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❈♦❧♦ss❛❧ t❡r❛❤❡rt③ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ❛t r♦♦♠

t❡♠♣❡r❛t✉r❡ ✐♥ ❡♣✐t❛①✐❛❧ ▲❛0.7❙r0.3▼♥❖3

♥❛♥♦❝♦♠♣♦s✐t❡s ❛♥❞ s✐♥❣❧❡✲♣❤❛s❡ t❤✐♥ ✜❧♠s
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❯♥✐✈❡rs✐t② ♦❢ ❲❛r✇✐❝❦✱ ❉❡♣❛rt♠❡♥t ♦❢ P❤②s✐❝s✱ ●✐❜❜❡t ❍✐❧❧ ❘♦❛❞✱ ❈♦✈❡♥tr②✱ ❈❱✹ ✼❆▲✱

❯♥✐t❡❞ ❑✐♥❣❞♦♠✳✱ ❯♥✐✈❡rs✐t② ♦❢ ❖①❢♦r❞✱ ❉❡♣❛rt♠❡♥t ♦❢ P❤②s✐❝s✱ ❈❧❛r❡♥❞♦♥ ▲❛❜♦r❛t♦r②✱

P❛r❦s ❘♦❛❞✱ ❖①❢♦r❞✱ ❖❳✶ ✸P❯✱ ❯♥✐t❡❞ ❑✐♥❣❞♦♠✳✱ ❈❡♥t❡r ❢♦r ■♥t❡❣r❛t❡❞ ◆❛♥♦t❡❝❤♥♦❧♦❣✐❡s✱

▲♦s ❆❧❛♠♦s ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r②✱ ▲♦s ❆❧❛♠♦s✱ ◆▼ ✽✼✺✹✺✱ ❯❙❆✳✱ ▼❛t❡r✐❛❧s ❉❡s✐❣♥ ❛♥❞
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❆❜str❛❝t

❈♦❧♦ss❛❧ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✭❈▼❘✮ ✐s ❞❡♠♦♥str❛t❡❞ ❛t t❡r❛❤❡rt③ ✭❚❍③✮ ❢r❡q✉❡♥✲

❝✐❡s ❜② ✉s✐♥❣ t❡r❛❤❡rt③ t✐♠❡✲❞♦♠❛✐♥ ♠❛❣♥❡t♦s♣❡❝tr♦s❝♦♣② t♦ ❡①❛♠✐♥❡ ✈❡rt✐❝❛❧❧②✲❛❧✐❣♥❡❞

∗❚♦ ✇❤♦♠ ❝♦rr❡s♣♦♥❞❡♥❝❡ s❤♦✉❧❞ ❜❡ ❛❞❞r❡ss❡❞
†❯♥✐✈❡rs✐t② ♦❢ ❲❛r✇✐❝❦
‡❯♥✐✈❡rs✐t② ♦❢ ❖①❢♦r❞
¶▲♦s ❆❧❛♠♦s ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r②
§❯♥✐✈❡rs✐t② ❛t ❇✉✛❛❧♦
‖❯♥✐✈❡rs✐t② ♦❢ ❈❛♠❜r✐❞❣❡
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♥❛♥♦❝♦♠♣♦s✐t❡s ✭❱❆◆s✮ ❛♥❞ ♣❧❛♥❛r t❤✐♥ ✜❧♠s ♦❢ ▲❛0.7❙r0.3▼♥❖3✳ ❆t t❤❡ ❈✉r✐❡ t❡♠♣❡r✲

❛t✉r❡ ✭r♦♦♠ t❡♠♣❡r❛t✉r❡✮ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② ♦❢ t❤❡ ❱❆◆ ✇❛s ❞r❛♠❛t✐❝❛❧❧② ❡♥❤❛♥❝❡❞

❜② ♦✈❡r ✷ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ✉♥❞❡r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ ✇✐t❤ ❛ ♥♦♥✲

❉r✉❞❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② t❤❛t ✐♥❝r❡❛s❡❞ ✇✐t❤ ❢r❡q✉❡♥❝②✳ ❚❤❡ ❞❝ ❈▼❘ ♦❢ t❤❡ ❱❆◆ ✐s

❝♦♥tr♦❧❧❡❞ ❜② ❡①tr✐♥s✐❝ ♠❛❣♥❡t♦tr❛♥s♣♦rt ♠❡❝❤❛♥✐s♠s s✉❝❤ ❛s s♣✐♥✲♣♦❧❛r✐③❡❞ t✉♥♥❡❧✐♥❣

❜❡t✇❡❡♥ ♥❛♥♦✲❣r❛✐♥s✳ ■♥ ❝♦♥tr❛st✱ ✇❡ ✜♥❞ t❤❛t ❚❍③ ❈▼❘ ✐s ❞♦♠✐♥❛t❡❞ ❜② ✐♥tr✐♥s✐❝✱

✐♥tr❛❣r❛✐♥ tr❛♥s♣♦rt✿ t❤❡ ♠❡❛♥ ❢r❡❡ ♣❛t❤ ✇❛s s♠❛❧❧❡r t❤❛♥ t❤❡ ♥❛♥♦❝♦❧✉♠♥ s✐③❡✱ ❛♥❞

t❤❡ ♣❧❛♥❛r t❤✐♥✲✜❧♠ ❡①❤✐❜✐t❡❞ s✐♠✐❧❛r ❚❍③ ❈▼❘ t♦ t❤❡ ❱❆◆✳ ❙✉r♣r✐s✐♥❣❧②✱ t❤❡ ♦❜s❡r✈❡❞

❝♦❧♦ss❛❧ ❚❍③ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ❝❛♥ ❜❡ ❧❛r❣❡ ❢♦r ❛❝

♠♦t✐♦♥ ♦♥ ♥❛♥♦♠❡tr❡ ❧❡♥❣t❤ s❝❛❧❡s✱ ❡✈❡♥ ✇❤❡♥ t❤❡ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✐s ♥❡❣❧✐❣✐❜❧❡ ♦♥

t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❧❡♥❣t❤ s❝❛❧❡s ♣r♦❜❡❞ ❜② ❞❝ tr❛♥s♣♦rt✳ ❚❤✐s s✉❣❣❡sts t❤❛t ❝♦❧♦ss❛❧ ♠❛❣✲

♥❡t♦r❡s✐st❛♥❝❡ ❛t ❚❍③ ❢r❡q✉❡♥❝✐❡s ♠❛② ✜♥❞ ✉s❡ ✐♥ ♥❛♥♦❡❧❡❝tr♦♥✐❝s ❛♥❞ ✐♥ ❚❍③ ♦♣t✐❝❛❧

❝♦♠♣♦♥❡♥ts ❝♦♥tr♦❧❧❡❞ ❜② ♠❛❣♥❡t✐❝ ✜❡❧❞s✳ ❚❤❡ ❱❆◆ ❝❛♥ ❜❡ s❝❛❧❡❞ ✐♥ t❤✐❝❦♥❡ss ✇❤✐❧❡

r❡t❛✐♥✐♥❣ ❛ ❤✐❣❤ str✉❝t✉r❛❧ q✉❛❧✐t②✱ ❛♥❞ ♦✛❡rs ❛ ❧❛r❣❡r ❚❍③ ❈▼❘ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡

t❤❛♥ t❤❡ ♣❧❛♥❛r ✜❧♠✳

❑❡②✇♦r❞s

P❡r♦✈s❦✐t❡ ♦①✐❞❡s❀ ❖①✐❞❡ ♥❛♥♦❝♦♠♣♦s✐t❡s❀ ❈♦❧♦ss❛❧ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡❀ ❚❡r❛❤❡rt③ r❛❞✐❛t✐♦♥❀

❈♦♥❞✉❝t✐✈✐t②

■♥tr♦❞✉❝t✐♦♥

❚❤❡ ❝♦❧♦ss❛❧ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✭❈▼❘✮ ♦❢ ♠❛♥❣❛♥✐t❡ ❝♦♠♣♦✉♥❞s s✉❝❤ ❛s ▲❛0.7❙r0.3▼♥❖3 ❝❛♥

❛r✐s❡ ❢r♦♠ ✐♥tr✐♥s✐❝ ♦r ❡①tr✐♥s✐❝ ♠❡❝❤❛♥✐s♠s✳✶ ❆t t❡♠♣❡r❛t✉r❡s ❜❡❧♦✇ t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡

TC t❤❡ ❤❛❧❢✲♠❡t❛❧❧✐❝ ❢❡rr♦♠❛❣♥❡t ▲❛0.7❙r0.3▼♥❖3 ❡①❤✐❜✐ts ❛ ✜♥✐t❡ ❞❡♥s✐t② ♦❢ st❛t❡s ✐♥ t❤❡

♠❛❥♦r✐t② s♣✐♥ ❜❛♥❞ ❛t t❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧✱ ✇❤✐❧❡ t❤❡ ♠✐♥♦r✐t② s♣✐♥ ❝❤❛♥♥❡❧ ❤❛s ❛ ❣❛♣✳✷

❚❤❡ ✐♥tr✐♥s✐❝ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✭▼❘✮ ♦❢ ♣✉r❡ s✐♥❣❧❡ ❝r②st❛❧s ♦❢ ▲❛0.7❙r0.3▼♥❖3 ✐s ❧✐♥❦❡❞

t♦ t❤❡ ❞♦✉❜❧❡✲❡①❝❤❛♥❣❡ ♣✐❝t✉r❡ ♦❢ ❝❤❛r❣❡ tr❛♥s♣♦rt✱ ✇❤❡r❡ ❝♦r❡ ▼♥ ✸❞ t2g s♣✐♥s ♠❡❞✐❛t❡
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❝❤❛r❣❡ tr❛♥s♣♦rt✳ ❈❛rr✐❡rs ❝❛♥ tr❛✈❡❧ ✇✐t❤✐♥ t❤❡ ♠❛❥♦r✐t② ❜❛♥❞✱ ❞❡r✐✈❡❞ ❢r♦♠ ▼♥ ✸❞ eg

❛♥❞ ❖ ✷♣ ♦r❜✐t❛❧s✱✷ ✇❤❡♥ ♥❡✐❣❤❜♦✉r✐♥❣ ▼♥ ❝♦r❡ s♣✐♥s ❛r❡ ❛❧✐❣♥❡❞✳ ■♥ ❤✐❣❤ q✉❛❧✐t② s✐♥❣❧❡

❝r②st❛❧s✱ t❤❡ ✐♥tr✐♥s✐❝ ▼❘ ✐s ♣❡❛❦❡❞ ❝❧♦s❡ t♦ TC✱ ❛♥❞ ❧❛r❣❡ ♠❛❣♥❡t✐❝ ✜❡❧❞s >✶❚ ❛r❡ ♦❢t❡♥

♥❡❡❞❡❞ t♦ ♣r♦❞✉❝❡ s✉❜st❛♥t✐❛❧ ❝❤❛♥❣❡s ✐♥ r❡s✐st❛♥❝❡✳✶ ❍❡r❡ ❛♥❞ ❡❧s❡✇❤❡r❡ t❤❡ ▼❘ ✐s ❞❡✜♥❡❞

❛s ∆ρ/ρ0 = (ρB − ρ0)/ρ0✱ ✇❤❡r❡ ρB ❛♥❞ ρ0 ❛r❡ t❤❡ r❡s✐st✐✈✐t② ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❛ ♠❛❣♥❡t✐❝

✜❡❧❞ B✳

▲❛r❣❡ ❡①tr✐♥s✐❝ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✐s ❢♦✉♥❞ ✐♥ ♣♦❧②❝r②st❛❧❧✐♥❡ ❛♥❞ t❤✐♥✲✜❧♠ ♠❛♥❣❛♥✐t❡s✿

✐t ♦❢t❡♥ r❡q✉✐r❡s ❧♦✇❡r ♠❛❣♥❡t✐❝ ✜❡❧❞s✱ ♣❡❛❦s ❛t t❡♠♣❡r❛t✉r❡s ❜❡❧♦✇ TC✱ ❛♥❞ r❡s✉❧ts ❢r♦♠

s♣✐♥✲♣♦❧❛r✐③❡❞ t✉♥♥❡❧✐♥❣ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❣r❛✐♥s✳✶✱✸✱✹ ❆❞❞✐♥❣ ❛ s❡❝♦♥❞ ✐♥❡rt ♠❛t❡r✐❛❧ ✭❡✳❣✳

❛ ♥♦♥✲♠❛❣♥❡t✐❝ ✐♥s✉❧❛t♦r✮ ❝r❡❛t❡s ♠♦r❡ ❣r❛✐♥ ❜♦✉♥❞❛r✐❡s✱ ❜♦♦st✐♥❣ str✉❝t✉r❛❧✱ ❝❤❡♠✐❝❛❧ ❛♥❞

s♣✐♥ ❞✐s♦r❞❡r ❛t ✐♥t❡r❢❛❝❡s✱ ❛❧❧ ♦❢ ✇❤✐❝❤ ✐♥✢✉❡♥❝❡ t❤❡ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡✳✹✱✺ P✉❧s❡❞ ❧❛s❡r ❞❡✲

♣♦s✐t✐♦♥ ✭P▲❉✮ ✐s ❛♥ ✐❞❡❛❧ ✇❛② t♦ ❝r❡❛t❡ s✉❝❤ s②st❡♠s ❛s t❤❡ ♠❛t❡r✐❛❧s ❝❛♥ s♣♦♥t❛♥❡♦✉s❧②

❢♦r♠ ✈❡rt✐❝❛❧❧②✲❛❧✐❣♥❡❞ ♥❛♥♦❝♦♠♣♦s✐t❡s ✭❱❆◆s✮ ♦❢ t❤❡ ❢❡rr♦♠❛❣♥❡t✐❝ ❛♥❞ ✐♥❡rt ♣❤❛s❡s✱ ❣✐✈✐♥❣

❝♦♥s✐❞❡r❛❜❧❡ ❝♦♥tr♦❧ ❛♥❞ t✉♥❛❜✐❧✐t② ♦✈❡r t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ✐♥t❡r❢❛❝❡s✳✻✕✽ ❋♦r ✐♥st❛♥❝❡ t❤❡ ❞✐s✲

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

❝❛♥ ❜❡ ❛❧t❡r❡❞ ❜② ✈❛r②✐♥❣ t❤❡ ❞❡♣♦s✐t✐♦♥ ❢r❡q✉❡♥❝②✱ ②✐❡❧❞✐♥❣ ❛♥ ❡♥❤❛♥❝❡❞ ❡①tr✐♥s✐❝ ▼❘ ❢♦r

s♠❛❧❧❡r ❣r❛✐♥ s✐③❡s✳✾ ❙tr❛✐♥❡❞✱ s✐♥❣❧❡✲♣❤❛s❡ ✜❧♠s ❝❛♥ ❜❡ ❣r♦✇♥ ✇✐t❤ ❧❛r❣❡r t❤✐❝❦♥❡ss❡s t❤❛♥

t❤❡✐r ❡♣✐t❛①✐❛❧ ♣❧❛♥❛r ❝♦✉♥t❡r♣❛rts✱ ♦✇✐♥❣ t♦ t❤❡ str✉❝t✉r❛❧ s✉♣♣♦rt ❣✐✈❡♥ ❜② t❤❡ s❝❛✛♦❧❞ ♦❢

t❤❡ ✐♥❡rt ♣❤❛s❡✳

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

❡rt✐❡s✱ ❛❧❧♦✇✐♥❣ ❝❛rr✐❡r ♠❛ss❡s✶✵✱✶✶ ❛♥❞ s♣✐♥✲♦r❜✐t ❝♦✉♣❧✐♥❣ str❡♥❣t❤s✶✷ t♦ ❜❡ ✉♥❝♦✈❡r❡❞ ❢♦r

❝♦♥❞✉❝t✐♥❣ s②st❡♠s✳ ■♥t❡r❡st✐♥❣ ♣❤②s✐❝❛❧ ♣❤❡♥♦♠❡♥❛ s✉❝❤ ❛s t❤❡ q✉❛♥t✉♠ ❍❛❧❧ ❡✛❡❝t✶✸ ❛♥❞

t❤❡ ❣✐❛♥t ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ♦❢ ❢❡rr♦♠❛❣♥❡t✐❝ ♠❡t❛❧s✶✹ ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ t♦ ♣❡rs✐st ✉♣ t♦ ❚❍③

❢r❡q✉❡♥❝✐❡s✳ ■♥ ♠❡t❛❧ ❤❡t❡r♦str✉❝t✉r❡s ❡①❤✐❜✐t✐♥❣ ❣✐❛♥t ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ❛ st✉❞② ♦❢ t❤❡

❚❍③ ♠❛❣♥❡t♦❝♦♥❞✉❝t✐✈✐t② ❢♦✉♥❞ s✐♠✐❧❛r ❚❍③ ❛♥❞ ❞❝ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡s✱ ✇✐t❤ ❝❤❛♥❣❡s ♦❢

❛r♦✉♥❞ ✷✵✪ ✐♥ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② ✐♥❞✉❝❡❞ ❜② B = 100♠❚✳✶✹ ❚✉r♥✐♥❣ t♦ ♦①✐❞❡ s②st❡♠s✱

❝♦❧♦ss❛❧ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ❤❛s ♥♦t ❜❡❡♥ st✉❞✐❡❞ ❛t ❚❍③ ❢r❡q✉❡♥❝✐❡s✳ ■♥ t❤❡ ❈▼❘ ❝♦♠✲

✸



♣♦✉♥❞s✱ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠✐❞✲✐♥❢r❛r❡❞ ❝♦♥❞✉❝t✐✈✐t② ✉♥❞❡r ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✇❡r❡ ❛ss✐❣♥❡❞ t♦

❜✐♣♦❧❛r♦♥s ❜r❡❛❦✐♥❣ ✐♥t♦ ♣♦❧❛r♦♥s✳✶✺✱✶✻ ❲✐t❤♦✉t ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ ❢r❡❡✲❝❛rr✐❡r ❛❜s♦r♣t✐♦♥ ✐♥

▲❛0.7❙r0.3▼♥❖3 ✐♥ t❤❡ ❢❛r✲✐♥❢r❛r❡❞ ✭❚❍③✮ ✇❛s ❢♦✉♥❞ t♦ ❢♦❧❧♦✇ t❤❡ ❉r✉❞❡ ❧✐♥❡s❤❛♣❡✱ ✐♥❞✐❝❛t✐♥❣

❞❡❧♦❝❛❧✐③❡❞ ✐♥tr❛❜❛♥❞ tr❛♥s♣♦rt✳✶✼✕✷✵

❍❡r❡ ✇❡ r❡♣♦rt ❢♦r t❤❡ ✜rst t✐♠❡ t❤❛t ❝♦❧♦ss❛❧ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ❡①✐sts ❛t ❚❍③ ❢r❡q✉❡♥✲

❝✐❡s✱ ❜♦t❤ ❢♦r ❛ ❱❆◆ ❝♦♥s✐st✐♥❣ ♦❢ ▲❛0.7❙r0.3▼♥❖3 ♥❛♥♦❝♦❧✉♠♥s ❡♠❜❡❞❞❡❞ ✇✐t❤✐♥ ❛ ❩♥❖

s❝❛✛♦❧❞✱ ❛♥❞ ❢♦r ♣✉r❡ ▲❛0.7❙r0.3▼♥❖3 ✜❧♠s✳ ❚❤❡ ❚❍③ ❈▼❘ ∆ρ/ρ0 ✭❢♦r ❛❝ r❡s✐st✐✈✐t② ρ✮

✇❛s ❢♦✉♥❞ t♦ ❣r♦✇ t♦✇❛r❞s t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡✱ r❡❛❝❤✐♥❣ ✲✾✾✳✾✪ ❢♦r t❤❡ ❱❆◆ ❛t ✸✵✵❑✱

❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ❝❤❛♥❣❡ ❜② ♠♦r❡ t❤❛♥ ✷ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ✐♥ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t②✳ ■♥

❝♦♥tr❛st✱ t❤❡ ❞❝ ❈▼❘ ❢♦r ❱❆◆s ♣❡❛❦s ❜❡❧♦✇ TC✳✾ ❚❤❡ ❧❡♥❣t❤ s❝❛❧❡ ❢♦r ❝❤❛r❣❡ tr❛♥s♣♦rt ✇❛s

❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ❝❛rr✐❡r ❞❡♥s✐t✐❡s ❛♥❞ s❝❛tt❡r✐♥❣ t✐♠❡s✱ ❛♥❞ ❢♦✉♥❞ t♦ ❜❡ s♠❛❧❧❡r

t❤❛♥ t❤❡ ❣r❛✐♥ s✐③❡ ❛t ❛❧❧ t❡♠♣❡r❛t✉r❡s ❜❡❧♦✇ t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡✳ ❚❤✉s t❤❡ ❝♦♥❞✉❝t✐✈✐t②

❛t ❚❍③ ❢r❡q✉❡♥❝✐❡s ❛♥❞ t❤❡ ❝♦❧♦ss❛❧ ❚❍③ ▼❘ ❛♣♣❡❛r t♦ ❜❡ ❧✐♥❦❡❞ t♦ tr❛♥s♣♦rt ✇✐t❤✐♥ t❤❡

▲❛0.7❙r0.3▼♥❖3 ❣r❛✐♥s✱ r❛t❤❡r t❤❛♥ ❛♥ ❡①tr✐♥s✐❝ ❡✛❡❝t ✭❡✳❣✳ s♣✐♥✲♣♦❧❛r✐③❡❞ t✉♥♥❡❧✐♥❣✮ ❛ss♦❝✐✲

❛t❡❞ ✇✐t❤ t❤❡ ✐♥t❡r❢❛❝❡s✳

❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

❊♣✐t❛①✐❛❧ ▲❛0.7❙r0.3▼♥❖3✿❩♥❖ ❱❆◆ t❤✐♥ ✜❧♠s ✇❡r❡ ❣r♦✇♥ ♦♥ ✭✵✵✶✮✲♦r✐❡♥t❡❞ ▲❛❆❧❖3 s✉❜✲

str❛t❡s ❜② ♣✉❧s❡❞ ❧❛s❡r ❞❡♣♦s✐t✐♦♥✳✸✱✾ ❚❤✐s s✉❜str❛t❡ ✇❛s ❝❤♦s❡♥ ❢♦r ✐ts ❣♦♦❞ tr❛♥s♣❛r❡♥❝② ✐♥

t❤❡ ❚❍③ r❡❣✐♦♥✱✷✶ ❛♥❞ t❤❡ ♣r♦①✐♠✐t② ♦❢ ✐ts ❧❛tt✐❝❡ ❝♦♥st❛♥t t♦ t❤❛t ♦❢ ❜✉❧❦ ▲❛0.7❙r0.3▼♥❖3✳

❱❆◆s ♦❢ s❡♣❛r❛t❡ ♣❤❛s❡s ♦❢ ▲❛0.7❙r0.3▼♥❖3❛♥❞ ❩♥❖ ✇❡r❡ ❢♦r♠❡❞ ❛s s❤♦✇♥ s❝❤❡♠❡t✐❝❛❧❧② ✐♥

❋✐❣✳ ✶✭❛✮✱ ✇✐t❤ ❣r❛✐♥ ✇✐❞t❤s ♦❢ ❛r♦✉♥❞ ✶✵ ♥♠✱ ❛s ❡st❛❜❧✐s❤❡❞ ♣r❡✈✐♦✉s❧② ✉s✐♥❣ tr❛♥s♠✐ss✐♦♥

❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②✳✸✱✾ ❆ r❡❢❡r❡♥❝❡ s❛♠♣❧❡ ♦❢ ▲❛0.7❙r0.3▼♥❖3 ✇✐t❤♦✉t ❩♥❖ ✇❛s ❣r♦✇♥ ✉♥❞❡r

s✐♠✐❧❛r ❝♦♥❞✐t✐♦♥s✳

❍✐❣❤ r❡s♦❧✉t✐♦♥ ❳✲r❛② ❞✐✛r❛❝t✐♦♥ ✇❛s ✉s❡❞ t♦ ❡①❛♠✐♥❡ t❤❡ ❝r②st❛❧ str✉❝t✉r❡ ❛t r♦♦♠

t❡♠♣❡r❛t✉r❡✳ ❋✐❣✳ ✶✭❜✮ s❤♦✇s 2θ − ω s❝❛♥s✱ ✇❤❡r❡ t❤❡ ❱❆◆ ✜❧♠ ❡①❤✐❜✐ts ❛ s✐♥❣❧❡ ✭✵✵✷✮
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❋✐❣✉r❡ ✶✿ ✭❛✮ ❙❝❤❡♠❛t✐❝ ♦❢ ❱❆◆ ✜❧♠ ❛♥❞ ❚❍③ s♣❡❝tr♦s❝♦♣② ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ❞✐r❡❝t✐♦♥s ♦❢
t❤❡ ❛♣♣❧✐❡❞ ❞✳❝✳ ♠❛❣♥❡t✐❝ ✜❡❧❞ B✱ ❚❍③ ♣✉❧s❡ ♣r♦♣❛❣❛t✐♦♥ ✈❡❝t♦r ❛♥❞ ❚❍③ ❡❧❡❝tr✐❝ ✜❡❧❞ ETHz

❛r❡ s❤♦✇♥✳ ❚❤✐❝❦ ❜❧❛❝❦ ❛rr♦✇s s❤♦✇ t❤❡ ▼♥ ♠❛❣♥❡t✐❝ ♠♦♠❡♥ts✳ ✭❜✮ ❳✲r❛② ❞✐✛r❛❝t✐♦♥ s❝❛♥s
❛r♦✉♥❞ t❤❡ (002) ♣❡❛❦s ♦❢ ▲❛❆❧❖3 ❛♥❞ ▲❛0.7❙r0.3▼♥❖3 ❢♦r t❤❡ ❱❆◆ ✜❧♠ ✭t♦♣✮ ❛♥❞ t❤❡ ♣✉r❡
✜❧♠ ✭❜♦tt♦♠✮✱ ❛♥❞ ❛r♦✉♥❞ (112̄0) ❢♦r ❩♥❖✳ ✭❝✮ ◆♦r♠❛❧✐③❡❞ ♠❛❣♥❡t✐③❛t✐♦♥ M(T )/M0 ✉♥❞❡r
B = 10♠❚ ❢♦r ✜❡❧❞✲❝♦♦❧❡❞ ✭❋❈✮ ❛♥❞ ③❡r♦✲✜❡❧❞✲❝♦♦❧❡❞ ✭❩❋❈✮ ❝❛s❡s✳ ✭❞✮ ❘❡❝✐♣r♦❝❛❧ s♣❛❝❡
♠❛♣ ❛r♦✉♥❞ t❤❡ ✭✶✵✸✮ ♣❡❛❦s ❢♦r ▲❛❆❧❖3 ❛♥❞ ▲❛0.7❙r0.3▼♥❖3 ❢♦r t❤❡ ❱❆◆ ✜❧♠✳ ❈r♦ss✿ ✭✶✵✸✮
♣♦s✐t✐♦♥ ❢♦r ❜✉❧❦ ▲❛0.7❙r0.3▼♥❖3✳ ✭❡✮ ❙✐♠✐❧❛r t♦ ✭❞✮ ❜✉t ❢♦r t❤❡ ♣✉r❡ ▲❛0.7❙r0.3▼♥❖3 ✜❧♠✳

✺



♣❡❛❦ ❛r♦✉♥❞ 2θ = 46.3◦✱ ❜❡❧♦✇ t❤❡ ▲❛❆❧❖3 ✭✵✵✷✮ ♣❡❛❦ ❛t ✹✽✳✵◦✳ ❚❤❡ s✐♥❣❧❡✱ s❤❛r♣ ♣❡❛❦

❛r✐s❡s ♦✇✐♥❣ t♦ ✈❡rt✐❝❛❧ ❡♣✐t❛①② ✇✐t❤ t❤❡ ❩♥❖ ♣❤❛s❡✱ r❛t❤❡r t❤❛♥ str❛✐♥ ❝♦♥tr♦❧ ❢r♦♠ t❤❡

▲❛❆❧❖3 s✉❜str❛t❡✳ ■♥ ❝♦♥tr❛st✱ t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ❡①❤✐❜✐ts ♠✉❧t✐♣❧❡ ♣❡❛❦s ❛s ❛ r❡s✉❧t ♦❢

str❛✐♥ r❡❧❛①❛t✐♦♥ ❛✇❛② ❢r♦♠ t❤❡ s✉❜str❛t❡✳ ■♥✲♣❧❛♥❡ ❧❛tt✐❝❡ ❝♦♥st❛♥ts ✇❡r❡ ❢♦✉♥❞ ❢r♦♠ t❤❡

✭✶✵✸✮ r❡❝✐♣r♦❝❛❧ s♣❛❝❡ ♠❛♣s r❡♣♦rt❡❞ ✐♥ ❋✐❣s✳ ✶✭❞✮ ❛♥❞ ✭❡✮✳ ❚❤❡ ❱❆◆ ✜❧♠ ❤❛❞ a = 3.862➴✱

c = 3.924➴✱ ✇❤✐❧❡ t❤❡ ♣✉r❡ ✜❧♠ ❝♦♥s✐st❡❞ ♦❢ ❛ ❝♦♠♣♦♥❡♥t ❧❛tt✐❝❡✲♠❛t❝❤❡❞ t♦ t❤❡ ▲❛❆❧❖3

s✉❜str❛t❡ ✭✇❤✐❝❤ ❤❛s ❛ ♣s❡✉❞♦❝✉❜✐❝ ❧❛tt✐❝❡ ❝♦♥st❛♥t 3.789➴✮ ✇✐t❤ a = 3.783➴✱ c = 4.017➴✱

❛♥❞ ❛ r❡❧❛①❡❞ ❝♦♠♣♦♥❡♥t ✇✐t❤ a = 3.845➴✱ c = 3.913➴✳ ❚❤❡ ✐♥✲♣❧❛♥❡ ❧❛tt✐❝❡ ❝♦♥st❛♥t a ❢♦r

❜♦t❤ t❤❡ ❱❆◆ ❛♥❞ t❤❡ r❡❧❛①❡❞ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♣✉r❡ ✜❧♠ ❛r❡ s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❜✉❧❦ ▲❙▼❖

✭✸✳✽✼✵➴✮✳✾

❚❤❡ ✐♥t❡r♣❧❛♥❛r s♣❛❝✐♥❣ ❢♦r ❩♥❖ ❢♦r t❤❡ ✭✶✶2̄✵✮ ♣❡❛❦ ✐s d(112̄0) = 3.249➴✱ ❣✐✈✐♥❣ ✻d(112̄0) =

19.63➴✳ ❚❤✐s ✐s ❝❧♦s❡ t♦ ✺d(001) = 19.49➴ ❢♦r ▲❙▼❖✱ ❛♥❞ t❤✉s ❢♦r ❡✈❡r② ✺ ▲❙▼❖ ✉♥✐t ❝❡❧❧s

✈❡rt✐❝❛❧❧② t❤❡r❡ ❛r❡ ✻ ❩♥❖ ✭✶✶2̄✵✮ ♣❧❛♥❡s✱ ❛s ❢♦r ▲❙▼❖✿❩♥❖ ❱❆◆ ✜❧♠s ♦♥ ❙r❚✐❖3 s✉❜str❛t❡s✳✾

■♥ ❋✐❣✳ ✶✭❝✮ t❤❡ ♥♦r♠❛❧✐③❡❞ ♠❛❣♥❡t✐③❛t✐♦♥ M(T )/M0 ✐s r❡♣♦rt❡❞ ❢♦r ✜❡❧❞✲❝♦♦❧❡❞ ✭❋❈✮

❛♥❞ ③❡r♦✲✜❡❧❞✲❝♦♦❧❡❞ ❝❛s❡s✳ ❚❤❡ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡ t♦ TC = 303❑ ❢♦r t❤❡

❱❆◆ ✜❧♠ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ TC = 353❑ ❢♦r t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ✭❞❛t❛ ♥♦t s❤♦✇♥✮ ♠❛② ❛r✐s❡

❢r♦♠ t❤❡ ❧♦✇❡r ✈♦❧✉♠❡ ❢r❛❝t✐♦♥ ♦❢ ▲❙▼❖ ❣r❛✐♥s ✐♥ t❤❡ ❱❆◆ ✜❧♠✱✾ ✇❤✐❝❤ ❧♦✇❡rs t❤❡ ♠❡❛♥

♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥ ❡❛❝❤ ❝♦r❡ s♣✐♥✳

❚❤❡ ❝♦♠♣❧❡① ♦♣t✐❝❛❧ ❝♦♥❞✉❝t✐✈✐t② σ(ω) ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❝♦♠♣❧❡① tr❛♥s♠✐ss✐♦♥✱

tr❡❛t✐♥❣ t❤❡ ❱❆◆ ✜❧♠ ❛s ❛ ✉♥✐❢♦r♠ ❡✛❡❝t✐✈❡ ♠❡❞✐✉♠✳✷✷ Pr❡✈✐♦✉s ✇♦r❦ ❤❛s s❤♦✇♥ t❤❛t t❤❡ ❛❝

❚❍③ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ♣✉r❡ ▲❙▼❖ ✜❧♠s ❡①❤✐❜✐ts ❢r❡❡✲❝❛rr✐❡r✲❧✐❦❡ ❜❡❤❛✈✐♦✉r✱✶✼✕✷✵ ❢♦❧❧♦✇✐♥❣ t❤❡

❉r✉❞❡✲▲♦r❡♥t③ ♠♦❞❡❧ ♦❢ ❢r❡❡✲❝❛rr✐❡r ❛❜s♦r♣t✐♦♥✳✷✷ ■♥ t❤✐s ♠♦❞❡❧ σ(ω) = σ0/(1 + iωτ) ❢♦r ❞❝

❝♦♥❞✉❝t✐✈✐t② σ0 = Ne2τ/m∗✱ ✇❤❡r❡ t❤❡ ❝❛rr✐❡r ❞❡♥s✐t②✱ s❝❛tt❡r✐♥❣ t✐♠❡ ❛♥❞ ♠❛ss ❛r❡N ✱ τ ❛♥❞

m∗ r❡s♣❡❝t✐✈❡❧②✳ ❍❡♥❝❡ t❤❡ r❡❛❧ ❝♦♥❞✉❝t✐✈✐t② σ1(ω) ♣❡❛❦s ❛t ③❡r♦ ❢r❡q✉❡♥❝②✱ ✇✐t❤ ❛♠♣❧✐t✉❞❡

σ0✳ ■♥ ❋✐❣✳ ✷✭❛✮ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ σ1(ω,B = 0) ✭s♦❧✐❞ ❜❧✉❡ ❧✐♥❡✮ ❝❛♥ ❜❡ s❡❡♥ t♦ ❜❡ ✐♥ ❛❝❝♦r❞

✇✐t❤ t❤❡ ❉r✉❞❡ ❧✐♥❡s❤❛♣❡ ✭❞❛s❤❡❞ ❧✐♥❡✮✱ ❛s ♣r❡✈✐♦✉s❧② r❡♣♦rt❡❞ ❢♦r ♣✉r❡ ▲❛0.7❙r0.3▼♥❖3✳✶✼✕✷✵

●♦♦❞ ❛❣r❡❡♠❡♥t ✐s ❢♦✉♥❞ ❛❜♦✈❡ ✵✳✺❚❍③✱ ✇❤✐❧❡ t❤❡ ♣♦♦r❡r ✜t ✐♥ t❤❡ ✵✳✸✲✵✳✺❚❍③ r❛♥❣❡ ✐s

✻



❞✐s❝✉ss❡❞ ❜❡❧♦✇ ✇✐t❤ r❡❢❡r❡♥❝❡ t♦ ❋✐❣✳ ✹✭❞✮✳
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❋✐❣✉r❡ ✷✿ ✭❛✮ ❋r❡q✉❡♥❝②✲❞❡♣❡♥❞❡♥❝❡ ♦❢ σ1 ❢♦r t❤❡ ❱❆◆ ✜❧♠ ❛t B = 0 ❛♥❞ T = 86❑
❢r♦♠ ❡①♣❡r✐♠❡♥t ✭s♦❧✐❞ ❧✐♥❡✮ ❛♥❞ t❤❡ ❉r✉❞❡✲▲♦r❡♥t③ ♠♦❞❡❧ ✭❞❛s❤❡❞ ❧✐♥❡✮✳ ✭❜✮ ❚❡♠♣❡r❛t✉r❡✲
❞❡♣❡♥❞❡♥❝❡ ♦❢ σ0 ❢♦r t❤❡ ❱❆◆ ✜❧♠ ✭sq✉❛r❡s✱ ❧❡❢t ❛①✐s✮ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ♥♦r♠❛❧✐s❡❞ ❞❝
❝♦♥❞✉❝t✐✈✐t② ρ(T = 10❑)/ρ(T ) ✭❧✐♥❡✱ r✐❣❤t ❛①✐s✮✳ ✭❝✮ ❚❍③ r❡s✐st✐✈✐t② ♥♦r♠❛❧✐③❡❞ ❜② r❡s✐s✲
t✐✈✐t② ❛t ✶✵❑ ✭sq✉❛r❡s✱ σ0(10❑)/σ0(T )✮ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ r❛t✐♦ ρ(T )/ρ(T = 10❑) ❢♦r ❞❝
tr❛♥s♣♦rt ✭❧✐♥❡✮✳ ✭❞✮ ▼♦❜✐❧❡ ❝❛rr✐❡r ❞❡♥s✐t② N ✭sq✉❛r❡s✱ ❧❡❢t ❛①✐s✮ ❛♥❞ s❝❛tt❡r✐♥❣ t✐♠❡ τ
✭❝✐r❝❧❡s✱ r✐❣❤t ❛①✐s✮ ❢♦r t❤❡ ❱❆◆ ✜❧♠✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❡♠♣❡r❛t✉r❡✳

❚❤❡ ♠❡t❛❧✲✐♥s✉❧❛t♦r tr❛♥s✐t✐♦♥ ✭▼■❚✮ ♦❢ t❤❡ ❱❆◆ ✜❧♠ ✇❛s st✉❞✐❡❞ ❛t ③❡r♦ ♠❛❣♥❡t✐❝ ✜❡❧❞

❜② ❡①❛♠✐♥✐♥❣ σ0 ❢r♦♠ ✜ts t♦ σ1(ω) ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✳ ❚❤❡ sq✉❛r❡s ✐♥ ❋✐❣✳ ✷✭❜✮ ✐♥✲

❞✐❝❛t❡ σ0 ❢♦r t❤❡ ❱❆◆ ✜❧♠✱ ✇❤✐❝❤ ✇❛s s✉❜st❛♥t✐❛❧❧② ♠♦r❡ ❝♦♥❞✉❝t✐✈❡ ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡s✱

✇❤❡♥ s♣✐♥s ✇❡r❡ ❝♦✲❛❧✐❣♥❡❞✳✷✸ ❋♦r ❝♦♠♣❛r✐s♦♥✱ t❤❡ ❞❝ ❝♦♥❞✉❝t✐✈✐t② r❛t✐♦ σ(T )/σ(T = 10❑)

❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ρ(T = 10❑)/ρ(T ) ✐s s❤♦✇♥ ❜② t❤❡ s♦❧✐❞ ❜❧❛❝❦ ❧✐♥❡✳ ❲❤✐❧❡ t❤❡ t❡♠♣❡r❛t✉r❡

❞❡♣❡♥❞❡♥❝❡ ❛♣♣❡❛rs s✐♠✐❧❛r ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡s✱ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s t❤❡ ❚❍③ ❝♦♥❞✉❝✲

✼



t✐✈✐t② ❞r♦♣s ♠♦r❡ r❛♣✐❞❧② t❤❛♥ t❤❡ ❞❝ ❝♦♥❞✉❝t✐✈✐t②✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ✐s ❛♣♣❛r❡♥t ✐♥ ❋✐❣✳ ✷✭❝✮✱

✇❤❡r❡ t❤❡ ❚❍③ r❡s✐st✐✈✐t② r❛t✐♦ ❝❤❛♥❣❡s ❜② ♥❡❛r❧② t❤r❡❡ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❜❡t✇❡❡♥ ✶✵❑ ❛♥❞

✸✵✵❑✱ ✇❤✐❧❡ t❤❡ ❞❝ r❛t✐♦ ❝❤❛♥❣❡s ❜② ♦♥❧② ❛ ❢❛❝t♦r ♦❢ ✸✵✳ ❚❤❡ ❝♦♥tr❛st✐♥❣ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥✲

❞❡♥❝❡s ♦❢ t❤❡ ❝♦♥❞✉❝t✐✈✐t② ♠❛② ❜❡ ❧✐♥❦❡❞ t♦✿ ✭✐✮ ❞✐ss✐♠✐❧❛r s❝❛tt❡r✐♥❣ t✐♠❡s ♣r♦❜❡❞ ❜② ❚❍③

r❛❞✐❛t✐♦♥ ❛♥❞ tr❛♥s♣♦rt✿ t❤❡ tr❛♥s♣♦rt ❧✐❢❡t✐♠❡ ✐s ✇❡✐❣❤t❡❞ ❜② ❛♥ ❛❞❞✐t✐♦♥❛❧ ❣❡♦♠❡tr✐❝ ❢❛❝✲

t♦r❀✷✹ ✭✐✐✮ ❞✐✛❡r❡♥t tr❛♥s♣♦rt ♠❛ss❡s ❛♥❞ ♦♣t✐❝❛❧ ♠❛ss❡s✱ r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ❡❧❡❝tr♦♥✲❡❧❡❝tr♦♥

✐♥t❡r❛❝t✐♦♥✱ ❛s s❡❡♥ ✐♥ ♦t❤❡r ♣♦❧❛r ♦①✐❞❡s❀✶✶ ✭✐✐✐✮ ❞❝ ❛♥❞ ❛❝ ❝♦♥❞✉❝t✐♦♥ ❛r✐s✐♥❣ ❢r♦♠ ❞✐st✐♥❝t

♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s✱ ♦r ♣r♦❜✐♥❣ ❞✐✛❡r❡♥t ❧❡♥❣t❤ s❝❛❧❡s✳

❉r✉❞❡✲▲♦r❡♥t③ ✜ts t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ σ1(ω) ✭❛ss✉♠✐♥❣ ❛ ❝♦♥st❛♥t m∗ = 3.0me✮ ②✐❡❧❞❡❞

t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝❛rr✐❡r ❞❡♥s✐t② N ❛♥❞ s❝❛tt❡r✐♥❣ t✐♠❡ τ ✇✐t❤ t❡♠♣❡r❛t✉r❡✱ ❛s ✐♥❞✐❝❛t❡❞

✐♥ ❋✐❣✳ ✷✭❞✮✳ ❚❤❡ ♠♦❜✐❧❡ ❝❛rr✐❡r ❞❡♥s✐t② ♣❡❛❦s ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡ ❛t 1.7 × 1020 ❝♠−3✱ ❛♥❞

❞r♦♣s t♦✇❛r❞s TC✳ ❚❤❡ ❡✛❡❝t✐✈❡ ♥✉♠❜❡r ♦❢ ❝❛rr✐❡rs ♣❡r ▲❙▼❖ ✉♥✐t ❝❡❧❧ ✐s neff ≃ 0.02 ❛t

❧♦✇ t❡♠♣❡r❛t✉r❡✱ ❛ss✉♠✐♥❣ t❤❡ ▲❙▼❖ ✐s ✺✵✪ ♦❢ t❤❡ ❱❆◆ ✜❧♠✱ ❛♥❞ ✉s✐♥❣ t❤❡ ✉♥✐t ❝❡❧❧ s✐③❡

❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ ❳✲r❛② ❞✐✛r❛❝t✐♦♥ r❡s✉❧ts ✐♥ ❋✐❣✳ ✶✳ ❆ s✐♠✐❧❛r ✈❛❧✉❡ ♦❢ neff(10❑) ≃ 0.03

✇❛s ♣r❡✈✐♦✉s❧② r❡♣♦rt❡❞✶✽ ❢♦r ❜✉❧❦ ▲❙▼❖ ❝r②st❛❧s ✇✐t❤ x = 0.3✳

❚❤❡ ❝❛rr✐❡r ♠♦♠❡♥t✉♠ s❝❛tt❡r✐♥❣ t✐♠❡ τ r❡♣♦rt❡❞ ✐♥ ❋✐❣✳ ✷✭❞✮ ✐s r❡❧❛t✐✈❡❧② ✐♥❞❡♣❡♥❞❡♥t ♦❢

t❡♠♣❡r❛t✉r❡✱ ❛♥❞ ✐♥❝r❡❛s❡s t♦✇❛r❞s TC✱ ✐♥❞✐❝❛t✐♥❣ ❛ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ❝❛rr✐❡r s❝❛tt❡r✐♥❣ r❛t❡

❛t t❤❡ ❧♦✇❡st ❞❡♥s✐t✐❡s✳ ❱❛❧✉❡s ♦❢ t❤❡ ♠❡❛♥✲❢r❡❡✲♣❛t❤ λ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❢r♦♠ λ = vFτ ❢♦r

❋❡r♠✐ ✈❡❧♦❝✐t② vF = h̄(3π2N)1/3/m∗✱ ②✐❡❧❞✐♥❣ λ ≃ 7 ♥♠ ❛t ✶✵❑✳ ❚❤❡ ♠❡❛♥✲❢r❡❡ ♣❛t❤ ❧♦✇❡rs

✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡ ❞✉❡ t♦ t❤❡ r❛♣✐❞ r❡❞✉❝t✐♦♥ ✐♥ N ✿ ❜② ✸✵✵❑✱ N < 5× 1017 ❝♠−3✱

❣✐✈✐♥❣ λ < 1 ♥♠✳ ❈♦♥s❡q✉❡♥t❧②✱ ❝❛rr✐❡rs r❡♠❛✐♥ ✇✐t❤✐♥ t❤❡ ▲❙▼❖ ❣r❛✐♥s ✭❛❜♦✉t ✶✵ ♥♠

❛❝r♦ss✾✮ r❛t❤❡r t❤❛♥ t✉♥♥❡❧✐♥❣ ❜❡t✇❡❡♥ ❣r❛✐♥s✱ ❛♥❞ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② r❡♠❛✐♥s ❉r✉❞❡✲

❧✐❦❡ ❛❝r♦ss t❤❡ ✇❤♦❧❡ t❡♠♣❡r❛t✉r❡ r❛♥❣❡✳ ❚❤✐s ✐s ✐♥ ❝♦♥tr❛st t♦ s❡♠✐❝♦♥❞✉❝t♦r ♥❛♥♦❝♦♠♣♦s✲

✐t❡s ✇✐t❤ ♠❡❛♥✲❢r❡❡✲♣❛t❤s ❧❛r❣❡r t❤❛♥ t❤❡ ❣r❛✐♥ s✐③❡✱ ✇❤❡r❡ r❡s♦♥❛♥t ❚❍③ ❝♦♥❞✉❝t✐✈✐t✐❡s ❛r❡

♦❜s❡r✈❡❞✳✷✷✱✷✺

❚❤❡ s❝❛tt❡r✐♥❣ t✐♠❡ ♦❢ t❤❡ ❱❆◆ ✇❛s ♠❛r❣✐♥❛❧❧② ❤✐❣❤❡r t❤❛♥ t❤❛t ♦❢ t❤❡ ♣✉r❡ ✜❧♠✱ ♣❡r❤❛♣s

❛s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ❤✐❣❤❡r ❝r②st❛❧❧✐♥❡ q✉❛❧✐t② ♦❢ t❤❡ ❱❆◆ ❡✈✐❞❡♥t ✐♥ ❋✐❣s✳ ✶✭❜✮✱ ✭❞✮ ❛♥❞

✽



✭❡✮✳ ❋♦r ✐♥st❛♥❝❡✱ ❛t ✸✵✵❑ t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ❤❛❞ τ = 102 ❢s ✇❤✐❧❡ ❢♦r t❤❡ ❱❆◆ τ = 112 ❢s✳

❚❤❡ ♠❡❛♥✲❢r❡❡ ♣❛t❤ ❢♦r t❤❡ ♣✉r❡ ✜❧♠ ❛t ✸✵✵❑ ✇❛s λ ≃ 3 ♥♠✱ ❣r❡❛t❡r t❤❛♥ ❢♦r t❤❡ ❱❆◆✱ ❛s

t❤❡ ❝❛rr✐❡r ❞❡♥s✐t② N = 2.2 × 1019 ❝♠−3 ✇❛s ❤✐❣❤❡r ❛t t❤✐s t❡♠♣❡r❛t✉r❡ ♦✇✐♥❣ t♦ t❤❡ ♣✉r❡

✜❧♠✬s ❧❛r❣❡r TC✳

❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❞❡♣❡♥❞❡♥❝❡ ♦❢ σ1(ω) ✐s r❡♣♦rt❡❞ ✐♥ ❋✐❣✳ ✸✱ ❝♦♦❧❡❞ ✇✐t❤♦✉t ♠❛❣♥❡t✐❝

✜❡❧❞ ❢r♦♠ ❛❜♦✈❡ r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❆t ✺✵❑ ❬♣❛♥❡❧ ✭❛✮❪ σ1 ❝❛♥ ❜❡ s❡❡♥ t♦ ❜❡ ❧❛r❣❡✱ ❉r✉❞❡✲

❧✐❦❡ ✭❞❛s❤❡❞ ❧✐♥❡s✮✱ ❛♥❞ t♦ ✐♥❝r❡❛s❡ s❧✐❣❤t❧② ❢♦r B = 4❚ ✭r❡❞ ❧✐♥❡✮ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ B = 0❚

✭❜❧✉❡ ❧✐♥❡✮✳ ❆t ✷✵✵❑ ❬♣❛♥❡❧ ✭❜✮❪ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② ✐s ❉r✉❞❡✲❧✐❦❡✱ ❛♥❞ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢

❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❜♦♦sts σ1(ω) ♠♦r❡ s✐❣♥✐✜❝❛♥t❧②✱ ✐♥ ❛ ♠❛♥♥❡r ❝♦♥s✐st❡♥t ✇✐t❤ ❛♥ ✐♥❝r❡❛s❡ ✐♥

❞❡♥s✐t② ❢r♦♠ N(B = 0) = 3.5× 1019 ❝♠−3 t♦ N(B = 8❚) = 8.0× 1019 ❝♠−3 ✭❛ss✉♠✐♥❣ m∗ =

3me✱ ✐♥❞❡♣❡♥❞❡♥t ♦❢ B✮✳ ❚❤❡ s❝❛tt❡r✐♥❣ t✐♠❡ r❡❞✉❝❡s ❛t ❤✐❣❤❡r ✜❡❧❞✱ ❢r♦♠ τ(B = 0) = 94 ❢s

t♦ τ(B = 8❚) = 61 ❢s✳

❚❤❡ ❣r❡❛t❡r ❡♥❤❛♥❝❡♠❡♥t ✐♥ σ1(ω) ✇✐t❤ B ❛t ✷✵✵❑ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❛t ❛t ✺✵❑ ❝❛♥

❜❡ ✉♥❞❡rst♦♦❞ ✇✐t❤✐♥ t❤❡ ❞♦✉❜❧❡✲❡①❝❤❛♥❣❡ ♣✐❝t✉r❡ ♦❢ ▼❘ ✐♥ t❤❡ ♠❛♥❣❛♥✐t❡s ❛s ❢♦❧❧♦✇s✳ ❚❤❡

❝♦r❡ s♣✐♥s ❛r❡ ♣❛rt✐❛❧❧② ❞✐s♦r❞❡r❡❞ ❛t ✷✵✵❑ ❬❋✐❣✳ ✶✭❝✮❪ ✇✐t❤ ❛ ✜♥✐t❡ ❛♥❣❧❡ θ ❜❡t✇❡❡♥ ♥❡❛r❡st

♥❡✐❣❤❜♦✉r s♣✐♥s✳ ■♥❝r❡❛s✐♥❣ B ❡♥❤❛♥❝❡s t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ ♥❡❛r❡st ♥❡✐❣❤❜♦✉r s♣✐♥s✱ r❡❞✉❝✐♥❣

θ✳ ❇♦t❤ t❤❡ ❝❤❛r❣❡ ❝❛rr✐❡r tr❛♥s❢❡r ✐♥t❡❣r❛❧ ❢♦r ❤♦♣♣✐♥❣ ❛♥❞ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ s❝❛❧❡ ✇✐t❤

cos θ/2✱ ❛♥❞ ❤❡♥❝❡ ❜♦t❤ ❛r❡ ❡♥❤❛♥❝❡❞ ❜② ❛♥ ❛♣♣❧✐❡❞ B✳✷✸ ❆t ✺✵❑ ♥❡❛r❡st ♥❡✐❣❤❜♦✉r ❝♦r❡

s♣✐♥s ❡①❤✐❜✐t ❧❡ss t❤❡r♠❛❧ ❞✐s♦r❞❡r✱ ❛♥❞ t❤❡r❡❢♦r❡ σ1 ❞♦❡s ♥♦t ❛❧t❡r ❛s s✉❜st❛♥t✐❛❧❧② ✇✐t❤ B✳

σ1(ω,B) ❛t t❤❡ ▼■ tr❛♥s✐t✐♦♥ ✐s r❡♣♦rt❡❞ ✐♥ ❋✐❣✳ ✸✭❝✮✳ ❆❧t❤♦✉❣❤ σ1 ✐s ♥❡❣❧✐❣✐❜❧❡ ❢♦r

B = 0 ✭❜❧✉❡ ❧✐♥❡✮✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❝r❡❛t❡s ❛ ❝♦♥❞✉❝t✐✈❡ ♠❡❞✐✉♠ ✇❤❡r❡

σ1 ✐♥❝r❡❛s❡s ✇✐t❤ ❢r❡q✉❡♥❝② ✭❡✳❣✳ ♣✉r♣❧❡ ❧✐♥❡✱ B = 8❚✮✳ ❚❤✐s ✐s ✐♥ st❛r❦ ❝♦♥tr❛st t♦ t❤❡

♥❡❛r✲❉r✉❞❡ ❜❡❤❛✈✐♦✉r ♦❢ σ1(ω,B) ❜❡❧♦✇ TC s❡❡♥ ✐♥ ❋✐❣✳ ✸✭❛✮ ❛♥❞ ✭❜✮✳ ❚❤❡ ❡♥❤❛♥❝❡❞ σ1

✇✐t❤ ❢r❡q✉❡♥❝② ❛t TC ✐s ♠❛t❝❤❡❞ ❜② ❛ ♣♦s✐t✐✈❡ σ2 ✭♥♦t s❤♦✇♥✮ t❤❛t ❛❧s♦ ✐♥❝r❡❛s❡s ✇✐t❤

❢r❡q✉❡♥❝②✳ ▲✐♥❡❛r ♦r s❧✐❣❤t❧② s✉❜✲❧✐♥❡❛r ✐♥❝r❡❛s❡s ✐♥ σ1 ❛♥❞ σ2 ✇✐t❤ ❢r❡q✉❡♥❝② ❤❛✈❡ ❜❡❡♥

✇✐❞❡❧② st✉❞✐❡❞ ✐♥ ❛♠♦r♣❤♦✉s s❡♠✐❝♦♥❞✉❝t♦rs✱ ✇✐t❤ ❞✐✛❡r❡♥t ♣❤②s✐❝❛❧ ♠❡❝❤❛♥✐s♠s ②✐❡❧❞✐♥❣ t❤❡

s❛♠❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡✳✷✻ ❚❤❡ q✉❛♥t✉♠ ♠❡❝❤❛♥✐❝❛❧ t✉♥♥❡❧✐♥❣ ♦❢ q✉❛s✐♣❛rt✐❝❧❡s t❤r♦✉❣❤

✾
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❋✐❣✉r❡ ✸✿ ✭❛✮ ❚❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t②✱ σ1✱ ❢♦r t❤❡ ❱❆◆ ✜❧♠ ❛t ✺✵❑ ✭s♦❧✐❞
❧✐♥❡s✮ ❢♦❧❧♦✇s t❤❡ ❉r✉❞❡✲▲♦r❡♥t③ ❢♦r♠ ✭❞❛s❤❡❞ ❧✐♥❡s✮ ❛❜♦✈❡ ✵✳✺❚❍③✱ ✐♥❞✐❝❛t✐✈❡ ♦❢ ❞❡❧♦❝❛❧✐③❡❞
❡❧❡❝tr♦♥ tr❛♥s♣♦rt✱ ❜♦t❤ ❛t B = 0❚ ✭❜❧✉❡✮ ❛♥❞ ❛t B = 4❚ ✭r❡❞✮✳ ✭❜✮ ❙✐♠✐❧❛r t♦ ✭❛✮✱ ❜✉t
❛t ✷✵✵❑✱ ❛♥❞ ❢♦r B = 0 → 8❚ ✐♥ ✷❚ st❡♣s✳ ✭❝✮ ❆t ✸✵✵❑✱ ❝❧♦s❡ t♦ TC = 303❑✱ t❤❡ ❱❆◆
✜❧♠ ❤❛s ♥❡❣❧✐❣✐❜❧❡ σ1 ❢♦r B = 0❚ ✭❜❧✉❡ ❧✐♥❡✮✱ ❜✉t s✉❜st❛♥t✐❛❧ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② ❢♦r B ≥ 2❚
✭❝♦❧♦✉r❡❞ ❧✐♥❡s✱ ❢r♦♠ ✷❚ t♦ ✽❚ ✐♥ ✷❚ st❡♣s✮✳ ❆t ❧♦✇ ❢r❡q✉❡♥❝✐❡s σ1 ✐s s✉♣♣r❡ss❡❞✳ ✭❞✮
❘♦♦♠✲t❡♠♣❡r❛t✉r❡ ❚❍③ σ1 ❢♦r t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ✭❧✐♥❡s✮✱ ❛♥❞ ❉r✉❞❡✲▲♦r❡♥t③ ✜ts ✭❞❛s❤❡❞
❧✐♥❡s✮✳

✶✵



❛♥ ❡♥❡r❣② ❜❛rr✐❡r s❡♣❛r❛t✐♥❣ t✇♦ ❧♦❝❛t✐♦♥s ❡①❤✐❜✐ts σ1 ∝ ω✱ ❢♦r ❜♦t❤ ❜❛r❡ q✉❛s✐♣❛rt✐❝❧❡s ❛♥❞

❢♦r s♠❛❧❧ ♣♦❧❛r♦♥s✳✷✻ ❚❤❡ t❤❡r♠❛❧ ❡①❝✐t❛t✐♦♥ ♦❢ ❝❧❛ss✐❝❛❧ ❝❛rr✐❡rs ♦✈❡r ❛ ♣♦t❡♥t✐❛❧ ❜❛rr✐❡r ❛❧s♦

❤❛s t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡✳✷✻ ❙❡♠✐❝♦♥❞✉❝t♦r ♥❛♥♦♠❛t❡r✐❛❧s ❤❛✈❡ ❜❡❡♥ ❛❧s♦ r❡♣♦rt❡❞

t♦ s❤♦✇ σ1 ∝ ω ❛♥❞ ❛ ♥❡❣❛t✐✈❡ σ2✱ ✐♥ t❤❡ r❡❣✐♠❡ ✇❤❡r❡ ❝❛rr✐❡r ❜❛❝❦s❝❛tt❡r✐♥❣ ❢r♦♠ ✐♥t❡r❢❛❝❡s

♠❛② ♦❝❝✉r✳✷✷✱✷✺

■♥ t❤❡ ♣r❡s❡♥t ❝❛s❡ t❤❡ s❤♦rt ♠❡❛♥✲❢r❡❡ ♣❛t❤ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❣r❛✐♥ s✐③❡ ✭❞✐s❝✉ss❡❞

❛❜♦✈❡✮✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♣♦s✐t✐✈❡ σ2✱ s✉❣❣❡sts t❤❛t t❤❡ ❞♦♠✐♥❛♥t ❝♦♥❞✉❝t✐✈❡ r❡s♣♦♥s❡ ❛t ❚❍③

❢r❡q✉❡♥❝✐❡s ✐s ❢r♦♠ ❝❛rr✐❡rs t❤❛t ♦s❝✐❧❧❛t❡ ✇✐t❤✐♥ ❡❛❝❤ ▲❙▼❖ ❣r❛✐♥✱ r✉❧✐♥❣ ♦✉t ✐♥t❡r✲❣r❛✐♥

tr❛♥s♣♦rt✳ ❚❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② ✐s t❤❡r❡❢♦r❡ ❛ ♣r♦❜❡ ♦❢ t❤❡ ✐♥tr✐♥s✐❝ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ❡❛❝❤

♥❛♥♦❝♦❧✉♠♥✱ r❛t❤❡r t❤❛♥ t❤❡ ❡①tr✐♥s✐❝ ❝♦♥❞✉❝t✐✈✐t② ❛ss♦❝✐❛t❡❞ ✇✐t❤ s♣✐♥✲♣♦❧❛r✐③❡❞ t✉♥♥❡❧✐♥❣

❜❡t✇❡❡♥ ❣r❛✐♥s✳ ■♥tr❛❣r❛✐♥ ❝♦♥❞✉❝t✐♦♥ ✇✐t❤✐♥ t❤❡ ❱❆◆ ❤❛s ❛ ❝♦♠♣❛r❛❜❧❡ s❝❛tt❡r✐♥❣ t✐♠❡

✭❛♥❞ t❤❡r❡❢♦r❡ ♠♦❜✐❧✐t②✮ t♦ t❤❛t ♦❢ ♣✉r❡ ▲❙▼❖✱ ❛s τ ✐♥ ❜♦t❤ ❝❛s❡s ✐s s✐♠✐❧❛r ✭s❡❡ ❛❜♦✈❡✮✳

❚❤❡ r❡♠❛r❦❛❜❧❡ ✐♥❝r❡❛s❡ ✐♥ σ1(ω) ✇✐t❤ ❛♣♣❧✐❡❞ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❞❡♠♦♥str❛t❡s t❤❛t ❝♦❧♦ss❛❧

♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ♣❡rs✐sts ✉♣ t♦ ❚❍③ ❢r❡q✉❡♥❝✐❡s✳ ❚♦ ❡♥❛❜❧❡ ❛ q✉❛♥t✐t❛t✐✈❡ ❝♦♠♣❛r✐s♦♥

❜❡t✇❡❡♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❝♦❧♦ss❛❧ ❚❍③ ▼❘✱ r❡♣♦rt❡❞ ❤❡r❡ ❢♦r t❤❡ ✜rst t✐♠❡✱ ✇✐t❤ t❤❡ ✇❡❧❧✲

❦♥♦✇♥ ❞❝ ❈▼❘ ❡✛❡❝t✱ ✇❡ ❝❛❧❝✉❧❛t❡❞ t❤❡ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ∆ρ/ρ0 = σ1(B = 0)/σ1(B)− 1✱

❡①♣r❡ss❡❞ ❛s ❛ ♣❡r❝❡♥t❛❣❡✳ ■♥ ❋✐❣✳ ✹✭❛✮ ∆ρ/ρ0 ✐s s❤♦✇♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢r❡q✉❡♥❝②✳ ❋♦r t❤❡

❱❆◆ ❛t ✺✵❑✱ ✇❡❧❧ ❜❡❧♦✇ TC = 303❑✱ t❤❡ ❚❍③ ❈▼❘ ✐s s♠❛❧❧✱ ✇✐t❤ |∆ρ/ρ| ≤ 8✪ ✭❣r❡❡♥

❝r♦ss❡s✮✳ ■♥ ❝♦♥tr❛st✱ ❛t ✷✵✵❑ t❤❡ ❚❍③ ❈▼❘ ✐s ❣r❡❛t❡r ❛♥❞ ✐♥❝r❡❛s❡s ✇✐t❤ ❢r❡q✉❡♥❝② ✭❜❧✉❡

sq✉❛r❡s✮✳ ❚❤❡ ✐♥❝r❡❛s❡ ✐♥ ∆ρ/ρ0 ✇✐t❤ ❢r❡q✉❡♥❝② ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞ t♦ r❡s✉❧t ❢r♦♠ t❤❡ s❤♦rt❡r

τ ❛♥❞ ❧❛r❣❡r N ✉♥❞❡r ❛♥ ❛♣♣❧✐❡❞ ♠❛❣♥❡t✐❝ ✜❡❧❞✿ ❛ s♠❛❧❧❡r τ ♠❛❦❡s σ1(ω) ✢❛tt❡r✱ ❡♥❤❛♥❝✐♥❣

∆ρ/ρ0 ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡s ✐♥ ❋✐❣✳ ✹✭❛✮ s❤♦✇ t❤❡ ♠♦❞❡❧❧❡❞ ∆ρ/ρ0 ❢r♦♠

t❤❡ ❉r✉❞❡✲▲♦r❡♥t③ ✜ts✳ ◆♦t❡ t❤❛t t❤❡ ❉r✉❞❡ ♣✐❝t✉r❡ ❢❛✐❧s ❛t ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s✱ ✇❤❡r❡ t❤❡

❡①♣❡r✐♠❡♥t❛❧ σ1(ω) ❞❡✈✐❛t❡s ❢r♦♠ t❤✐s s✐♠♣❧❡ ♠♦❞❡❧ ❬❋✐❣✳ ✷✭❛✮❪✳

❲❤✐❧❡ t❤❡ ❞❝ ▼❘ ✈❛♥✐s❤❡s ❛t t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡✱✾ t❤❡ ❚❍③ ▼❘ ✐s ❞r❛♠❛t✐❝❛❧❧②

❡♥❤❛♥❝❡❞ ❜② ♣r♦①✐♠✐t② t♦ TC✳ ❆t ✸✵✵❑ t❤❡ ❚❍③ ▼❘ ❢♦r t❤❡ ❱❆◆ ✜❧♠ ❬r❡❞ tr✐❛♥❣❧❡s ✐♥ ❋✐❣✳

✹✭❛✮ ❛♥❞ ✭❜✮❪ ❝❛♥ ❜❡ s❡❡♥ t♦ s❛t✉r❛t❡ ❛t ❝❧♦s❡ t♦ ✲✶✵✵✪✳ ❚❤❡ ❝♦♥❞✉❝t✐✈✐t② ❝❤❛♥❣❡s ❜② ♦✈❡r ✷

✶✶
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❋✐❣✉r❡ ✹✿ ✭❛✮ ❋r❡q✉❡♥❝②✲❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❝♦❧♦ss❛❧ ❚❍③ ▼❘ ♦❢ t❤❡ ▲❙▼❖✲❩♥❖ ❱❆◆ ❛t
B = 4❚ ❢♦r T = 50❑ ✭❣r❡❡♥ ❝r♦ss❡s✮✱ T = 200❑ ✭❜❧✉❡ sq✉❛r❡s✮ ❛♥❞ T = 300❑ ✭r❡❞
tr✐❛♥❣❧❡s✮✳ ❉❛t❛ ❢♦r t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ❛t T = 300❑ ❛r❡ ❛❧s♦ s❤♦✇♥ ✭❝✐r❝❧❡s✮✳ ❋✐ts ✇✐t❤
t❤❡ ❉r✉❞❡✲▲♦r❡♥t③ ♠♦❞❡❧ ❛r❡ ❣✐✈❡♥ ❜② t❤❡ s♦❧✐❞ ❧✐♥❡s✳ ✭❜✮ ▼❛❣♥❡t✐❝✲✜❡❧❞ ❞❡♣❡♥❞❡♥❝❡ ♦❢
❈▼❘✳ ❉❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ ❞❝ ♠❛❣♥❡t♦tr❛♥s♣♦rt ✭s♦❧✐❞ ❧✐♥❡✮ ♦♥ t❤❡ ❱❆◆ ❛t T = 200❑ ❝❛♥
❜❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ▼❘ ❛t ✶✳✵❚❍③ ✭❜❧✉❡ sq✉❛r❡s✮✳ ❆t ✸✵✵❑ ❛♥❞ ✶✳✵❚❍③✱ t❤❡ ❚❍③ ▼❘
❛♣♣r♦❛❝❤❡s ✶✵✵✪ ❢♦r t❤❡ ❱❆◆ ✭r❡❞ tr✐❛♥❣❧❡s✮✱ ✇❤✐❧❡ ✐t ✐s s♠❛❧❧❡r ❢♦r t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠
✭❝✐r❝❧❡s✮✳

✶✷



♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡✿ ❢♦r ✐♥st❛♥❝❡✱ ❛t ✶✳✵❚❍③✱ σ(B = 2❚)/σ(B = 0) = 400✳ ❚❤✉s t❤❡ ❚❍③

▼❘ ✐s s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r t❤❛♥ t❤❡ ❧❛r❣❡st ❞❝ ▼❘ r❡♣♦rt❡❞ ❢♦r ▲❙▼❖ ❱❆◆s ✭∆ρ/ρ0 = −30✪

❛t ✶✺✹❑ ❛♥❞ B = 1❚✮✳✾ ❆t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ❞❝ ▼❘ ✐s s♠❛❧❧ ❢♦r t❤❡ ▲❙▼❖ ❱❆◆s✱ ❛t

∆ρ/ρ0 < 5✪✳✾ ❙✐♥❝❡ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② ♣r♦❜❡s ❧♦❝❛❧ ❝❛rr✐❡r ♠♦t✐♦♥ ✇✐t❤✐♥ ❛ ▲❙▼❖ ❣r❛✐♥✱

t❤✐s s✉❣❣❡sts t❤❛t ♦♥ ♥❛♥♦♠❡tr❡ ❧❡♥❣t❤ s❝❛❧❡s t❤❡ ▼❘ ❝❛♥ ❜❡ ❧❛r❣❡✱ ❡✈❡♥ ✇❤❡♥ ✐t ✐s s♠❛❧❧ ♦♥

t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❧❡♥❣t❤ s❝❛❧❡s ♣r♦❜❡❞ ❜② ❞❝ tr❛♥s♣♦rt✳

❚❤❡ ✐♥❝r❡❛s❡ ♦❜s❡r✈❡❞ ✐♥ ∆ρ/ρ0 ❝❧♦s❡ t♦ TC s✉❣❣❡sts ❛♥ ✐♥tr✐♥s✐❝ ♦r✐❣✐♥ ❢♦r t❤❡ ❚❍③

❈▼❘ ❡✛❡❝t ✐♥ t❤❡ ❱❆◆ ✜❧♠✱ ✐♥ ❝♦♥tr❛st t♦ t❤❡ ❡①tr✐♥s✐❝ ❡✛❡❝t ✭s♣✐♥✲♣♦❧❛r✐③❡❞ t✉♥♥❡❧✐♥❣✮

t❤❛t ❞♦♠✐♥❛t❡s t❤❡ ❞❝ ❈▼❘ ❡✛❡❝t✳ ❚❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ♠❛② t❤❡r❡❢♦r❡ ❛❧s♦ ❜❡ ❡①♣❡❝t❡❞

t♦ ❤❛✈❡ s✉❜st❛♥t✐❛❧ ❚❍③ ❈▼❘✳ ■♥ ❋✐❣✳ ✸✭❞✮ t❤❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② σ1(ω,B) ✐s r❡♣♦rt❡❞ ❢♦r

t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ❛t T = 300❑✱ ❜❡❧♦✇ TC = 353❑✳ ■♥ t❤✐s ❝❛s❡ t❤❡ ❢r❡q✉❡♥❝②✲❞❡♣❡♥❞❡♥t

❝♦♥❞✉❝t✐✈✐t② ✐s ❉r✉❞❡✲❧✐❦❡ ♦✈❡r t❤❡ ✇❤♦❧❡ ❢r❡q✉❡♥❝② r❛♥❣❡✳ ❚❤✐s ❡♥❛❜❧❡s t❤❡ r❡❞✉❝t✐♦♥ ✐♥

σ1(ω) ✐♥ t❤❡ ✵✳✸✲✵✳✺❚❍③ r❛♥❣❡ ❢♦r t❤❡ ❱❆◆ ✜❧♠ ❬❡✈✐❞❡♥t ✐♥ ❋✐❣s✳ ✷ ❛♥❞ ✸✭❛✮✱ ✭❜✮❪ t♦ ❜❡ ❧✐♥❦❡❞

t♦ t❤❡ ❡✛❡❝t✐✈❡✲♠❡❞✐✉♠ ♥❛t✉r❡ ♦❢ t❤❡ ▲❛0.7❙r0.3▼♥❖3✿❩♥❖ ✜❧♠✱ ♦r t♦ ❛ ♣❧❛s♠♦♥ r❡s♣♦♥s❡✳✷✷✱✷✼

▲❛r❣❡ ✐♥❝r❡❛s❡s ✐♥ σ1 ✇✐t❤ B ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ✐♥ ❋✐❣✳ ✸✭❞✮✱ s✐♠✐❧❛r t♦ t❤❡ ❱❆◆ ✜❧♠ ❛t ✷✵✵❑✳

❚❤❡ ❚❍③ ▼❘ ❢♦r t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ✐s ❛❧s♦ r❡♣♦rt❡❞ ✐♥ ❋✐❣✳ ✹✳ ❇♦t❤ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞

♠❛❣♥❡t✐❝ ✜❡❧❞ ❞❡♣❡♥❞❡♥❝❡s ♦❢ ∆ρ/ρ0 ❛r❡ s✐♠✐❧❛r t♦ t❤❡ ❱❆◆ ✷✵✵❑ r❡s✉❧ts✱ ✇❤❡r❡ ❡①tr❛

♠♦❜✐❧❡ ✭❉r✉❞❡✲❧✐❦❡✮ ❡❧❡❝tr♦♥s ✇❡r❡ ❝r❡❛t❡❞ ✉♥❞❡r ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡

❚❍③ ❈▼❘ ❢♦r t❤❡ ♣✉r❡ ✜❧♠ ✐s s✐③❛❜❧❡✱ ❡✳❣✳ ∆ρ/ρ0 = −27✪ ❛t B = 2❚✱ ✸✵✵❑ ❛♥❞ ✶✳✵❚❍③✳

■♥ ❝♦♠♣❛r✐s♦♥✱ t❤❡ ❞❝ ▼❘ ❢♦r ♣✉r❡ ▲❙▼❖ ✐s s♠❛❧❧❡r✱ ♣❡❛❦✐♥❣ ❛t ∆ρ/ρ0 = −6.4✪ ❛t ✷✽✵❑

✉♥❞❡r B = 1❚✳✾ ❚❤❡ r❡❧❛t✐✈❡ ❝❤❛♥❣❡ ✐♥ ❝♦♥❞✉❝t✐✈✐t② σ(B = 2❚)/σ(B = 0) = 1.36 ❛t ✸✵✵❑

❛♥❞ ✶✳✵❚❍③ ❢♦r t❤❡ ♣❧❛♥❛r ✜❧♠ ✐s s♠❛❧❧❡r t❤❛♥ ❢♦r t❤❡ ❱❆◆ ✭σ(B = 2❚)/σ(B = 0) = 400✮✱

❛s t❤❡ ♣❧❛♥❛r ♠❛t❡r✐❛❧ ✐s st✐❧❧ ❝♦♥❞✉❝t✐✈❡ ❛t B = 0 ✭❛t ✸✵✵❑ ✐t r❡♠❛✐♥s ❜❡❧♦✇ TC✮✳

❲❤✐❧❡ ❜♦t❤ t❤❡ ✈❡rt✐❝❛❧❧②✲❛❧✐❣♥❡❞ ♥❛♥♦str✉❝t✉r❡s ❛♥❞ t❤❡ ♣✉r❡ ▲❙▼❖ ✜❧♠ ✇❡r❡ ❢♦✉♥❞

t♦ ❡①❤✐❜✐t s✐③❛❜❧❡ ❚❍③ ❈▼❘✱ t❤❡ ❱❆◆ ❝♦♥❝❡♣t ✐s ♠♦r❡ ❛ttr❛❝t✐✈❡ ❢♦r ❢✉t✉r❡ ❚❍③ ❞❡✈✐❝❡s✳

❋♦r ✐♥st❛♥❝❡✱ t❤❡ ❱❆◆ ✜❧♠ t❤✐❝❦♥❡ss ❝❛♥ ❜❡ r❡❛❞✐❧② s❝❛❧❡❞ t♦ ♠❛①✐♠✐s❡ t❤❡ ❝❤❛♥❣❡ ✐♥ ❚❍③

tr❛♥s♠✐ss✐♦♥✱ ✇✐t❤♦✉t s❤✐❢t✐♥❣ t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡✳ ❚❤✐s ♠❛② ❡♥❛❜❧❡ ❚❍③ ✜❧t❡rs ✇❤❡r❡

✶✸



t❤❡ ❛tt❡♥✉❛t✐♦♥ ❝❛♥ ❜❡ t✉♥❡❞ ❜② ❛♥ ❛♣♣❧✐❡❞ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❙✉❜s❡q✉❡♥t ✐♥✲♣❧❛♥❡ ♣❛tt❡r♥✐♥❣

♦❢ t❤❡ ❱❆◆ ✜❧♠ ✇♦✉❧❞ ❛❧❧♦✇ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❚❍③ ✇✐r❡✲❣r✐❞ ♣♦❧❛r✐s❡rs ✇✐t❤ ❛ tr❛♥s♠✐ss✐♦♥

t❤❛t ❝❛♥ ❜❡ t✉♥❡❞ ❜② t❡♠♣❡r❛t✉r❡ ❛♥❞✴♦r ♠❛❣♥❡t✐❝✲✜❡❧❞✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✇❡ ❞✐s❝✉ss s♦♠❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t ♣❤②s✐❝❛❧ ♠♦❞❡❧s ♦❢ t❤❡ ✐♥tr✐♥s✐❝ ❈▼❘

❡✛❡❝t ✐♥ t❤❡ ♠❛♥❣❛♥✐t❡s✳ ❚❤❡ ❝❤❛r❣❡s ✐♥ t❤❡s❡ ♠♦❞❡❧s ❝❛♥ ❜❡ ❝❛t❡❣♦r✐s❡❞ ❛s ❡✐t❤❡r ✭✐✮ ❢r❡❡

❝❤❛r❣❡s ✉♥✐♠♣❡❞❡❞ ❜② t❤❡ ♣♦❧❛r ❧❛tt✐❝❡ ✐♦♥s✱ ♦r ✭✐✐✮ ♣♦❧❛r♦♥s str♦♥❣❧② ❝♦✉♣❧❡❞ t♦ t❤❡ ❧❛tt✐❝❡✳

■♥ ❘❛♠❛❦r✐s❤♥❛♥ ❡t ❛❧✳✬s ❛♣♣r♦❛❝❤✱ ❛ ❜r♦❛❞ ❜❛♥❞ ♦❢ ♠♦❜✐❧❡ ❡❧❡❝tr♦♥s ❞❡r✐✈❡❞ ❢r♦♠ ▼♥ ✸❞

eg st❛t❡s ✭❧❛❜❡❧❡❞ b✮ ❝♦❡①✐sts ✇✐t❤ ❛ ♥❛rr♦✇ ❜❛♥❞ ♦❢ ❧♦❝❛❧✐③❡❞ ♣♦❧❛r♦♥s ✭❧❛❜❡❧❡❞ l✮✳✷✽ ❚❤❡

♣r❡❞✐❝t❡❞ ♠♦❜✐❧❡ ❝❛rr✐❡r ❢r❛❝t✐♦♥ ❢♦r t❤❡ b✲❜❛♥❞ ✐s neff < 0.1✱ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ r❡s✉❧ts

❤❡r❡✐♥ ✭neff ≃ 0.02 ❛t ✶✵❑ ❢♦r t❤❡ ❱❆◆✮✱ ✇❤❡r❡ t❤❡ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ✐s ❧♦✇ ✐♥ ❝♦♠♣❛r✐s♦♥

t♦ 1 − x = 0.7✳ ❆❧t❡r♥❛t✐✈❡❧②✱ ♠❛♥❣❛♥✐t❡s ❤❛✈❡ ❜❡❡♥ ❞❡s❝r✐❜❡❞ ❛s ♠❛❣♥❡t✐❝ ❝❤❛r❣❡✲tr❛♥s❢❡r

✐♥s✉❧❛t♦rs✱ ✇✐t❤ tr❛♥s♣♦rt ❛s❝r✐❜❡❞ t♦ ❤♦❧❡s ✇✐t❤ ♦①②❣❡♥ p✲❧✐❦❡ ❝❤❛r❛❝t❡r ❝♦✉♣❧❡❞ t♦ ❧♦❝❛❧

♠♦♠❡♥ts ♦♥ t❤❡ ▼♥3+ ✐♦♥s✳✷✾ ❆t ❧♦✇ t❡♠♣❡r❛t✉r❡s t❤❡ ❢❡rr♦♠❛❣♥❡t✐❝ ❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥

✇✐t❤ t❤❡ ▼♥ d ❡❧❡❝tr♦♥s ❜r❡❛❦s t❤❡ p✲❧✐❦❡ ❜✐♣♦❧❛r♦♥s ✐♥t♦ ♠♦❜✐❧❡ ❤♦❧❡ ♣♦❧❛r♦♥s✱ ✇✐t❤ ❛ ♣❡❛❦

neff ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡ ❡q✉❛❧ t♦ t❤❡ ❤♦❧❡ ❞♦♣✐♥❣ ❧❡✈❡❧ x = 0.25✳✷✾ ❚❤❡ s♠❛❧❧ neff ❢r♦♠ ❚❍③

s♣❡❝tr♦s❝♦♣② r❡♣♦rt❡❞ ❤❡r❡ ✐s ❝❧♦s❡r t♦ t❤❡ eg b✲❜❛♥❞ ❞❡s❝r✐♣t✐♦♥✱ r❛t❤❡r t❤❛♥ t❤❡ p✲❧✐❦❡ ❤♦❧❡

♣♦❧❛r♦♥ ♠♦❞❡❧✱ ❜✉t ❢✉rt❤❡r ✇♦r❦ ✐s ♥❡❡❞❡❞✳

❚❤❡ ❡♥❤❛♥❝❡❞ σ1 ✭❧❛r❣❡r ❛❜s♦r♣t✐♦♥✮ ✇✐t❤ ❢r❡q✉❡♥❝② r❡♣♦rt❡❞ ✐♥ ❋✐❣✳ ✸✭❝✮ ✉♥❞❡r ❛ ♠❛❣✲

♥❡t✐❝ ✜❡❧❞ ♠❛② ❧✐❦❡✇✐s❡ ❜❡ ❞❡s❝r✐❜❡❞ ✇✐t❤✐♥ ❡✐t❤❡r t❤❡ ❢r❡❡ ❝❛rr✐❡r ♦r t❤❡ ♣♦❧❛r♦♥ ♣✐❝t✉r❡s

♦❢ ❝❤❛r❣❡ tr❛♥s♣♦rt✳ ❇♦t❤ ❜❛r❡ ❝❤❛r❣❡s ❛♥❞ s♠❛❧❧ ♣♦❧❛r♦♥s ❤❛✈❡ σ1 ∝ ω ✐♥ ❛♠♦r♣❤♦✉s

s❡♠✐❝♦♥❞✉❝t♦rs✱✷✻ ❛s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✳ ❆❧t❡r♥❛t✐✈❡❧②✱ t❤❡ ✐♥❝r❡❛s❡ ✐♥ σ1 ✇✐t❤ ❢r❡q✉❡♥❝② ♠❛②

r❡s✉❧t ❢r♦♠ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ s♣❡❝tr❛❧ ✇❡✐❣❤t ♦❢ ❛ ❜r♦❛❞ ✐♥❢r❛r❡❞ ❛❜s♦r♣t✐♦♥ ❢❡❛t✉r❡ ❜❡t✇❡❡♥

✵✳✺ ❛♥❞ ✶✳✵ ❡❱✱ ✇❤✐❝❤ ❝❤❛♥❣❡s s✐❣♥✐✜❝❛♥t❧② ✇✐t❤ B ♥❡❛r TC✳✶✱✶✽✱✸✵ ❚❤✐s ✐♥❢r❛r❡❞ ❛❜s♦r♣t✐♦♥

♦❢ ❜✉❧❦ ▲❙▼❖ ✇❛s ❛ttr✐❜✉t❡❞ t♦ ✐♥t❡r❜❛♥❞ ❖ ✷♣→ ▼♥ ✸❞ eg tr❛♥s✐t✐♦♥s✱✶✽ ❛❧t❤♦✉❣❤ t❤❡

❡①❛❝t ❛ss✐❣♥♠❡♥t ♦❢ ❢❡❛t✉r❡s ❤❛s ❜❡❡♥ ❞❡❜❛t❡❞✳✶✱✸✵ ❆❧❡①❛♥❞r♦✈ ❡t ❛❧✳ ♦✛❡r❡❞ t❤❡ ❡①♣❧❛♥❛t✐♦♥

t❤❛t t❤❡ tr❛♥s❢❡r ♦❢ s♣❡❝tr❛❧ ✇❡✐❣❤t t♦ ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s ✉♣♦♥ ❧♦✇❡r✐♥❣ TC ♦r ✐♥❝r❡❛s✐♥❣ B

✇❛s ❞✉❡ t♦ t❤❡ ❜r❡❛❦✐♥❣ ♦❢ ❜✐♣♦❧❛r♦♥s ✐♥t♦ ♣♦❧❛r♦♥s✳✶✺✱✶✻ ❚❤❡ ♣♦❧❛r♦♥ ❛♥❞ ❜✐♣♦❧❛r♦♥ ❝♦♥tr✐✲

✶✹



❜✉t✐♦♥s t♦ σ1(ω) ✇❡r❡ ♠♦❞❡❧❧❡❞ ❛s ❜r♦❛❞✱ ●❛✉ss✐❛♥✲❧✐❦❡ r❡s♦♥❛♥❝❡s ✇✐t❤ ❛ ✜♥✐t❡ σ1 ✐♥ t❤❡

❚❍③ r❛♥❣❡✳✶✺✱✶✻ ❍♦✇❡✈❡r✱ t❤❡ ❝♦♥❞✉❝t✐✈✐t② ♠♦❞❡❧ ✉s❡❞ ❞✐✈❡r❣❡s ❛s ω → 0✱ ❛♥❞ ❤❡♥❝❡ ❞♦❡s

♥♦t ❛❞❡q✉❛t❡❧② r❡♣r♦❞✉❝❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❉r✉❞❡✲❧✐❦❡ ♣❡❛❦ ✐♥ σ1(ω) ❛t ③❡r♦ ω ❢♦r B = 0✱ ♦r

t❤❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t σ1(ω) → 0 ❛s ω → 0 ❢♦r B ≥ 2❚✳ ❆❧t❡r♥❛t✐✈❡ ❞❡s❝r✐♣t✐♦♥s ♦❢ σ1(ω) ❢♦r

s♠❛❧❧ ♣♦❧❛r♦♥s ❞❡r✐✈❡❞ ❢r♦♠ ❞②♥❛♠✐❝❛❧ ♠❡❛♥✲✜❡❧❞ t❤❡♦r② ♠❛② s✉✣❝❡✳✸✶

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

❡①♣❧♦r❡❞ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠❛♥❣❛♥✐t❡s✱✶✱✹✱✸✷ ❜✉t t❤❡ ♦♣t✐❝❛❧ ❝♦♥✲

❞✉❝t✐✈✐t② ♦❢ t❤❡s❡ ♠♦❞❡❧s ❤❛s ②❡t t♦ ❜❡ st✉❞✐❡❞✳ ❲❤✐❧❡ ♦t❤❡r ♦①✐❞❡s ✇✐t❤ ❧♦♥❣✲r❛♥❣❡ ♠❛❣♥❡t✐❝

♦r ❝❤❛r❣❡ ♦r❞❡r ❤❛✈❡ r❡s♦♥❛♥t ❛❜s♦r♣t✐♦♥ ❢❡❛t✉r❡s ✐♥ t❤❡ ❚❍③ r❛♥❣❡✱ r❡s✉❧t✐♥❣ ❢r♦♠ ❡❧❡❝tr♦✲

♠❛❣♥♦♥s✸✸✱✸✹ ♦r ❝❤❛r❣❡ ❞❡♥s✐t② ✇❛✈❡s✱✸✺ t❤❡s❡ ❛r❡ ♥♦t ❛t ♣r❡s❡♥t t❤♦✉❣❤t t♦ ❝♦♥tr✐❜✉t❡ ✐♥

▲❛0.7❙r0.3▼♥❖3✱ ❛❧t❤♦✉❣❤ ♥❛♥♦s❝❛❧❡ ❝❤❛r❣❡ ♦r❞❡r❡❞ ♣❤❛s❡s ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ✐♥ ♠❛♥❣❛♥✲

✐t❡s✳✸✷

■♥ ❝♦♥❝❧✉s✐♦♥✱ t❤❡ ❝♦❧♦ss❛❧ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ❡①❤✐❜✐t❡❞ ❜② ♠❛♥❣❛♥✐t❡ ✜❧♠s ❜❡❡♥ ❞❡♠♦♥✲

str❛t❡❞ t♦ ♣❡rs✐st t♦ ❚❍③ ❢r❡q✉❡♥❝✐❡s ❢♦r ❜♦t❤ ✈❡rt✐❝❛❧❧②✲❛❧✐❣♥❡❞ ♥❛♥♦str✉❝t✉r❡s ♦❢ ▲❙▼❖ ❛♥❞

❢♦r ♣❧❛♥❛r ▲❙▼❖ t❤✐♥ ✜❧♠s✳ ❚❤❡ ❚❍③ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡ ✇❛s ❢♦✉♥❞ t♦ ❡①❝❡❡❞ t❤❡ ❞❝ ♠❛❣♥❡✲

t♦r❡s✐st❛♥❝❡✱ ❛♥❞ t♦ ❛♣♣r♦❛❝❤ ✲✶✵✵✪ ❛t t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡ ✐♥ ♠❛❣♥❡t✐❝ ✜❡❧❞s ♦❢ ✷❚ ❢♦r

t❤❡ ❱❆◆✳ ❇❡❧♦✇ t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡ t❤❡ ❉r✉❞❡✲❧✐❦❡ ❚❍③ ❝♦♥❞✉❝t✐✈✐t② s✐❣♥✐✜❡❞ ❜❛♥❞✲❧✐❦❡

tr❛♥s♣♦rt ❢♦r ❜♦t❤ ♣✉r❡ ▲❙▼❖ ❛♥❞ ❱❆◆ ✜❧♠s ✇✐t❤ s♠❛❧❧ ♠❡❛♥✲❢r❡❡ ♣❛t❤s ❝♦♠♣❛r❡❞ t♦ t❤❡

❣r❛✐♥ s✐③❡s✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❤♦♣♣✐♥❣ ❜❡t✇❡❡♥ ❣r❛✐♥s ✐s ♥♦t ✐♠♣♦rt❛♥t ❛t ❚❍③ ❢r❡q✉❡♥❝✐❡s✳ ❆t

t❤❡ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♣r♦❞✉❝❡❞ ❛ ♥♦♥✲❉r✉❞❡ ❝♦♥❞✉❝✲

t✐✈✐t②✱ ✇✐t❤ t❤❡ r❡❛❧ ♣❛rt ✐♥❝r❡❛s✐♥❣ ♠♦♥♦t♦♥✐❝❛❧❧② ✇✐t❤ ❢r❡q✉❡♥❝②✱ ❛♥❞ ♣♦ss✐❜❧❡ ♦r✐❣✐♥s ♦❢

t❤✐s tr❡♥❞ ✇❡r❡ ❞✐s❝✉ss❡❞✳ ❚❤❡ ❧♦❝❛❧ ❝❤❛r❣❡ tr❛♥s♣♦rt ✇✐t❤✐♥ ❛ ❢❡rr♦♠❛❣♥❡t✐❝ ❣r❛✐♥ ♣r♦❜❡❞

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

♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s s✉❣❣❡sts t❤❡ ♣r♦♠✐s❡ ♦❢ t❤✐s ♠❛t❡r✐❛❧ s②st❡♠ ❢♦r ❢✉t✉r❡ ❚❍③ ♦♣t✐❝❛❧ ❛♥❞

❡❧❡❝tr♦♥✐❝ ❝♦♠♣♦♥❡♥ts✱ s✉❝❤ ❛s ♠❛❣♥❡t✐❝❛❧❧②✲❞r✐✈❡♥ ♠♦❞✉❧❛t♦rs✳ ❋✉t✉r❡ ✇♦r❦ ✇✐❧❧ st✉❞② t❤❡

❱❆◆ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ ✐♥t♦ t❤❡ ✐♥s✉❧❛t✐♥❣ ♣❤❛s❡✱ ❛♥❞ t❤❡ ♣❧❛♥❛r ✜❧♠ ❛t ❛♥❞ ❛❜♦✈❡ t❤❡

❈✉r✐❡ t❡♠♣❡r❛t✉r❡✳ ❇② ❡①❛♠✐♥✐♥❣ ❱❆◆ ✜❧♠s ✇✐t❤ ❞✐✛❡r❡♥t ❣r❛✐♥ s✐③❡s ❛♥❞✴♦r ✜❧❧ ❢r❛❝t✐♦♥s

✶✺



t❤❡ r♦❧❡ ♦❢ ✐♥t❡r❢❛❝✐❛❧ s❝❛tt❡r✐♥❣ ✇✐❧❧ ❜❡ ❡①♣❧♦r❡❞✳

▼❡t❤♦❞s

▲❛0.7❙r0.3▼♥❖3✲❩♥❖ ❱❆◆s ❛♥❞ ♣❧❛♥❛r ▲❛0.7❙r0.3▼♥❖3t❤✐♥ ✜❧♠s ✇❡r❡ ❢❛❜r✐❝❛t❡❞ ❜② ♣✉❧s❡❞

❧❛s❡r ❞❡♣♦s✐t✐♦♥✳ ❆ λ = 248 ♥♠ ❑r❋ ❡①❝✐♠❡r ❧❛s❡r ✭▲❛♠❜❞❛ P❤②s✐❦✮ ✇❛s ❢♦❝✉ss❡❞ ♦♥t♦ t❤❡

t❛r❣❡t ✇✐t❤ ❛ ✢✉❡♥❝❡ ♦❢ ✹✳✺ ❏❝♠−2 ❛♥❞ ❛ r❡♣❡t✐t✐♦♥ r❛t❡ ♦❢ ✶❍③✳ ❉✉r✐♥❣ ❞❡♣♦s✐t✐♦♥ ❛♥ ♦①②❣❡♥

♣r❡ss✉r❡ ♦❢ ✷✻✳✼P❛ ✇❛s ✐♥tr♦❞✉❝❡❞ t♦ t❤❡ ❝❤❛♠❜❡r ❛♥❞ t❤❡ s✉❜str❛t❡ ✇❛s ❤❡❛t❡❞ t♦ ✹✼✼❑✳

❆❢t❡r ❞❡♣♦s✐t✐♦♥ t❤❡ s❛♠♣❧❡s ✇❡r❡ ❝♦♦❧❡❞ t♦ r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛t ❛ r❛t❡ ♦❢ ✷✵❑♠✐♥−1 ✉♥❞❡r

❛♥ ♦①②❣❡♥ ♣r❡ss✉r❡ ♦❢ ✷✻✳✼ ❦P❛ t♦ ❡♥s✉r❡ ❢✉❧❧ ♦①②❣❡♥❛t✐♦♥✳ ❇♦t❤ ✜❧♠s ✇❡r❡ ✷✵✵ ♥♠ t❤✐❝❦✳

❆ ❙◗❯■❉ ♠❛❣♥❡t♦♠❡t❡r ✭◗✉❛♥t✉♠ ❉❡s✐❣♥ ▼P▼❙✲✺❙✮ ❞❡t❡r♠✐♥❡❞ t❤❡ ③❡r♦✲✜❡❧❞✲❝♦♦❧❡❞

✭❩❋❈✮ ❛♥❞ ✜❡❧❞✲❝♦♦❧❡❞ ✭❋❈✮ ♠❛❣♥❡t✐③❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡s ✈❡rs✉s t❡♠♣❡r❛t✉r❡✱ ✉♥❞❡r B =

10♠❚✳ ❆ ❢♦✉r✲❝✐r❝❧❡ ①✲r❛② ❞✐✛r❛❝t♦♠❡t❡r ✭P❆◆❛❧②t✐❝❛❧ ❳♣❡rt Pr♦ ▼❘❉✮ ✇✐t❤ ❛ ❈✉ s♦✉r❝❡

❛♥❞ ❛ ✹✲❜♦✉♥❝❡ ❤②❜r✐❞ ♠♦♥♦❝❤r♦♠❛t♦r ✇❛s ✉s❡❞ t♦ ❣✐✈❡ ♣✉r❡ ❑✲α1 r❛❞✐❛t✐♦♥ ✭λ❂✶✳✺✹✵✺✾✽➴✮✳

❆ P✐①❝❡❧ ❞❡t❡❝t♦r ✇❛s ✉s❡❞ ✐♥ s❝❛♥♥✐♥❣ ♠♦❞❡ t♦ ❝♦❧❧❡❝t t❤❡ 2θ−ω ❞✐✛r❛❝t✐♦♥ s❝❛♥s✳ ❘❡❝✐♣r♦❝❛❧

s♣❛❝❡ ♠❛♣s ✇❡r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❛ ❝♦❧❧❡❝t✐♦♥ ♦❢ 2θ − ω s❝❛♥s ✐♥ s❝❛♥♥✐♥❣ ♠♦❞❡✳

❚❡r❛❤❡rt③ t✐♠❡✲❞♦♠❛✐♥ s♣❡❝tr♦s❝♦♣② ✭❚❍③✲❚❉❙✮ ❛❧❧♦✇❡❞ t❤❡ ❝♦♠♣❧❡① ♦♣t✐❝❛❧ ❝♦♥❞✉❝t✐✈✲

✐t② σ(ω) = σ1(ω)+iσ2(ω) t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ ♦✈❡r t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❛♣♣❧✐❝❛❜❧❡ ❢♦r ✐♥tr❛❜❛♥❞

tr❛♥s♣♦rt✳✷✷ ❚❍③✲❚❉❙ ✇❛s ♣❡r❢♦r♠❡❞ ✉♥❞❡r ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ B ≤ 8❚ ♦r✐❡♥t❡❞ ♣❛r❛❧❧❡❧ t♦

t❤❡ ❣r♦✇t❤ ❛①✐s✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✭❛✮✱ ✉s✐♥❣ ❛ ❝✉st♦♠✲♠❛❞❡ s♣❡❝tr♦♠❡t❡r ✇✐t❤ ❛ ❜❛♥❞✇✐❞t❤

♦❢ ✶✳✼❚❍③✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ t❤❡ ✜❧♠s ✇❛s ♦❜t❛✐♥❡❞ ❛t ♥♦r♠❛❧ ✐♥❝✐❞❡♥❝❡✱ t❤❡r❡❜② ♣r♦❜✐♥❣

❝❤❛r❣❡ tr❛♥s♣♦rt ✇✐t❤✐♥ ❛♥❞ ❜❡t✇❡❡♥ ❣r❛✐♥s✳ ❚❤❡ ✐♥❝✐❞❡♥t ❚❍③ ❜❡❛♠ ✇❛s ❧✐♥❡❛r❧② ♣♦❧❛r✐③❡❞

❛❧♦♥❣ t❤❡ s✉❜str❛t❡✬s ❬✶✶✵❪ ❞✐r❡❝t✐♦♥✱ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❜✐r❡❢r✐♥❣❡♥❝❡ ❡✛❡❝ts ✐♥ ▲❛❆❧❖3✳✷✶

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

♠❛❣♥❡t ✇❛s ❜❡t✇❡❡♥ ✷❑ ❛♥❞ ✸✵✵❑✳ ▼❡❛s✉r❡♠❡♥ts ❢r♦♠ ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s ✭✹✵✵❑✮ ❞♦✇♥

t♦ ✽✵❑ ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ ❛ s❡♣❛r❛t❡ s♣❡❝tr♦♠❡t❡r ❛t B = 0✱ ✇✐t❤ s❛♠♣❧❡s ♠♦✉♥t❡❞ ✐♥ ❛

♥✐tr♦❣❡♥ ❝r②♦st❛t✱ ❛♥❞ ✇✐t❤ ❛ ✇✐❞❡r ❜❛♥❞✇✐❞t❤ ♦❢ ✷✳✺❚❍③✳

✶✻



❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❉❛t❛ r❡❧❛t❡❞ t♦ t❤✐s ♣✉❜❧✐❝❛t✐♦♥ ✐s ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❲❛r✇✐❝❦ ❞❛t❛ ❛r❝❤✐✈❡

❛t ❤tt♣✿✴✴✇r❛♣✳✇❛r✇✐❝❦✳❛❝✳✉❦✴✽✻✸✻✾✳ ❚❤❡ ❛✉t❤♦rs ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❉r ❉❛✈✐❞ ❲❛❧❦❡r

✭❯♥✐✈❡rs✐t② ♦❢ ❲❛r✇✐❝❦✮ ❢♦r t❡❝❤♥✐❝❛❧ ❛ss✐st❛♥❝❡✱ ❛♥❞ Pr♦❢✳ ▼✳ ❇✳ ❏♦❤♥st♦♥ ❢♦r ❛❝❝❡ss t♦ ❛

s✉♣❡r❝♦♥❞✉❝t✐♥❣ ♠❛❣♥❡t✳ ❚❤❡ ✇♦r❦ ❛t ❲❛r✇✐❝❦ ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ❊P❙❘❈ ✉♥❞❡r ❣r❛♥t

❊P✴❍✵✵✸✹✹✹✴✷✳ ❚❤❡ ✇♦r❦ ❛t ▲♦s ❆❧❛♠♦s ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r② ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ◆◆❙❆✬s

▲❛❜♦r❛t♦r② ❉✐r❡❝t❡❞ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t Pr♦❣r❛♠ ❛♥❞ ✇❛s ♣❡r❢♦r♠❡❞✱ ✐♥ ♣❛rt✱ ❛t t❤❡

❈❡♥t❡r ❢♦r ■♥t❡❣r❛t❡❞ ◆❛♥♦t❡❝❤♥♦❧♦❣✐❡s✱ ❛♥ ❖✣❝❡ ♦❢ ❙❝✐❡♥❝❡ ❯s❡r ❋❛❝✐❧✐t② ♦♣❡r❛t❡❞ ❢♦r t❤❡

❯✳❙✳ ❉❡♣❛rt♠❡♥t ♦❢ ❊♥❡r❣② ✭❉❖❊✮ ❖✣❝❡ ♦❢ ❙❝✐❡♥❝❡✳

◆♦t❡✿ ❚❤❡ ❛✉t❤♦rs ❞❡❝❧❛r❡ ♥♦ ❝♦♠♣❡t✐♥❣ ✜♥❛♥❝✐❛❧ ✐♥t❡r❡st✳

❘❡❢❡r❡♥❝❡s
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✶✾✾✽✱ ✸✾✷✱ ✼✾✹✕✼✾✻✳

✭✸✮ ❑❛♥❣✱ ❇✳ ❙✳❀ ❲❛♥❣✱ ❍✳❀ ▼❛❝▼❛♥✉s✲❉r✐s❝♦❧❧✱ ❏✳ ▲✳❀ ▲✐✱ ❨✳❀ ❏✐❛✱ ◗✳ ❳✳❀ ▼✐❤✉t✱ ■✳❀

❇❡tts✱ ❏✳ ❇✳ ❆♣♣❧✳ P❤②s✳ ▲❡tt✳ ✷✵✵✻✱ ✽✽✱ ✶✾✷✺✶✹✳

✭✹✮ ❙✐✇❛❝❤✱ P✳ ❑✳❀ ❙✐♥❣❤✱ ❍✳ ❑✳❀ ❙r✐✈❛st❛✈❛✱ ❖✳ ◆✳ ❏✳ P❤②s✳✲❈♦♥❞❡♥s✳ ▼❛tt❡r ✷✵✵✽✱ ✷✵✱

✷✼✸✷✵✶✳

✭✺✮ ❑❛♥❣✱ ❨✳ ▼✳❀ ❑✐♠✱ ❍✳ ❏✳❀ ❨♦♦✱ ❙✳ ■✳ ❆♣♣❧✳ P❤②s✳ ▲❡tt✳ ✷✵✵✾✱ ✾✺✱ ✵✺✷✺✶✵✳

✭✻✮ ▼❛❝▼❛♥✉s✲❉r✐s❝♦❧❧✱ ❏✳ ▲✳ ❆❞✈✳ ❋✉♥❝t✳ ▼❛t❡r✳ ✷✵✶✵✱ ✷✵✱ ✷✵✸✺✕✷✵✹✺✳

✭✼✮ ❇✐✱ ❩✳ ❳✳❀ ❲❡❛❧✱ ❊✳❀ ▲✉♦✱ ❍✳ ▼✳❀ ❈❤❡♥✱ ❆✳ P✳❀ ▼❛❝▼❛♥✉s✲❉r✐s❝♦❧❧✱ ❏✳ ▲✳❀ ❏✐❛✱ ◗✳ ❳✳❀

❲❛♥❣✱ ❍✳ ❨✳ ❏✳ ❆♣♣❧✳ P❤②s✳ ✷✵✶✶✱ ✶✵✾✱ ✵✺✹✸✵✷✳

✭✽✮ ▼❛❝▼❛♥✉s✲❉r✐s❝♦❧❧✱ ❏✳❀ ❙✉✇❛r❞✐✱ ❆✳❀ ❲❛♥❣✱ ❍✳ ▼❘❙ ❇✉❧❧❡t✐♥ ✷✵✶✺✱ ✹✵✱ ✾✸✸✕✾✹✷✳
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✭✾✮ ❈❤❡♥✱ ❆✳❀ ❇✐✱ ❩✳❀ ❚s❛✐✱ ❈✳✲❋✳❀ ▲❡❡✱ ❏✳❀ ❙✉✱ ◗✳❀ ❩❤❛♥❣✱ ❳✳❀ ❏✐❛✱ ◗✳❀ ▼❛❝▼❛♥✉s✲

❉r✐s❝♦❧❧✱ ❏✳ ▲✳❀ ❲❛♥❣✱ ❍✳ ❆❞✈✳ ❋✉♥❝t✳ ▼❛t❡r✳ ✷✵✶✶✱ ✷✶✱ ✷✹✷✸✳

✭✶✵✮ ▲❧♦②❞✲❍✉❣❤❡s✱ ❏✳ ❏✳ P❤②s✳ ❉✲❆♣♣❧✳ P❤②s✳ ✷✵✶✹✱ ✹✼✱ ✸✼✹✵✵✻✳

✭✶✶✮ ▲❧♦②❞✲❍✉❣❤❡s✱ ❏✳❀ ❋❛✐❧❧❛✱ ▼✳❀ ❨❡✱ ❏✳❀ ❏♦♥❡s✱ ❙✳ P✳ P✳❀ ❚❡♦✱ ❑✳ ▲✳❀ ❏❛❣❛❞✐s❤✱ ❈✳ ❆♣♣❧✳

P❤②s✳ ▲❡tt✳ ✷✵✶✺✱ ✶✵✻✱ ✷✵✷✶✵✸✳
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✷✵✶✺✱ ✾✷✱ ✵✹✺✸✵✸✳
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