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▼♦ ❡t✳ ❛❧✳✻ ❝❛rr✐❡❞ ♦✉t ❛ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s ♦❢ ❋▼❘ ❞❛t❛
♦♥ ❈♦❈rPt ♣❡r♣❡♥❞✐❝✉❧❛r ♠❡❞✐❛✱ ❝♦♥❝❧✉❞✐♥❣ t❤❛t t❤❡
✐♥tr✐♥s✐❝ ❞❛♠♣✐♥❣ ❢r♦♠ ♠❛❣♥♦♥✲❡❧❡❝tr♦♥ s❝❛tt❡r✐♥❣ ✇❛s
❛s ❧♦✇ ❛s ✵✳✵✵✹✱ ♦✈❡r ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r t❤❛♥
t❤❡ ✈❛❧✉❡s ✉s✉❛❧❧② ♦❜t❛✐♥❡❞ ❢♦r t❤❡ t♦t❛❧ ❞❛♠♣✐♥❣✳ ▼♦
❡t ❛❧ ❛s❝r✐❜❡ t❤❡ ♠❛❥♦r ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❞❛♠♣✐♥❣ ❛s
❛r✐s✐♥❣ ❢r♦♠ ✐♥❤♦♠♦❣❡♥❡✐t② ❧✐♥❡ ❜r♦❛❞❡♥✐♥❣ ❛♥❞ ❣r❛✐♥
❜♦✉♥❞❛r② t✇♦✲♠❛❣♥♦♥ s❝❛tt❡r✐♥❣✳ ❍♦✇❡✈❡r✱ ❛♥♦t❤❡r
❡①tr✐♥s✐❝ ❝❛♥❞✐❞❛t❡ ❝♦♥tr✐❜✉t✐♦♥ t♦ ❞❛♠♣✐♥❣ ❛r✐s❡s ❢r♦♠
t❤❡ ❡✛❡❝ts ♦❢ ✐♥t❡r❣r❛♥✉❧❛r ✐♥t❡r❛❝t✐♦♥s✳ ■♥ t❤❡ ♣r❡s❡♥t
✇♦r❦ ✇❡ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ♠❛❣♥❡t♦st❛t✐❝ ❛♥❞
❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥s ♦♥ t❤❡ ❡✛❡❝t✐✈❡ ❞❛♠♣✐♥❣ ♦❢
♣❡r♣❡♥❞✐❝✉❧❛r ♠❡❞✐❛✳ ■t ✐s s❤♦✇♥ t❤❛t t❤❡ ✐♥t❡r❛❝t✐♦♥s
❣✐✈❡ r✐s❡ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❞❛♠♣✐♥❣ ✇❤✐❝❤ ✐s ❞✉❡ t♦
t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❧♦♥❣✲r❛♥❣❡❞ ❞✐♣♦❧❡✲❞✐♣♦❧❡ s♣✐♥ ✇❛✈❡
♠♦❞❡s✳ ❚❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥ r❡s✉❧ts
✐♥ ❛ st✐✛❡♥✐♥❣ ♦❢ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ❛♥❞ ❛ ❝♦♥s❡q✉❡♥t
r❡❞✉❝t✐♦♥ ✐♥ ❞❛♠♣✐♥❣✱ ❞❡♠♦♥str❛t❡❞ ❡①♣❡r✐♠❡♥t❛❧❧②
❢♦r ❛ s❡r✐❡s ♦❢ ❈♦❈rPt ❣r❛♥✉❧❛r ♠❡❞✐❛✱ ❛♥❞ ✈❡r✐✜❡❞
❜② ♠✐❝r♦♠❛❣♥❡t✐❝ ♠♦❞❡❧❧✐♥❣✳ ❲❡ ❢✉rt❤❡r♠♦r❡ ✉s❡ ❛
s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ♦❢ s♣✐♥✇❛✈❡s✷ t♦ s❤♦✇ t❤❛t t❤❡ ✐♥t❡r♣❧❛②
❜❡t✇❡❡♥ t❤❡ ♠❛❣♥❡t♦st❛t✐❝ ✐♥t❡r❛❝t✐♦♥s ❛♥❞ ✐♥t❡r❣r❛♥✉❧❛r
❡①❝❤❛♥❣❡ ❞❡t❡r♠✐♥❡s t❤❡ ♥✉♠❜❡r ♦❢ s♣✐♥✇❛✈❡ ♠♦❞❡s
✇✐t❤ ✜♥✐t❡ ❦✲✈❡❝t♦rs t❤❛t s❤❛r❡ t❤❡ ❦❂✵ ✭❢❡rr♦♠❛❣♥❡t✐❝
r❡s♦♥❛♥❝❡✮ ❢r❡q✉❡♥❝② ✭t❤❡ ❞❡❣❡♥❡r❛❝②✮✱ ✇❤✐❝❤ ✐s ✇❡❧❧
❦♥♦✇♥ t♦ ❛✛❡❝t t❤❡ ❞❛♠♣✐♥❣✷✳
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❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞❛♠♣✐♥❣ ❢r♦♠ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❛♥❞
❡①♣❡r✐♠❡♥t❛❧❧② ✇❡ ✉s❡ ❛♥ ♦♣t✐❝❛❧ ❢❡rr♦♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡
✭❋▼❘✮ ♠❡t❤♦❞✳ ■♥ ❛♥ ♦♣t✐❝❛❧ ❋▼❘ ❡①♣❡r✐♠❡♥t✱ ❛
♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ✉s❡❞ t♦ ❢♦r❝❡ t❤❡ ♠❛❣♥❡t✐❝ ♠♦♠❡♥ts
❛✇❛② ❢r♦♠ t❤❡✐r ❡q✉✐❧✐❜r✐✉♠✳ ❆♥ ♦♣t✐❝❛❧ ♣✉❧s❡ ✐s
❛♣♣❧✐❡❞✱ ❤❡❛t✐♥❣ t❤❡ s❛♠♣❧❡✱ ❛♥❞ t❤✉s ❧❡❛❞✐♥❣ t♦ ❛
♥❡✇ ❡q✉✐❧✐❜r✐✉♠ ♣♦s✐t✐♦♥ ❢♦r t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥✳ ❚❤❡
✐♥✐t✐❛❧✴♥❡✇ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥✜❣✉r❛t✐♦♥ ❛r✐s❡s ❞✉❡ t♦ t❤❡
♠✐♥✐♠✐s❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣❡t✐♥❣ ❛♥✐s♦tr♦♣②✱ ❡①❝❤❛♥❣❡✱
❞❡♠❛❣♥❡t✐s✐♥❣ ❛♥❞ ❩❡❡♠❛♥ ❡♥❡r❣✐❡s ❛t t❤❡ st❛rt✐♥❣✴✜♥❛❧
t❡♠♣❡r❛t✉r❡✳ ❚❤❡ r❛♣✐❞ ✐♥❝r❡❛s❡ ✐♥ t❡♠♣❡r❛t✉r❡ ❝❛✉s❡❞
❜② t❤❡ ❧❛s❡r ✐♥❞✉❝❡s ♣r❡❝❡ss✐♦♥ ♦❢ t❤♦s❡ ♠♦♠❡♥ts ❛r♦✉♥❞
❛ ♥❡✇ ♣♦s✐t✐♦♥ ❞✉❡ t♦ t❤❡r♠❛❧❧② ✐♥❞✉❝❡❞ ❝❤❛♥❣❡s ✐♥ t❤❡
❡♥❡r❣② ❝♦♥tr✐❜✉t✐♦♥s✳ ❚❤❡ r❡s✉❧t✐♥❣ ❞②♥❛♠✐❝s ❝❛♥ t❤❡♥
❜❡ ❛♥❛❧②s❡❞ t♦ ❞❡t❡r♠✐♥❡ ❡✛❡❝t✐✈❡ ♣❛r❛♠❡t❡rs ❣♦✈❡r♥✐♥❣
t❤❡ r❡❧❛①❛t✐♦♥ ♣r♦❝❡ss✳ ❚❤✐s t❡❝❤♥✐q✉❡ ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞
t♦ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ♠❛t❡r✐❛❧s ❛♥❞ str✉❝t✉r❡s✼✕✶✵✳ ■♥
♣❛rt✐❝✉❧❛r ♦♣t✐❝❛❧ ❋▼❘ ✐s t❤❡ ♣r❡❢❡rr❡❞ ♠❡t❤♦❞ ❢♦r
♠❡❛s✉r✐♥❣ t❤❡ ❞❛♠♣✐♥❣ ❛♥❞ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝✐❡s ✐♥
♠❛t❡r✐❛❧s ✇✐t❤ ❛ str♦♥❣ ♠❛❣♥❡t♦❝r②st❛❧❧✐♥❡ ❛♥✐s♦tr♦♣②✶✶✱
❞✉❡ t♦ t❤❡ ❤✐❣❤ ✜❡❧❞s r❡q✉✐r❡❞ t♦ ❞r✐✈❡ t❤❡ s②st❡♠
t♦ r❡s♦♥❛♥❝❡ ✐♥ ❛ t②♣✐❝❛❧ ❢❡rr♦♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡
❡①♣❡r✐♠❡♥t✶✷✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡ t✇♦ ♠❡t❤♦❞s ✇❡r❡ s❤♦✇♥
t♦ ❣✐✈❡ t❤❡ s❛♠❡ ✈❛❧✉❡s ♦❢ t❤❡ ❞❛♠♣✐♥❣ ❜② ❈❧✐♥t♦♥ ❛♥❞
❝♦✲✇♦r❦❡rs ✐♥ ❘❡❢✳ ✼✳
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Applied Field (kOe)

 7B

 20B

 17B

 14B
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❋✐❣✉r❡ ✶✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❍②st❡r❡s✐s ❧♦♦♣s ❢♦r t❤❡ s❡r✐❡s ♦❢
❈♦Pt ✇✐t❤ ✈❛r✐❛❜❧❡ ❡①❝❤❛♥❣❡✳ ■♥❝r❡❛s✐♥❣ ❡①❝❤❛♥❣❡ ❧❡❛❞s t♦
✐♥❝r❡❛s✐♥❣❧② sq✉❛r❡ ❧♦♦♣s ❛s ❡①♣❡❝t❡❞✳

❲❡ ❤❛✈❡ ❝❛rr✐❡❞ ♦✉t ♠❡❛s✉r❡♠❡♥ts ♦♥ ❛ s❡r✐❡s ♦❢ ❈♦Pt
♣❡r♣❡♥❞✐❝✉❧❛r ♠❡❞✐❛ ✐♥ ✇❤✐❝❤ t❤❡ ❡①❝❤❛♥❣❡ ❝♦✉♣❧✐♥❣
✇❛s ✈❛r✐❡❞ ❜② ❝❤❛♥❣✐♥❣ t❤❡ ♦①②❣❡♥ ❝♦♥t❡♥t ✐♥ t❤❡
✐♥t❡r❣r❛♥✉❧❛r ❧❛②❡rs✳ ❚❤❡ ❛♣♣❧✐❡❞ ✜❡❧❞ ✐s ❛♣♣❧✐❡❞
♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s❛♠♣❧❡ ♣❧❛♥❡ ✭✐♥ t❤❡ ③✲❞✐r❡❝t✐♦♥✮✳
❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❡①❝❤❛♥❣❡ ❝♦✉♣❧✐♥❣ ✐s ✐♠♠❡❞✐❛t❡❧②
❛♣♣❛r❡♥t ✐♥ t❤❡ ♠❡❛s✉r❡❞ ❤②st❡r❡s✐s ❧♦♦♣s ❛s s❤♦✇♥ ✐♥
❋✐❣✳ ✶✱ ✇❤❡r❡ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✐♥❝r❡❛s✐♥❣ ♦①②❣❡♥

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

❋r♦♠ t❤❡ ❤②st❡r❡s✐s ♣r♦♣❡rt✐❡s ✇❡ ❞❡t❡r♠✐♥❡ t❤❡ ❡①❝❤❛♥❣❡
✜❡❧❞ ✉s✐♥❣ N ∗ 4πMs −Hint✱ ✇❤❡r❡ ◆ ✐s ❛ ❞❡♠❛❣♥❡t✐③✐♥❣
❢❛❝t♦r✱ ✉s✉❛❧❧② ❛♥②✇❤❡r❡ ❜❡t✇❡❡♥ ✵✳✼✺ t♦ ✵✳✽✺ ❘❡❢✳ ✶✸✱
❛♥❞ Hint ✐s t❤❡ ♠❡❛♥ ✐♥t❡r❛❝t✐♦♥ ✜❡❧❞ ♠❡❛s✉r❡❞ ✉s✐♥❣
❋❖❘❈✶✹✳

❲❡ ❤❛✈❡ ❝❛rr✐❡❞ ♦✉t ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❡✛❡❝t✐✈❡
❞❛♠♣✐♥❣ ❝♦♥st❛♥t ✉s✐♥❣ t❤❡ ♦♣t✐❝❛❧❧② ♣✉♠♣❡❞ ❋▼❘
t❡❝❤♥✐q✉❡✶✺ ✐♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢
t❤❡ ❡✛❡❝t✐✈❡ ❞❛♠♣✐♥❣ ❝♦♥st❛♥t ♦♥ t❤❡ ❡①❝❤❛♥❣❡✳ ❚❤❡
♠❛❣♥❡t✐❝ ♠♦♠❡♥ts ❛r❡ ❢♦r❝❡❞ ❛✇❛② ❢r♦♠ t❤❡ ❡q✉✐❧✐❜r✐✉♠
♣♦s✐t✐♦♥ ✉s✐♥❣ ❛ ✵✳✽❦❖❡ ✜❡❧❞ ❛t ❛ ✹✺ ❞❡❣r❡❡ ❛♥❣❧❡ ❢r♦♠
t❤❡ ♦✉t ♦❢ ♣❧❛♥❡ ❛♥✐s♦tr♦♣② ❛①✐s✳ ❆ ✶✵✳✽♠❲ ❧❛s❡r ✐s
✉s❡❞ t♦ ❤❡❛t t❤❡ ♠❡❞✐❛ ❛♥❞ ❡①❝✐t❡ t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥
✐♥t♦ ♣r❡❝❡ss✐♦♥✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ t✐♠❡ r❡s♦❧✈❡❞
♠❛❣♥❡t✐s❛t✐♦♥ ❞❛t❛ ♦❜t❛✐♥❡❞ ✐s ❣✐✈❡♥ ✐♥ ✜❣✉r❡ ✷ ✇❤✐❝❤
✐♥❝❧✉❞❡s ❛♥ ❡①❛♠♣❧❡ ✭✐♥s❡t✮ ♦❢ t❤❡ ✜t t♦ t❤❡ ❞❛t❛ t❤❛t
✇❛s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞❛♠♣✐♥❣ ♦❢ t❤❡ s②st❡♠✳
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❋✐❣✉r❡ ✷✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❆ ❡①❛♠♣❧❡ ♦❢ ❛ t✐♠❡ r❡s♦❧✈❡❞
♠❛❣♥❡t✐s❛t✐♦♥ tr❛❝❡ ❞❡t❡r♠✐♥❡❞ ❡①♣❡r✐♠❡♥t❛❧❧②✳ ❆❧s♦ s❤♦✇✐♥❣
✐♥ t❤❡ ✐♥s❡t ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ✜t t♦ ❞❛t❛ t❤❛t ✇❛s ✉s❡❞ t♦
❡①tr❛❝t t❤❡ ❞❛♠♣✐♥❣✱ ✇❤❡r❡ t❤❡ r❛✇ ❞❛t❛ ✐s s❤♦✇♥ ❛s ♣♦✐♥ts
❛♥❞ ✜tt❡❞ ❢✉♥❝t✐♦♥ ✐s s❤♦✇♥ ❛s ❛ ❧✐♥❡✳

❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ✜❣✳ ✸✱ ✇❤✐❝❤ s❤♦✇s t❤❡
❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ●✐❧❜❡rt ❞❛♠♣✐♥❣ ❝♦♥st❛♥t
♦♥ t❤❡ ❡①❝❤❛♥❣❡ ✜❡❧❞✳ ❚❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❞❛♠♣✐♥❣
❛r❡ ❝❛❧❝✉❧❛t❡❞ ❜② ✜tt✐♥❣ t❤❡ tr❛♥s✈❡rs❡ ♠❛❣♥❡t✐s❛t✐♦♥
❝♦♠♣♦♥❡♥ts t♦ ❛ ❞❡❝❛②✐♥❣ ♦s❝✐❧❧❛t✐♥❣ ❢✉♥❝t✐♦♥✱ my(t) =
A cos(ωt) exp(−t/τ)✱ ✇❤❡r❡ t❤❡ ✜tt✐♥❣ ♣❛r❛♠❡t❡rs ❛r❡❀
A✱ t❤❡ ❛♠♣❧✐t✉❞❡❀ ω✱ t❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝②❀ ❛♥❞ τ ✱ t❤❡
r❡❧❛①❛t✐♦♥ r❛t❡✳ ❚❤❡ ❞❛♠♣✐♥❣ ✐s t❤❡♥ α = 1/τω✳

❆ ♥♦♥✲♠♦♥♦t♦♥✐❝ ❞❡♣❡♥❞❡♥❝❡ ♦❢ α ♦♥ Hex ✐s ❝❧❡❛r✳
■♥ ♦r❞❡r t♦ ✐♥t❡r♣r❡t t❤❡ ❡①♣❡r✐♠❡♥ts ✐♥ t❡r♠s ♦❢ t❤❡
✐♥t❡r❣r❛♥✉❧❛r ✐♥t❡r❛❝t✐♦♥s ✇❡ ❤❛✈❡ ❛❧s♦ ♠❡❛s✉r❡❞ t❤❡ ③❡r♦
✜❡❧❞ ❝❧✉st❡r s✐③❡ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞ ♦❢ ◆❡♠♦t♦ ❡t✳ ❛❧✳✶✸✳
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❋✐❣✉r❡ ✸✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❉❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ●✐❧❜❡rt
❞❛♠♣✐♥❣ ❝♦♥st❛♥t ♦♥ t❤❡ ❡①❝❤❛♥❣❡ ✜❡❧❞✳ ❆ ♥♦♥✲♠♦♥♦t♦♥✐❝
❞❡♣❡♥❞❡♥❝❡ ♦❢ α ♦♥ Hex ✐s ❝❧❡❛r✳ ✭■♥s❡t✮ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡
❝❧✉st❡r s✐③❡ ✇✐t❤ ❡①❝❤❛♥❣❡ ✜❡❧❞ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞
❣✐✈❡♥ ✐♥ ❘❡❢✳ ✶✸ ❛♥❞ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ t❡①t✳

❚❤❡ r❡s✉❧ts ❛r❡ ❣✐✈❡♥ ✐♥ t❤❡ ✐♥s❡t ♦❢ ❋✐❣✳ ✸✳ ■♠♣♦rt❛♥t❧②✱
✐t ✐s ❢♦✉♥❞ t❤❛t ❢♦r t❤❡ s❛♠♣❧❡ ✇✐t❤ t❤❡ ❤✐❣❤❡st ❡①❝❤❛♥❣❡
❝♦✉♣❧✐♥❣ t❤❡r❡ ✐s ❛ ❧❛r❣❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❧❡♥❣t❤✳
❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❢♦r♠ ♦❢ t❤❡ ❤②st❡r❡s✐s ❧♦♦♣
s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✱ ✇❤❡r❡ t❤❡ s❛♠♣❧❡ ❡①❤✐❜✐ts ❛ ✈❡r② sq✉❛r❡
❧♦♦♣ ❝♦♥s✐st❡♥t ✇✐t❤ ♠❛❣♥❡t✐③❛t✐♦♥ ❜② ♥✉❝❧❡❛t✐♦♥ ❛♥❞
♣r♦♣❛❣❛t✐♦♥ ♦❢ q✉❛s✐✲❞♦♠❛✐♥s✳

■■■✳ ◆❯▼❊❘■❈❆▲ ▼❖❉❊▲

❚♦ ❝♦rr♦❜♦r❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ✐♥❝r❡❛s✐♥❣ ✐♥t❡r❣r❛♥✉❧❛r
❡①❝❤❛♥❣❡ ✇❡ ❤❛✈❡ ❝♦♥str✉❝t❡❞ ❛ ❞②♥❛♠✐❝ ♥✉♠❡r✐❝❛❧
♠♦❞❡❧ ♦❢ ❣r❛♥✉❧❛r ♠❡❞✐❛ ✉s✐♥❣ t❤❡ ▲❛♥❞❛✉✲▲✐❢s❤✐t③✲
❇❧♦❝❤ ✭▲▲❇✮ ❡q✉❛t✐♦♥✶✻ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ✈♦r♦♥♦✐
❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❣r❛✐♥s t②♣✐❝❛❧ ❢♦r ♠❛❣♥❡t✐❝ ♠❡❞✐❛✳
❚❤❡ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❣r❛✐♥s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❜❛s❡❞
♦♥ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❞✐st❛♥❝❡s ❛♥❞ ❧❡♥❣t❤s ❜❡t✇❡❡♥ t❤❡
❣r❛✐♥s ❛♥❞ ✐♥❝❧✉❞❡❞ ✐♥t♦ t❤❡ ▲▲❇ ♠♦❞❡❧✱ ❜♦t❤ ♦❢ ✇❤✐❝❤
✇❡ ❞❡s❝r✐❜❡ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳

❆✳ ▲❛♥❞❛✉✲▲✐❢s❤✐t③✲❇❧♦❝❤ ▼♦❞❡❧

❚❤❡ ▲▲❇ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ t✐♠❡ ❡✈♦❧✉t✐♦♥
♦❢ ❛ ♠❛❣♥❡t✐❝ ♠❛❝r♦s♣✐♥✳ ❚❤❡ ❡q✉❛t✐♦♥ ❛❧❧♦✇s ❢♦r
❧♦♥❣✐t✉❞✐♥❛❧ r❡❧❛①❛t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥✱ ❛♥❞ ✇❛s
❞❡r✐✈❡❞ ❜② ●❛r❛♥✐♥✶✻ ✇✐t❤✐♥ ❛ ▼❡❛♥ ❋✐❡❧❞ ❛♣♣r♦①✐♠❛t✐♦♥
❢r♦♠ t❤❡ ❝❧❛ss✐❝❛❧ ❋♦❦❦❡r✲P❧❛♥❝❦ ❡q✉❛t✐♦♥ ❢♦r ❛t♦♠✐❝
s♣✐♥s ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ ❛ ❤❡❛t ❜❛t❤✳ ▼♦❞❡❧s ❜❛s❡❞
♦♥ t❤❡ r❡s✉❧t✐♥❣ ❡①♣r❡ss✐♦♥s ❤❛✈❡ ❜❡❡♥ s❤♦✇♥ t♦ ❜❡

❝♦♥s✐st❡♥t ✇✐t❤ ❛t♦♠✐st✐❝ s♣✐♥ ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥s✶✼✱ ❛s
✇❡❧❧ ❛s ❝♦♠♣❛r✐s♦♥s ✇✐t❤ ❡①♣❡r✐♠❡♥t❛❧ ♦❜s❡r✈❛t✐♦♥s✱ ❢♦r
❡①❛♠♣❧❡✱ ✐♥ ❧❛s❡r ✐♥❞✉❝❡❞ ❞❡♠❛❣♥❡t✐③❛t✐♦♥✶✽ ❛♥❞ ❞♦♠❛✐♥
✇❛❧❧ ♠♦❜✐❧✐t② ♠❡❛s✉r❡♠❡♥ts ✐♥ ❨ttr✐✉♠ ■r♦♥ ●❛r♥❡t
❝r②st❛❧s ❝❧♦s❡ t♦ t❤❡ ❈✉r✐❡ ♣♦✐♥t✶✾ ✭Tc✮✳ ❚❤❡ ❡q✉❛t✐♦♥ ✐s
s✐♠✐❧❛r t♦ t❤❡ ▲❛♥❞❛✉✲▲✐❢s❤✐t③✲●✐❧❜❡rt ✭▲▲●✮ ❡q✉❛t✐♦♥✷✵✱
✇✐t❤ ♣r❡❝❡ss✐♦♥❛❧ ❛♥❞ r❡❧❛①❛t✐♦♥ t❡r♠s✱ ❜✉t ✇✐t❤ ❛♥ ❡①tr❛
t❡r♠ t❤❛t ❞❡❛❧s ✇✐t❤ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡
♠❛❣♥❡t✐③❛t✐♦♥✿

ṁi = −γ[mi ×H
eff
i ] +

γα‖

m2
i

(

mi ·Heff
i

)

mi

− γα⊥

m2
i

[

mi ×
[

mi ×H
eff
i

]]

, ✭✶✮

✇❤❡r❡ mi ✐s ❛ s♣✐♥ ♣♦❧❛r✐s❛t✐♦♥✳ ❚❤❡ s♣✐♥ ♣♦❧❛r✐s❛t✐♦♥
t❡♥❞s t♦✇❛r❞s ❡q✉✐❧✐❜r✐✉♠✱ me✱ ✇❤✐❝❤ ✐s ❛ t❡♠♣❡r❛t✉r❡
❞❡♣❡♥❞❡♥t ✐♥♣✉t ♣❛r❛♠❡t❡r ✭❞✐s❝✉ss❡❞ ❜❡❧♦✇✮✳ α‖

❛♥❞ α⊥ ❛r❡ ❞✐♠❡♥s✐♦♥❧❡ss ❧♦♥❣✐t✉❞✐♥❛❧ ❛♥❞ tr❛♥s✈❡rs❡
❞❛♠♣✐♥❣ ♣❛r❛♠❡t❡rs✳ γ ✐s t❤❡ ❣②r♦♠❛❣♥❡t✐❝ r❛t✐♦ t❛❦❡♥
t♦ ❜❡ t❤❡ ❢r❡❡ ❡❧❡❝tr♦♥ ✈❛❧✉❡✳ ❚❤❡ ▲▲❇ ❡q✉❛t✐♦♥ ✐s
✈❛❧✐❞ ❢♦r ✜♥✐t❡ t❡♠♣❡r❛t✉r❡s ❛♥❞ ❡✈❡♥ ❛❜♦✈❡ Tc✱ t❤♦✉❣❤
t❤❡ ❞❛♠♣✐♥❣ ♣❛r❛♠❡t❡rs ❛♥❞ ❡✛❡❝t✐✈❡ ✜❡❧❞s ❛r❡ ❞✐✛❡r❡♥t
❜❡❧♦✇ ❛♥❞ ❛❜♦✈❡ Tc✳ ❋♦r t❤❡ tr❛♥s✈❡rs❡ ❞❛♠♣✐♥❣
♣❛r❛♠❡t❡r✿

α⊥ =

{

λ
(

1− T
3Tc

)

T < Tc

λ 2T
3Tc

T ≥ Tc

✭✷✮

❛♥❞ ❢♦r t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧✿

α‖ = λ
2T

3Tc

❢♦r ❛❧❧ T ✳ ✭✸✮

❋♦r ❛ s✐♥❣❧❡ ♣❛rt✐❝❧❡ t❤❡ ❡✛❡❝t✐✈❡ ✜❡❧❞ H
eff
i = − 1

M0
s

δf
δmi

✇✐t❤ ❢r❡❡ ❡♥❡r❣② ❞❡♥s✐t② f ✱

fi = −Ms(0)B ·mi +
Ms(0)

2χ̃⊥
(m2

i,x +m2
i,y)

+
Ms(0)

8χ̃i,‖m
2
i,e

(m2
i −m2

i,e)
2

−Ms(0)
2
∑

j,i 6=j

ViVj
3(mi · eij)(mj · eij)−mi ·mj

r3ij
,

✭✹✮

✐s ❣✐✈❡♥ ❜②✶✻



✹

H
eff
i = B+HA,i +

1

2χ̃i,‖

(

1− m2
i

m2
i,e

)

mi +He,i +Hdip,i

✭✺✮

✇❤❡r❡ B r❡♣r❡s❡♥ts ❛♥ ❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ Hdip,i ✐s
t❤❡ ❞✐♣♦❧❛r ✜❡❧❞ ❛♥❞ HA,i = − (mx

i e
x
i +my

i e
y
i ) /χ̃⊥ ❛♥

❛♥✐s♦tr♦♣② ✜❡❧❞✳ Ms(0) ✐s t❤❡ s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐s❛t✐♦♥
✭♠❛❣♥❡t✐s❛t✐♦♥ ❛t ✵❑✮✱ Vi r❡♣r❡s❡♥ts t❤❡ ✈♦❧✉♠❡ ♦❢ ❣r❛✐♥
i✳ ❍❡r❡✱ t❤❡ s✉s❝❡♣t✐❜✐❧✐t✐❡s χ̃l ❛r❡ ❞❡✜♥❡❞ ❜② χ̃l =
∂ml/∂Hl✳ He ✐s t❤❡ ✭✐♥t❡r❣r❛♥✉❧❛r✮ ❡①❝❤❛♥❣❡ ✜❡❧❞✱
✇❤✐❝❤ ✇❡ ❛ss✉♠❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥t❛❝t ❛r❡❛ ❜❡t✇❡❡♥
t❤❡ ❣r❛✐♥s✱ ❛r✐s✐♥❣ ❢r♦♠ t❤❡ ❱♦r♦♥♦✐ ❝♦♥str✉❝t✐♦♥✱ ❛s
❞✐s❝✉ss❡❞ ❜❡❧♦✇✳ ■♥ t❤❡s❡ ❡q✉❛t✐♦♥s✱ λ ✐s ❛ ♠✐❝r♦s❝♦♣✐❝
♣❛r❛♠❡t❡r ✇❤✐❝❤ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡
✐♥❞✐✈✐❞✉❛❧✱ ❛t♦♠✐st✐❝ s♣✐♥s ✇✐t❤ t❤❡ ❤❡❛t ❜❛t❤ ✭t❤❡
✐♥tr✐♥s✐❝ ❞❛♠♣✐♥❣✮✳ ❲❡ ❝❤♦♦s❡ t❤❡ ✈❛❧✉❡ ♦❢ λ t♦ ❜❡ ✵✳✵✺
❢♦r t❤✐s ✇♦r❦✳ ■t ✐s ✇♦rt❤ ♣♦✐♥t✐♥❣ ♦✉t t❤❛t ✇❡ ❡①♣❡❝t t❤❡
r❡s✉❧ts ❛♥❞ ❝♦♥❝❧✉s✐♦♥s ♣r❡s❡♥t❡❞ ❤❡r❡ t♦ ❜❡ q✉❛❧✐t❛t✐✈❡❧②
t❤❡ s❛♠❡ ❢♦r ❛❧❧ ✈❛❧✉❡s ♦❢ t❤❡ ❞❛♠♣✐♥❣✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥
♦❢ t❤❡ ❞✐♣♦❧❛r ✜❡❧❞ ✐s tr✉♥❝❛t❡❞ ❛t ✽ ❣r❛✐♥ ❞✐❛♠❡t❡rs t♦
r❡❞✉❝❡ t❤❡ ◆2 ❝❛❧❝✉❧❛t✐♦♥ ♦✈❡r ❛❧❧ ♣❛✐r✇✐s❡ ✐♥t❡r❛❝t✐♦♥s✳
❚❤❡ ❧♦♥❣✲r❛♥❣❡❞ ❝♦♥tr✐❜✉t✐♦♥ ✐s t❤❡♥ tr❡❛t❡❞ ✇✐t❤✐♥ ❛
♠❡❛♥✲✜❡❧❞ ❛♣♣r♦①✐♠❛t✐♦♥✳

❋♦r ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ▲▲❇ ❡q✉❛t✐♦♥ ♦♥❡ ❤❛s t♦ ❦♥♦✇ t❤❡
s♣♦♥t❛♥❡♦✉s ❡q✉✐❧✐❜r✐✉♠ ♠❛❣♥❡t✐s❛t✐♦♥ me(T )✱ t❤❡ ♣❡r✲
♣❡♥❞✐❝✉❧❛r ✭χ̃⊥(T )✮ ❛♥❞ ♣❛r❛❧❧❡❧ ✭χ̃‖(T )✮ s✉s❝❡♣t✐❜✐❧✐t✐❡s
❜❡❢♦r❡❤❛♥❞✳ ■♥ t❤✐s ✇♦r❦✱ t❤❡ ✐♥♣✉t ❢✉♥❝t✐♦♥s ❛r❡ ❜❛s❡❞
♦♥ t❤❛t ♦❢ ❘❡❢✳ ✶✼ ❢♦r ❋❡Pt ❛♥❞ s❝❛❧❡❞ t♦ ❣✐✈❡ t❤❡ ❝♦rr❡❝t
❈✉r✐❡ t❡♠♣❡r❛t✉r❡✳ ❋♦r t❤❡ tr❛♥s✈❡rs❡ s✉s❝❡♣t✐❜✐❧✐t②
✭t❤❛t ❞❡t❡r♠✐♥❡s t❤❡ ❛♥✐s♦tr♦♣②✮ t❤❡ ❢✉♥❝t✐♦♥ ✐s s❝❛❧❡❞
t♦ ❣✐✈❡ ❛♥ ❛♥✐s♦tr♦♣② ❝♦♥st❛♥t ♦❢ ✶✸✳✺×✶✵6❡r❣✴❝❝✳ ❚❤❡
❢✉♥❝t✐♦♥s ❛r❡ s❝❛❧❡❞ ✐♥ t❤❡ s❛♠❡ ♠❛♥♥❡r ❛s t❤❛t ♦❢
❘❡❢✳ ✷✶✿

Ms(T ) =
Ms(0)

MFePt
s (0)

MFePt
s

(TFePt
C

TC

T
)

, ✭✻✮

χ‖(T ) =
Ms(0)

MFePt
s (0)

χFePt
‖

(TFePt
C

TC

T
)

, ✭✼✮

χ⊥(T ) =
Ms(0)

2K(0)
χFePt
⊥

(TFePt
C

TC

T
)

. ✭✽✮

❇✳ ●r❛♥✉❧❛r ▼♦❞❡❧

❚❤❡ ♠♦❞❡❧ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ♥❛♥♦str✉❝t✉r❡s ✐s ❜❛s❡❞ ♦♥ ❛
❱♦r♦♥♦✐ ❝♦♥str✉❝t✐♦♥ ✇❤✐❝❤ ❝r❡❛t❡s str✉❝t✉r❡s ❛♥❞ ❣r❛✐♥
s✐③❡ ❞✐s♣❡rs✐♦♥s s✐♠✐❧❛r t♦ t❤♦s❡ ♣r♦❞✉❝❡❞ ✐♥ ♠❛❣♥❡t✐❝
❤❛r❞ ❞✐s❦ ❞r✐✈❡s ✭s❡❡ ❋✐❣✳ ✺✮✳ ❚❤❡ s❡❡❞ ♣♦✐♥ts ❢♦r t❤❡
❱♦r♦♥♦✐ ❛❧❣♦r✐t❤♠ ❛r❡ ❜❛s❡❞ ♦♥ ❛ ✷❉ ❤❡①❛❣♦♥❛❧ str✉❝t✉r❡
✇✐t❤ t❤❡ ♣♦✐♥ts ♠♦✈❡❞ ❜② ❛ r❛♥❞♦♠ ✈❛❧✉❡✱ ❧✐♥❡❛r❧②✱ t♦
❣❡♥❡r❛t❡ str✉❝t✉r❛❧ ❞✐s♦r❞❡r✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ❧♦❣✲♥♦r♠❛❧
❞✐str✐❜✉t✐♦♥ ♦❢ ❣r❛✐♥ ✈♦❧✉♠❡s✱ Vi✱ ❛s s❡❡♥ ❡①♣❡r✐♠❡♥t❛❧❧②✳

❚❤❡ ❛✈❡r❛❣❡ ❣r❛✐♥ ❞✐❛♠❡t❡r ✐♥ ♦✉r ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s
✐s ✽♥♠ ✇✐t❤ ❛ t❤✐❝❦♥❡ss ♦❢ ✽♥♠✳ ❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
✐♥ t❤❡ ❣r❛✐♥ ❞✐❛♠❡t❡r ✐s ✷✳✻✸♥♠✳ ■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦
✇❡ ❛ss✉♠❡ ♥♦ ❞✐s♣❡rs✐♦♥ ✐♥ t❤❡ ❛♥✐s♦tr♦♣② ❡❛s② ❛①❡s
♦❢ t❤❡ ❣r❛✐♥s ❛♥❞ ✇❡ ♥✉♠❡r✐❝❛❧❧② s✐♠✉❧❛t❡ ❛ s②st❡♠
❛♣♣r♦①✐♠❛t❡❧② ✼✵✵♥♠×✼✵✵♥♠ ❧❛t❡r❛❧❧②✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦
✼✺✺✽ ❣r❛✐♥s✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡ ❞♦ ♥♦t ❛ss✉♠❡ ❛ s♣❛t✐❛❧
✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❛♥✐s♦tr♦♣② str❡♥❣t❤ ♣❡r ❣r❛✐♥✱ t❤♦✉❣❤
t❤❡ ✈♦r♦♥♦✐ ❝♦♥str✉❝t✐♦♥ ❣✐✈❡s ❛ ✈♦❧✉♠❡ ❞✐str✐❜✉t✐♦♥
❣✐✈✐♥❣ r✐s❡ t♦ ❛ ✈❛r✐❛t✐♦♥ ♦❢ ❡♥❡r❣② ❜❛rr✐❡r✱ KV ✳ ❚❤✐s
♠❡❛♥s t❤❛t t♦ ✜rst ♦r❞❡r t❤❡ ❡①tr✐♥s✐❝ ❝♦♥tr✐❜✉t✐♦♥s✱ ❢r♦♠
❛♥✐s♦tr♦♣②✱ t♦ t❤❡ ❞❛♠♣✐♥❣ ❛r❡ ③❡r♦ t♦ ✜rst ♦r❞❡r✷✳

❚❤❡ ■●❊ ✐s ❢♦r♠✉❧❛t❡❞ ♦♥ t❤❡ ❜❛s✐s ♦❢ t❤❡ ❝♦♥t❛❝t
❛r❡❛ ❜❡t✇❡❡♥ ❣r❛✐♥s ❛s ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❘❡❢✳ ✷✷✳
❈♦♥s✐❞❡r✐♥❣ ♥❡✐❣❤❜♦✉r✐♥❣ ❣r❛✐♥s k ❛♥❞ l✳ ❚❤❡ ❡①❝❤❛♥❣❡
❡♥❡r❣② ❜❡t✇❡❡♥ t❤❡♠ ❝❛♥ ❜❡ ✇r✐tt❡♥

Ekl
exch = −NklJklŝk · ŝl, ✭✾✮

✇❤❡r❡ Nkl ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛t♦♠s ✐♥ t❤❡ ❝♦♥t❛❝t ❛r❡❛
❜❡t✇❡❡♥ (k, l)✳ ❆ss✉♠✐♥❣ ❛ ✜❧♠ ♦❢ ✉♥✐❢♦r♠ t❤✐❝❦♥❡ss t✱
Nkl = Lklt/a

2✱ ✇❤❡r❡ Lkl ✐s t❤❡ ❝♦♥t❛❝t ❧❡♥❣t❤ ❜❡t✇❡❡♥
t❤❡ ❣r❛✐♥s ❛♥❞ a ✐s t❤❡ ❧❛tt✐❝❡ ❝♦♥st❛♥t✳ ❚❤❡ ❡①❝❤❛♥❣❡
✜❡❧❞ ♦♥ ❣r❛✐♥ k ❞✉❡ t♦ l ✐s t❤❡r❡❢♦r❡

H
kl
e = −∂Ekl

exch

∂µk

=
LklJkl
a2MsAk

ŝl. ✭✶✵✮

Ak ✐s t❤❡ ❛r❡❛ ♦❢ t❤❡ ❢❛❝❡ ♦❢ ❣r❛✐♥ k ✐♥ t❤❡ ♣❧❛♥❡ ♦❢ t❤✐♥
✜❧♠ ❛♥❞ Lkl ✐s t❤❡ ❝♦♥t❛❝t ❧❡♥❣t❤ ❜❡t✇❡❡♥ ❣r❛✐♥s k ❛♥❞
l✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ❛❧❧♦✇ ❢♦r s♦♠❡ ❞✐s♣❡rs✐♦♥ ✐♥ t❤❡ Jkl ❜②
❣❡♥❡r❛t✐♥❣ ❛ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ ❛ ❣✐✈❡♥ ✇✐❞t❤✳ ❲❡
♥♦✇ ✇r✐t❡ ❊q✳ ✶✵ ✐♥ t❡r♠s ♦❢ r❡❞✉❝❡❞ ♣❛r❛♠❡t❡rs ✭r❡❧❛t✐✈❡
t♦ t❤❡ ♠❡❞✐❛♥ ✈❛❧✉❡s Lm, Am, Jm✮

H
kl
e = Hexch

(

Jkl
Jm

)(

Lkl

Lm

)(

Am

Ak

)

ŝl, ✭✶✶✮

✇❤❡r❡ Hexch = JmLm/(a2MsAm)✳ ■♥ ♣r❛❝t✐❝❡ Hexch

✐s s❡t ❜② t❤❡ r❡q✉✐r❡♠❡♥t t❤❛t t❤❡ ❛✈❡r❛❣❡ ❡①❝❤❛♥❣❡ ❛t
s❛t✉r❛t✐♦♥ ❤❛s ❛ ❝❡rt❛✐♥ ✈❛❧✉❡ Hsat

exch✱ ✇❤✐❝❤ ✐s t❤❡ ♠♦r❡
❛❝❝❡ss✐❜❧❡ ✈❛❧✉❡ ❡①♣❡r✐♠❡♥t❛❧❧②✱ t❤❛t ✐s

Hsat
exch = N−1Hexch

∑

k

∑

l∈n.n

(

Jkl
Jm

)(

Lkl
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Am
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)

.

✭✶✷✮

❲❡ ❤❛✈❡ ✈❡r✐✜❡❞ t❤❛t t❤❡ ♠♦❞❡❧ ❣✐✈❡s ❝♦♥s✐st❡♥t st❛t✐❝
r❡s✉❧ts ❜② ✐♥✐t✐❛❧❧② s✐♠✉❧❛t✐♥❣ ❤②st❡r❡s✐s ❧♦♦♣s ❢♦r ❛ r❛♥❣❡
♦❢ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡✳ ◗✉❛❧✐t❛t✐✈❡❧② ❋✐❣✳ ✹ s❤♦✇s
✐♥❝r❡❛s✐♥❣❧② sq✉❛r❡ ❧♦♦♣s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ✐♥t❡r❣r❛♥✉❧❛r
❡①❝❤❛♥❣❡✳

❚❤❡r❡ ❛r❡ s♦♠❡ ❡①♣❡❝t❡❞ q✉❛♥t✐t❛t✐✈❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥
t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ ♥✉♠❡r✐❝❛❧❧② ❞❡t❡r♠✐♥❡❞ ❧♦♦♣s t❤❛t
♣r✐♠❛r✐❧② ❛r✐s❡ ❢r♦♠ t❤❡ ❢❛❝t t❤❛t t❤❡ ▲❛♥❞❛✉✲▲✐❢s❤✐t③✲
❇❧♦❝❤ ❡q✉❛t✐♦♥ ✐s ✐♥t❡❣r❛t❡❞ ♥✉♠❡r✐❝❛❧❧② ❛s ❛ ❢✉♥❝t✐♦♥
♦❢ t✐♠❡✱ ❤♦✇❡✈❡r✱ t❤❡ t♦t❛❧ s✐♠✉❧❛t✐♦♥ t✐♠❡ ✐s ♦r❞❡rs ♦❢
♠❛❣♥✐t✉❞❡ ❧♦✇❡r t❤❛♥ t❤♦s❡ ♠❡❛s✉r❡❞ ❡①♣❡r✐♠❡♥t❛❧❧②✳
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 6 kOe
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❋✐❣✉r❡ ✹✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ◆✉♠❡r✐❝❛❧❧② ❝❛❧❝✉❧❛t❡❞ ❤②st❡r❡s✐s
❝✉r✈❡s ❢♦r ❛ r❛♥❣❡ ♦❢ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❝♦♥st❛♥ts ✐♥ ❣♦♦❞
q✉❛❧✐t❛t✐✈❡ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❤②st❡r❡s✐s ❧♦♦♣s
✭❋✐❣✳ ✶✮✳

❋✉rt❤❡r♠♦r❡✱ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❞♦ ♥♦t t❛❦❡
✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❞❡t❛✐❧❡❞ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
str✉❝t✉r❡✱ s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐③❛t✐♦♥✱ ❛♥✐s♦tr♦♣② ♦r ❣r❛✐♥
s✐③❡ ✈❛r✐❛t✐♦♥s✳ ◆♦t t❛❦✐♥❣ t❤❡s❡ s♣❡❝✐✜❝ ❛s♣❡❝ts ✐♥t♦
❛❝❝♦✉♥t ❛❧❧♦✇s ✉s t♦ ✉s❡ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ t♦ ✐♥t❡r♣r❡t
t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✇✐t❤♦✉t t❤❡s❡ ❡①tr❛ ❞❡❣r❡❡s ♦❢
❢r❡❡❞♦♠✳

❉✉r✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥s ♦❢ ♦♣t✐❝❛❧❧② ✐♥❞✉❝❡❞ ❋▼❘ ✇❡
❛♣♣❧② ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥ t❤❡ ①✲③ ♣❧❛♥❡ ❛t ❛♥ ❛♥❣❧❡ θ ✇❤✐❝❤
✇❡ t❛❦❡ t♦ ❜❡ ❛t ✹✺◦ ❢r♦♠ t❤❡ z ❛①✐s ♦❢ ♠❛❣♥✐t✉❞❡ ✶✵❦❖❡✳
❚❤❡ ❛♥✐s♦tr♦♣② ✐s ❛ss✉♠❡❞ t♦ ❜❡ ✉♥✐❛①✐❛❧ ❛♥❞ ♣♦✐♥ts ♦✉t
♦❢ t❤❡ ♣❧❛♥❡ ♦❢ t❤❡ s❛♠♣❧❡✳ ❚❤❡ ❧❛r❣❡ ❛♥❣❧❡ ❛t ✇❤✐❝❤ ✇❡
❛♣♣❧② t❤❡ ✜❡❧❞ ❣✐✈❡s r✐s❡ t♦ ❧❛r❣❡ ❛♠♣❧✐t✉❞❡ ♣r❡❝❡ss✐♦♥
❣✐✈✐♥❣ ❡①❝❡❧❧❡♥t ✜ts t♦ t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥ ✭❞✐s❝✉ss❡❞
❜❡❧♦✇✮✳ ❊✈❡♥ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ✜❡❧❞ ❛t ✹✺◦✱ t❤❡ ❧❛r❣❡
❛♥✐s♦tr♦♣② ❡♥s✉r❡s t❤❛t t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥ ❧✐❡s str♦♥❣❧②
♦✉t✲♦❢✲♣❧❛♥❡✳ ■♥ ♦✉r ♦♣t✐❝❛❧ ❋▼❘ ❛♣♣r♦❛❝❤ ✇❡ ❛ss✉♠❡ ❛
sq✉❛r❡ ♣✉❧s❡ ✐♥ t❡♠♣❡r❛t✉r❡ r✐s✐♥❣ ❢r♦♠ ❛♠❜✐❡♥t t♦ ✻✵✵❑
❢♦r ✹✵✵♣s✱ r❡t✉r♥✐♥❣ t♦ ❛♠❜✐❡♥t ❛❢t❡r t❤❡ ♣✉❧s❡✳ ■♥ ❛ r❡❛❧
♦♣t✐❝❛❧ ❋▼❘ ❡①♣❡r✐♠❡♥t ♦♥ t❤❡ ♣✐❝♦s❡❝♦♥❞ t✐♠❡s❝❛❧❡ t❤❡
❧❛s❡r ❣❡♥❡r❛t❡s ❛ ❤♦t ❡❧❡❝tr♦♥ ❞✐str✐❜✉t✐♦♥ t❤❛t ❝❛♥ r❡❛❝❤
t❡♠♣❡r❛t✉r❡s ♦❢ t❤♦✉s❛♥❞s ♦❢ ❑❡❧✈✐♥✷✸✳ ❙✉❜s❡q✉❡♥t❧②✱
t❤❡ ❤♦t ❡❧❡❝tr♦♥s r❡❛❝❤ ❛ q✉❛s✐✲❡q✉✐❧✐❜r✐✉♠ st❛t❡ ✇✐t❤
t❤❡ ♣❤♦♥♦♥s ❛t t❤❡ s❛♠❡ t❡♠♣❡r❛t✉r❡✳ ❉❡♣❡♥❞✐♥❣ ♦♥
t❤❡ r❡❧❛①❛t✐♦♥ t✐♠❡ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ s②st❡♠ t❤❡ s♣✐♥
s②st❡♠ ✇✐❧❧ r❡❛❝❤ ❡q✉✐❧✐❜r✐✉♠ ✇✐t❤ t❤✐s q✉❛s✐✲❡q✉✐❧✐❜r✐✉♠
❛t ❛r♦✉♥❞ ✵✳✶✲✶ ♣✐❝♦s❡❝♦♥❞s✷✹✱ t❤♦✉❣❤ t❤✐s ❝❛♥ ❜❡
❝♦♥s✐❞❡r❛❜❧② ❧♦♥❣❡r ❢♦r ♣✉r❡ r❛r❡ ❡❛rt❤ ♠❡t❛❧s✷✺✳ ❋♦r
♠❡t❛❧❧✐❝ ❢❡rr♦♠❛❣♥❡ts✱ t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❛❣♥✐t✉❞❡
♦❢ t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥ ♦❝❝✉r ♦♥ ❛ ♠✉❝❤ ❢❛st❡r t✐♠❡s❝❛❧❡
t❤❛♥ t❤❡ r❡s✉❧t✐♥❣ ♣r❡❝❡ss✐♦♥ ✭s❡❡ ✐♥s❡t ♦❢ ❋✐❣✳ ✻✱ t❤✉s
✇❡ ♣r♦❜❡ t❤❡ ❞②♥❛♠✐❝s ❛t t❤❡ t❡♠♣❡r❛t✉r❡ ❛❢t❡r t❤❡
♣✉❧s❡✳ ❊①♣❡r✐♠❡♥t❛❧❧② t❤❡ ❧♦♥❣ ❝♦♦❧✐♥❣✲t✐♠❡ t♦ t❤❡ ✐♥✐t✐❛❧
t❡♠♣❡r❛t✉r❡ ♦❝❝✉rs ❜② tr❛♥s❢❡r ♦❢ ❡♥❡r❣② ♦✉t ♦❢ t❤❡
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❋✐❣✉r❡ ✺✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ s❡t✲✉♣ ♦❢ t❤❡
s✐♠✉❧❛t✐♦♥s✳ ❚❤❡ ❛♥✐s♦tr♦♣② ✐s ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♣❧❛♥❡
✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ ✜❡❧❞ ❛t ❛♥ ❛♥❣❧❡ θ t♦ t❤❡ ♣❧❛♥❡✳ ❚❤❡
♠❛❣♥❡t✐③❛t✐♦♥ ❡q✉✐❧✐❜r❛t❡s t♦ M ❜❡❢♦r❡ t❤❡ ❧❛s❡r ♣✉❧s❡
✐s ❛♣♣❧✐❡❞✳ ❚❤❡ ❧❛s❡r ♣✉❧s❡ r❡s✉❧ts ✐♥ r❡❧❛①❛t✐♦♥ ♦❢ t❤❡

♠❛❣♥❡t✐③❛t✐♦♥ ❜② ♣r❡❝❡ss✐♦♥ t♦ t❤❡ ♥❡✇ ♦r✐❡♥t❛t✐♦♥✱ M
′

✳

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

❯s✐♥❣ t❤❡ ▲▲❇ ♠♦❞❡❧✱ ✇❡ ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❡✛❡❝ts
♦❢ ✈❛r②✐♥❣ t❤❡ s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐s❛t✐♦♥ ❛♥❞ ■●❊ ♦♥
t❤❡ ❞❛♠♣✐♥❣ ♦❢ ♦✉r ❣r❛♥✉❧❛r ♠❛t❡r✐❛❧ ❛❢t❡r ❡①❝✐t❛t✐♦♥
✇✐t❤ ❛ ❤❡❛t ♣✉❧s❡✳ ❆s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ t❤❡ ❝❤❛♥❣❡ ✐♥
t❡♠♣❡r❛t✉r❡ ❛❧t❡rs t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♣♦s✐t✐♦♥✱ ✇❤✐❝❤ ❝❛✉s❡s
t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ t♦ ♣r❡❝❡ss ❜❛❝❦ t❤❡ ✐♥✐t✐❛❧ st❛t❡✳ ❆♥
❡①❛♠♣❧❡ ♦❢ t❤❡ r❡s✉❧t✐♥❣ ❞②♥❛♠✐❝s ✇✐t❤✐♥ t❤❡ ▲▲❇ ♠♦❞❡❧
✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻ ✭♣♦✐♥ts✮✳ ❖♥ t❤❡ ♣✐❝♦s❡❝♦♥❞ t✐♠❡s❝❛❧❡
t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ✐s q✉✐❝❦❧② r❡❞✉❝❡❞✱ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤
❡①♣❡r✐♠❡♥t❛❧✷✻✕✷✽ ❛♥❞ ♥✉♠❡r✐❝❛❧ r❡s✉❧ts✷✽✕✸✵ s♦ t❤❛t t❤❡
q✉❡♥❝❤✐♥❣ ❛♥❞ r❡❝♦✈❡r② ♦❢ t❤❡ ❛♥✐s♦tr♦♣② ✜❡❧❞ ✐s ♠✉❝❤
❢❛st❡r t❤❛♥ t❤❡ t✐♠❡s❝❛❧❡ ♦❢ t❤❡ ♣r❡❝❡ss✐♦♥❛❧ ❞②♥❛♠✐❝s✳

❯s✐♥❣ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ✇❡ ✜rst ❝❛❧❝✉❧❛t❡ t❤❡ ❞❛♠♣✐♥❣
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐③❛t✐♦♥✱ ❛s
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✼✱ ❢♦r ❛ r❛♥❣❡ ♦❢ ✈❛❧✉❡s ♦❢ t❤❡ ■●❊✳
❚❤❡ ✈❛❧✉❡s ❢♦r t❤❡ ❞❛♠♣✐♥❣ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛s ✇✐t❤ t❤❡
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳

❋✐❣✉r❡ ✼ s❤♦✇s ❛ str♦♥❣ ✈❛r✐❛t✐♦♥ ❛♥❞ ❛ s✉❜t❧❡
❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ♠❛❣♥❡t♦st❛t✐❝ ❛♥❞
❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥s✳ ❈♦♥s✐❞❡r ✜rst t❤❡ ❝❛s❡ Hsat

exch = 0✳
❋r♦♠ ❋✐❣✳ ✼ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡r❡ ✐s ❛ ✈❡r② str♦♥❣
❞❡♣❡♥❞❡♥❝❡ ♦❢ ❡✛❡❝t✐✈❡ ❞❛♠♣✐♥❣ ♦♥ Ms✱ s♣❡❝✐✜❝❛❧❧② ❛♥
✐♥❝r❡❛s❡ ♦❢ ❛r♦✉♥❞ ❛ ❢❛❝t♦r ♦❢ ✷✳✺ ❢♦r Ms ✈❛❧✉❡s ❛r♦✉♥❞
t❤♦s❡ ♦❢ ❈♦ ❛♥❞ ❋❡✳ ❋♦r ❧♦✇ ✈❛❧✉❡s ♦❢ Ms t❤❡ ❞❛♠♣✐♥❣
❢♦r ❛❧❧ ✈❛❧✉❡s ♦❢ ■●❊ ❝♦♥✈❡r❣❡ t♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥♣✉t
❞❛♠♣✐♥❣ ❞✉❡ t♦ t❤❡ ✈❡r② ❧♦✇ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡
❞❡♠❛❣♥❡t✐③✐♥❣ ✜❡❧❞s✳

❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❞❛♠♣✐♥❣ ✇✐t❤ ■●❊✱ ❞❡t❡r♠✐♥❡❞
♥✉♠❡r✐❝❛❧❧②✱ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✽ ❛♥❞ ✐s ❝♦♥s✐st❡♥t ✇✐t❤
t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜s❡r✈❡❞ ❞❡❝r❡❛s❡ ✭❋✐❣✳ ✸✮ ✐♥ ❞❛♠♣✐♥❣
✇✐t❤ ✐♥❝r❡❛s✐♥❣ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡✳ ❋♦r ❧♦✇ ✈❛❧✉❡s ♦❢
t❤❡ s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐③❛t✐♦♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❞❛♠♣✐♥❣
s❤♦✇s ✈❡r② ❧✐tt❧❡ ✈❛r✐❛t✐♦♥ ❛♥❞ r❡♠❛✐♥s ❝❧♦s❡ t♦ t❤❡ ✈❛❧✉❡
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❋✐❣✉r❡ ✻✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❊①❛♠♣❧❡ ♦❢ t❤❡ tr❛♥s✈❡rs❡
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✜t t♦ t❤❡ ❞②♥❛♠✐❝s ✭❧✐♥❡s✮✳

400 600 800 1000 1200

0.04

0.06

0.08

0.10

0.12

0.14

0.16

E
ff
e

c
ti
v
e

 D
a

m
p

in
g

Saturation Magnetisation M
s
 (emu/cc)

 0 kOe

 5 kOe

 10 kOe

 15 kOe

 20 kOe

❋✐❣✉r❡ ✼✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❉❛♠♣✐♥❣ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s❛t✉r❛t✐♦♥
♠❛❣♥❡t✐③❛t✐♦♥ ❢♦r ❛ r❛♥❣❡ ♦❢ ✈❛❧✉❡s ♦❢ t❤❡ ✐♥t❡r❣r❛♥✉❧❛r
❡①❝❤❛♥❣❡✱ Hsat

exch✳

❢♦r t❤❡ ✐♥tr✐♥s✐❝ ❞❛♠♣✐♥❣ ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❋♦r
❧❛r❣❡r ✈❛❧✉❡s ♦❢ Ms t❤❡r❡ ✐s ❛ ♠✉❝❤ ❧❛r❣❡r ✈❛r✐❛t✐♦♥
✇✐t❤ ■●❊ ✇❤❡r❡ t❤❡r❡ ✐s ❛ str♦♥❣ ✐♥t❡r♣❧❛② ❜❡t✇❡❡♥ t❤❡
❞❡♠❛❣♥❡t✐③✐♥❣ ❡♥❡r❣② ❛♥❞ t❤❡ ■●❊✳

❖✈❡r❛❧❧✱ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤
t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r s♠❛❧❧ ❡①❝❤❛♥❣❡ ✜❡❧❞s✱ ✇❤❡r❡
t❤❡ ❡✛❡❝t✐✈❡ ❞❛♠♣✐♥❣ ✐s s❡❡♥ t♦ ❞❡❝r❡❛s❡ ✇✐t❤ Hex✳
❍♦✇❡✈❡r✱ t❤❡ ♠♦❞❡❧ ❞♦❡s ♥♦t r❡♣r♦❞✉❝❡ t❤❡ ✐♥❝r❡❛s❡
✐♥ ❞❛♠♣✐♥❣ ❢♦r t❤❡ s❛♠♣❧❡ ✇✐t❤ t❤❡ ❧❛r❣❡st ❡①❝❤❛♥❣❡
✭s❡❡ ❋✐❣✳ ✸✮✳ ❚❤✐s ✐s ❧✐❦❡❧② r❡❧❛t❡❞ t♦ t❤❡ ❞r❛♠❛t✐❝
✐♥❝r❡❛s❡ ✐♥ t❤❡ ♠❡❛s✉r❡❞ ❝❧✉st❡r s✐③❡ ❢♦r t❤✐s ♣❛rt✐❝✉❧❛r
s❛♠♣❧❡ ❛s s❤♦✇♥ ✐♥ t❤❡ ✐♥s❡t ♦❢ ❋✐❣✳ ✸✳ ❋♦r t❤✐s s❛♠♣❧❡✱
t❤❡ ♦①✐❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✇❛s r❡❞✉❝❡❞ t♦ ③❡r♦✱ ❛♥❞ ✐t ✐s
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Inter Granular Exchanage (kOe)

 100 emu/cc

 400 emu/cc

 600 emu/cc

 800 emu/cc

 1000 emu/cc

 1200 emu/cc

❋✐❣✉r❡ ✽✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❉❛♠♣✐♥❣ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❢♦r ❛ r❛♥❣❡ ♦❢ ✈❛❧✉❡s ♦❢ s❛t✉r❛t✐♦♥
♠❛❣♥❡t✐③❛t✐♦♥✳ ❋♦r ❧♦✇ ✈❛❧✉❡s ♦❢ Ms t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❞❛♠♣✐♥❣
✈❛r✐❡s ✈❡r② ❧✐tt❧❡ ❛♥❞ r❡♠❛✐♥s ❛r♦✉♥❞ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥♣✉t
❞❛♠♣✐♥❣ ♣❛r❛♠❡t❡r✳ ❆s Ms ✐♥❝r❡❛s❡s✱ t❤❡ ✈❛r✐❛t✐♦♥ ✇✐t❤
✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❜❡❝♦♠❡s ♠✉❝❤ ❣r❡❛t❡r ❛s t❤❡ ✐♥t❡r♣❧❛②
❜❡t✇❡❡♥ t❤❡ ❞❡♠❛❣♥❡t✐③✐♥❣ ✜❡❧❞s ❛♥❞ ❡①❝❤❛♥❣❡ ❜❡❝♦♠❡s
✐♠♣♦rt❛♥t✳

♣♦ss✐❜❧❡ t❤❛t t❤❡ ❞❡t❡r♠✐♥❡❞ ❡①❝❤❛♥❣❡ ✜❡❧❞ ✐s ❛♥ ✉♥❞❡r✲
❡st✐♠❛t❡✳ ❚❤❡ ❧❛r❣❡ ❝❧✉st❡r s✐③❡ ❛♥❞ t❤❡ ❢♦r♠ ♦❢ t❤❡
❤②st❡r❡s✐s ❧♦♦♣ ❢♦r t❤✐s s❛♠♣❧❡ ✐s ✐♥❞✐❝❛t✐✈❡ ♦❢ ❛ ❝❤❛♥❣❡
t♦ ❛ ♥✉❝❧❡❛t✐♦♥✴♣r♦♣❛❣❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ✇❤✐❝❤ ✐s ♥♦t
♦❜s❡r✈❡❞ ✐♥ t❤❡ ♠♦❞❡❧ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r ✈❛❧✉❡s ♦❢ Hex ✉♣
t♦ ✺❦❖❡✳ ❋♦r ❛ ✈❡r② str♦♥❣❧② ❡①❝❤❛♥❣❡ ❝♦✉♣❧❡❞ s❛♠♣❧❡ ✐t
✐s ❧✐❦❡❧② t❤❛t ❛❞❞✐t✐♦♥❛❧ ❞❛♠♣✐♥❣ ♠❡❝❤❛♥✐s♠s ✇✐❧❧ ❛r✐s❡
❢r♦♠ ✐♥t❡r❛❝t✐♦♥ ♦❢ t❤❡ ❞♦♠❛✐♥ ✇❛❧❧s ✇✐t❤ ❞❡❢❡❝ts ❛♥❞
✐♠♣✉r✐t✐❡s r❡s✉❧t✐♥❣ ✐♥ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ●✐❧❜❡rt ❞❛♠♣✐♥❣
❛t ❧❛r❣❡ ❡①❝❤❛♥❣❡ ✜❡❧❞s✳

■❱✳ ❙❊▼■✲❆◆❆▲❨❚■❈❆▲ ❙P■◆❲❆❱❊ ▼❖❉❊▲

❙♦ ❢❛r ✇❡ ❤❛✈❡ ♣r❡s❡♥t❡❞ ♥✉♠❡r✐❝❛❧ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧
r❡s✉❧ts t❤❛t s❤♦✇ ❣♦♦❞ ❛❣r❡❡♠❡♥t ♦♥ t❤❡ ❡✛❡❝ts
♦❢ ✐♥t❡r❛❝t✐♦♥s ♦♥ t❤❡ ❞❛♠♣✐♥❣ ✐♥ ❣r❛♥✉❧❛r ♠❡❞✐❛✱
❤♦✇❡✈❡r✱ t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡❝❤❛♥✐s♠ r❡♠❛✐♥s s♦♠❡✇❤❛t
❛♠❜✐❣✉♦✉s✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✇❡ ❛s❝r✐❜❡ t❤❡ r❡❞✉❝t✐♦♥
✐♥ ❞❛♠♣✐♥❣ ❞✉❡ t♦ ✐♥❝r❡❛s✐♥❣ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❛s
❛r✐s✐♥❣ ❢r♦♠ ❛ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ❞❡❣❡♥❡r❛❝② ♦❢ ✜♥✐t❡ ❦✲
✈❡❝t♦rs ✇✐t❤ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❦❂✵ ✭❢❡rr♦♠❛❣♥❡t✐❝
r❡s♦♥❛♥❝❡✮ ♠♦❞❡ ✭s❡❡ s❝❤❡♠❛t✐❝ ✐♥s❡t ♦❢ ❋✐❣✳ ✾✮✳
■♥ ❣❡♥❡r❛❧✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❞❡❢❡❝ts✱ ✐♥❤♦♠♦❣❡♥❡✐t✐❡s✱
❜♦✉♥❞❛r✐❡s✱ ❡t❝✳ ❝❛♥ ❛❝t ❛s s❝❛tt❡r✐♥❣ ❝❡♥tr❡s ❧❡❛❞✐♥❣
t♦ t❤❡ ❡♥❡r❣② tr❛♥s❢❡r ❢r♦♠ t❤❡ ✉♥✐❢♦r♠ ♠❛❣♥❡t✐③❛t✐♦♥
♣r❡❝❡ss✐♦♥ ✐♥t♦ ❞❡❣❡♥❡r❛t❡ s♣✐♥✇❛✈❡ ♠♦❞❡s✳ ❆ r❡❞✉❝t✐♦♥
✐♥ t❤✐s ❞❡❣❡♥❡r❛❝② r❡❞✉❝❡s t❤❡ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡
s♣✐♥✇❛✈❡ ♠♦❞❡s t❤❛t ❝❛♥ ❜❡ s❝❛tt❡r❡❞ t♦ ♦r ❢r♦♠✳ ❚❤❡
♣r♦❝❡ss ✐♥✈♦❧✈❡s t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥ ♦❢ ❛ ③❡r♦✲✇❛✈❡♥✉♠❜❡r
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♠❛❣♥♦♥ ❛♥❞ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❛ ♥♦♥③❡r♦✲✇❛✈❡♥✉♠❜❡r
♠❛❣♥♦♥✳ ❚❤❡ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤✐s ♣r♦❝❡ss ✐s t❤❛t
t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ♣r❡❝❡ss✐♦♥ ✉♥❞❡r❣♦❡s r❛♣✐❞ r❡❧❛①❛t✐♦♥
✭❞❛♠♣✐♥❣✮✸✶✳ ❘❡❞✉❝✐♥❣ t❤✐s ❞❡❣❡♥❡r❛❝② ✇✐❧❧ t❤❡♥ r❡s✉❧t
✐♥ ❛ r❡❞✉❝❡❞ ❞❛♠♣✐♥❣✳ ❲❡ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ r❡❞✉❝t✐♦♥
♦❢ t✇♦✲♠❛❣♥♦♥ s❝❛tt❡r✐♥❣ ♣r♦❝❡ss❡s ✐s ❞♦♠✐♥❛t✐♥❣ t❤❡
r❡❞✉❝t✐♦♥ ✐♥ ❞❛♠♣✐♥❣ ❞✉❡ t♦ ✐♥❝r❡❛s❡❞ ✐♥t❡r❣r❛♥✉❧❛r
❡①❝❤❛♥❣❡✳ ❚♦ ❡❧✉❝✐❞❛t❡ t❤✐s ✇❡ ❢♦❧❧♦✇ t❤❡ ♠❡t❤♦❞ ♦❢
▼❝▼✐❝❤❛❡❧✷✱✸✱✸✷✳

■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ ✇❡ ♦♥❧② ❜r✐❡✢② ♦✉t❧✐♥❡ t❤❡ ♠❡t❤♦❞
♦❢ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ s♣✐♥✇❛✈❡ ♠♦❞❡s✳ ■♥
❘❡❢s✳ ✷✱ ✸✱ ❛♥❞ ✸✷ t❤❡ ▲❛♥❞❛✉✲▲✐❢s❤✐t③✲●✐❧❜❡rt ❡q✉❛t✐♦♥
✐s ❧✐♥❡❛r✐s❡❞✳ ❚❤❡ r❡s✉❧t✐♥❣ ❧✐♥❡❛r✐s❡❞ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡
♠❛❣♥❡t✐③❛t✐♦♥ ❛♥❞ ✜❡❧❞s ❛r❡ ✇r✐tt❡♥ ✐♥ ❋♦✉r✐❡r s♣❛❝❡
t❤r♦✉❣❤✿

b(r) =

∫

dk

(2π)2
b(k) exp(ik · r) ✭✶✸✮

✇❤❡r❡ b r❡♣r❡s❡♥ts t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ♦r t❤❡ ✜❡❧❞s✳
❚❤❡ ❡✛❡❝t✐✈❡ ✜❡❧❞ ❤❛s ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ ❩❡❡♠❛♥✱
❞❡♠❛❣♥❡t✐s✐♥❣✱ ❛♥✐s♦tr♦♣② ❛♥❞ ❡①❝❤❛♥❣❡ t❡r♠s ❛♥❞ ✐s
✇r✐tt❡♥ ✐♥ t❡r♠s ♦❢ ❛ s✉♠ ♦✈❡r t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥
♠✉❧t✐♣❧✐❡❞ ✇✐t❤ ❛ ❦❡r♥❡❧✱ G ❛♥❞ ✐s tr❛♥s❧❛t✐♦♥❛❧❧②
✐♥✈❛r✐❛♥t✳ ❉✉❡ t♦ t❤❡ r − r

′ t❡r♠✱ ♦♥✲s✐t❡ t❡r♠s ✇♦✉❧❞
❜❡ r❡♣r❡s❡♥t❡❞ ❜② ❞❡❧t❛ ❢✉♥❝t✐♦♥s ♠✉❧t✐♣❧✐❡❞ ❜② ❛ s❝❛❧❛r✳
❚❤❡ ❋♦✉r✐❡r ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✜❡❧❞ ❛r❡ t❤❡♥ ✇r✐tt❡♥✿

Heff (r) =

∫

dr′G(r− r
′)m(r′). ✭✶✹✮

✇❤❡r❡ hk ❛r❡ t❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ ♥♦r♠❛❧✐③❡❞ st✐✛♥❡ss
t❡♥s♦r✿

hθθ,k = M0
s
−1[

Hi +Dk2

+M0
s (1−Nk) sin

2(θk)
]

✭✶✺❛✮

hφφ,k = M0
s
−1[

Hi +Dk2 +M0
sNk cos

2(φ)
]

+M0
s (1−Nk) sin

2(φ) cos2(θk) ✭✶✺❜✮

hθφ,k = M0
s
−1[

M0
s (1−Nk) cos(θk)

× sin(θk) sin(φ)
]

✭✶✺❝✮

hφθ,k = hθφ,k ✭✶✺❞✮

✇❤❡r❡ Dk2 = (2A/µ0Ms)k
2 ✐s t❤❡ ❡①❝❤❛♥❣❡ ✜❡❧❞

❢♦r ❛ s♣✐♥✇❛✈❡ ✇✐t❤ ✇❛✈❡✈❡❝t♦r k✱ ❛ss✉♠✐♥❣ t❤❛t t❤❡
✇❛✈❡❧❡♥❣t❤s ♦❢ ✐♥t❡r❡st ❛r❡ ♠✉❝❤ ❧❛r❣❡r t❤❛♥ t❤❡ ❧❛tt✐❝❡
s♣❛❝✐♥❣✳ A ✐s t❤❡ ❡①❝❤❛♥❣❡ st✐✛♥❡ss ❛♥❞ Hi = B cos(φ−
φH)− (M0

s −Hk) sin
2(φ) ✐s t❤❡ ✏✐♥t❡r♥❛❧ ✜❡❧❞✑ ❝♦♥s✐st✐♥❣

♦❢ t❤❡ ❝♦♠♣♦♥❡♥t ♦❢❀ t❤❡ ❛♣♣❧✐❡❞ ✜❡❧❞ ❇ ✭❛t ❛♥ ❛♥❣❧❡
φH t♦ t❤❡ ♣❧❛♥❡✮ ♣❛r❛❧❧❡❧ t♦ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥✱ ✇❤✐❝❤
✐s ❛t ❛♥ ❛♥❣❧❡✱ φ✱ t♦ t❤❡ ♣❧❛♥❡❀ t❤❡ st❛t✐❝ ♣❛rt ♦❢
t❤❡ ❞❡♠❛❣♥❡t✐③❛t✐♦♥ ✜❡❧❞❀ ❛♥❞ t❤❡ ❛♥✐s♦tr♦♣② ✜❡❧❞ Hk✳
❚❤❡ k✲❞❡♣❡♥❞❡♥t ❞❡♠❛❣♥❡t✐③❛t✐♦♥ ❢❛❝t♦r ❢♦r ❛ ✜❧♠ ♦❢
t❤✐❝❦♥❡ss d ✐s ❣✐✈❡♥ ❜②✿

Nk =
1− e−kd

kd
✭✶✻✮

❚❤❡ s✉s❝❡♣t✐❜✐❧✐t② t❡♥s♦r✱ χk(ω)✱ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠
t❤❡ ❧✐♥❡❛r✐s❡❞ ▲▲● ❡q✉❛t✐♦♥s ♦❢ ♠♦t✐♦♥✳ ❋♦r ❛♥ ❛♣♣❧✐❡❞
✜❡❧❞ ✇✐t❤ s♣❛t✐❛❧ ❢r❡q✉❡♥❝② k ❛♥❞ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ω✱
t❤❡ tr❛♥s✈❡rs❡ s✉s❝❡♣t✐❜✐❧✐t② t❡♥s♦r ✐s ❣✐✈❡♥ ❜②✿

χk(ω) =
1

Zk

[

hφφ,k + iαω
ωM

−hθφ,k + iαω
ωM

−hφθ,k − iαω
ωM

hθθ,k + iαω
ωM

]

✭✶✼❛✮

Zk = hθθ,khφφ,k − hθφ,khφθ,k − (1 + α2)
( ω

ωM

)2

+ iα
( ω

ωM

)

(hθθ,k + hφφ,k), ✭✶✼❜✮

✇❤❡r❡ ωM = γM0
s ✳ ❚❤❡ ❞✐s♣❡rs✐♦♥ r❡❧❛t✐♦♥ ✐s ♦❜t❛✐♥❡❞

❜② ♥♦t✐♥❣ t❤❛t | Zk | ✐s ♠✐♥✐♠✉♠ ❛♥❞ t❤❡ s✉s❝❡♣t✐❜✐❧✐t②
✐s ✐♥ r❡s♦♥❛♥❝❡ ✇❤❡♥

ω = ωk =
ωM√
1 + α2

[

hθθ,khφφ,k − hθφ,khφθ,k

]1/2
. ✭✶✽✮

❚♦ ♠❛❦❡ ❛ ❝♦♥s✐st❡♥t ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ▲▲❇
♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❛♥❞ t❤❡ s♣✐♥✇❛✈❡ ♠♦❞❡❧ ✇❡ ✉s❡ t❤❡
✈❛❧✉❡s ♦❢ Ms✱ ❛♥✐s♦tr♦♣②✱ t❤✐❝❦♥❡ss ✭d✮✱ ❛♣♣❧✐❡❞ ✜❡❧❞
❛♥❞ ❛♣♣❧✐❡❞ ✜❡❧❞ ❛♥❣❧❡ t❤❛t ❛r❡ t❤❡ s❛♠❡ ✐♥ ❜♦t❤ ❝❛s❡s✳
❋✉rt❤❡r♠♦r❡✱ t❤❡ ❛♥❣❧❡s ♦❢ t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ✭φ✮ ❢r♦♠
t❤❡ ✜❧♠ ♣❧❛♥❡ ❛r❡ t❛❦❡♥ ❞✐r❡❝t❧② ❢r♦♠ t❤❡ ♥✉♠❡r✐❝❛❧
s✐♠✉❧❛t✐♦♥s ❛t ❡q✉✐❧✐❜r✐✉♠ ❛❢t❡r t❤❡ ♣✉❧s❡ ✭❢r♦♠ t❤❡
❡♥❞ ♦❢ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✮✳ ❯s✐♥❣ t❤❡ ♣❤②s✐❝❛❧
♣❛r❛♠❡t❡rs t❤❛t ❡♥t❡r ✐♥t♦ t❤❡ ▲▲❇ ♠♦❞❡❧ ✇❡ ❤❛✈❡
❝❛❧❝✉❧❛t❡❞ t❤❡ s♣✐♥✇❛✈❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♥✉♠❡r✐❝❛❧❧②
s✐♠✉❧❛t❡❞ s❛♠♣❧❡s ✉s✐♥❣ ❡q✉❛t✐♦♥s ✶✺✱ ✶✻✱ ✶✼ ❛♥❞ ✶✽ ❛♥❞
❞❡t❡r♠✐♥❡❞ t❤❡ ❞❡❣❡♥❡r❛❝② ♦❢ t❤♦s❡ ♠♦❞❡s ✇✐t❤ t❤❡ ❦❂✵
♠♦❞❡✳ ❚❤✐s ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡ ❞❛♠♣✐♥❣
❛r✐s✐♥❣ ❢r♦♠ ✐♥❤♦♠♦❣❡♥❡✐t✐❡s✷ ❞✉❡ t♦ ♥♦♥✲✉♥✐❢♦r♠✐t✐❡s
t❤❛t ❛r❡ ♣r❡s❡♥t ✐♥ ❣r❛♥✉❧❛r ♠❡❞✐❛✳ ❲❡ ♥♦t❡ t❤❛t
t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❡①❝❤❛♥❣❡ st✐✛♥❡ss t❤❛t ❡♥t❡rs ✐♥t♦ t❤❡
❡q✉❛t✐♦♥s ✐s ✐♥ t❤❡ ❝♦rr❡❝t r❛♥❣❡✹ ❢♦r ❣r❛♥✉❧❛r ♠❡❞✐❛ ❜✉t
✐t ✐s ♥♦t tr✐✈✐❛❧ t♦ r❡❧❛t❡ t❤❡ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ✜❡❧❞
✐♥ t❤❡ ▲▲❇ ✇✐t❤ t❤❡ ❧♦♥❣✲✇❛✈❡❧❡♥❣t❤ ❡①❝❤❛♥❣❡✱ A ✉s❡❞
✐♥ t❤❡ s♣✐♥✇❛✈❡ ♠♦❞❡❧✳ ❲❡ ♥♦t❡ ❤❡r❡ t❤❛t t❤❡ ♣r❡s❡♥t❡❞
❢♦r♠ ♦❢ t❤❡ s❡♠✐✲❛♥❛❧②t✐❝❛❧ s♣✐♥✇❛✈❡ ♠♦❞❡❧ ❞♦❡s ♥♦t t❛❦❡
✐♥t♦ ❛❝❝♦✉♥t ✐♥❤♦♠♦❣❡♥❡♦✉s ❧✐♥❡ ❜r♦❛❞❡♥✐♥❣ ❡✛❡❝ts✱ t❤✉s
❝♦♥t❛✐♥s ❝♦♥tr✐❜✉t✐♦♥s ♦♥❧② ❢r♦♠ ✐♥❤♦♠♦❣❡♥❡✐t✐❡s ✇❤✐❝❤
❛r✐s❡ ✐♥ t❤❡ ▲▲❇ ♠♦❞❡❧ ❢r♦♠ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❣r❛✐♥
✈♦❧✉♠❡s✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ s❡♠✐✲❛♥❛❧②t✐❝❛❧ s♣✐♥✇❛✈❡
♠♦❞❡❧ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✾ ❛♥❞ s❤♦✇ ❛ ❞❡❝r❡❛s✐♥❣ tr❡♥❞
✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❡①❝❤❛♥❣❡ st✐✛♥❡ss✳

❲❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ t✇♦✲♠❛❣♥♦♥ s❝❛tt❡r✐♥❣ ♣r♦❝❡ss
✐s t❤❡ ❧❡❛❞✐♥❣ t❡r♠ ✐♥ ♦✉r r❡❞✉❝t✐♦♥ ✐♥ ❞❛♠♣✐♥❣ ✇✐t❤
✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❛♥❞ ✐s str♦♥❣❧② ❛✛❡❝t❡❞ ❜② t❤❡
✐♥t❡r❛❝t✐♦♥s ❞✉❡ t♦ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❛♥❞ t❤❡
❞❡♠❛❣♥❡t✐s✐♥❣ ✜❡❧❞s✳ ❚❤✐s ✐s s✉♣♣♦rt❡❞ ❜② t❤❡ ❢❛❝t t❤❛t
t❤❡ ▲▲❇ ♠♦❞❡❧ ❞♦❡s ♥♦t ✐♥❝❧✉❞❡ ❛♥② s♣❡❝✐✜❝ ❞❡t❛✐❧ ❛❜♦✉t
t❤❡ ❣r❛✐♥ ❜♦✉♥❞❛r✐❡s ♦r ❞✐s♣❡rs✐♦♥s ✐♥ t❤❡ ❛♥✐s♦tr♦♣②
❛①❡s ♦r ♦♥✲s✐t❡ ♠❛❣♥✐t✉❞❡s✱ t❤♦✉❣❤ ❞♦❡s t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t ❞✐✛❡r❡♥t ❞❡♠❛❣♥❡t✐s✐♥❣ ✜❡❧❞s✱ s✐③❡ ❞✐str✐❜✉t✐♦♥
❡t❝✳✱ s♦ t❤❡r❡ ✐s ✐♥❡✈✐t❛❜❧② ❛ ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ❝♦♥❡✲
❛♥❣❧❡ ♦❢ t❤❡ ♠❛❝r♦s♣✐♥s✳ ❚❤❡r❡❢♦r❡✱ s❝❛tt❡r✐♥❣ ✇✐t❤
✐♠♣✉r✐t✐❡s ❝❛♥♥♦t ♦❝❝✉r✳ ❚❤❡ r♦❧❡ ♦❢ ❣r❛✐♥✲t♦✲❣r❛✐♥
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❋✐❣✉r❡ ✾✳ ✭❈♦❧♦r ♦♥❧✐♥❡✮ ❙♣✐♥✇❛✈❡ ❞❡❣❡♥❡r❛❝② ❛s ❛ ❢✉♥❝t✐♦♥
♦❢ ❡①❝❤❛♥❣❡ st✐✛♥❡ss ❢♦r ❛ r❛♥❣❡ ♦❢ ✈❛❧✉❡s ♦❢ s❛t✉r❛t✐♦♥
♠❛❣♥❡t✐s❛t✐♦♥✳ ❚❤❡r❡ ✐s ❝❧❡❛r❧② ❛ ❞✐r❡❝t ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥
t❤❡ ❞❡❣❡♥❡r❛❝② ❛♥❞ t❤❡ ❞❛♠♣✐♥❣ s❤♦✇♥ ✐♥ ❋✐❣✳ ✸ ❛♥❞ ❛ s✐♠✐❧❛r
tr❡♥❞ ❢♦r ✜①❡❞ ❡①❝❤❛♥❣❡ st✐✛♥❡ss ❛♥❞ ✈❛r②✐♥❣ ▼s✳

s❝❛tt❡r✐♥❣ ❞✉❡ t♦ s❧✐❣❤t ❞✐s♣❡rs✐♦♥s ✐♥ t❤❡ ❛♥✐s♦tr♦♣②
❛①❡s ✐s ③❡r♦ ✐♥ ♦✉r ▲▲❇ ♠♦❞❡❧ ❛s ✇❡ ❛ss✉♠❡ ♣❡r❢❡❝t❧②
❛❧✐❣♥❡❞ ❛♥✐s♦tr♦♣② ❛①❡s✳ ❙✐♠✐❧❛r❧②✱ ✇❡ ❛ss✉♠❡ t❤❛t
♦✉r ❣r❛✐♥s ❛r❡ ✉♥✐❢♦r♠ s✐♥❣❧❡ ♠❛❝r♦s♣✐♥s ❛♥❞ t❤❡r❡❢♦r❡
❣r❛✐♥✲❜♦✉♥❞❛r② s❝❛tt❡r✐♥❣ ❝❛♥♥♦t ❝♦♥tr✐❜✉t❡ t♦ t❤✐s t✇♦✲
♠❛❣♥♦♥ s❝❛tt❡r✐♥❣ ♣r♦❝❡ss✳ ■♥ t❡r♠s ♦❢ ❛ ♠❛❝r♦s♣✐♥
♣✐❝t✉r❡✱ t❤❡ ❞❡❝r❡❛s❡❞ ❞❛♠♣✐♥❣ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❛
st✐✛❡♥✐♥❣ ♦❢ t❤❡ s②st❡♠ r❡s✉❧t✐♥❣ ✐♥ ❛ ♠♦r❡ ❝♦❤❡r❡♥t
♣r❡❝❡ss✐♦♥ s♦ t❤❛t ❞❡♠❛❣♥❡t✐③✐♥❣ ❡✛❡❝ts ❜❡❝♦♠❡ ❧❡ss
✐♠♣♦rt❛♥t ❛♥❞ t❤❡ s②st❡♠ ❛s ❛ ✇❤♦❧❡ ❛❝ts ♠♦r❡ ❧✐❦❡ ❛
s✐♥❣❧❡ ♠❛❝r♦s♣✐♥✳

❱✳ ❈❖◆❈▲❯❙■❖◆

■♥ s✉♠♠❛r② ✇❡ ❤❛✈❡ ❝❛rr✐❡❞ ♦✉t ❛♥ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢
t❤❡ ❡✛❡❝ts ♦❢ ✐♥t❡r❣r❛♥✉❧❛r ✐♥t❡r❛❝t✐♦♥s ♦♥ t❤❡ ❡✛❡❝t✐✈❡
❞❛♠♣✐♥❣ ❝♦♥st❛♥t ♦❢ ♣❡r♣❡♥❞✐❝✉❧❛r ♠❡❞✐❛✳ ❊①♣❡r✐♠❡♥ts
s❤♦✇ ❛ ♥♦♥✲♠♦♥♦t♦♥✐❝ ✈❛r✐❛t✐♦♥ ♦❢ ♦❢ t❤❡ ❞❛♠♣✐♥❣ ✇✐t❤

✐♥❝r❡❛s✐♥❣ ❡①❝❤❛♥❣❡ str❡♥❣t❤✳ ✬❈♦♥tr✐❜✉t✐♦♥s t♦ t❤❡
❡①♣❡r✐♠❡♥t❛❧ ❞❛♠♣✐♥❣ ❝♦♥st❛♥t ❞✉❡ t♦ ✐♥❤♦♠♦❣❡♥❡♦✉s
❧✐♥❡ ❜r♦❛❞❡♥✐♥❣ ❝❛♥♥♦t ❜❡ r✉❧❡❞ ♦✉t✱ ❤♦✇❡✈❡r✱ t❤❡s❡ ❛r❡
❡①♣❡❝t❡❞ t♦ ❜❡ ❝♦♥s✐st❡♥t ❜❡t✇❡❡♥ s❛♠♣❧❡s❀ t❤❡ ♠❛❥♦r
❡✛❡❝t ♦❢ r❡❞✉❝✐♥❣ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❣r❛✐♥ ❜♦✉♥❞❛r✐❡s
✐s t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❡①❝❤❛♥❣❡ ❝♦✉♣❧✐♥❣ ❛s s❤♦✇♥ ✐♥
t❤❡ ❤②st❡r❡s✐s ❜❡❤❛✈✐♦r✳ ❲❡ ❤❛✈❡ ❝♦♥str✉❝t❡❞ ❛ r❡❛❧✐st✐❝
♠♦❞❡❧ ♦❢ ❣r❛♥✉❧❛r ♠❡❞✐❛ ✉s✐♥❣ t❤❡ ▲❛♥❞❛✉✲▲✐❢s❤✐t③✲❇❧♦❝❤
♠♦❞❡❧✳ ❇② s✐♠✉❧❛t✐♥❣ t❤❡ ♦♣t✐❝❛❧ ❋▼❘ t❡❝❤♥✐q✉❡ t♦
♣r♦❜❡ r❡❧❛①❛t✐♦♥ ♣r♦❝❡ss❡s ✇❡ ❤❛✈❡ ❞❡t❡r♠✐♥❡❞ ❤♦✇ t❤❡
❞❛♠♣✐♥❣ ✐s ❛✛❡❝t❡❞ ❜② t❤❡ ❦❡② ♣❛r❛♠❡t❡rs ❣♦✈❡r♥✐♥❣ t❤❡
✐♥t❡r❛❝t✐♦♥s ✭❡①❝❤❛♥❣❡ ❛♥❞ s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐s❛t✐♦♥✮✳
❚❤❡ ♠♦❞❡❧ ❝❛❧❝✉❧❛t✐♦♥s s❤♦✇ ❛ ❞❡❝r❡❛s❡ ♦❢ ❡✛❡❝t✐✈❡
❞❛♠♣✐♥❣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❡①❝❤❛♥❣❡✱ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r s♠❛❧❧ ❡①❝❤❛♥❣❡✳ ■t ✐s ❛r❣✉❡❞
t❤❛t t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❞❛♠♣✐♥❣ ❢♦r t❤❡ ❧❛r❣❡st ❡①❝❤❛♥❣❡
✜❡❧❞✱ ❛r✐s✐♥❣ ✐♥ ❛ ✜❧♠ ✇✐t❤♦✉t ❡①❝❤❛♥❣❡ ❝♦✉♣❧✐♥❣✱ ✐s
❞✉❡ t♦ t❤❡ ♦♥s❡t ♦❢ ❛ ❞✐✛❡r❡♥t r❡✈❡rs❛❧ ♠❡❝❤❛♥✐s♠s
✐♥✈♦❧✈✐♥❣ ❞♦♠❛✐♥ ♥✉❝❧❡❛t✐♦♥ ❛♥❞ ♣r♦♣❛❣❛t✐♦♥✳ ❋♦r
♣r❛❝t✐❝❛❧ ♣❡r♣❡♥❞✐❝✉❧❛r r❡❝♦r❞✐♥❣ ♠❡❞✐❛✱ ✇❤✐❝❤ ❛r❡ ♠♦r❡
❡①❝❤❛♥❣❡❞ ❞❡❝♦✉♣❧❡❞✱ t❤❡ ❞❡❝r❡❛s❡ ✐♥ ❞❛♠♣✐♥❣ ✇✐t❤
❡①❝❤❛♥❣❡ str❡♥❣t❤ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧ ❝❛❧❝✉❧❛t✐♦♥s
✐s t❤❡ ♠♦st ❧✐❦❡❧② s❝❡♥❛r✐♦✳ ❋✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥s
♦❢ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ✉s✐♥❣ s♣✐♥ ✇❛✈❡ t❤❡♦r② ♣r♦✈✐❞❡
❢✉rt❤❡r ✐♥s✐❣❤t ❛♥❞ ❛s❝r✐❜❡ t❤❡ r❡❞✉❝t✐♦♥ ✐♥ ❞❛♠♣✐♥❣
❞✉❡ t♦ ✐♥❝r❡❛s✐♥❣ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❛s ❛r✐s✐♥❣ ❢r♦♠
❛ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ❞❡❣❡♥❡r❛❝② ♦❢ ✜♥✐t❡ ❦✲✈❡❝t♦rs ✇✐t❤
t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❦❂✵ ✭❢❡rr♦♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡✮
♠♦❞❡✳ ❚❤❡s❡ ❝❛❧❝✉❧❛t✐♦♥s s❤♦✇ ❛ ❞✐r❡❝t ❝♦rr❡❧❛t✐♦♥
❜❡t✇❡❡♥ t❤❡ ❞❡❣❡♥❡r❛❝② ❛♥❞ t❤❡ ❞❛♠♣✐♥❣ s❤♦✇♥ ❜②
t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ✇✐t❤ ❛ s✐♠✐❧❛r tr❡♥❞ ❢♦r ✜①❡❞
❡①❝❤❛♥❣❡ st✐✛♥❡ss ❛♥❞ ✈❛r②✐♥❣ ▼s✳ ❖✉r ♥✉♠❡r✐❝❛❧
❝❛❧❝✉❧❛t✐♦♥s ❞♦ ♥♦t ✐♥❝❧✉❞❡ ❡①tr✐♥s✐❝ ❝♦♥tr✐❜✉t✐♦♥s t♦
❞❛♠♣✐♥❣ ❞✉❡ t♦ ✈❛r✐❛t✐♦♥s ✐♥ ♦♥✲s✐t❡ q✉❛♥t✐t✐❡s✱ s✉❝❤ ❛s
❛♥✐s♦tr♦♣② ♦r s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐s❛t✐♦♥✱ t❤✉s ✇❡ ❤❛✈❡
s❤♦✇♥ t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡s❝r✐❜❡ t❤❡ ❞❡❝r❡❛s❡ ✐♥
❞❛♠♣✐♥❣ ✇✐t❤ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❜❛s❡❞ ♦♥ t❤❡ ❡✛❡❝ts
♦❢ ✐♥t❡r❣r❛♥✉❧❛r ❡①❝❤❛♥❣❡ ❛♥❞ ❞❡♠❛❣♥❡t✐s✐♥❣ ✜❡❧❞s✱ t❤✉s
✇❡ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ ✐s ❧❛r❣❡✳

❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ❊✉r♦♣❡❛♥ ❈♦♠♠✐ss✐♦♥
✉♥❞❡r ❝♦♥tr❛❝t ◆♦✳ ✷✽✶✵✹✸✱ ❋❡♠t♦s♣✐♥✳ ❚❤❡ ✜♥❛♥❝✐❛❧
s✉♣♣♦rt ♦❢ t❤❡ ❆❞✈❛♥❝❡❞ ❙t♦r❛❣❡ ❚❡❝❤♥♦❧♦❣② ❈♦♥s♦rt✐✉♠
✐s ❣r❛t❡❢✉❧❧② ❛❝❦♥♦✇❧❡❞❣❡❞✳ ❚✳ ❆✳ ❖st❧❡r ❣r❛t❡❢✉❧❧② ❛❝✲
❦♥♦✇❧❡❞❣❡s t❤❡ ▼❛r✐❡ ❈✉r✐❡ ✐♥❝♦♠✐♥❣ ❇❡■P❉✲❈❖❋❯◆❉
❢❡❧❧♦✇s❤✐♣ ♣r♦❣r❛♠ ❛t t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ▲✐è❣❡✳

✶ ❱✳ ❙♦❦❛❧s❦✐✱ ❉✳ ❊✳ ▲❛✉❣❤❧✐♥✱ ❛♥❞ ❏✳✲●✳ ❩❤✉✱ ❆♣♣❧✐❡❞
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