤❡ 7❛♠♣❧❡ ❜②

❞❡,❡❝,✐♥❣ ✈❛$✐❛,✐♦♥7 ✐♥ ❛❞❤❡7✐♦♥✱ ❢$✐❝,✐♦♥✱ ✈✐7❝♦❡❧❛7,✐❝✐,② ❛♥❞ ♦,❤❡$ ♠❡❝❤❛♥✐❝❛❧ ♣$♦♣❡$,✐❡7✳ ❚❤✐7

❞❡,❡❝,✐♦♥ ✐7 ❞♦♥❡ ✈✐❛ ,❤❡ ♣❤❛7❡ ❧❛❣ ♦❢ ,❤❡ ❝❛♥,✐❧❡✈❡$✬7 ♦7❝✐❧❧❛,✐♦♥ $❡❧❛,✐✈❡ ,♦ ,❤❡ 7✐❣♥❛❧ 7❡♥, ,♦ ,❤❡

❝❛♥,✐❧❡✈❡$ ❜② ,❤❡ ♣✐❡③♦ ❞$✐✈❡$ ✭7❡❡ ✜❣✉$❡ ❊✳✷✮✳ ❯♥❧✐❦❡ ,❤❡ ❤❡✐❣❤, ✐♠❛❣❡✱ ,❤❡ ♣❤❛7❡ ✐♠❛❣❡ ✐7 ,❤❡♥

❢$❡❡ ❢$♦♠ ❞❡❢♦$♠❛,✐♦♥7 ❞✉❡ ,♦ ,❤❡ ,✐♣ ❣❡♦♠❡,$②✳

✷

❚✐♣ ❝♦♥&❛♠✐♥❛&✐♦♥ ✐) ❡❛)✐❧② )❡❡♥ ♦♥ ♣❤❛)❡ ✐♠❛❣❡✳ ❚❤❡ ♠❡❛♥✐♥❣ ♦❢ &❤❡ ♣❤❛)❡ ✐♠❛❣❡ ✐) ❞❡&❛✐❧❡❞ ✐♥ &❤❡ ❢♦❧❧♦✇✐♥❣

♣❛3❛❣3❛♣❤✳

✸

❚✇♦ ❡①❛♠♣❧❡) ♦❢ ♥♦♥✲❝♦♥&❛❝& ♠♦❞❡ ✐♠❛❣✐♥❣ ❛♣♣❧✐❡❞ &♦ ❧✐6✉✐❞) ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ 3❡❢❡3❡♥❝❡) ❬✸❪ ❢♦3 &❤❡ ❝❛)❡ ♦❢

✇❛&❡3 ❛♥❞ ❬✷❪ ❢♦3 &❤❡ ❝❛)❡ ♦❢ ❛❧❦❛♥❡)✳



NSG10 NSG01 FESP

 ✐❝#✉%❡

▼❛#❡%✐❛❧ ❙✐♥❣❧❡ ❝%②.#❛❧ .✐❧✐❝♦♥✱

◆ #②♣❡✱ 0.01 − 0.025
❖❤♠✲❝♠✱ ❛♥#✐♠♦♥②

❞♦♣❡❞

❙✐♥❣❧❡ ❝%②.#❛❧ .✐❧✐❝♦♥✱

◆ #②♣❡✱ 0.01 − 0.025
❖❤♠✲❝♠✱ ❛♥#✐♠♦♥②

❞♦♣❡❞

0.01 − 0.025 ❖❤♠✲❝♠

❆♥#✐♠♦♥② ✭♥✮ ❞♦♣❡❞ ❙✐

❘❡✢❡❝#✐✈❡ .✐❞❡ ❆✉ ❆✉

❚✐♣ ❝✉%✈❛#✉%❡ %❛❞✐✉. #②♣✐❝❛❧ 6 ♥♠✱ ❣✉❛%❛♥✲

#❡❡❞ 10 ♥♠
#②♣✐❝❛❧ 6 ♥♠✱ ❣✉❛%❛♥✲

#❡❡❞ 10 ♥♠
♥♦♠✐♥❛❧ 8 ♥♠✱ ♠❛①✐✲

♠❛❧ 12 ♥♠
❈❛♥#✐❧❡✈❡% ❧❡♥❣#❤ ✭µm✮ 95± 5 125± 5 225± 25
❈❛♥#✐❧❡✈❡% ✇✐❞#❤ ✭µm✮ 30± 3 30± 3 23✱ %❛♥❣❡ 28± 5
❈❛♥#✐❧❡✈❡% #❤✐❝❦♥❡..

✭µm✮
2.0± 0.5 2.0± 0.5 2.75✱ %❛♥❣❡ 2.0− 3.5

❘❡.♦♥❛♥# ❢%❡D✉❡♥❝②

✭❦❍③✮ ✭♠✐♥ ✴ #②♣✐❝❛❧ ✴

♠❛①✮

✶✹✵ ✴ ✷✹✵ ✴ ✸✾✵ ✽✼ ✴ ✶✺✵ ✴ ✷✸✵ ✺✵ ✴ ✼✺ ✴ ✶✵✵

❙♣%✐♥❣ ❝♦♥.#❛♥# ✭◆✴♠✮

✭♠✐♥ ✴ #②♣✐❝❛❧ ✴ ♠❛①✮

✸✳✶ ✴ ✶✶✳✽ ✴ ✸✼✳✻ ✶✳✹✺ ✴ ✺✳✶ ✴ ✶✺✳✶ ✶ ✴ ✷✳✽ ✴ ✺

❋✐❣✉+❡ ❊✳✸✿ ❈❤❛+❛❝4❡+✐54✐❝5 ♦❢ 4❤❡ ❝❛♥4✐❧❡✈❡+5 ♦❢ 4❤❡ NSG10✱ NSG01 ❛♥❞ ❋❊❙> 5❡+✐❡5 ✭❝❢ ❬✼❪✱

❬✻❪✮

❊✳✶✳✸ ■♠❛❣✐♥❣ ✐♦♥✐❝ ❧✐-✉✐❞ ❞0♦♣❧❡34

❊✳✶✳✸✳✶ ❈❛♥'✐❧❡✈❡,- ❝❤❛,❛❝'❡,✐-'✐❝-

❚✇♦ ❞✐✛❡+❡♥4 4②♣❡ ♦❢ ◆❚✲▼❉❚ ♥♦♥✲❝♦♥4❛❝4 ❝❛♥4✐❧❡✈❡+5 ✇❡+❡ ✉5❡❞ ✇✐4❤ 4❤❡ ▼✉❧4✐♠♦❞❡ ■■■ ♠♦❞✉❧❡✿

NSG10 ❛♥❞ NSG01 5❡+✐❡5✳ ❲✐4❤ 4❤❡ ▼✉❧4✐♠♦❞❡ ❱■■■ ♠♦❞✉❧❡✱ 5♦❢4✲4❛♣♣✐♥❣ ❝❛♥4✐❧❡✈❡+5 ✇❡+❡ ✉5❡❞✿

❇+✉❦❡+✱ ❋❊❙> ❝❛♥4✐❧❡✈❡+5✳ ❚❤❡ ✜❣✉+❡ ❊✳✸ 5✉♠♠❛+✐③❡5 4❤❡✐+ +❡5♣❡❝4✐✈❡ ♣+♦♣❡+4✐❡5✳ ❚❤❡ NSG10

❝❛♥4✐❧❡✈❡+5 ✇❡+❡ 4❤❡ ♠♦54 ✉5❡❞ ✇✐4❤ ▼✉❧4✐♠♦❞❡ ■■■✳ ❚❤❡✐+ ❧❛4❡+❛❧ +❡5♦❧✉4✐♦♥ ✐5 ❜❡44❡+ 4❤❛♥ ❢♦+ 4❤❡

❝❛♥4✐❧❡✈❡+5 ♦❢ 4❤❡ NSG01 5❡+✐❡5✳ ❍♦✇❡✈❡+✱ 4❤❡✐+ ✈❡+4✐❝❛❧ +❡5♦❧✉4✐♦♥ ✐5 ✇♦+5❡✳ ❚❤❡ ❧✐♠✐4❡❞ ✈❡+4✐❝❛❧

+❡5♦❧✉4✐♦♥ ❝❛♥ ❧❡❛❞ 4♦ ❞✐✣❝✉❧4✐❡5 ✇❤✐❧❡ ✐♠❛❣✐♥❣ ❤✐❣❤❡+ ❞+♦♣❧❡45✳ ❋♦+ ❡①❛♠♣❧❡✱ ✐4 ✇❛5 ♥♦4 ♣♦55✐❜❧❡

4♦ ✐♠❛❣❡ ♣+♦♣❡+❧② ❞+♦♣❧❡45 ❤✐❣❤❡+ 4❤❛♥ 50−60 ♥♠✳ ❚❤❡ ❝♦♠❜✐♥❛4✐♦♥ ▼✉❧4✐♠♦❞❡ ❱■■■ ❛♥❞ ❋❊❙>

❝❛♥4✐❧❡✈❡+ ✇❛5 ❛❜❧❡ 4♦ ♦✈❡+❝♦♠❡ 4❤✐5 ♣+♦❜❧❡♠✿ ♠✉❝❤ ❤✐❣❤❡+ ❞+♦♣❧❡45 ✭♠♦+❡ 4❤❛♥ 1 µ♠✮ ❝♦✉❧❞ ❜❡

✐♠❛❣❡❞✳ ❚❤❡ ❧❛4❡+❛❧ +❡5♦❧✉4✐♦♥ ✇❛5 ❛❧5♦ ✐♠♣+♦✈❡❞✳

❊✳✶✳✸✳✷ ❙❡''✐♥❣ ❆❋▼ ♣❛,❛♠❡'❡,-

❆♥ ❆❋▼ ❡①♣❡+✐♠❡♥4 ♦♥ ▼✉❧4✐♠♦❞❡ ■■■ ♦+ ▼✉❧4✐♠♦❞❡ ❱■■■ ❜❡❣✐♥5 ✇✐4❤ 4❤❡ 5❡4✲✉♣ ❛55❡♠❜❧✐♥❣✱

✐✳❡✳ ♣❧❛❝✐♥❣ 4❤❡ 5❝❛♥♥❡+✱ ❤❡❛❞✱ 5❛♠♣❧❡ ❛♥❞ ❝❛♥4✐❧❡✈❡+ ❤♦❧❞❡+ ❀ ❛♣♣+♦❛❝❤✐♥❣ 4❤❡ ❝❛♥4✐❧❡✈❡+ 4♦ 4❤❡

5✉+❢❛❝❡ ♦❢ 4❤❡ 5❛♠♣❧❡ ❀ ❢♦❝✉5✐♥❣ 4❤❡ ❧❛5❡+ ❜❡❛♠ ♦♥ 4❤❡ ❝❛♥4✐❧❡✈❡+✳ ❖♥❝❡ 4❤❡5❡ ✏♠❡❝❤❛♥✐❝❛❧ 54❡♣5✑



❛!❡ ❞♦♥❡✱ '❤❡ ❆❋▼ ♣❛!❛♠❡'❡!. ♥❡❡❞ '♦ ❜❡ .❡'✳ ❙❡''✐♥❣ ♣!♦♣❡!❧② '❤❡ ❆❋▼ ♣❛!❛♠❡'❡!. ✐. ✇❤❛'

✇✐❧❧ ❞❡'❡!♠✐♥❡ '❤❡ 7✉❛❧✐'② ♦❢ '❤❡ ✐♠❛❣❡✳ ❙❡♥.✐'✐✈❡ .'❡♣. ❛!❡ ❞❡'❛✐❧❡❞✿

• ❋✐!.'✱ '❤❡ ❝❛♥'✐❧❡✈❡! ♠✉.' ❜❡ '✉♥❡❞✳ ❚✉♥✐♥❣ '❤❡ ❝❛♥'✐❧❡✈❡! ❝♦♥.✐.'. ✐♥ ✜♥❞✐♥❣ ✐'. ♣!❡❝✐.❡

!❡.♦♥❛♥' ❢!❡7✉❡♥❝②✳ ❚❤❡ !❛♥❣❡ ♦❢ ❢!❡7✉❡♥❝✐❡. ❜!♦✇.❡❞ ❜② '❤❡ ❆❋▼ ♠✉.' ❜❡ .❡' ❛❝❝♦!❞✐♥❣ '♦

'❤❡ ❝❤❛!❛❝'❡!✐.'✐❝ !❛♥❣❡ ♦❢ ❢!❡7✉❡♥❝✐❡. ♣!♦✈✐❞❡❞ ❜② '❤❡ .✉♣♣❧✐❡! ❢♦! ❡❛❝❤ '②♣❡ ♦❢ ❝❛♥'✐❧❡✈❡!.✳

❚❤❡ ❡①♣❡❝'❡❞ !❡.✉❧' ♦❢ '❤❡ '✉♥✐♥❣ ✐. ❛ !❡.♦♥❛♥' ❢!❡7✉❡♥❝② ❝❧♦.❡ '♦ '❤❡ '②♣✐❝❛❧ !❡.♦♥❛♥'

❢!❡7✉❡♥❝② ❣✐✈❡♥ ❜② '❤❡ .✉♣♣❧✐❡!✳ ❋♦! ❡①❛♠♣❧❡ '❤❡ ❡①♣❡❝'❡❞ !❡.✉❧' ❢♦! ❛ ❝❛♥'✐❧❡✈❡! ♦❢ '❤❡

NSG10 .❡!✐❡. ✐. ❛!♦✉♥❞ 240 kHz✳ ❆♥② ✈❛❧✉❡ ❜❡❧♦♥❣✐♥❣ '♦ '❤❡ !❛♥❣❡ 140 − 390 kHz ✐.

❝♦♥.✐❞❡!❡❞ '♦ ❜❡ ❛❝❝❡♣'❛❜❧❡ ✭.❡❡ ✜❣✉!❡ ❊✳✸✮✳ ❈❛♥'✐❧❡✈❡!. ✇✐'❤ ❞❛♠❛❣❡❞ '✐♣. ♦! ♠✐.❛❧✐❣♥❡❞

❧❛.❡!. ❣✐✈❡ ✉.✉❛❧❧② ♥♦ !❡.✉❧' ♦! ❛ ✇!♦♥❣ !❡.✉❧' ❢♦! '❤❡ '✉♥✐♥❣ .'❡♣✳

• ❲❤❡♥ ✐♠❛❣✐♥❣ ❧✐7✉✐❞.✱ ✐' ✐. ♣♦..✐❜❧❡ '❤❛' '❤❡ .②.'❡♠ ✐. .'✐❧❧ .♣!❡❛❞✐♥❣ ✇❤❡♥ '❤❡ ✐♠❛❣✐♥❣

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

✈❛❧✉❡ ❝❛♥♥♦' ❜❡ '♦♦ ❢❛.' '♦ ❛✈♦✐❞ '✐♣ ❝♦♥'❛♠✐♥❛'✐♦♥ ❛♥❞ ❞❛♠❛❣❡✳ ❋♦! ♦✉! .❡'✉♣✱ '❤❡ .❝❛♥

!❛'❡ ✇❛. ❝❤♦.❡♥ '♦ ❜❡ 0.5 Hz✳

• ❚❤❡ ❛♠♣❧✐'✉❞❡ .❡' ♣♦✐♥' ✐. '❤❡ ♣❛!❛♠❡'❡! ✇❤✐❝❤ ❝♦♥.'!❛✐♥. '❤❡ ❛♠♣❧✐'✉❞❡ ♦❢ '❤❡ ♦.❝✐❧❧❛'✐♦♥

♦❢ '❤❡ ❝❛♥'✐❧❡✈❡!✳ ❚❤❡!❡❢♦!❡✱ ✐' ❝♦♥'!♦❧. '❤❡ ♠❛①✐♠❛❧ ♣♦..✐❜❧❡ ❞✐.'❛♥❝❡ ❜❡'✇❡❡♥ '❤❡ ❝❛♥✲

'✐❧❡✈❡! ❛♥❞ '❤❡ .✉!❢❛❝❡ ♦❢ '❤❡ .❛♠♣❧❡✳ ❲❤❡♥ ✐♠❛❣✐♥❣ ❛ ❞!♦♣❧❡'✱ '✇♦ ❝♦♥'!❛!② ♥❡❝❡..✐'✐❡.

✐♠♣♦.❡ '❤❡ ❝❤♦✐❝❡ ♦❢ '❤❡ ❛♠♣❧✐'✉❞❡ .❡' ♣♦✐♥'✿ ❋✐!.'✱ '❤❡ '✐♣ ♥❡❡❞. '♦ ❜❡ ❝❧♦.❡ ❡♥♦✉❣❤ ♦❢ '❤❡

.✉!❢❛❝❡ ♦❢ '❤❡ .❛♠♣❧❡ ✐♥ ♦!❞❡! '♦ .❡♥.❡ ✐'. ♣!❡.❡♥❝❡✳ ❙❡❝♦♥❞✱ '❤❡ '✐♣ .❤♦✉❧❞ ♥♦' ❜❡ '♦♦ ❝❧♦.❡

'♦ '❤❡ .✉!❢❛❝❡ ♦❢ '❤❡ .❛♠♣❧❡ ✐♥ ♦!❞❡! '♦ ❛✈♦✐❞ ❛♥② ❝♦♥'❛❝'✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ '❤❡ ❛♠♣❧✐'✉❞❡

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

❝❛♥'✐❧❡✈❡!✲❧✐7✉✐❞ .②.'❡♠. ✐♠❛❣❡❞ ✇❛. ✐♥ ❜❡'✇❡❡♥ 0.5 ❛♥❞ 2 V ✳

• ❚♦ ❛✈♦✐❞ ♥♦✐.❡ ✐♥ '❤❡ ✐♠❛❣❡✱ '❤❡ ✐♥'❡❣!❛❧ ❛♥❞ ♣!♦♣♦!'✐♦♥❛❧ ❣❛✐♥. ♠✉.' ❜❡ .❡' ❛. ❧♦✇ ❛. ♣♦..✐✲

❜❧❡ !❡.♣❡❝'✐♥❣ '❤❡ !❡❧❛'✐♦♥✿ ♣!♦♣♦!'✐♦♥❛❧ ❣❛✐♥ 20% ❤✐❣❤❡! '❤❛♥ ✐♥'❡❣!❛❧ ❣❛✐♥ ❢♦! ▼✉❧'✐♠♦❞❡

■■■ ✐♥ '❛♣♣✐♥❣ ♠♦❞❡ ❛♥❞ ❢♦! ▼✉❧'✐♠♦❞❡ ❱■■■ ✐♥ .♦❢' '❛♣♣✐♥❣ ♠♦❞❡✳

• ❋✐♥❛❧❧②✱ '❤❡ ♥✉♠❜❡! ♦❢ ❧✐♥❡. ♦❢ '❤❡ ✐♠❛❣❡ ✐. ❝❤♦.❡♥✳ ❚❤❡ ❣!❡❛'❡! ✐. '❤❡ ♥✉♠❜❡! ♦❢ ❧✐♥❡.✱ '❤❡

❜❡''❡! ✐. '❤❡ !❡.♦❧✉'✐♦♥ ♦❢ '❤❡ ✐♠❛❣❡✳ ■♥❝!❡❛.✐♥❣ '❤❡ ♥✉♠❜❡! ♦❢ ❧✐♥❡. ❞❡❝!❡❛.❡. '❤❡ ✈❡❧♦❝✐'②

♦❢ '❤❡ '✐♣ ✭'❤❛' .❤♦✉❧❞ ❜❡ ♥♦' '♦♦ ❤✐❣❤ '♦ ❛✈♦✐❞ '✐♣ ❞❛♠❛❣❡✮ ❛♥❞✱ ❢♦! '❤❡ ❝♦♥.'❛♥' .❝❛♥

!❛'❡✱ ✐♥❝!❡❛.❡. '❤❡ '✐♠❡ ♥❡❡❞❡❞ '♦ '❛❦❡ ❛ ❢✉❧❧ ❆❋▼ ✐♠❛❣❡✳ ❋♦! ❡①❛♠♣❧❡✱ '❛❦✐♥❣ ❛ ♣✐❝'✉!❡

❝♦♥'❛✐♥✐♥❣ 512× 512 ❧✐♥❡. ✐. '❤❡♥ ❧♦♥❣❡! '❤❛♥ '❛❦✐♥❣ ❛ ♣✐❝'✉!❡ ❝♦♥'❛✐♥✐♥❣ 256× 256 ❧✐♥❡.✳

❚❤❡ ♠❛①✐♠❛❧ !❡.♦❧✉'✐♦♥. ✉.❡❞ ✇❡!❡ 512 × 512 ✇✐'❤ ▼✉'✐♠♦❞❡ ■■■ ❛♥❞ 1024 × 1024 ❢♦!

▼✉❧'✐♠♦❞❡ ❱■■■✳

❊✳✶✳✸✳✸ ❆♥ ♦♣(✐♠❛❧ ❝♦♥(❛❝( ❛♥❣❧❡ 0❛♥❣❡

■♥ ♦!❞❡! '♦ ❣❡' ✐♠❛❣❡. ♦❢ ❞!♦♣❧❡'. ♦❢ !❡❧✐❛❜❧❡ ❝♦♥'❛❝' ❛♥❣❧❡.✱ '❤❡ ❞!♦♣❧❡'. ♥❡❡❞ '♦ ❜❡ .♠❛❧❧ ✭'♦

❡♥.✉!❡ ❤✐❣❤ ▲❛♣❧❛❝❡ ♣!❡..✉!❡ ❛♥❞ ♥❡❣❧✐❣✐❜❧❡ ❞❡❢♦!♠❛'✐♦♥.✮✳ ❚❤❡② ❛❧.♦ ♥❡❡❞ '♦ ❜❡ 7✉✐'❡ ✢❛' ✐♥

♦!❞❡! '♦ ♠✐♥✐♠✐③❡ ❞❡❢♦!♠❛'✐♦♥. ♦❢ '❤❡ ✐♠❛❣❡ ❞✉❡ '♦ '✐♣ ❣❡♦♠❡'!②✿ '❤❡ ♠♦!❡ .❤❛!♣ ✐. '❤❡ ❢❡❛'✉!❡



 ♦ ❜❡ ✐♠❛❣❡❞✱  ❤❡ ♠♦+❡ ✐♠♣♦+ ❛♥ ✇✐❧❧ ❜❡  ❤❡ ❞✐0 ♦+ ✐♦♥ ❞✉❡  ♦  ❤❡  ✐♣ ✭❝❢ ✜❣✉+❡ ❊✳✹✮✳ ❚❤✐0

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

✐0 ♠♦+❡  ❤❛♥ 90◦✳

■♥ ❢❛❝ ✱ ❛ ❝♦♥ ❛❝ ❛♥❣❧❡ ❝❧♦0❡  ♦ 90◦ ✐0 ❛❧+❡❛❞②  ♦♦ ♠✉❝❤  ♦ ♦❜ ❛✐♥ ❛ ♣+♦♣❡+ ✐♠❛❣❡✳ ▲❡ ✉0  ❛❦❡

❛0 ❛♥ ❡①❛♠♣❧❡ ❜✉ ②❧ ✲ ♠❡ ❤②❧ ✲ ✐♠✐❞❛③♦❧✐✉♠ ❜✐0 ✭ +✐✢✉♦+♦♠❡ ❤②❧0✉❧❢♦♥②❧✮ ✲ ✐♠✐❞❡✭❬❇▼■▼❪❬❚❋❙■❪✮

♦♥ ❚❡✢♦♥

❘©❆❋✶✻✵✵ 0✉+❢❛❝❡✳ ■♥  ❤❛ ❝❛0❡✱  ❤❡ ♠❛❝+♦0❝♦♣✐❝ ❝♦♥ ❛❝ ❛♥❣❧❡0 ❛+❡✿

80± 2◦ advancing ✭❊✳✶✮

75± 2◦ receding ✭❊✳✷✮

❚❛♣♣✐♥❣ ♠♦❞❡ ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ 0✉❝❤ ❞+♦♣❧❡ 0 ✇❛0 ✐♠♣♦00✐❜❧❡✳ ❚♦ ✉♥❞❡+0 ❛♥❞ ✇❤②✱  ❤❡ 0②0 ❡♠

✇❛0 ♦❜0❡+✈❡❞ ✇✐ ❤ ♦♣ ✐❝❛❧ ♠✐❝+♦0❝♦♣❡ ✉♣♦♥ ❆❋▼ ✐♠❛❣✐♥❣

✹

✳ ❚❤✐0 ❛♣♣+♦❛❝❤ ❛❧❧♦✇❡❞ ✉0  ♦ ❢♦❝✉0 ♦♥

❞+♦♣❧❡ 0 ❜✐❣❣❡+  ❤❛♥ ♦ ❤❡+0✱ ✐✳❡✳ ✈✐0✐❜❧❡ ✉♥❞❡+  ❤❡ ♦♣ ✐❝❛❧ ♠✐❝+♦0❝♦♣❡✳ ❆❢ ❡+  ❤❡  ✐♣ ❡♥❣❛❣❡♠❡♥ 

✇✐ ❤  ❤❡ 0✉+❢❛❝❡✱  ❤❡ 0❝❛♥♥✐♥❣ ♦❢  ❤❡ ❚❡✢♦♥

❘©❆❋✶✻✵✵ ❜❡❣✉♥ ✇✐ ❤ ♥♦ ♣+♦❜❧❡♠0✳ ❍♦✇❡✈❡+✱ ✇❤❡♥

 ❤❡  ✐♣ +❡❛❝❤❡❞  ❤❡ ❞+♦♣❧❡ ✱  ❤❡ ❆❋▼ ✐♠❛❣❡ 0❤♦✇❡❞ ❛❧♠♦0 ♥♦ ❞✐✛❡+❡♥❝❡ ✐♥ ❛ ❤❡✐❣❤ ✐♠❛❣❡✳

❚❤❡ ✐♠❛❣❡ ✇❛0 ❧♦♦❦✐♥❣ ❧✐❦❡  ❤❡ ♦♥❡ ♦❢  ❤❡ ❜❛+❡ 0✉❜0 +❛ ❡✱ ✇✐ ❤ 0 +❡❛❦0 ♦❢ ✐♦♥✐❝ ❧✐R✉✐❞✳ ❚❤❡0❡0

0 +❡❛❦0 0❡❡♠❡❞  ♦ ❜❡ ❧❡❢ ❜②  ❤❡  ✐♣ ✇❤✐❝❤ ✇❛0 ♣+♦✈❡❞ ❜②  ❤❡ ♣❤❛0❡ ❝❤❛♥❣❡ ✐♥  ❤❡ ♣❤❛0❡ ✐♠❛❣❡✳

❖❜0❡+✈✐♥❣  ❤❡ ♣❤❡♥♦♠❡♥♦♥ ✉♥❞❡+ ♦♣ ✐❝❛❧ ♠✐❝+♦0❝♦♣❡✱ ✐ ✇❛0 ♣♦00✐❜❧❡  ♦ 0❡❡  ❤❛  ❤❡ ❞+♦♣❧❡ ✇❛0

❞+❛❣❣❡❞ ❜②  ❤❡ ❆❋▼  ✐♣✳ ❆❢ ❡+ 0♦♠❡  ✐♠❡✱  ❤❡  ✐♣ +❡❧❡❛0❡❞  ❤❡ ❞+♦♣❧❡ ✳ ❚❤❡ ✜♥❛❧ ❞+♦♣❧❡ ✬0

❧♦❝❛ ✐♦♥ ♦♥  ❤❡ 0✉❜0 +❛ ❡ ✇❛0 ❝❧❡❛+❧② ❞✐✛❡+❡♥  ❤❛♥ ✐ 0 ♦+✐❣✐♥❛❧ ♦♥❡✳ ❚❤❡ ♠❡❝❤❛♥✐0♠ ✐0 ❞❡ ❛✐❧❡❞

♦♥ ✜❣✉+❡ ❊✳✺✳ ❚❤✐0 ❧❡❛❞0  ♦ ❛ R✉❡0 ✐♦♥✿ ■0  ❤❡  ✐♣ ✲ ❞+♦♣❧❡ ✐♥ ❡+❛❝ ✐♦♥ 0♦ 0 +♦♥❣  ❤❛  ❤❡ ❞+♦♣❧❡ 

❣❡ 0 ❛  ❛❝❤❡❞  ♦  ❤❡  ✐♣ ♦+ ✐0  ❤❡ ❛✣♥✐ ② ❜❡ ✇❡❡♥  ❤❡ ✐♦♥✐❝ ❧✐R✉✐❞ ❛♥❞  ❤❡ 0✉❜0 +❛ ❡ ♥♦ 0 +♦♥❣

❡♥♦✉❣❤  ♦ ♣+❡✈❡♥  ❤❡ ❞+♦♣❧❡ ❞✐0❧♦❝❛ ✐♦♥ ❞✉+✐♥❣  ❤❡ ❆❋▼ ✐♠❛❣✐♥❣ ❄ ❚❤❡ ✜+0 ♣♦00✐❜✐❧✐ ② ❝❛♥

❜❡ ❡①❝❧✉❞❡❞ ❛0 ✐ ✇❛0 ♣♦00✐❜❧❡  ♦ ✐♠❛❣❡  ❤❡ 0❛♠❡ ✐♦♥✐❝ ❧✐R✉✐❞ ♦♥ ❞✐✛❡+❡♥ 0✉❜0 +❛ ❡0✱ ✐✳❡✳ ❍❖X●✱

❙✐❖❚❙❈

✺

❛♥❞ ♠✐❝❛✳ ❚❤❡ 0✉+❢❛❝❡ ❡♥❡+❣② ♦❢  ❤❡0❡  ❤+❡❡ 0✉❜0 +❛ ❡0 ✐0 0✐❣♥✐✜❝❛♥ ❧② ❤✐❣❤❡+  ❤❛♥  ❤❡

0✉+❢❛❝❡ ❡♥❡+❣② ♦❢ ❚❡✢♦♥

❘©❆❋✶✻✵✵✱  ❤✉0  ❤❡✐+ ❛✣♥✐ ② ❢♦+ ❬❇▼■▼❪❬❚❋❙■❪ ✐0 ❜✐❣❣❡+✳ ❚❤✐0 +❡0✉❧ 0 ✐♥

❧✐R✉✐❞ 0♣+❡❛❞✐♥❣ ❛♥❞ ❧♦✇❡+ ❝♦♥ ❛❝ ❛♥❣❧❡0 ✭❧❡00  ❤❛♥ 60◦ ✮✳

✹

■♥ "❤✐% ❡①♣❡)✐♠❡♥"✱ ❞)♦♣❧❡"% ✇❡)❡ ❝)❡❛"❡❞ ✉%✐♥❣ "♦ ❞✐✛❡)❡♥" "❡❝❤♥✐5✉❡%✿ "❤❡ ❡♠✉❧%✐♦♥ ♦❢ ❡"❤❛♥♦❧ ❛♥❞ "❤❡ %②)✐♥❣❡

♣❛✐♥"❜)✉%❤✳

✺

❋♦) ❢✉)"❤❡) ❞❡"❛✐❧% ♦♥ ❙✐❖❚❙❈ %✉❜%")❛"❡%✱ %❡❡ ❝❤❛♣"❡) ✸✳

Zone not imaged by the tip

 < 90°  = 90°  > 90°

❋✐❣✉+❡ ❊✳✹✿ ■♥✢✉❡♥❝❡ ♦❢  ❤❡ ❣❡♦♠❡ +② ♦❢  ❤❡  ✐♣ ✐♥  ❤❡ ♣+♦❝❡00 ♦❢ ✐♠❛❣✐♥❣ ❞+♦♣❧❡ 0✳ ❚❤❡ 0❛♠❡

♣+♦❜❧❡♠ ♦❝❝✉+0 ✐♥  ❤❡ ❝❛0❡ ♦❢  ❤❡ ❡❞❣❡ ♦❢ ✉❧ +❛✲ ❤✐♥ ✜❧♠0✳



HEIGHT PHASE
- 4.8 nm

5.1 nm

- 27.4°

28.8°

20 µm20 µm0 0

1

2

3

BMIM-TFSI on te"on 

- schematic - 

❋✐❣✉$❡ ❊✳✺✿ ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ✭❜✉9②❧ ✲ ♠❡9❤②❧ ✲ ✐♠✐❞❛③♦❧✐✉♠ ❜✐@ ✭9$✐✢✉♦$♦♠❡9❤②❧✲

@✉❧❢♦♥②❧✮ ✲ ✐♠✐❞❡✮ ♦♥ ❚❡✢♦♥

❘©❆❋✶✻✵✵✳ ❖♥ 9❤❡ ❧❡❢9 @✐❞❡✿ @❝❤❡♠❛9✐❝ ✈✐❡✇ ♦❢ 9❤❡ 9✐♣ ❝♦♠✐♥❣ 9♦✇❛$❞@

9❤❡ ❞$♦♣❧❡9✱ ❞$❛❣❣✐♥❣ ✐9 ❢♦$ @♦♠❡ 9✐♠❡ ❛♥❞ ✜♥❛❧❧② $❡❧❡❛@✐♥❣ ✐9✳ ❖♥ 9❤❡ $✐❣❤9 @✐❞❡✿ ❆❋▼ ✐♠❛❣❡

❝♦$$❡@♣♦♥❞✐♥❣ 9♦ @✉❝❤ ❛ @✐9✉❛9✐♦♥✳ ❚❤❡ ❤❡✐❣❤9 ✐♠❛❣❡ ❞♦❡@ ♥♦9 @❤♦✇ ❛♥② @♣❡❝✐❛❧ ❢❡❛9✉$❡✱ ✇❤❡$❡❛@

9❤❡ ♣❤❛@❡ ✐♠❛❣❡ ❝❧❡❛$❧② ❝♦$$❡@♣♦♥❞@ 9♦ ❛ ❝♦♥9❛♠✐♥❛9❡❞ 9✐♣✳ ❚❤✐@ ♣❤❡♥♦♠❡♥♦♥ ❝❛♥ ❜❡ @❡❡♥ ❜②

9❤❡ @9$❡❛❦@ ♦❢ ❞✐✛❡$❡♥9 ♣❤❛@❡ ♦♥ 9❤❡ ♣❤❛@❡ ✐♠❛❣❡✳

❚❤❡ ❡①❛❝9 ❧✐♠✐9 ✐♥ ♠❛❝$♦@❝♦♣✐❝ ❝♦♥9❛❝9 ❛♥❣❧❡ ❢♦$ ♦✉$ @②@9❡♠ ✇❛@ ♥♦9 ♠❡❛@✉$❡❞✱ ❤♦✇❡✈❡$✱ ❣♦♦❞

❛♥❞ $❡♣$♦❞✉❝✐❜❧❡ $❡@✉❧9@ ✇❡$❡ ♦❜9❛✐♥❡❞ ❢♦$ ♠❛❝$♦@❝♦♣✐❝ ❝♦♥9❛❝9 ❛♥❣❧❡@ ❜❡❧♦✇ 60◦✳

❊✳✶✳✹ ❙❡♥'✐)✐✈✐)② ❛♥❞ ❧✐♠✐)' ♦❢ )❤❡ )❡❝❤♥✐4✉❡

❊✳✶✳✹✳✶ $✐❡③♦ )❝❛♥♥❡-

❚❤❡ ♦@❝✐❧❧❛9✐♦♥@ ♦❢ 9❤❡ ❝❛♥9✐❧❡✈❡$ ❛$❡ ❝♦♥9$♦❧❧❡❞ ❜② ♣✐❡③♦❡❧❡❝9$✐❝ ❝$②@9❛❧ ✭@❡❡ ✜❣✉$❡ ❊✳✶✮✳ ❚❤❡

♣✐❡③♦❡❧❡❝9$✐❝ ❛❧❧♦✇@ 9♦ ❝♦♥9$♦❧ 9❤❡ ❝❛♥9✐❧❡✈❡$ ✐♥ ①✱ ②✱ ❛♥❞ ③ ❞✐$❡❝9✐♦♥ ✐♥❞❡♣❡♥❞❡♥9❧②✳ ❉❡@♣✐9❡

9❤✐@ ❡①9$❡♠❡❧② ♣$❡❝✐@❡ ❛$$❛♥❣❡♠❡♥9✱ 9❤❡ @❡♥@✐9✐✈✐9② ♦❢ 9❤❡ ♣✐❡③♦ ♣$❡@❡♥9@ @♦♠❡ ❞$❛✇❜❛❝❦@✳ Q✐❡③♦

❡❧❡❝9$✐❝ ♠❛9❡$✐❛❧ ✐@ @❡♥@✐9✐✈❡ ♥♦9 ♦♥❧② 9♦ ❡❧❡❝9$✐❝ ❝✉$$❡♥9 ✈❛$✐❛9✐♦♥@✱ ❜✉9 ❛❧@♦ 9♦ 9❡♠♣❡$❛9✉$❡ ❛♥❞

❤✉♠✐❞✐9② ❝❤❛♥❣❡@✳ ❋♦$ ❡①❛♠♣❧❡✱ ❛ ✈❛$✐❛9✐♦♥ ♦❢ ♦♥❡ ♦$ 9✇♦ ❞❡❣$❡❡@ ♦❢ 9❤❡ 9❡♠♣❡$❛9✉$❡ ✐♥ 9❤❡

❆❋▼ $♦♦♠ ❝❛♥ ❝$❡❛9❡ ♣$♦❜❧❡♠@ ✇❤❡♥ ✐♠❛❣✐♥❣ 9❤✐❝❦ ❢❡❛9✉$❡@

✻

❬✽❪ ✭@❡❡ ✜❣✉$❡ ❊✳✻✮✳ ❚❤✉@✱ 9❤❡

9❡♠♣❡$❛9✉$❡ ♥❡❡❞@ 9♦ ❜❡ ❝❛$❡❢✉❧❧② ❝♦♥9$♦❧❧❡❞✳

❖♣❡♥✲❧♦♦♣ @❝❛♥♥❡$@ ♣$❡@❡♥9 ❛❧@♦ ❛♥♦9❤❡$ ❢❡❛9✉$❡✿ 9❤❡ ♣✐❡③♦ ❞$✐❢9✳ ❚❤❡ ♣✐❡③♦ ❞$✐❢9✬@ ❡✛❡❝9 ✐@

❛ 9$❛♥@❧❛9✐♦♥ ✐♥ ① ❛♥❞ ② ♦❢ 9❤❡ ③♦♥❡ @❝❛♥♥❡❞ ❜② 9❤❡ ❆❋▼✳ ❚❤✐@ ♣❤❡♥♦♠❡♥♦♥ ✐♠♣❧✐❡@ 9❤❛9 ❛❢9❡$

❛ ✜$@9 ❆❋▼ ✐♠❛❣❡ ❤❛@ ❜❡❡♥ 9❛❦❡♥✱ 9❤❡ ❢♦❧❧♦✇✐♥❣ ♦♥❡ ✇✐❧❧ ♥♦9 ❜❡ ❝❡♥9❡$❡❞ ♦♥ 9❤❡ ❡①❛❝9 @❛♠❡

③♦♥❡ ✭@❡❡ ✜❣✉$❡ ❊✳✼✮✳ ❚❤❡ ❞$✐❢9 ♠✉@9 9❤❡♥ ❜❡ ❝♦♠♣❡♥@❛9❡❞✳ ❋♦$ ♦✉$ ❆❋▼✱ 9❤❡ ❝♦♠♣❡♥@❛9✐♦♥ ✐@

❞♦♥❡ ❜② 9❤❡ ✉@❡$ ❜② ❝❤❛♥❣✐♥❣ ♠❛♥✉❛❧❧② 9❤❡ ① ❛♥❞ ② ❝♦♦$❞✐♥❛9❡@ ✐♥ 9❤❡ ◆❛♥♦@❝♦♣❡ @♦❢9✇❛$❡ ❀ ✐9

✻

■! ✐# ✇♦&!❤ ♥♦!✐♥❣ !❤❛! ✇✐!❤ ▼✉❧!✐♠♦❞❡ 8 ✐! ✐# ♣♦##✐❜❧❡ !♦ ✐♠❛❣❡ ❡①!&❡♠❡❧② ❤✐❣❤ ❞&♦♣❧❡!#✱ > 200 ♥♠ ✐♥ ❤❡✐❣❤!✳

■♥ !❤❛! ❝❛#❡ ✐! ✐# ♣♦##✐❜❧❡ !♦ ♦❜!❛✐♥ ❛ #❧✐❣❤! ✇♦❜❜❧❡ ♦♥ !❤❡ !♦♣ ♣❛&! ♦❢ !❤❡ ♣&♦✜❧❡ ♦❢ !❤❡ ❞&♦♣❧❡!✳ ❚❤✐# ✇♦❜❜❧❡ ✐#

❤♦✇❡✈❡& ✇❛② ❧❡## ✐♠♣♦&!❛♥! !❤❛♥ !❤❡ ♦♥❡ ♦❜!❛✐♥❡❞ ✇❤❡♥ !❤❡ !❡♠♣❡&❛!✉&❡ ✐# !♦♦ ❤✐❣❤✱ ✐❢ !❤❡ ♣❛&❛♠❡!❡&# ♦❢ !❤❡

❆❋▼ ❛&❡ ♣&♦♣❡&❧② #❡! ❜② !❤❡ ✉#❡&✳



Section of height image corresponding

to the zone of the white line

❋✐❣✉$❡ ❊✳✻✿ ❖♥ ,❤❡ ❧❡❢,✱ 3D ♠✐①❡❞ ❤❡✐❣❤, ❛♥❞ ♣❤❛6❡ ✐♠❛❣❡ ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❙✐❖❚❙❈✳ ❖♥

,❤❡ $✐❣❤,✱ ,❤❡ 6❡❝,✐♦♥ ♦❢ ,❤❡ ❤❡✐❣❤, ✐♠❛❣❡ ❝♦$$❡6♣♦♥❞✐♥❣ ,♦ ,❤❡ ③♦♥❡ ❞$❛✇♥ ❜② ❛ ✇❤✐,❡ ❧✐♥❡✳ ❖♥

,❤✐6 6❡❝,✐♦♥✱ ,❤❡ 6✉$❢❛❝❡ ♦❢ ,❤❡ ❞$♦♣❧❡, ❞♦❡6 ♥♦, ❛♣♣❡❛$ $❡❣✉❧❛$✳ ■, 6❤♦✇6 ♦6❝✐❧❧❛,✐♦♥6✳ ❚❤❡6❡

♦6❝✐❧❧❛,✐♦♥6 ❛$❡ ,②♣✐❝❛❧ ♦❢ ❛ 6✐,✉❛,✐♦♥ ✇❤❡$❡ ,❤✐❝❦ ❢❡❛,✉$❡6 ❛$❡ ✐♠❛❣❡❞ ✇❤✐❧❡ ,❤❡ ,❡♠♣❡$❛,✉$❡ ❤❛6

✐♥❝$❡❛6❡❞ ❡✈❡♥ ✐❢ ✇❡ ❞♦ ♥♦, $❡❛❧❧② ❦♥♦✇ ✇❤❛, ♣$♦❝❡66 ❝♦♠❡6 ✐♥,♦ ♣❧❛②✳

HEIGHT0 20 µm

-19.5 nm

27.2 nm

HEIGHT0 20 µm

-20.1 nm

-37.5 nm

❋✐❣✉$❡ ❊✳✼✿ ❊①❛♠♣❧❡ ♦❢ ,❤❡ ♣✐❡③♦ ❞$✐❢, ❢♦$ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❙✐❖❚❙❈ ✇✐,❤ ▼✉❧,✐♠♦❞❡ ■■■✳ ❚❤❡

✐♠❛❣❡ ♦♥ ,❤❡ ❧❡❢, ✇❛6 ,❛❦❡♥ ❥✉6, ❜❡❢♦$❡ ,❤❡ ♦♥❡ ♦♥ ,❤❡ $✐❣❤,✳ ❚❤❡$❡ ✐6 ❛ ❝❧❡❛$ ❞$✐❢, ✇❤✐❝❤ ❝❛♥ ❜❡

6❡❡♥ ❜② ,❤❡ ③♦♥❡ ✉♥❞❡$❧✐♥❡❞ ❜② ❛♥ ❛$$♦✇✳ ▲❡66 ❞$✐❢, ✐6 ♦❜6❡$✈❡❞ ✇✐,❤ ▼✉❧,✐♠♦❞❡ ❱■■■✳
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❋✐❣✉$❡ ❊✳✽✿ ❆❋▼ ,❡❝.✐♦♥ ♦❢ ❛ ❞$♦♣❧❡. ♦❢ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ♠✐❝❛ ,✉❜,.$❛.❡ ✭♣❧❛✐♥ ❧✐♥❡✮ ❛♥❞ ✜. ♦❢

❛ ,♣❤❡$✐❝❛❧ ,❤❛♣❡ ✭❞❛,❤❡❞ ❧✐♥❡✮✳ ❚❤❡ ✜. ♦❢ .❤❡ ,♣❤❡$✐❝❛❧ ,❤❛♣❡ ❝♦$$❡,♣♦♥❞, ✇❡❧❧ ✇✐.❤ .❤❡ ❝♦$❡

♦❢ .❤❡ ❞$♦♣❧❡. ❜✉. ❝❧❡❛$❧② ❞✐✛❡$, ❢$♦♠ .❤❡ ❆❋▼ ♣$♦✜❧❡ ♦♥ .❤❡ ❢♦♦. ♦❢ .❤❡ ❞$♦♣❧❡.✳ ■♥ .❤✐, ❝❛,❡✱

.❤❡ ❧❛.❡$❛❧ ❡①.❡♥,✐♦♥ ♦❢ .❤❡ ❝✐$❝❧❡❞ ③♦♥❡ ✐, ♥♦. ❧❛$❣❡ ❡♥♦✉❣❤ .♦ ❜❡ ,✐❣♥✐✜❝❛♥. ❝♦♠♣❛$❡❞ .♦ .❤❡

❧❛.❡$❛❧ $❡,♦❧✉.✐♦♥ ♦❢ .❤❡ ❆❋▼ .✐♣✳ ■. ✐, ✇♦$.❤ ♥♦.✐♥❣ .❤❛. .❤❡ ♣$❡,❡♥❝❡ ♦❢ ❛ ,✐❣♥✐✜❝❛♥. ❢♦♦. ❢♦$

■▲ ❞$♦♣❧❡., ✇❛, ♦♥❧② ♦❜,❡$✈❡❞ ✐♥ .❤❡ ❝❛,❡ ♦❢ ❛ ❝♦♥.❛♠✐♥❛.❡❞ ,❛♠♣❧❡✳

✐♠♣❧✐❡, .❤❛. .❤❡ ✉,❡$ ❡,.✐♠❛.❡, $♦✉❣❤❧② .❤❡ ❡①♣❡❝.❡❞ ♣✐❡③♦❞$✐❢.✳ ❚❤✐, ❡,.✐♠❛.✐♦♥ ✐, ♥♦. ❛❧✇❛②,

♦❢ .❤❡ ❤✐❣❤❡,. ♣$❡❝✐,✐♦♥✳ ❋♦$ ❡①❛♠♣❧❡✱ ♦♥ ▼✉❧.✐♠♦❞❡ ■■■✱ ✐. ✇❛, ♥♦. ❡❛,② .♦ ✐♠❛❣❡ .❤❡ ,❛♠❡

❞❡,✐$❡❞ ③♦♥❡ ❞✉$✐♥❣ ❧♦♥❣ ♣❡$✐♦❞, ♦❢ .✐♠❡ ♦$ .♦ ③♦♦♠ ♦♥ ❛ ③♦♥❡ ♦❢ .❤❡ ,❛♠♣❧❡

✼

✳ ❚❤✐, ♣$♦❜❧❡♠ ✐,

❡♠♣❤❛,✐③❡❞ ❢♦$ ,♠❛❧❧ ❆❋▼ ,❝❛♥,✳ ❋♦$ ❡①❛♠♣❧❡✱ ❛ ❣✐✈❡♥ ①✱ ② .$❛♥,❧❛.✐♦♥ ❛♣♣❡❛$, ♥♦. ❛, ❞$❛♠❛.✐❝

♦♥ ❛ 30 × 30 µm ,❝❛♥ ❛, ♦♥ ❛ 2.5 × 2.5 µm ,❝❛♥✳

❊✳✶✳✹✳✷ ❚✐♣✲✐♥❞✉❝❡❞ ❞✐./♦1/✐♦♥.

❚❤❡ ❞✐,.♦$.✐♦♥, ✐♥❞✉❝❡❞ ❜② .❤❡ ❣❡♦♠❡.$② ♦❢ .❤❡ .✐♣ ✇❡$❡ ❛❧$❡❛❞② ✐♥.$♦❞✉❝❡❞ ✐♥ ♣❛$❛❣$❛♣❤, ❊✳✶✳✷

❛♥❞ ❊✳✶✳✸✳✸✳ ❚❤❡ ♠❛✐♥ ❝♦♥,❡M✉❡♥❝❡, ❢♦$ ♦✉$ ,②,.❡♠, ❛$❡ .❤❛.✿

• ❚❤❡ ③♦♥❡ ✇❤❡$❡ .❤❡ ❞$♦♣❧❡. ❝♦♠❡, ✐♥.♦ ❝♦♥.❛❝. ✇✐.❤ ❡✐.❤❡$ .❤❡ ,✉❜,.$❛.❡ ♦$ .❤❡ ✉❧.$❛✲.❤✐♥

✜❧♠ ❝❛♥ ♥♦. ❜❡ ❢✉❧❧② $❡,♦❧✈❡❞✳ ■♥ .❤❡ ❝❛,❡ ♦❢ ♦✉$ ❞❛.❛✱ ❝♦♥.❛❝. ❛♥❣❧❡ ♠❡❛,✉$❡♠❡♥., ,❤♦✉❧❞

♥♦. $❡❧② ♦♥ .❤✐, ③♦♥❡✳ ❚❤❡ ,❛♠❡ ❝♦♥❝❧✉,✐♦♥ ❝❛♥ ❜❡ ❞$❛✇♥ ❢♦$ .❤❡ ❥♦✐♥. ♣❛$. ❜❡.✇❡❡♥ ✉❧.$❛✲

.❤✐♥ ✜❧♠, ❛♥❞ .❤❡ ,✉❜,.$❛.❡✳ ❚❤❡ .❤✐❝❦♥❡,, ♦❢ ✉❧.$❛✲.❤✐♥ ✜❧♠, ❝❛♥ ❜❡ ♠❡❛,✉$❡❞✱ ❜✉. ♥♦.

.❤❡ ♣$❡❝✐,❡ ,❤❛♣❡ ♦❢ .❤❡✐$ ✈❡$.✐❝❛❧ ❜♦✉♥❞❛$✐❡,✳

✼

❙♦♠❡ ❆❋▼ ❛♥❞ ❙❚▼ ♣♦,,❡,, ,②,.❡♠, ✇❤✐❝❤ ❛❧❧♦✇ ❛♥ ❛✉.♦♠❛.✐❝ ❝♦♠♣❡♥,❛.✐♦♥ ♦❢ .❤❡ ♣✐❡③♦ ❞7✐❢.✳ ❈❧♦,❡❞✲❧♦♦♣

,❝❛♥♥❡7, ❛♥❞ ❇7✉❦❡7 ❙❝❛♥ ❆,,✐,. ▼♦❞✉❧❡ ❢♦7 ▼✉❧.✐▼♦❞❡ ♦✈❡7❝♦♠❡ .❤✐, ♣7♦❜❧❡♠✳ ❚❤✐, ✇❛, .❤❡ ❝❛,❡ ❢♦7 .❤❡ ❙❚▼

.❤❛. ✇❡ ✉,❡❞✳ ◆♦.❡ .❤❛. .❤❡ ❙❝❛♥ ❆,,✐,. ▼♦❞✉❧❡ ✇❛, ♣7❡,❡♥. ♦♥ ▼✉❧.✐♠♦❞❡ ❱■■■✳ ❍♦✇❡✈❡7✱ ❞7♦♣❧❡., ❝♦✉❧❞ ♥♦. ❜❡

✐♠❛❣❡❞ ✇✐.❤ .❤❡ ❙❝❛♥ ❆,,✐,. ♠♦❞❡✳ ❚❤❡② ❤❛❞ .♦ ❜❡ ✐♠❛❣❡❞ ✇✐.❤ ❙♦❢. ❚❛♣♣✐♥❣✳



0 5 µm 02.5 µm

5 µm

2.5 µm

❋✐❣✉$❡ ❊✳✾✿ ❈♦♠♣❛$✐/♦♥ ♦❢ ❆❋▼ ❛♥❞ ❙❚▼ ✐♠❛❣❡/ ♦❢ ❙✐❖❚❙❈ /✉$❢❛❝❡✳ ❖♥ 9❤❡ ❧❡❢9 /✐❞❡✿ ❛♥ ❆❋▼

/❝❛♥ ♦❢ ❙✐❖❚❙❈✳ ❖♥ 9❤❡ $✐❣❤9 /✐❞❡✿ ❛♥ ❙❚▼ /❝❛♥ ♦❢ ❙✐❖❚❙❈✳ ❚❤❡ ❆❋▼ /❝❛♥ /❤♦✇/ ♥♦ ♣♦$♦✉/

/9$✉❝9✉$❡ ✇❤❡$❡❛/ 9❤❡ ❙❚▼ /❝❛♥ ❝❧❡❛$❧② ❞♦❡/✳ ❚❤❡ ❧❛❝❦ ♦❢ ♣♦$♦✉/ /9$✉❝9✉$❡ ♦♥ 9❤❡ ❆❋▼ ✐♠❛❣❡

✐/ ❞✉❡ 9♦ 9❤❡ ❣❡♦♠❡9$② ♦❢ 9❤❡ 9✐♣ ♦❢ 9❤❡ ❆❋▼ ✇❤❡$❡❛/ 9❤✐/ ♣$♦❜❧❡♠ ✐/ ♦✈❡$❝❛♠❡ ✐♥ ❙❚▼ ✐♠❛❣❡

❛/ 9✉♥♥❡❧✐♥❣ ❝✉$$❡♥9 ✐/ ✉/❡❞ 9♦ ❣❡9 9❤❡ ✐♠❛❣❡ ♦❢ 9❤❡ /✉$❢❛❝❡✳

• ❇❡❝❛✉/❡ ♦❢ ✐9/ ❧❛9❡$❛❧ ❞✐♠❡♥/✐♦♥/✱ 9❤❡ ❆❋▼ 9✐♣ ❛♥♥♦9 ♣❡♥❡9$❛9❡ ✐♥9♦ /♠❛❧❧ ♣♦$♦✉/ /9$✉❝9✉$❡/

❛♥❞ 9❤❡$❡❢♦$❡ ❝❛♥ ♥♦9 ✐♠❛❣❡ 9❤❡♠✳ ❋♦$ ❡①❛♠♣❧❡✱ /♠❛❧❧ ♣♦$♦✉/ /9$✉❝9✉$❡/ ✇❡$❡ ♣$❡/❡♥9 ♦♥

♦✉$ ❙✐❖❚❙❈ /✉❜/9$❛9❡/✳ ❍♦✇❡✈❡$✱ 9❤❡② ✇❡$❡ ♥♦9 ✐♠❛❣❡❞ ❜② 9❤❡ ❆❋▼✳ ❖♥❧② ❙❚▼ ✐♠❛❣❡/

$❡✈❡❛❧❡❞ 9❤❡✐$ ♣$❡/❡♥❝❡ ✭/❡❡ ✜❣✉$❡ ❊✳✾✮✳

❚❤❡ ♠❛✐♥ ❧✐♠✐9❛9✐♦♥ ♦❢ 9❤❡ ❆❋▼ ✐/ 9❤❡♥ ❞✉❡ 9♦ 9❤❡ ❣❡♦♠❡9$② ♦❢ 9❤❡ 9✐♣✳ ❚❤❛9 ✐/ ✇❤② ❆❋▼

/9✉❞✐❡/ ✜♥❞ ❛ ❣♦♦❞ ❝♦♠♣❧❡♠❡♥9 ✐♥ 9❡❝❤♥✐H✉❡/ ❧✐❦❡ ❙❚▼✱ ✇❤❡$❡ 9❤❡ ❣❡♦♠❡9$② ♦❢ 9❤❡ ✇✐$❡ ❞♦❡/

♥♦9 ♣❧❛② ❛♥② $♦❧❡ ✐♥ 9❤❡ ✐♠❛❣✐♥❣ ♣$♦❝❡//✳

❊✳✷ ❙❝❛♥♥✐♥❣ ❚✉♥♥❡❧✐♥❣ ▼✐❝.♦0❝♦♣② ✭❙❚▼✮

❊✳✷✳✶ ❙❚▼ ✐♠❛❣✐♥❣

❚❤❡ ❡①♣❡$✐♠❡♥9/ ✇❡$❡ ♣❡$❢♦$♠❡❞ ✇✐9❤ ◆9❡❣$❛ J$✐♠❛ ✭◆❚✲▼❉❚✮✭❝❢ ❬✾❪✮✳ ❚❤❡ ✜❣✉$❡ ❊✳✶✵ /❤♦✇/

9❤❡ ◆9❡❣$❛ J$✐♠❛ /❡9✉♣✳

■♥ 9❤❡ ❙❚▼ 9❡❝❤♥✐H✉❡ ❬✶❪✱ ❛ /❤❛$♣ ♠❡9❛❧❧✐❝ ✇✐$❡ ✐/ ♣❧❛❝❡❞ ❛❜♦✈❡ ❛ ❝♦♥❞✉❝9✐✈❡ /❛♠♣❧❡✳ ❇❡9✇❡❡♥

9❤❡ ✇✐$❡ ❛♥❞ 9❤❡ /❛♠♣❧❡✱ ❛ ❜✐❛/ ✈♦❧9❛❣❡ ✐/ ❛♣♣❧✐❡❞✳ ❲❤❡♥ 9❤❡ ✇✐$❡ ❝♦♠❡/ ❝❧♦/❡ 9♦ 9❤❡ /✉$❢❛❝❡ ♦❢

9❤❡ /❛♠♣❧❡ ✭✐✳❡✳ ❜❡❧♦✇ ♦♥❡ ♥❛♥♦♠❡9❡$✮✱ ❛ 9✉♥♥❡❧✐♥❣ ❝✉$$❡♥9 ✢♦✇/ ❢$♦♠ 9❤❡ /❛♠♣❧❡ 9♦ 9❤❡ ✇✐$❡✳

❚❤❡ 9✉♥♥❡❧✐♥❣ ❝✉$$❡♥9 ❝❤❛♥❣❡/ ❡①♣♦♥❡♥9✐❛❧❧② ✇✐9❤ 9❤❡ ✇✐$❡ ✴ /❛♠♣❧❡ /❡♣❛$❛9✐♦♥✳ ❚❤❡ $❡❧❛9✐♦♥/❤✐♣

❜❡9✇❡❡♥ 9❤❡ 9✉♥♥❡❧✐♥❣ ❝✉$$❡♥9 ❛♥❞ 9❤❡ ✇✐$❡ ✴/❛♠♣❧❡ /❡♣❛$❛9✐♦♥ ✐/ 9❤❡♥ ❛♥ ❡①❝❡❧❧❡♥9 ♣❛$❛♠❡9❡$

9♦ /❝❛♥ 9❤✐/ /❡♣❛$❛9✐♦♥✳ ■♥ ♣$❛❝9✐❝❡✱ ❞✉$✐♥❣ ❛♥ ❙❚▼ /❝❛♥✱ 9❤❡ 9✉♥♥❡❧✐♥❣ ❝✉$$❡♥9 ✐/ ❦❡♣9 ❝♦♥/9❛♥9

✈✐❛ ❛ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ✇❤✐❝❤ ❛❝9/ ♦♥ 9❤❡ ❞✐/9❛♥❝❡ /❡♣❛$❛9✐♥❣ 9❤❡ ✇✐$❡ ❛♥❞ 9❤❡ /❛♠♣❧❡✳ ❇② /❝❛♥♥✐♥❣



laser

detector

optical microscope

objective

sample
wire

registration

system

tunneling current

HEAD - SCHEMATIC -

❋✐❣✉$❡ ❊✳✶✵✿ ❖♥ -❤❡ ❧❡❢-✱ ♣✐❝-✉$❡ ♦❢ -❤❡ ◆-❡❣$❛ 7$✐♠❛ 9❡-✉♣✳ ❖♥ -❤❡ $✐❣❤-✱ -❤❡ ✇❛② -❤❡ ❤❡❛❞

✇♦$❦9 ✐9 ❞❡9❝$✐❜❡❞✳

-❤❡ ❡♥-✐$❡ 9✉$❢❛❝❡ ♦❢ -❤❡ 9❛♠♣❧❡9✱ ❙❚▼ ❝❛♥ -❤❡♥ ❣✐✈❡ ✈❡$② ♣$❡❝✐9❡ ✐♠❛❣❡9✳ ❋♦$ ♠♦❞❡❧ 9❛♠♣❧❡9✱

9✉❝❤ ❛9 ❍❖7●✱ -❤❡ ✐♠❛❣❡ ❝❛♥ ❣❡- -❤❡ -$✉❡ ❛-♦♠✐❝ $❡9♦❧✉-✐♦♥✳ ❍♦✇❡✈❡$✱ -❤❡ $❡9♦❧✉-✐♦♥ ✐9 9-$♦♥❣❧②

❛✛❡❝-❡❞ ❜② -❤❡ F✉❛❧✐-② ♦❢ -❤❡ 9❛♠♣❧❡ ❛♥❞ -❤❡ F✉❛❧✐-② ♦❢ -❤❡ ✇✐$❡9✳

❊✳✷✳✷ ❙❚▼ ✇✐(❡*

❚❤❡ ✇✐$❡9 ✉9❡❞ ❢♦$ -❤❡ ❡①♣❡$✐♠❡♥-9 ✇❡$❡ 0.25 mm 7❧❛-✐♥✉♠ ✴ ■$✐❞✐✉♠ ✇✐$❡9 ✭7-✴■$✮ ♣✉$❝❤❛9❡❞

❢$♦♠ ◆❛♥♦9❝✐❡♥❝❡ ✐♥9-$✉♠❡♥-9✳ 7- ■$ ✇✐$❡9 ❛$❡ -❤❡ ♠♦9- ❝♦♠♠♦♥❧② ✉9❡❞ ❛9 ✇❡❧❧ ❛9 ❝❤❡♠✐❝❛❧❧②

❡-❝❤❡❞ -✉♥❣9-❡♥ ✇✐$❡9✳ 7-✴■$ ✇✐$❡9 ❛$❡ 9✉♣♣♦9❡❞ -♦ ❣✐✈❡ ❜❡--❡$ ❛-♦♠✐❝ $❡9♦❧✉-✐♦♥ ❜❡❝❛✉9❡ ♦❢ -❤❡

✈❡$② ❧♦✇ $❡❛❝-✐✈✐-② ♦❢ 7❧❛-✐♥✉♠✳ ❍♦✇❡✈❡$✱ -❤❡ 7- ✴ ■$ ✇✐$❡9 ❞♦ ♥♦- ❤❛✈❡ ❛ 9❤❛♣❡ ❛9 ✉♥✐❢♦$♠ ❛9

-❤❡ ❡-❝❤❡❞ -✉♥❣9-❡♥ ♦♥❡9✳

❊✳✷✳✸ ■♠❛❣✐♥❣ ✐♦♥✐❝ ❧✐4✉✐❞ ❞(♦♣❧❡8*

❚♦ ♦✉$ ❜❡9- ❦♥♦✇❧❡❞❣❡✱ ❙❚▼ ✐♠❛❣✐♥❣ ♦❢ ✐♦♥✐❝ ❧✐F✉✐❞9 ❞$♦♣❧❡-9 ❤❛9 ❜❡❡♥ ♥❡✈❡$ ❞♦♥❡ ❜❡❢♦$❡✳

❊♥❝♦✉$❛❣✐♥❣ ♣$❡❧✐♠✐♥❛$② ❡①♣❡$✐♠❡♥-9 ✇❡$❡ ❞♦♥❡ ❛- -❤❡ ❡♥❞ ♦❢ -❤✐9 7❤❉ -❤❡9✐9✱ ✇❤✐❝❤ ❛❧❧♦✇❡❞

✉9 -♦ ✐♠❛❣❡ ❞$♦♣❧❡-9 ♦❢ BMIM − TFSI ♦♥ ❍❖7● 9✉❜9-$❛-❡ ✭9❡❡ ❈❤❛♣-❡$ ✸✮✳ ❚❤❡9❡ ✜$9-

$❡9✉❧-9 ✇❡$❡ ♣♦99✐❜❧❡ ❜❡❝❛✉9❡ ❜♦-❤ ✐♦♥✐❝ ❧✐F✉✐❞9 ❛♥❞ ❍❖7● ❛$❡ ❝♦♥❞✉❝-✐✈❡✳ ❚❤❡ ♠♦-✐✈❛-✐♦♥ ♦❢

-❤❡9❡ ❡①♣❡$✐♠❡♥-9 ❧✐❡9 ✐♥ -❤❡ ❢❛❝- -❤❛-✱ ✉♥❧✐❦❡ ❆❋▼ ✐♠❛❣❡9✱ ❙❚▼ ✐♠❛❣❡9 ❞♦ ♥♦- 9✉✛❡$ ❢$♦♠

❞❡❢♦$♠❛-✐♦♥9 ❞✉❡ -♦ -❤❡ ❣❡♦♠❡-$② ♦❢ -❤❡ ✇✐$❡✳ ❚❤✐9 ❧❛❝❦ ♦❢ ❞❡❢♦$♠❛-✐♦♥ ❝♦♥9-✐-✉-❡9 ❛ ❣$❡❛-

♦♣♣♦$-✉♥✐-② ✐♥ -❤❡ ♣❡$9♣❡❝-✐✈❡ ♦❢ ✐♠❛❣✐♥❣ ✉❧-$❛✲-❤✐♥ ✜❧♠9 ❛♥❞ ♦❢ ♠❡❛9✉$✐♥❣ -❤❡ -$✉❡ ♣$♦✜❧❡ ♦❢

❞$♦♣❧❡-9✳ ❚❤❡ ❝♦♠♣❛$✐9♦♥ ♦❢ ❆❋▼ ❛♥❞ ❙❚▼ ✐♠❛❣❡9 ❢♦$ -❤❡ 9❛♠❡ 9②9-❡♠ ❝♦✉❧❞ ✐♥❞❡❡❞ ❛❧❧♦✇

-♦ ❝❧❡❛$❧② ❡✈❛❧✉❛-❡ -❤❡ ✐♥✢✉❡♥❝❡ ♦❢ -❤❡ ❣❡♦♠❡-$② ♦❢ -❤❡ ❆❋▼ -✐♣ ♦♥ -❤❡ ✐♠❛❣❡✳ ❚❤✐9 ✐9 ♠♦9-❧②

✐♠♣♦$-❛♥- ❢♦$ ❝$✐-✐❝❛❧ ③♦♥❡9 9✉❝❤ ❛9 -❤❡ ❢♦♦- ♦❢ -❤❡ ❞$♦♣❧❡- ♦$ -❤❡ ✈❡$-✐❝❛❧ ❜♦✉♥❞❛$② ❧✐♥❦✐♥❣

✉❧-$❛✲-❤✐♥ ✜❧♠9 -♦ -❤❡ 9✉❜9-$❛-❡✳ ❆♥♦-❤❡$ ♠♦-✐✈❛-✐♦♥ -♦ ✉9❡ ❙❚▼ ✐9 -❤❛- ✐- ✐9 ❛ ❢❛9-❡$ ✐♠❛❣✐♥❣
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❬✶❪ ●✳ ❇✐♥♥✐❣✱ ❍✳ ❘♦❤.❡.✱ ❈❤✳ ●❡.❜❡.✱ ❛♥❞ ❊✳ ❲❡✐❜❡❧✳ ❙✉.❢❛❝❡ ;<✉❞✐❡; ❜② ;❝❛♥♥✐♥❣ <✉♥♥❡❧✐♥❣

♠✐❝.♦;❝♦♣②✳  ❤②#✳ ❘❡✈✳ ▲❡))✳✱ ✹✾✿✺✼✕✻✶✱ ✶✾✽✷✳

❬✷❪ ❆✳ ❈❤❡❝❝♦✱ ❍✳ ❙❝❤♦❧❧♠❡②❡.✱ ❏✳ ❉❛✐❧❧❛♥<✱ L✳ ●✉❡♥♦✉♥✱ ❛♥❞ ❘✳ ❇♦✉❦❤❡..♦✉❜✳ ◆❛♥♦;❝❛❧❡ ✇❡<✲

<❛❜✐❧✐<② ♦❢ ;❡❧❢✲❛;;❡♠❜❧❡❞ ♠♦♥♦❧❛②❡.; ✐♥✈❡;<✐❣❛<❡❞ ❜② ♥♦♥❝♦♥<❛❝< ❛<♦♠✐❝ ❢♦.❝❡ ♠✐❝.♦;❝♦♣②✳

▲❛♥❣♠✉✐0✱ ✷✷✷✿✶✶✻✕✶✷✻✱ ✷✵✵✻✳

❬✸❪ ❆✳ ●✐❧✱ ❏✳ ❈♦❧❝❤❡.♦✱ ▼✳ ▲✉♥❛✱ ❏✳ ●V♠❡③✲❍❡..❡.♦✱ ❛♥❞ ❆✳▼✳ ❇❛.V✳ ❆❞;♦.♣<✐♦♥ ♦❢ ✇❛<❡. ♦♥

;♦❧✐❞ ;✉.❢❛❝❡; ;<✉❞✐❡❞ ❜② ;❝❛♥♥✐♥❣ ❢♦.❝❡ ♠✐❝.♦;❝♦♣②✳ ▲❛♥❣♠✉✐0✱ ✶✻✿✺✵✽✻✕✺✵✾✷✱ ✷✵✵✵✳

❬✹❪ ❆✳❆✳ ❑❤❛❥❡<♦♦.✐❛♥; ❛♥❞ ❆✳ ❑✉❜❡<③❦❛✳ ❙❚▼ ❤✐<; <❤❡ ❢❛;< ❧❛♥❡✳ ◆❛)✉0❡ ◆❛♥♦)❡❝❤♥♦❧♦❣②✱

✺✿✽✸✵✕✽✸✶✱ ✷✵✶✵✳

❬✺❪ ❚✳ ▼❛.<✐♥✱ ❈✳❈✳ ❲✐❧❧✐❛♠;✱ ❛♥❞ ❍✳❑✳ ❲✐❝❦.❛♠❛;✐♥❣❤❡✳ ❆<♦♠✐❝ ❢♦.❝❡ ♠✐❝.♦;❝♦♣❡ ✲ ❢♦.❝❡

♠❛♣♣✐♥❣ ❛♥❞ ♣.♦✜❧✐♥❣ ♦♥ ❛ ;✉❜ ♦♥❡ ❤✉♥❞.❡❞ ❛♥❣;<.♦♠; ;❝❛❧❡✳ ❏✳ ❆♣♣❧✳  ❤②#✳✱ ✻✶✿✹✼✷✸✱ ✶✾✽✼✳

❬✻❪ ❋❊❙L ❆❋▼ ♣.♦❜❡; ✇❡❜♣❛❣❡✳ ❤))♣✿✴✴✇✇✇✳❜0✉❦❡0❛❢♠♣0♦❜❡#✳❝♦♠✴ 0♦❞✉❝)✳❛#♣①❄ 0♦❞✉❝)■❉❂✸✷✺✾ ✳

❬✼❪ ◆❚✲▼❉❚ ❆❋▼ ♣.♦❜❡; ✇❡❜♣❛❣❡✳ ❤))♣✿✴✴✇✇✇✳♥)♠❞)✳❝♦♠✴♣0♦❞✉❝)✴#♣♠✲❛❝❝❡##♦0✐❡#✳

❬✽❪ ❱❡❡❝♦ ♠❡<.♦❧♦❣② ❣.♦✉♣✳ ▼✉❧)✐▼♦❞❡ ❙ ▼ ✐♥#)0✉❝)✐♦♥ ♠❛♥✉❛❧✱ ✶✾✾✼✳

❬✾❪ ◆❚✲▼❉❚ ◆<❡❣.❛ ✇❡❜♣❛❣❡✳ ❤))♣✿✴✴✇✇✇✳♥)♠❞)✳❝♦♠✴❞❡✈✐❝❡✴♥)❡❣0❛✲♣0✐♠❛✳

❬✶✵❪ ◗✳ ❩❤♦♥❣✱ ❉✳ ■♥♥✐;;❛✱ ❑✳ ❑❥♦❧❧❡.❜✱ ❛♥❞ ❱✳❇✳ ❊❧✐♥❣;❜✳ ❋.❛❝<✉.❡❞ ♣♦❧②♠❡.✴;✐❧✐❝❛ ✜❜❡. ;✉.✲

❢❛❝❡ ;<✉❞✐❡❞ ❜② <❛♣♣✐♥❣ ♠♦❞❡ ❛<♦♠✐❝ ❢♦.❝❡ ♠✐❝.♦;❝♦♣②✳ ✶✵✳✶✵✶✻✴✵✵✸✾✲✻✵✷✽✭✾✸✮✾✵✺✽✷✲✺✱

✷✾✵✿▲✻✽✽✕▲✻✾✷✱ ✶✾✾✸✳

✶✽✼





❆♣♣❡♥❞✐① ❋

❋✐❧♠$ ❛&♦✉♥❞ ❞&♦♣❧❡-$ ✇✐-❤ ❛ ❜❛$❡

&❛❞✐✉$ ❡①❝❡❡❞✐♥❣ 1.8 µ ♠

✲ ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ♠✐❝❛ 4✉❜478❛7❡4 ❞❡♣♦4✐7❡❞

✈✐❛ ❧♦✇✲❝♦♥❝❡♥78❛7✐♦♥ ❞✐4♣❡84✐♦♥4 ✲

❲❤❡♥ ❬❇▼■▼❪❬❚❋❙■❪ ✐- ❞❡♣♦-✐1❡❞ ♦♥ ♠✐❝❛ -✉❜-17❛1❡- ✈✐❛ ❧♦✇ ❝♦♥❝❡♥17❛1✐♦♥ ❞✐-♣❡7-✐♦♥-✱ ♦♥❡

❝❛♥ ♦❜-❡7✈❡ ♣❛1❝❤❡- ♦❢ ✐♦♥✐❝ ❧✐=✉✐❞ ❛- ✇❡❧❧ ❛- ❞7♦♣❧❡1- -✉77♦✉♥❞❡❞ ❜② ❛ ✜❧♠✳ ❚❤❡ ♣❛1❝❤❡- ❛♥❞

✜❧♠- ❛7❡ ♣✐♥♥❡❞ ♦♥ 1❤❡ ♠✐❝❛✳ ❚❤❡ -❝❛♥♥✐♥❣ ♣7♦❝❡-- ♦❢ 1❤❡ ❆❋▼ ✭1✐♣ -❝❛♥♥✐♥❣ 1❤❡ -❛♠♣❧❡ ✐♥

♥♦♥✲❝♦♥1❛❝1 ♠♦❞❡✮ ❛❧❧♦✇- ❢♦7 ✉♥♣✐♥♥✐♥❣ 1❤❡ ✐♦♥✐❝ ❧✐=✉✐❞✳ ❚❤❡ ♣❛1❝❤❡-✴✜❧♠ ❛7❡ 1❤❡♥ ❡♥❛❜❧❡❞ 1♦

✢♦✇✳ ❚❤❡ ❝❛-❡ ♦❢ ✏-♠❛❧❧ ❞7♦♣❧❡1-✑✱ ❜❛-❡ 7❛❞✐✉- ❧❡-- 1❤❛♥ ❛7♦✉♥❞ 1 µ♠✱ ✇❛- ❞❡-❝7✐❜❡❞ ✐♥ ❈❤❛♣1❡7

✸✿ ❛ ✜❧♠ ✇✐1❤ ✉♥✐❢♦7♠ ✐♥ 1❤✐❝❦♥❡-- -✉77♦✉♥❞- 1❤❡♠✳ ❲❤❡♥ -❝❛♥♥❡❞ ❜② 1❤❡ ❆❋▼✱ 1❤✐- ✜❧♠ 1❡♥❞-

1♦ ❡✈♦❧✈❡ 1♦✇❛7❞- 2 ♥♠ ✐♥ 1❤✐❝❦♥❡--✱ ❛ 1❤✐❝❦♥❡-- ❝♦77❡-♣♦♥❞✐♥❣ 1♦ 1❤❡ ♦♥❡ ♦❢ ♣❛1❝❤❡- ♦❢ ✐♦♥✐❝

❧✐=✉✐❞ ❞❡♣♦-✐1❡❞ ♦♥ ♠✐❝❛ ✇✐1❤♦✉1 ✉-✐♥❣ ❛♥② ❡1❤❛♥♦❧✳ ❚❤✐- -✐1✉❛1✐♦♥ ❝♦✉❧❞ ❜❡ ✉♥❞❡7-1♦♦❞ ✐❢ ♦♥❡

-✉♣♣♦-❡- 1❤❛1 1❤❡ ✜❧♠ ❝♦❡①✐-1✐♥❣ ✇✐1❤ ❞7♦♣❧❡1- ✐- -17✉❝1✉7❛❧❧② ❝❧♦-❡ 1♦ 1❤❡ ♦♥❡ ❝♦77❡-♣♦♥❞✐♥❣ 1♦

❛ ③❡7♦ ❞✐-❥♦✐♥✐♥❣ ♣7❡--✉7❡✳ ■1 ✇♦✉❧❞ 1❤❡♥ ❡①♣❧❛✐♥ 1❤❛1 ✐1 ✐- ✇❡❧❧ ❞❡✜♥❡❞ ❛♥❞ 1❤❛1 ✐1 ❣♦✈❡7♥- 1❤❡

❡✈♦❧✉1✐♦♥ ♦❢ 1❤❡ -②-1❡♠✿ 1❤❡ ❞7♦♣❧❡1 1❤❡♥ -✐♠♣❧② ❛❞❛♣1- 1♦ ❧❡1 1❤❡ ✜❧♠ ❣♦ 1♦✇❛7❞- ✐1- ♣7❡❢❡77❡❞

-17✉❝1✉7❡✳

■1 ❛❝❝♦✉♥1- ❢♦7 ❛❧❧ 1❤❡ ♦❜-❡7✈❛1✐♦♥- ❡①❝❡♣1 ❢♦7 1❤❡ ❝❛-❡ ♦❢ ❵❜✐❣ ❞7♦♣❧❡1-✑✳ ❲❤❡♥ 1❤❡ ❜❛-❡

7❛❞✐✉- ♦❢ 1❤❡ ❞7♦♣❧❡1- ❡①❝❡❡❞- ❛7♦✉♥❞ 1.8 µ♠ 1❤❡ ✜❧♠ -✉77♦✉♥❞✐♥❣ ❞7♦♣❧❡1- ✐- ♥♦ ❧♦♥❣❡7 ✉♥✐❢♦7♠

✐♥ 1❤✐❝❦♥❡--✳ ❚✇♦ 1❤✐❝❦♥❡--❡- ❝♦❡①✐-1✿ 1❤❡ ✜7-1 ♦♥❡ ✐- ❛ ✜❧♠✱ 1❤✐♥♥❡7 1❤❛♥ 1❤❡ ♣❛1❝❤❡- ❛♥❞

1❤❡ -❡❝♦♥❞ 1❤❡ 2 ♥♠ ♦♥❡✱ ❝♦77❡-♣♦♥❞- 1♦ ♣❛1❝❤❡- -❝❛11❡7❡❞ ♦♥ 1❤❡ ✜❧♠ ✭-❡❡ ✜❣✉7❡ ❋✳✶✮✳ ❚❤✐-

❝♦❡①✐-1❡♥❝❡ ❤❛- ❜❡❡♥ ♦❜-❡7✈❡❞ ♦♥❧② ♦♥ ❛ -❝❛❧❡ ♦❢ -❡✈❡7❛❧ ❤♦✉7- ❛❢1❡7 ❞❡♣♦-✐1✐♦♥✳ ◆♦1❤✐♥❣ ❛❧❧♦✇-

1♦ -✉♣♣♦-❡ 1❤❛1 1❤❡ ❝♦❡①✐-1❡♥❝❡ ✇✐❧❧ ♥♦1 7❡❧❛① ♦♥ ❧♦♥❣❡7 1✐♠❡- -❝❛❧❡- 1♦✇❛7❞- ❛ ✉♥✐❢♦7♠ 1❤✐❝❦♥❡--✳

❊✈❡♥ ✐❢ ✐1 ✐- ♣7♦❜❛❜❧② ♥♦1 ❛♥ ❡=✉✐❧✐❜7✐✉♠ ❝♦♥✜❣✉7❛1✐♦♥✱ 1❤❡ ❢❛❝1 1❤❛1 ♣❛1❝❤❡- ❛♥❞ ✜❧♠ 1❤✐♥♥❡7

1❤❛♥ ♣❛1❝❤❡- ❝❛♥ ❝♦❡①✐-1 ✐- ♥♦1 ✉♥❞❡7-1♦♦❞ ②❡1✳ ❚❤❡ ❢♦7♠❛1✐♦♥ ❛7♦✉♥❞ ✏❜✐❣ ❞7♦♣❧❡1-✑ ♦❢ ❛ ✜❧♠

✶✽✾



HEIGHT0.0 10.0 µm

-15.4 nm

44.1 nm

❋✐❣✉$❡ ❋✳✶✿ ❊①❛♠♣❧❡ ♦❢ ✏❜✐❣ ❞$♦♣❧❡45✑ ❛♥❞ 4❤❡✐$ 5✉$$♦✉♥❞✐♥❣5✿ ❛ ✜❧♠ ❝♦❡①✐545 ✇✐4❤ ♣❛4❝❤❡5✳ ❚❤❡

4❤✐❝❦♥❡55 ♦❢ 4❤❡ ♣❛4❝❤❡5 ✐5 ❛$♦✉♥❞ 2 ♥♠✱ ✇❤❡$❡❛5 4❤❡ ✜❧♠ ✐5 4❤✐♥♥❡$✱ ❛$♦✉♥❞ 1, 4 ♥♠✳ ❚❤❡ ♣✐❝4✉$❡
✐5 ❛ ❤❡✐❣❤4 ✐♠❛❣❡ ♦❢ ❤✐❣❤ ♣✉$✐4② ❬❇▼■▼❪❬❚❋❙■❪ ♦♥ ❛ ❢$❡5❤❧② ❝❧❡❛✈❡❞ ♠✐❝❛ ❞✐5❦✳ ❚❤❡ 5G✉❛$❡ ③♦♥❡

♦♥ 4❤❡ 4♦♣ ♣❛$4 ♦❢ 4❤❡ ✐♠❛❣❡✱ ✇❤❡$❡ 4❤❡ ♣❛4❝❤❡5 5♣$❡❛❞✱ ❝♦$$❡5♣♦♥❞5 4♦ 4❤❡ ③♦♥❡ 5❝❛♥♥❡❞ ❥✉54

❜❡❢♦$❡✳

4❤✐♥♥❡$ 4❤❛♥ 4❤❡ ♣❛4❝❤❡5 ✐5 ✐♥❞❡❡❞ G✉✐4❡ ♣✉③③❧✐♥❣✳ ❆5 ❧♦♥❣ ❛5 4❤❡② ❛$❡ ❞❡♣♦5✐4❡❞ ♦♥ 4❤❡ ♠✐❝❛

✇✐4❤ ❧♦✇✲❝♦♥❝❡♥4$❛4✐♦♥ ❞✐5♣❡$5✐♦♥5✱ ❞$♦♣❧❡45 5❤♦✇ ❛ ❢❛✐$❧② ❝♦♥54❛♥4 ❝♦♥4❛❝4 ❛♥❣❧❡✱ ❛$♦✉♥❞ 4◦✱ ♥♦4

❞❡♣❡♥❞✐♥❣ ♦♥ 4❤❡ ❜❛5❡ $❛❞✐✉5✳ ◆♦ ❛$❣✉♠❡♥45 ✐♥ 4❡$♠5 ♦❢ ▲❛♣❧❛❝❡ ♣$❡55✉$❡ ♦$ ❧✐♥❡ 4❡♥5✐♦♥ ❤❡❧♣ 4♦

❡①♣❧❛✐♥ 4❤❡ ♦❜5❡$✈❛4✐♦♥5✳ ❚❤❡ G✉❡54✐♦♥ ✐5 ♦♣❡♥✳



❈♦♥#❡♥#%

✶ ❆♥ ✐♥$%♦❞✉❝$✐♦♥ $♦ ✇❡$$✐♥❣ ♣❤❡♥♦♠❡♥❛ ✸

✶✳✶ "❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❞❡.❝/✐♣1✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✶✳✶ ❈♦♠♠♦♥ ♦❜.❡/✈❛1✐♦♥.✱ .♦♠❡ 7✉❡.1✐♦♥. ❛♥❞ ❝♦♠♠❡♥1. ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸
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❋ ❋✐❧♠& ❛+♦✉♥❞ ❞+♦♣❧❡,& ✇✐,❤ ❛ ❜❛&❡ +❛❞✐✉& ❡①❝❡❡❞✐♥❣ 1.8 µ ♠ ✶✽✾
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