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❉✐ss❡rt❛çã♦ ❛♣r❡s❡♥t❛❞❛ à ❯♥✐✈❡rs✐❞❛❞❡ ❋❡✲
❞❡r❛❧ ❞❡ ❱✐ç♦s❛✱ ❝♦♠♦ ♣❛rt❡ ❞❛s ❡①✐❣ê♥❝✐❛s
❞♦ Pr♦❣r❛♠❛ ❞❡ Pós✲●r❛❞✉❛çã♦ ❡♠ ❋ís✐❝❛✱
♣❛r❛ ♦❜t❡♥çã♦ ❞♦ tít✉❧♦ ❞❡ ▼❛❣✐st❡r ❙❝✐❡♥✲

t✐❛❡✳
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❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ♣r✐♠❡✐r❛♠❡♥t❡ ❛♦s ♠❡✉s ♣❛✐s✱ ❙ô♥✐❛ ❡ ❉❛♥✐❡❧✱ ❡ ❛ ♠✐♥❤❛ ❢❛♠í❧✐❛ ♣♦r t✉❞♦ ♦

q✉❡ ✜③❡r❛♠ ♣♦r ♠✐♠✳ ❆❣r❛❞❡ç♦ ❛ ♠✐♥❤❛ ♥♦✐✈❛✱ ❛♠♦r ❞❛ ♠✐♥❤❛ ✈✐❞❛✱ ♠❡✉ r❛✐♦ ❞❡ ❙♦❧✱

♠✐♥❤❛ ❡str❡❧❛ ❞❛ ♠❛♥❤ã✱ ❑❡r♦❧❧❡♥✱ ♣♦r t❡r s✐❞♦ ✉♠❛ ❝♦♠♣❛♥❤❡✐r❛ ❢❛♥tást✐❝❛ ❛♦ ❧♦♥❣♦

❞❡ss❡s ❞♦✐s ❛♥♦s ❞❡ ♠❡str❛❞♦✳ ❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s Pr♦❢❡ss♦r❡s ❞❡ ❡♥s✐♥♦ ❢✉♥❞❛♠❡♥t❛❧ ❡

♠é❞✐♦ ❞❛ ❊s❝♦❧❛ Pr♦❢❡ss♦r ❈í❝❡r♦ ❚♦rr❡s ●❛❧✐♥❞♦ ♣❡❧❛ ❢♦r♠❛çã♦ ❜ás✐❝❛✱ ❡✱ ❡♠ ❡s♣❡❝✐❛❧✱

Pr♦❢❡ss♦r❡s ❋❧á✈✐♦ ❡ ▼❛✉rí❝✐♦ ♣♦r s❡r✈✐r❡♠ ❞❡ ✐♥s♣✐r❛çã♦✳ ❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦s Pr♦❢❡s✲

s♦r❡s ❞♦ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ▼❛t❡♠át✐❝❛✱ ❋ís✐❝❛ ❡ ❊st❛tíst✐❝❛ ❞♦ ■❋ ❙✉❞❡st❡✲▼● ✭ P♦❧✐❛♥❛✱

▼❛r❝♦s ❇❛rr♦s✱ ❉ê♥✐s✱ P❛✉❧❛✱ ❘♦❞r✐❣♦✱ ▲✐❧✐❛♥❡✱ ▼❛r❝❡❧♦✱ ❉❛♠✐ã♦✱ ❆❧❜❡rt♦✱ ❈r✐st✐♥❛✱ ❋❡r✲

♥❛♥❞♦✱ ❘✉② ❡ ❘♦❜❡rt♦✮ ♣❡❧❛ ♠✐♥❤❛ ❢♦r♠❛çã♦ ❡♠ ▼❛t❡♠át✐❝❛✳ ❊♠ ❡s♣❡❝✐❛❧✱ ❛❣r❛❞❡ç♦ ❛♦

Pr♦❢❡ss♦r ❉❛♠✐ã♦✱ ♣❡❧♦s tr❛❜❛❧❤♦s q✉❡ ❞❡s❡♥✈♦❧✈❡♠♦s ❥✉♥t♦s ❡ ♣♦r ♠❡ r❡❛♣r♦①✐♠❛r ❞❛

❋ís✐❝❛✱ ❛♦ ♣r♦❢❡ss♦r ▼❛r❝❡❧♦ ♣❡❧❛ ✐♥✢✉ê♥❝✐❛ ♥♦ ♠♦❞♦ ❞❡ ❛t❛❝❛r ✉♠ ♣r♦❜❧❡♠❛ ♠❛t❡♠át✐❝♦

✭✧▼❛t❡♠át✐❝❛ ♥ã♦ é ♠á❣✐❝❛✱ ♠❛s ♣♦❞❡♠♦s ❢❛③❡r ❛s ❝♦✐s❛s ❛♣❛r❡❝❡r❡♠✧✮ ❡ ❛ Pr♦❢❡ss♦r❛

P❛✉❧❛ ♣♦r s❡r ✉♠❛ ❜r✐❧❤❛♥t❡ ❡❞✉❝❛❞♦r❛ ❡ ♣❡❧♦s ❝♦♥s❡❧❤♦s ❞❛❞♦s ❛ ♠✐♠✳ ❆❣r❛❞❡ç♦ ❛♦s

♠❡✉s ❛♠✐❣♦s ❱✐t♦r ✭❈❛r✐♦❝❛✮✱ ▼❛t❤❡✉s✱ ❏♦r❣❡ ✭❏✐♠✮✱ ❘♦❜s♦♥ ✭❘♦❜✐♥❤♦✮ ❡ ❆❧✐❝❡✱ ♣❡❧♦s

❜♦♥s ♠♦♠❡♥t♦s ❥✉♥t♦s ❡ ♣❡❧❛ ❛❥✉❞❛ ❡ ❛♣♦✐♦ ❡♠ t♦❞♦s ♦s ♠♦♠❡♥t♦s✳ ❆❣r❛❞❡ç♦ ❛♦s Pr♦❢❡s✲

s♦r❡s ▼❛r❝❡❧♦ ▲♦❜❛t♦✱ ❙ér❣✐♦✱ ▼ár❝✐♦✱ ❚✐❛❣♦ ❏♦sé✱ ❲✐♥❞❡r✱ ❙✐❧✈✐♦✱ ❈❧♦❞♦❛❧❞♦ ❡ ❏❛❦s♦♥ ❞♦

❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❋ís✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❱✐ç♦s❛✱ ♣❡❧❛ ❢♦r♠❛çã♦ ♥♦ ▼❡str❛❞♦✳

❆❣r❛❞❡ç♦ ♥❛ ✜❣✉r❛ ❞♦ Pr♦❢❡ss♦r ▼ár❝✐♦ à ❝♦♦r❞❡♥❛çã♦ ❞♦ Pr♦❣r❛♠❛ ❞❡ Pós ●r❛❞✉❛çã♦ ❡

❋ís✐❝❛ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❛❞❛ ❛ ♠✐♠ ❞❡ ❝✉rs❛r ♦ ▼❡str❛❞♦✳ ❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s ❝♦❧❡❣❛s

❞❡ Pós ●r❛❞✉❛çã♦ ♣❡❧❛s ❝♦❧❛❜♦r❛çõ❡s ❞✉r❛♥t❡ ♦ ▼❡str❛❞♦✳ ❆❣r❛❞❡ç♦ ❛♦ ❆❧❧✐s♦♥ ♣❡❧❛ ❝♦❧❛✲

❜♦r❛çã♦ ❡ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ t♦❞❛s ❛s ✈❡③❡s q✉❡ ♥❡❝❡ss✐t❡✐ ♥❛ ♣r❡s❡♥t❡ ❞✐ss❡rt❛çã♦✳ ❆❣r❛❞❡ç♦

❛♦ Pr♦❢❡ss♦r ❏❛❦s♦♥ ♣❡❧❛ ♦r✐❡♥t❛çã♦ ♥♦ tr❛❜❛❧❤♦ ❞✉r❛♥t❡ ♦ ♠❡str❛❞♦✳ ❖ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦

❢♦✐ r❡❛❧✐③❛❞♦ ❝♦♠ ❛♣♦✐♦ ❞❛ ❈♦♦r❞❡♥❛çã♦ ❞❡ ❆♣❡r❢❡✐ç♦❛♠❡♥t♦ ❞❡ P❡ss♦❛❧ ❞❡ ◆í✈❡❧ ❙✉♣❡r✐♦r

✲ ❇r❛s✐❧ ✭❈❆P❊❙✮ ✲ ❈ó❞✐❣♦ ❞❡ ❋✐♥❛♥❝✐❛♠❡♥t♦ ✵✵✶✳



❆ ♠❛t❡♠át✐❝❛✱ ✈✐st❛ ❝♦rr❡✲

t❛♠❡♥t❡✱ ♣♦ss✉✐ ♥ã♦ ❛♣❡♥❛s

✈❡r❞❛❞❡✱ ♠❛s t❛♠❜é♠ s✉✲

♣r❡♠❛ ❜❡❧❡③❛ ✲ ✉♠❛ ❜❡❧❡③❛

❢r✐❛ ❡ ❛✉st❡r❛✱ ❝♦♠♦ ❛ ❞❛ ❡s✲

❝✉❧t✉r❛ ✲ ❇❡rtr❛♥❞ ❘✉ss❡❧❧



❘❡s✉♠♦

❙❖❯❩❆✱ ❙✐❞♥❡✐ ❋❡r♥❛♥❞❡s✱ ▼✳❙❝✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❱✐ç♦s❛✱ ❢❡✈❡r❡✐r♦ ❞❡ ✷✵✷✷✳ ❯♠

♣❛ss❡✐♦ ♣❡❧♦s ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ❡♠ s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s✳ ❖r✐❡♥t❛❞♦r✿ ❏❛❦✲
s♦♥ ▼✐r❛♥❞❛ ❋♦♥s❡❝❛✳

❆ ❜✉s❝❛ ♣♦r s✐st❡♠❛s q✉❡ ❡①✐❜❛♠ ▼♦❞♦s ❩❡r♦ ❞❡ ▼❛❥♦r❛♥❛ ✭▼❩▼✮ tê♠ ♣♦r ♣r✐♥❝✐♣❛❧

❥✉st✐✜❝❛t✐✈❛ ♦ ❛♣❡❧♦ t❡❝♥♦❧ó❣✐❝♦✱ ❡♠ ❡s♣❡❝✐❛❧✱ ❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛✳ ❆ ❡①✐stê♥❝✐❛ ❞❡st❛s

♣❛rtí❝✉❧❛s ❡♠❡r❣❡♥t❡s s❡r✐❛ ❢♦r♠✐❞á✈❡❧✱ ♣♦✐s ❛❧é♠ ❞❡❧❛s ♦❜❡❞❡❝❡r❡♠ ❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛

♥ã♦ ❆❜❡❧✐❛♥❛✱ q✉❡ é ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♥t❡r❡ss❛♥tíss✐♠❛ ♣❛r❛ ✉♠❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛

t♦♣♦❧ó❣✐❝❛✱ ❡❧❛s sã♦ ♣r♦t❡❣✐❞❛s t♦♣♦❧♦❣✐❝❛♠❡♥t❡✱ ♦ q✉❡ t♦r♥❛ ♣♦ssí✈❡❧ ❛ ❝♦♥str✉çã♦ ❞❡

✉♠❛ ❝♦♠♣✉t❛çã♦ ♠❛✐s ❡stá✈❡❧✳ ▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ sã♦ ❡♠ ❡ssê♥❝✐❛ ♣❛rtí❝✉❧❛s ❡♠❡r❣❡♥✲

t❡s✱ q✉❡ ♣♦ss✉❡♠ ❝❛r❛❝t❡ríst✐❝❛s ❛♥á❧♦❣❛s ❛♦ ❋ér♠✐♦♥ ❞❡ ▼❛❥♦r❛♥❛✳ ▼❩▼ ❞❡s❛❝♦♣❧❛❞♦s

❡s♣❛❝✐❛❧♠❡♥t❡ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ❡♠ s✐st❡♠❛s s✉♣❡r❝♦♥❞✉t♦r❡s ♥❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✱

✈✐st♦ q✉❡ ❡❧❡s sã♦ ❛ s♦❜r❡♣♦s✐çã♦ ❞❡ ✐❣✉❛✐s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✳

❆ss✐♠ ❛ ❣r❛♥❞❡ q✉❡stã♦ é ❝❛r❛❝t❡r✐③❛r ❛ ❢❛s❡ tr✐✈✐❛❧ ❡ t♦♣♦❧ó❣✐❝❛ ❞❡ss❡s s✐st❡♠❛s✱ ♦♥❞❡

t❛❧ tr❛♥s✐çã♦ é ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧❛ ♠✉❞❛♥ç❛ ❞❡ ✉♠ ✐♥✈❛r✐❛♥t❡ t♦♣♦❧ó❣✐❝♦ ❛♥t❡s ❡ ❞❡♣♦✐s ❞♦

❢❡❝❤❛♠❡♥t♦ ❞♦ ❣❛♣✳ P♦❞❡♠♦s ♦❜t❡r ✐♥❢♦r♠❛çõ❡s r❡❧❡✈❛♥t❡s ❞♦ s✐st❡♠❛ ❛ ♣❛rt✐r ❞❡ ♣r♦♣r✐❡✲

❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❝♦♠♦ ❛ ❡♥tr♦♣✐❛✱ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s ❡ ❛ ❡♥❡r❣✐❛ ❞♦ s✐st❡♠❛✱

t❛♥t♦ ♥❛ ❢❛s❡ tr✐✈✐❛❧ ❝♦♠♦ ♥❛ t♦♣♦❧ó❣✐❝❛✳ ❚♦❞❛s ❡ss❛s r❡❧❛çõ❡s ♣♦❞❡♠ s❡r ❞❡r✐✈❛❞❛s ❞❛

❢✉♥çã♦ ♣❛rt✐çã♦✳ ❈♦♠♦ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠ ✐❞❡♥t✐✜❝❛r ❛ ❡♠❡r❣ê♥❝✐❛ ❞❡ ▼❩▼ ♥❛ ❢❛s❡

t♦♣♦❧ó❣✐❝❛ ❞♦ s✐st❡♠❛✱ ❞❡✈❡♠♦s t♦♠❛r ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♥❛ ❜❛s❡ ❞❡ ▼❛❥♦r❛♥❛ ❡ ♦❜t❡r ❛

❢✉♥çã♦ ♣❛rt✐çã♦✳ ❉❡ ♣♦ss❡ ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❡♥❝♦♥tr❛♠♦s ❛ ❢♦r♠❛ ❞❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦

♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✳ ❖✉tr♦ r❡s✉❧t❛❞♦ ✐♥t❡r❡ss❛♥t❡ é ❛ ❞❡♥s✐❞❛❞❡

❞❡ ♣❛rtí❝✉❧❛s✱ q✉❡ ♥♦ ❡st❛❞♦ tr✐✈✐❛❧ é s❡♠♣r❡ ♣♦s✐t✐✈❛ ✭❡❧étr♦♥s✮ ♦✉ ♥❡❣❛t✐✈❛ ✭❜✉r❛❝♦s✮

❡♥q✉❛♥t♦ ♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ ❤á ✉♠❛ ❝♦❡①✐stê♥❝✐❛ ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✳ P♦rt❛♥t♦✱

❝♦rr♦❜♦r❛♥❞♦ ❝♦♠ ❛ ❡①✐stê♥❝✐❛ ❞❡ ▼❩▼ ♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦✳ ❆✐♥❞❛ ❝❛❧❝✉❧❛♠♦s ♦ ✈❛❧♦r

❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦ gC ❝rít✐❝♦ ♣❛r❛ Sr2RuO4 ❡ ❝♦♠♣❛r❛♠♦s ❝♦♠ ♦s r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s✱ ♦❜t❡♥❞♦ s❛t✐s❢❛tór✐❛ ❝♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡ ❛ t❡♦r✐❛ ❡ ❛ ♣rát✐❝❛✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛✳ ❙✉♣❡r❝♦♥❞✉t♦r❡s ◗✉✐r❛✐s✳ P♦t❡♥❝✐❛❧ ❊❢❡t✐✈♦✳



❆❜str❛❝t

❙❖❯❩❆✱ ❙✐❞♥❡✐ ❋❡r♥❛♥❞❡s✱ ▼✳❙❝✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❱✐ç♦s❛✱ ❋❡❜r✉❛r② ✷✵✷✷✳ ❆ t♦✉r

♦❢ ▼❛❥♦r❛♥❛ ♠♦❞❡s ♦♥ ❝❤✐r❛❧ s✉♣❡r❝♦♥❞✉❝t♦rs✳ ❆❞✈✐s❡r✿ ❏❛❦s♦♥ ▼✐r❛♥❞❛ ❋♦♥s❡❝❛✳

❚❤❡ s❡❛r❝❤ ❢♦r s②st❡♠s t❤❛t ❡①❤✐❜✐t ▼❛❥♦r❛♥❛ ❩❡r♦ ▼♦❞❡s ✭▼❩▼✮ ❤❛s ❛s ♠❛✐♥ ❥✉st✐✲

✜❝❛t✐♦♥ t❤❡ t❡❝❤♥♦❧♦❣✐❝❛❧ ❛♣♣❡❛❧✱ ✐♥ ♣❛rt✐❝✉❧❛r✱ q✉❛♥t✉♠ ❝♦♠♣✉t✐♥❣✳ ❚❤❡ ❡①✐st❡♥❝❡ ♦❢

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

❆❜❡❧✐❛♥ ❡①❝❤❛♥❣❡ st❛t✐st✐❝s✱ ✇❤✐❝❤ ✐s ❛ ✈❡r② ✐♥t❡r❡st✐♥❣ ❢❡❛t✉r❡ ❢♦r ❛ t♦♣♦❧♦❣✐❝❛❧ q✉❛♥t✉♠

❝♦♠♣✉t❛t✐♦♥✱ t❤❡② ❛r❡ t♦♣♦❧♦❣✐❝❛❧❧② ♣r♦t❡❝t❡❞✱ ✇❤✐❝❤ ♠❛❦❡s ✐t ♣♦ss✐❜❧❡ t♦ ❜✉✐❧❞ ❛ ♠♦r❡

st❛❜❧❡ ❝♦♠♣✉t❛t✐♦♥✳ ▼❛❥♦r❛♥❛ ♠♦❞❡s ❛r❡ ❡ss❡♥t✐❛❧❧② ❡♠❡r❣❡♥t ♣❛rt✐❝❧❡s✱ ✇❤✐❝❤ ❤❛✈❡ ❝❤❛✲

r❛❝t❡r✐st✐❝s ❛♥❛❧♦❣♦✉s t♦ ▼❛❥♦r❛♥❛ ❢❡r♠✐♦♥✳ ❙♣❛t✐❛❧❧② ❞❡❝♦✉♣❧❡❞ ▼❩▼ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥

s✉♣❡r❝♦♥❞✉❝t✐♥❣ s②st❡♠s ✐♥ t❤❡ t♦♣♦❧♦❣✐❝❛❧ ♣❤❛s❡✱ s✐♥❝❡ t❤❡② ❛r❡ t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❡q✉❛❧

❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ❜❡t✇❡❡♥ ❡❧❡❝tr♦♥s ❛♥❞ ❤♦❧❡s✳ ❙♦ t❤❡ ❜✐❣ q✉❡st✐♦♥ ✐s t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡

tr✐✈✐❛❧ ❛♥❞ t♦♣♦❧♦❣✐❝❛❧ ♣❤❛s❡ ♦❢ t❤❡s❡ s②st❡♠s✱ ✇❤❡r❡ s✉❝❤ ❛ tr❛♥s✐t✐♦♥ ✐s ❝❤❛r❛❝t❡r✐③❡❞

❜② t❤❡ ❝❤❛♥❣❡ ♦❢ ❛ t♦♣♦❧♦❣✐❝❛❧ ✐♥✈❛r✐❛♥t ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❝❧♦s✐♥❣ t❤❡ ❣❛♣✳ ❲❡ ❝❛♥ ♦❜t❛✐♥

r❡❧❡✈❛♥t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ s②st❡♠ ❢r♦♠ t❤❡r♠♦❞②♥❛♠✐❝ ♣r♦♣❡rt✐❡s s✉❝❤ ❛s ❡♥tr♦♣②✱

♣❛rt✐❝❧❡ ❞❡♥s✐t② ❛♥❞ ❡♥❡r❣② ♦❢ t❤❡ s②st❡♠✱ ❜♦t❤ ✐♥ t❤❡ tr✐✈✐❛❧ ❛♥❞ t♦♣♦❧♦❣✐❝❛❧ ♣❤❛s❡s✳ ❆❧❧

t❤❡s❡ r❡❧❛t✐♦♥s❤✐♣s ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♣❛rt✐t✐♦♥ ❢✉♥❝t✐♦♥✳ ❆s ✇❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥

✐❞❡♥t✐❢②✐♥❣ t❤❡ ❡♠❡r❣❡♥❝❡ ♦❢ ▼❩▼ ✐♥ t❤❡ t♦♣♦❧♦❣✐❝❛❧ ♣❤❛s❡ ♦❢ t❤❡ s②st❡♠✱ ✇❡ ♠✉st t❛❦❡

t❤❡ ❍❛♠✐❧t♦♥✐❛♥ ✐♥ t❤❡ ▼❛❥♦r❛♥❛ ❜❛s✐s ❛♥❞ ♦❜t❛✐♥ t❤❡ ♣❛rt✐t✐♦♥ ❢✉♥❝t✐♦♥✳ ■♥ ♣♦ss❡ss✐♦♥

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

r❛♠❡t❡r ♦♥ t❡♠♣❡r❛t✉r❡✳ ❆♥♦t❤❡r ✐♥t❡r❡st✐♥❣ r❡s✉❧t ✐s t❤❡ ♣❛rt✐❝❧❡ ❞❡♥s✐t②✱ ✇❤✐❝❤ ✐♥ t❤❡

tr✐✈✐❛❧ st❛t❡ ✐s ❛❧✇❛②s ♣♦s✐t✐✈❡ ✭❡❧❡❝tr♦♥s✮ ♦r ♥❡❣❛t✐✈❡ ✭❤♦❧❡s✮ ✇❤✐❧❡ ✐♥ t❤❡ t♦♣♦❧♦❣✐❝❛❧ st❛t❡

t❤❡r❡ ✐s ❛ ❝♦❡①✐st❡♥❝❡ ❜❡t✇❡❡♥ ❡❧❡❝tr♦♥s ❛♥❞ ❤♦❧❡s✳ ❚❤❡r❡❢♦r❡✱ ❝♦rr♦❜♦r❛t✐♥❣ t❤❡ ❡①✐st❡♥❝❡

♦❢ ▼❩▼ ✐♥ t❤❡ t♦♣♦❧♦❣✐❝❛❧ st❛t❡✳ ❲❡ ❛❧s♦ ❝❛❧❝✉❧❛t❡❞ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧ gC ✐♥t❡r❛❝✲

t✐♦♥ ♣❛r❛♠❡t❡r ❢♦r Sr2RuO4 ❛♥❞ ❝♦♠♣❛r❡❞ ✐t ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✱ ♦❜t❛✐♥✐♥❣

s❛t✐s❢❛❝t♦r② ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡♦r② ❛♥❞ ♣r❛❝t✐❝❡✳

❑❡②✇♦r❞s✿ ▼❛❥♦r❛♥❛ ♠♦❞❡s✳ ❈❤✐r❛❧ s✉♣❡r❝♦♥❞✉❝t♦rs✳ ❊✛❡❝t✐✈❡ P♦t❡♥t✐❛❧✳



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✶✳✶ ●rá✜❝♦ ❞❛ r❡s✐st✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

♠❡tá❧✐❝♦ ✭✈❡r♠❡❧❤♦✮ ❡ s✉♣❡r❝♦♥❞✉t♦r ✭❛③✉❧✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✶✳✷ ❯♠❛ ❝❛♥❡❝❛ s❡♥❞♦ ❞❡❢♦r♠❛❞❛ ❡♠ ✉♠❛ r♦sq✉✐♥❤❛ ♣r❡s❡r✈❛♥❞♦ ♦ ❜✉r❛❝♦ ✭❋♦♥t❡✿

r❡❢❡rê♥❝✐❛ ❬✶✶❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✶ ✭❛✮ ▼❩▼ ♥❛ ❢❛s❡ tr✐✈✐❛❧ ✭❜✮ ❖❜s❡r✈❡ q✉❡ ♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ ▼❩▼ ✈✐③✐♥❤♦s

❡♥❝♦♥tr❛♠✲s❡ ❧✐❣❛❞♦s ❞❡✐①❛♥❞♦ ♦s ❞❛s ❡①tr❡♠✐❞❛❞❡s ❞❛ ❝❛❞❡✐❛ ❧✐✈r❡s ✭❝✮ ❉✐❛❣r❛♠❛

❞❛ ❢❛s❡ tr✐✈✐❛❧ ❡ t♦♣♦❧ó❣✐❝❛ ♦♥❞❡ ❛ tr❛♥s✐çã♦ ♦❝♦rr❡ ❡♠ µ = ±2t ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛

❬✶✽❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✷ ❊①❡♠♣❧♦s ❞❡ tr♦❝❛s ♥ã♦✲❆❜❡❧✐❛♥❛s ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✶✾❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✷✳✸ ▼♦❞❡❧♦ ❞❡ ❋✉ ❡ ❑❛♥❡✿ ✉♠ s✉♣❡r❝♦♥❞✉t♦r t♦♣♦❧ó❣✐❝♦ ❛❝♦♣❧❛❞♦ ❛ ✐s♦❧❛♥t❡ t♦♣♦❧ó✲

❣✐❝♦ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✶✾❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✸✳✶ ❈✉r✈❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r❡s ❞♦ ❚✐♣♦ ■ ❡ ❚✐♣♦ ■■ ✭❋♦♥t❡✿ r❡❢❡✲

rê♥❝✐❛ ❬✷✹❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✸✳✷ ❈✉r✈❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r❡s ✭❈❤✉♠❜♦ ❡ í♥❞✐♦ ❛ 4, 2K ❞♦ ❚✐♣♦

■ ❡ ❝♦♠ ❞♦♣❛❣❡♠✳ ✭❆✮ ❈❤✉♠❜♦✱ ✭❇✮ ❈❤✉♠❜♦✲2, 8% í♥❞✐♦✱ ✭❈✮ ❈❤✉♠❜♦✲8, 23%

í♥❞✐♦ ❡ ✭❉✮ ❈❤✉♠❜♦✲20, 4% í♥❞✐♦ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✷✹❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✸✳✸ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❈♦♦♣❡r ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✻❪✮✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✸✳✹ ❉✐❛❣r❛♠❛ ❞❡ ❋❡②♥♠❛♥ ♣❛r❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥ ✲ ❢ô♥♦♥ ✲ ❡❧étr♦♥ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛

❬✸✵❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✸✳✺ ✭❛✲❝✮ ■❧✉str❛çõ❡s ❞❛s ❡str✉t✉r❛s ❞❡ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ✈ár✐❛s

s✐♠❡tr✐❛s ❞❡ ❣❛♣✳ ✭❞✲❢✮ ❉❡s❡♥❤♦s ❡sq✉❡♠át✐❝♦s ❞❡ s✉♣❡r❢í❝✐❡s ❞❡ ❋❡r♠✐ ❜✐❞✐♠❡♥s✐✲

♦♥❛✐s ❡ ❞❛s ③♦♥❛s ❞❡ ❇r✐❧❧♦✉✐♥✱ ♦♥❞❡ ❛s ❧✐♥❤❛s ✈❡r❞❡s ✐♥❞✐❝❛♠ ♦s ♥ós ♥♦ ♣❛râ♠❡tr♦

❞❡ ♦r❞❡♠ s✉♣❡r❝♦♥❞✉t♦r❛ ❡ ♦s ❝ír❝✉❧♦s ❛③✉✐s✴✈❡r♠❡❧❤♦s ❞❡st❛❝❛♠ ♦s ❞✐❢❡r❡♥t❡s

s✐♥❛✐s ❞♦ ♣❛râ♠❡tr♦ ❞❡ ♦r❞❡♠ s✉♣❡r❝♦♥❞✉t♦r❛ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✻✷❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✸✳✻ ❆ ❢♦r♠❛ ❞❛ ♣❛rt❡ ♦r❜✐t❛❧ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ♦r❞❡♠ ❞❡ ✉♠ ♣❛r ❞❡ ❈♦♦♣❡r✱ ♦✉ ❣❛♣

❝♦♠ ❞✐❢❡r❡♥t❡s s✐♠❡tr✐❛s ❞❡ ♣❛r❡❛♠❡♥t♦✳ ✭❛✮ ❆ ♦♥❞❛ s ✐s♦tró♣✐❝❛✱ ❛ ♠❛❣♥✐t✉❞❡ ❞♦

✐♥t❡r✈❛❧♦ é ✐s♦tró♣✐❝❛ ❡♠ t♦❞❛ ❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐✳ ✭❜✮ ❆ ❢✉♥çã♦ ❣❛♣ ❞❛ ♦♥❞❛ ♣

❝♦♠ r❡✈❡rsã♦ ❞❡ s✐♥❛❧ ♥❛s ❞✉❛s s✉♣❡r❢í❝✐❡s✳ ✭❝✮ ❆ ❢✉♥çã♦ ❣❛♣ ❞❡ ♦♥❞❛ ❞ ❝♦♠ s✐♥❛❧

♠✉❞❛♥❞♦ ❛❧t❡r♥❛❞❛♠❡♥t❡ ❞❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ♣❛r❛ ♦✉tr❛ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✻✶❪✮✳ ✳ ✸✷

✸✳✼ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ ❞❡ ♦♥❞❛ p ✭●rá✜❝♦ ❛❞✐♠❡♥s✐♦♥❛❧✮✳ ✸✼



✸✳✽ ✭❛✮ ❊♥❡r❣✐❛ ❝✐♥ét✐❝❛ ♣❛r❛ ✉♠ ❣ás ❞❡ ❡❧étr♦♥s ❧✐✈r❡s ✷❉ q✉❡ ❡①✐❜❡ s✉♣❡r❝♦♥❞✉t✐✈✐✲

❞❛❞❡ kx + iky✳ P❛r❛ µ
′
< 0 t❡♠♦s ❛ ❢❛s❡ tr✐✈✐❛❧ ✭❜✮ ❡ ♣❛r❛ µ

′
> 0 t❡♠♦s ❛ ❢❛s❡

t♦♣♦❧ó❣✐❝❛ ✭❝✮ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✹✶❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✸✳✾ ✭❛✮ ❯♠ s✉♣❡r❝♦♥❞✉t♦r t♦♣♦❧ó❣✐❝♦ q✉✐r❛❧ q✉❡ s✉♣♦rt❛ ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ♥❛

❜♦r❞❛ ❡♠ s❡✉s ❧✐♠✐t❡s ✐♥t❡r♥♦ ❡ ❡①t❡r♥♦✳ ✭❜✮ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ✈❡rs✉s ♦ ♠♦✲

♠❡♥t♦ ❛♥❣✉❧❛r n ♣❛r❛ ♦s ❡st❛❞♦s ✐♥t❡r♥♦ ✭✈❡r♠❡❧❤♦ ❝ír❝✉❧♦s✮ ❡ ❡st❛❞♦s ❞❡ ❛r❡st❛

❡①t❡r♥♦ ✭❝ír❝✉❧♦s ❛③✉✐s✮ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✭❛✮✳ ❆q✉✐ n ❛ss✉♠❡ ✈❛❧♦r❡s ❞❡ ♠❡✐♦ ✐♥✲

t❡✐r♦ ♣♦rq✉❡ ♦s ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ❡①✐❜❡♠ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❛♥t✐✲♣❡r✐ó❞✐❝❛s

♥♦ ❛♥❡❧✳ ❯♠ ✢✉①♦ ❞❡
hc

2e
♣❡r❢✉r❛ ❛ r❡❣✐ã♦ ❝❡♥tr❛❧ tr✐✈✐❛❧ ❝♦♠♦ ❡♠ ✭❝✮ ✐♥tr♦❞✉③

✉♠ ❝♦rt❡ ❞❡ r❛♠♦ ✭❧✐♥❤❛ ♦♥❞✉❧❛❞❛✮ q✉❡✱ q✉❛♥❞♦ ❝r✉③❛❞❛✱ ❧❡✈❛ ❛ ✉♠❛ ♠✉❞❛♥ç❛ ❞❡

s✐♥❛❧ ♣❛r❛ ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ♥❛ ❜♦r❞❛✳ ❖ ✢✉①♦✱ ♣♦rt❛♥t♦✱ ♠✉❞❛ ❛s ❝♦♥❞✐çõ❡s

❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ♣❡r✐ó❞✐❝♦ ❡ ♠✉❞❛ n ♣❛r❛ ✈❛❧♦r❡s ✐♥t❡✐r♦s✳ ■ss♦ ❧❡✈❛ ❛♦ ❡s♣❡❝tr♦

❡♠ ✭❞✮✱ q✉❡ ✐♥❝❧✉✐ ♦s ▼❩▼ γ1 ❡ γ2 ❧♦❝❛❧✐③❛❞♦s ❡♠ ❛s ❜♦r❞❛s ✐♥t❡r♥❛s ❡ ❡①t❡r♥❛s✳

❆ ❝♦♥✜❣✉r❛çã♦ ❞♦s ❞♦✐s ✈órt✐❝❡s ❡♠ ✭❡✮ s✉♣♦rt❛ ✉♠ ▼❩▼ ❧♦❝❛❧✐③❛❞♦ ❡♠ t♦r♥♦ ❞❡

❝❛❞❛ ♣✉❧s♦✱ ❡♥q✉❛♥t♦ ♦ ❧✐♠✐t❡ ❡①t❡r♥♦ ♣❡r♠❛♥❡❝❡ ❛❜❡rt♦ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✹✶❪✮✳ ✹✶

✹✳✶ ✭❛✮ ❉✐❛❣r❛♠❛ ❞❡ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r✱ ♦♥❞❡ |∆′

0| = |∆0|/|∆c| ❡ T
′
= T/Tc✳ ✭❜✮

❈♦♣♦rt❛♠❡♥t♦ ❞❛ |∆0|C/g ♣❛r❛ ✈❛❧♦r❡s ❞❡ Λ ♥ã♦ ♥❡❣❛t✐✈♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✹✳✷ ●rá✜❝♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s ♣❛r❛ ❞✐✈❡rs♦s ✈❛❧♦r❡s ❞❡ (µ , t ,∆)✳ ◆♦t❡ q✉❡

♣❛r❛ ✭❛✮ (−1 , 0.5 , 0.5) ❡ ✭❜✮ (1 , 0.5 , 0.5) t❡♠♦s ❞❡♥s✐❞❛❞❡ ♣♦s✐t✐✈❛ ❡ ♥❡❣❛t✐✈❛ ❝♦✲

❡①✐st✐♥❞♦ ✭❢❛s❡ t♦♣♦❧ó❣✐❝❛✮✱ ❡♥q✉❛♥t♦ ♣❛r❛ ✭❝✮ (−3 , 0.5 , 0.5) t❡♠♦s ❛♣❡♥❛s ❞❡♥s✐✲

❞❛❞❡ ♥❡❣❛t✐✈❛ ❡ ✭❞✮ (3 , 0.5 , 0.5) ❞❡♥s✐❞❛❞❡ ♣♦s✐t✐✈❛ ✭❢❛s❡ tr✐✈✐❛❧✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✹✳✸ ●rá✜❝♦ ❞♦ ❝❛❧♦r ❡s♣❡❝í✜❝♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭❛❞✐♠❡♥s✐♦♥❛❧✮✳ ❖ ❣rá✜❝♦

❡♠ ❛③✉❧ é ♦ ♥♦ss♦ r❡s✉❧t❛❞♦ ✭✹✳✷✾✮ ❡ ❡♠ ✈❡r♠❡❧❤♦ ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❛ r❡❢❡rê♥❝✐❛

❬✷✸❪✳ ❆♠❜♦s ❢♦r❛♠ ♣❧♦t❛❞♦s ❝♦♥s✐❞❡r❛♥❞♦ |∆0| = t = 1✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✹✳✹ ❊str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❡ ❛ ♣r✐♠❡✐r❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✉✐♥ ❞♦ Sr2RuO4 ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛

❬✻✸❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✹✳✺ ●rá✜❝♦ ❞♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ♠á①✐♠♦ ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡✲

r❛çã♦ ❡❧étr♦♥✲❡❧étr♦♥ ❡♠ ✉♥✐❞❛❞❡s ❞❡ eV ♣❛r❛ ♦ Sr2RuO4✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹



❙✉♠ár✐♦

✶ ■♥tr♦❞✉çã♦ ❡ ♠♦t✐✈❛çã♦ ✶✵

✷ ▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ✶✹

✷✳✶ ■♥tr♦❞✉çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✷✳✷ ▼♦❞♦s ❩❡r♦ ❞❡ ▼❛❥♦r❛♥❛ ♥❛ ❋ís✐❝❛ ❞♦ ❊st❛❞♦ ❙ó❧✐❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✸ ❊st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦✲❆❜❡❧✐❛♥❛ ❡ ❛♣❧✐❝❛çã♦ ❡♠ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ ✳ ✳ ✷✵

✸ ▼♦❞❡❧♦s ❡❢❡t✐✈♦s ♣❛r❛ ❙✉♣❡r❝♦♥❞✉t♦r❡s ✷✹

✸✳✶ ■♥tr♦❞✉çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✸✳✷ ❚❡♦r✐❛ ❇❈❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✸✳✸ ❙✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✸✳✹ ▼♦❞❡❧♦ ❞❡ ❈❛♠♣♦ ♠é❞✐♦ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ kx ± iky ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✹ P♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ♣❛r❛ ❙✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ ✹✷

✹✳✶ ❋♦r♠❛❧✐s♠♦ ❞❡ ✐♥t❡❣r❛✐s ❢✉♥❝✐♦♥❛✐s ♣❛r❛ P♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✹✳✷ ❉✐❛❣r❛♠❛s ❞❡ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r✱ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s✱ ❡♥tr♦♣✐❛ ❡ ❝❛❧♦r

❡s♣❡❝í✜❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✹✳✸ P❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦ ❝rít✐❝♦ gC ♣❛r❛ ♦ Sr2RuO4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✺ ❉✐s❝✉ssõ❡s✱ ❝♦♥❝❧✉sõ❡s ❡ ♣❡rs♣❡❝t✐✈❛s ✺✺

❆ ●r✉♣♦s ❞❡ P❡r♠✉t❛çã♦ ✺✼

❆✳✶ ❆ ✐♥❞✐st✐♥❣✉✐❜✐❧✐❞❛❞❡ ❞❡ P❛rtí❝✉❧❛s ✐❞ê♥t✐❝❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

❇ ❋♦r♠❛❧✐s♠♦ ❞❡ ▼❛ts✉❜❛r❛ ✻✵

❘❡❢❡rê♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦ ❡ ♠♦t✐✈❛çã♦

❖ ❛❞✈❡♥t♦ ❞❛ t❡♦r✐❛ q✉â♥t✐❝❛ ❛❜r✐✉ ✉♠ ❧❡q✉❡ ❞❡ r❡✈❡❧❛çõ❡s q✉❡ ✈ã♦ ❞❡s❞❡ ❛ ❡①♣❧✐❝❛çã♦

♣❛r❛ ❢❡♥ô♠❡♥♦s ❝♦♠♦ ♦ ❡❢❡✐t♦ ❢♦t♦❡❧étr✐❝♦ ❛té ❛ ❞❡s❝♦❜❡rt❛ ❞❡ ♥♦✈❛s ♣❛rtí❝✉❧❛s ❢✉♥❞❛♠❡♥✲

t❛✐s✳ ❊♠ ❡s♣❡❝✐❛❧✱ ❛ ❢♦r♠✉❧❛çã♦ ❞❡ ❉✐r❛❝ ❞❛ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛ ♥♦s r❡✈❡❧♦✉ q✉❡ ❛❧é♠

❞❛s ♣❛rtí❝✉❧❛s✱ ❡①✐st❡ t❛♠❜é♠ ❛s ❛♥t✐♣❛rtí❝✉❧❛s✳ ❉❡ ❛❧❣✉♠ ♠♦❞♦✱ ♥♦ ✐♥í❝✐♦ ❞♦ ❯♥✐✈❡rs♦ ❛

s✐♠❡tr✐❛ ❞❡ P❛r✐❞❛❞❡✲❈❛r❣❛ ✭P❈✮ ❬✶❪ ❢♦✐ ✈✐♦❧❛❞❛ ❡ ❛❝❛rr❡t♦✉ ♥❛ ❛ss✐♠❡tr✐❛ ❡♥tr❡ ♠❛tér✐❛

✭❢♦r♠❛❞❛ ♣♦r ♣❛rtí❝✉❧❛s✮ ❡ ❛♥t✐♠❛tér✐❛ ✭❢♦r♠❛❞❛ ♣♦r ❛♥t✐✲♣❛rtí❝✉❧❛s✮✱ ❝♦♠ ✉♠❛ ♠❛✐♦r

q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛tér✐❛✳ ❊tt♦r❡ ▼❛❥♦r❛♥❛ ♣r♦♣ôs ✉♠❛ ♣❛rtí❝✉❧❛ ❡①ót✐❝❛ q✉❡ s❡r✐❛ ❛ s✉❛

♣ró♣r✐❛ ❛♥t✐♣❛rtí❝✉❧❛✳ ❚❛❧ ♣❛rtí❝✉❧❛ r❡❝❡❜❡✉ ♦ ♥♦♠❡ ❞❡ ❋ér♠✐♦♥ ❞❡ ▼❛❥♦r❛♥❛ ✭❋▼✮✳ ❆

s✉❛ ❡①✐stê♥❝✐❛ s❡r✐❛ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❡①♣❧✐❝❛r ❛ ❛♥t✐ss✐♠❡tr✐❛ ❞❡ ♠❛tér✐❛ ❡ ❛♥t✐♠❛tér✐❛

♥♦ ❯♥✐✈❡rs♦ ❬✷❪✳

❊♠❜♦r❛ ❋▼ ♥ã♦ ❢♦r❛♠ ❞❡t❡❝t❛❞♦s ❛té ♦s ❞✐❛s ❛t✉❛✐s✱ ❛ s✉❛ r❡❛❧✐③❛çã♦ ♥❛ ❋ís✐❝❛ ❞♦

❊st❛❞♦ ❙ó❧✐❞♦ ❝♦♠♦ ❢❡♥ô♠❡♥♦ ❡♠❡r❣❡♥t❡ ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞♦ ♣♦r ❞✐✈❡rs♦s ♣❡sq✉✐s❛❞♦r❡s

❬✸✱ ✹✱ ✺❪✳ ❊①✐st❡♠ ❤♦❥❡ ❞✐✈❡rs❛s ♣r♦♣♦st❛s ❞❡ s✐st❡♠❛s q✉❡ ❡ss❛s ♣❛rtí❝✉❧❛s ❡♠❡r❣❡♥t❡s

♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞❛s ❬✼✱ ✽✱ ✾❪✳ ❆♣❡s❛r ❞❛ ❞❡t❡❝çã♦✱ ❋▼ ❡♠❡r❣❡♥t❡ ♣♦❞❡r s❡r ❝♦♥❢✉♥❞✐❞♦s

❝♦♠ ❡st❛❞♦s ❧✐❣❛❞♦s ❞❡ ❆❞r❡❡✈✳ P♦ré♠ ❥á ❡①✐st❡♠ ♣r♦♣♦st❛s ♣❛r❛ ❝♦♥t♦r♥❛r ♦ ♣r♦❜❧❡♠❛

❬✶✵❪✳ ❊①✐st❡♠ t❛♠❜é♠ ♣r♦♣♦st❛s ♣❛r❛ ♠❛♥✐♣✉❧❛r ❋▼ ❡♠❡r❣❡♥t❡s ❡♠ s✐st❡♠❛s ❝♦♠♦✱ ♣♦r

❡①❡♠♣❧♦✱ s✉♣❡r❝♦♥❞✉t♦r❡s ❬✶✷✱ ✶✸✱ ✶✹❪✳ ❖✉tr♦ s✐st❡♠❛ q✉❡ ♣♦❞❡ ❡♠❡❣✐r ❋▼ é ✉♠ s✉♣❡r✲

❝♦♥❞✉t♦r ❝♦♥✈❡♥❝✐♦♥❛❧ ♦♥❞❛✲s ❜✐❞✐♠❡♥❝✐♦♥❛❧ ❛❝♦♣❧❛❞♦ ❛ ■s♦❧❛♥t❡ ❚♦♣♦❧ó❣✐❝♦ ✸❉✳ ▲♦❝❛❧✐③❛r

❡ ♠♦✈❡r ✉♠ ❋▼ ❡♠❡r❣❡♥t❡ é ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛♣❧✐❝❛çõ❡s t❡❝♥♦❧ó❣✐❝❛s✱ ❡♠ ❡s♣❡❝✐❛❧

♣❛r❛ ❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛✳ ❋ér♠✐♦♥s ❞❡ ▼❛❥♦r❛♥❛ ❡♠❡r❣❡♥t❡s sã♦ q✉❛s✐♣❛rtí❝✉❧❛s ❡

r❡❝❡❜❡♠ ♦ ♥♦♠❡ ❞❡ ▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛✳

▼♦❞♦s ❩❡r♦ ❞❡ ▼❛❥♦r❛♥❛ ✭▼❩▼✮ sã♦ q✉❛s✐♣❛rtí❝✉❧❛s ❞❡ ❡♥❡r❣✐❛ ♥✉❧❛ ❡ t❡♦r✐❝❛♠❡♥t❡

♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ❡♠ ❛❧❣✉♥s s✐st❡♠❛s s✉♣❡r❝♦♥❞✉t♦r❡s ❬✹✱ ✶✶❪✱ q✉❡ sã♦ ♠❛t❡r✐❛✐s

♣♦ss✉✐♥❞♦ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ✐♥trí♥s❡❝❛ q✉❡✱ q✉❛♥❞♦ r❡s❢r✐❛❞♦ ❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✶✱ ❝♦♥✲

❞✉③❡♠ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ s❡♠ q✉❛❧q✉❡r r❡s✐stê♥❝✐❛ ✭❋✐❣✉r❛ ✶✳✶✮✳ ❯♠ ♠❛t❡r✐❛❧ ♥♦ ❡st❛❞♦

s✉♣❡r❝♦♥❞✉t♦r é ❞✐❢❡r❡♥t❡ ❞❡ ✉♠ ❝♦♥❞✉t♦r ♣❡r❢❡✐t♦✳ ◆♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r✱ ♦ ♠❛t❡r✐❛❧

✶❆ ♦r❞❡♠ ❞❡ss❛ t❡♠♣❡r❛t✉r❛ s❡rá ❞✐s❝✉t✐❞❛ ❛♦ ❧♦♥❣♦ ❞♦ ❝❛♣ít✉❧♦ ✸✳

✶✵



✶✶

♣♦ss✉✐ ✉♠ ✢✉①♦ ♠❛❣♥ét✐❝♦ q✉❡ ❜❧✐♥❞❛✱ ♥♦ s❡✉ ✐♥t❡r✐♦r✱ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡①t❡r♥♦s ❛té

✉♠ ❝❛♠♣♦ ❝rít✐❝♦✱ ❡♥q✉❛♥t♦ ❡♠ ❝♦♥❞✉t♦r❡s ♣❡r❢❡✐t♦s ✐st♦ ♥ã♦ ❛❝♦♥t❡❝❡✳ ❊st❡ ❢❡♥ô♠❡♥♦ é

❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❡❢❡✐t♦ ▼❡✐ss♥❡r✳

❋✐❣✉r❛ ✶✳✶✿ ●rá✜❝♦ ❞❛ r❡s✐st✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

♠❡tá❧✐❝♦ ✭✈❡r♠❡❧❤♦✮ ❡ s✉♣❡r❝♦♥❞✉t♦r ✭❛③✉❧✮✳

❈♦♠♦ ❛s tr❛♥s✐çõ❡s ❞❡ ❢❛s❡ ✉s✉❛✐s ✭só❧✐❞♦✱ ❧✐q✉✐❞♦ ❡ ❣❛s♦s♦✮✱ ♠❛t❡r✐❛✐s ♣♦❞❡♠ s♦❢r❡r

tr❛♥s✐çõ❡s ❞❡ ❢❛s❡ q✉❛♥t♦ ❛ r❡s✐st✐✈✐❞❛❞❡ ❡❧ét✐❝❛ ✭s❡ ❡❧❛ é ♥✉❧❛ ♦✉ ♥ã♦✮✳ ❆ss✐♠ t❡♠♦s ❞✉❛s

❢❛s❡s ✭♦✉ ❡st❛❞♦s✮✿ ❛ s✉♣❡r❝♦♥❞✉t♦r❛ ❡ ❛ ♥♦r♠❛❧✳ ❉❡st❛ ❢♦r♠❛✱ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ é

✉♠❛ ❢❛s❡ ❞❛ ♠❛tér✐❛ ❡ ♥ã♦ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ♠❛t❡r✐❛❧ ✷✳ ❊ss❛s tr❛♥s✐çõ❡s ❞❡ ❢❛s❡✱ ❝♦♠♦

❛ ❞❛ á❣✉❛✱ ❡stã♦ ✐♥t✐♠❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞❛s à q✉❡❜r❛s ❞❡ s✐♠❡tr✐❛ ❞♦ s✐st❡♠❛✱ ❡①♣❧✐❝❛❞♦

♣❡❧❛ t❡♦r✐❛ ❞❡ ▲❛♥❞❛✉✲●✉✐♥③❜✉❣✳ ❆ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r❛ ♣♦ss✉✐ ✉♠ ♠❛✐♦r ♦r❞❡♥❛♠❡♥t♦

❞♦s ❡❧étr♦♥s ❢♦r♠❛♥❞♦ ♣❛r❡s ❝♦♠ r❡❧❛çã♦ ❛ ❢❛s❡ ♥♦r♠❛❧✳ P♦ré♠✱ ♣♦❞❡ ❡①✐st✐r ❞❡♥tr♦ ❞♦

❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r ❢❛s❡s q✉❡ ♥ã♦ ♣♦❞❡♠ s❡r r❡❧❛❝✐♦♥❛❞❛s ❛ q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛✱ ♠❛s

❝♦♠ ❛ ♠✉❞❛♥ç❛ ❞❛ t♦♣♦❧♦❣✐❛✳

❆ ✐❞❡✐❛ ❞❡ t♦♣♦❧♦❣✐❛ ❛q✉✐ ♣♦ss✉✐ s❡♠❡❧❤❛♥ç❛s ❝♦♠ ♦ ❝♦♥❝❡✐t♦ ❡♠ ♠❛t❡♠át✐❝❛✱ ❝✉❥♦

r❛♠♦ s❡ ❞❡❞✐❝❛ ❛♦ ❡st✉❞♦ ❞❡ ❝❛r❛❝t❡ríst✐❝❛s ♣r❡s❡r✈❛❞❛s ♥♦s ❡s♣❛ç♦s ♣♦r ✉♠❛ tr❛♥s❢♦r✲

♠❛çã♦ ❝♦♥tí♥✉❛✳ ❯♠ ❡①❡♠♣❧♦ é ❞❡❢♦r♠❛r♠♦s ✉♠❛ r♦sq✉✐♥❤❛ ✭t♦ró✐❞❡✮ ❡♠ ✉♠❛ ❝❛♥❡❝❛

✭❋✐❣✉r❛ ✶✳✷✮✳ ◆❡st❛ s✐t✉❛çã♦ ❛ ❝❛r❛❝t❡ríst✐❝❛ ♣r❡s❡r✈❛❞❛ é ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ✧❜✉r❛❝♦✧✭❞❛

❛❧ç❛ ❞❛ ❝❛♥❡❝❛ ❡ ❞♦ ❝❡♥tr♦ ❞❛ r♦sq✉✐♥❤❛✮✳ ❆ ❝❛r❛❝t❡ríst✐❝❛ ♣r❡s❡r✈❛❞❛ ❡stá r❡❧❛❝✐♦♥❛❞❛

❛♦ q✉❡ ❝❤❛♠❛♠♦s ❞❡ ✐♥✈❛r✐❛♥t❡ t♦♣♦❧ó❣✐❝♦✳ ◗✉❛♥❞♦ ♦ ✐♥✈❛r✐❛♥t❡ t♦♣♦❧ó❣✐❝♦ ♠✉❞❛ ❞❡ ✉♠

❡s♣❛ç♦ ♣❛r❛ ♦ ♦✉tr♦ ♣♦r ✉♠❛ tr❛♥s❢♦r♠❛çã♦✱ ❞✐③❡♠♦s q✉❡ ♦s ❡s♣❛ç♦s sã♦ t♦♣♦❧♦❣✐❝❛♠❡♥t❡

❞✐st✐♥t♦s✱ ♦✉ s❡❥❛ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❛♥❛❧✐s❛❞❛ ♠✉❞♦✉ ❞❡ ✉♠ ❡s♣❛ç♦ ♣❛r❛ ♦ ♦✉tr♦✳ ◆❛ ❋ís✐❝❛

❞❛ ▼❛tér✐❛ ❈♦♥❞❡♥s❛❞❛✱ ❛ t♦♣♦❧♦❣✐❛ ❡stá r❡❧❛❝✐♦♥❛❞❛✱ ♣♦r ❡①❡♠♣❧♦✱ ❛ ♠✉❞❛♥ç❛ ❞❡ ✉♠

✐♥✈❛r✐❛♥t❡ t♦♣♦❧ó❣✐❝♦ q✉❛♥❞♦ ❞❡❢♦r♠❛♠♦s ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❛❞✐❛❜❛t✐❝❛♠❡♥t❡ ❛❜r✐♥❞♦ ❡ ❢❡✲

❝❤❛♥❞♦ ♦ ❣❛♣✳ ❙❡ ❤♦✉✈❡r ✉♠❛ ♠✉❞❛♥ç❛ ❞❡ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❛♣ós ♦ ❢❡❝❤❛♠❡♥t♦ ❞♦ ❣❛♣

❞✐③❡♠♦s q✉❡ ❛s ❢❛s❡s sã♦ t♦♣♦❧♦❣✐❝❛♠❡♥t❡ ❞✐st✐♥t❛s✳ ❆ss✐♠✱ ♥❛ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r❛✱ ♣♦❞❡✲

♠♦s t❡r ❛ ❢❛s❡ tr✐✈✐❛❧ ❡ ❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✳ ▼❩▼ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ♥❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✱

❞❡st❛ ❢♦r♠❛ é ✐♠♣♦rt❛♥t❡✱ s♦❜r❡t✉❞♦✱ ✐❞❡♥t✐✜❝❛r ❛ ❢❛s❡ tr✐✈✐❛❧ ❡ s✉♣❡r❝♦♥❞✉t♦r❛ ❞❡ss❡s

✷▼❛t❡r✐❛✐s ♣♦❞❡♠ t❡r ❛ ❝❛r❛❝t❡ríst✐❝❛ ♥❛ ❢❛s❡ ♥♦r♠❛❧✱ ♣♦r ❡①❡♠♣❧♦✱ ❞❡ s❡r ✐s♦❧❛♥t❡✱ ❝♦♥❞✉t♦r ♦✉

s❡♠✐❝♦♥❞✉t♦r✳ ❊①✐st❡♠ ♠❛t❡r✐❛✐s ❝❡râ♠✐❝♦s q✉❡ ♣♦ss✉❡♠ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ s❡r ✐s♦❧❛♥t❡ ♥❛ ❢❛s❡ ♥♦r♠❛❧

❡ s♦❢r❡r tr❛♥s✐çã♦ ♣❛r❛ ❛ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r❛
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s✐st❡♠❛s✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦ é ❢❡✐t❛ ❛tr❛✈és ❞♦ ❈❤❡r♥ ◆✉♠❜❡r ✭❈◆✮✱ q✉❡ é ✐♥✈❛r✐❛♥t❡ s❡ ❛s

❢❛s❡s sã♦ t♦♣♦❧♦❣✐❝❛♠❡♥t❡ ❡q✉✐✈❛❧❡♥t❡s✳ ❆ ♠✉❞❛♥ç❛ ❞♦ ❈◆ ❡stá ✐♥t✐♠❛♠❡♥t❡ ❧✐❣❛❞❛ ❛♦s

❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s ❞♦ s✐st❡♠❛✳ ❙✉♣❡r❝♦♥❞✉t♦r❡s ❝♦♠ tr❛♥s✐çã♦

❞❡ ❢❛s❡ ❞❡ ♦r❞❡♠ t♦♣♦❧ó❣✐❝❛ sã♦ ❝❤❛♠❛❞♦s ❞❡ ❙✉♣❡r❝♦♥❞✉t♦r❡s ❚♦♣♦❧ó❣✐❝♦s ✭❙❚✮❬✶✺❪✳

❋✐❣✉r❛ ✶✳✷✿ ❯♠❛ ❝❛♥❡❝❛ s❡♥❞♦ ❞❡❢♦r♠❛❞❛ ❡♠ ✉♠❛ r♦sq✉✐♥❤❛ ♣r❡s❡r✈❛♥❞♦ ♦ ❜✉r❛❝♦ ✭❋♦♥t❡✿

r❡❢❡rê♥❝✐❛ ❬✶✶❪✮✳

❊st❡ tr❛❜❛❧❤♦ t❡♠ ♣♦r ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❡st✉❞❛r ❛ ❡♠❡r❣ê♥❝✐❛ ❞❡ ▼♦❞♦s ❩❡r♦ ❞❡

▼❛❥♦r❛♥❛ ❡♠ s✐st❡♠❛s ❙✉♣❡r❝♦♥❞✉t♦r❡s ◗✉✐r❛✐s ✭❙◗✮✳ ◆♦ r❡❣✐♠❡ r❡❧❛t✐✈íst✐❝♦ ♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞❛ ❜❛♥❞❛ ❞❡ ❡♥❡r❣✐❛ ❞❡ ♣❛rtí❝✉❧❛s ❧✐✈r❡s é ✉♠❛ ❞✐s♣❡rsã♦ ❧✐♥❡❛r✳ ❱❡r❡♠♦s q✉❡ ❡♠

s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s ❜✐❞✐♠❡♥s✐♦♥❛✐s ❞❡ ♦♥❞❛ p ❝♦♠ ❡st❛❞♦ tr✐♣❧❡t♦ ♣✉r♦✱ ♥♦ ❧✐♠✐t❡ ❞❡

❜❛✐①❛s ❡♥❡r❣✐❛s✱ ♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ♣♦ss✉✐ ❞✐s♣❡rsã♦ ❧✐♥❡❛r✱ s❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ♦❝♦rr❡

♥♦ ❣r❛❢❡♥♦ ❬✶✼❪✳ ❆ss✐♠✱ ❡①❝✐t❛çõ❡s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛ ✭q✉❛s✐♣❛rtí❝✉❧❛s✮ s❡ ❝♦♠♣♦rt❛♠ ❝♦♠♦

♣❛rtí❝✉❧❛s ❧✐✈r❡s✳ P♦ré♠✱ ▼❩▼ ♣♦r s❡r❡♠ ❡①❝✐t❛çõ❡s ❞❡ ❡♥❡r❣✐❛ ③❡r♦ sã♦ ❡st❛❞♦s ❧✐❣❛❞♦s

❬✶✽❪✳ ❆❧é♠ ❞✐ss♦✱ q✉❡r❡♠♦s ♦❜t❡r ❛s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❞♦ s✐st❡♠❛ ♥❛ ❢❛s❡

t♦♣♦❧ó❣✐❝❛ ❡ tr✐✈✐❛❧✱ ❝♦♠♦ ❡♥tr♦♣✐❛✱ ❞❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞❡ ♣❛rtí❝✉❧❛s ❡ ♦ ♣❛râ♠❡tr♦ s✉♣❡r✲

❝♦♥❞✉t♦r ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✳ ❚♦❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ❝✐t❛❞❛s ♣♦❞❡♠ s❡r ❞❡r✐✈❛❞❛s

❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ q✉❡✱ ❡♠ ♥♦ss❛ ♣r♦♣♦st❛✱ ❝❛❧❝✉❧❛♠♦s ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ■♥t❡❣r❛❧

❋✉♥❝✐♦♥❛❧ ❬✶✻❪✳ ❖s ❝❛♣ít✉❧♦s ✷ ❡ ✸ tr❛③ ✉♠❛ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ ❞❡ ❝♦♥❝❡✐t♦s ❡ r❡s✉❧t❛❞♦s

❥á ♣r❡s❡♥t❡s ♥❛ ❧✐t❡r❛t✉r❛✳ ◆♦ ❝❛♣ít✉❧♦ ✹✱ sã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ♦r✐❣✐♥❛✐s ❞♦ tr❛❜❛❧❤♦

❞❡s❡♥✈♦❧✈✐❞♦ ❛♦ ❧♦♥❣♦ ❞♦ ♠❡str❛❞♦✳

■♥✐❝✐❛♠♦s ❛ ❞✐s❝✉ssã♦ ♥♦ ❈❛♣ít✉❧♦ ✷ ❝♦♠ ❛ ❞❡✜♥✐çã♦ ❡ ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❋ér♠✐♦♥s ❞❡

▼❛❥♦r❛♥❛ ❝♦♠♦ ♣❛rtí❝✉❧❛ ❢✉♥❞❛♠❡♥t❛❧ ❡✱ ❛ ♣❛rt✐r ❞❛í✱ tr❛♥s♣♦rt❛♠♦s ❛s ✐❞❡✐❛s ❞♦ ♠♦❞❡❧♦

♣❛❞rã♦ ♣❛r❛ ❛ ❋ís✐❝❛ ❞❛ ▼❛tér✐❛ ❈♦♥❞❡♥s❛❞❛✳ ❉✐s❝✉t✐♠♦s q✉❡ ❡♠ s✐st❡♠❛s ❝♦♠ ✐❣✉❛✐s

❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s ♣♦❞❡♠♦s ❡♥❝♦♥tr❛r ♦ ❛♥á❧♦❣♦ ❛♦ ❋ér♠✐♦♥ ❞❡

▼❛❥♦r❛♥❛✳ ❉✐s❝✉t✐♠♦s t❛♠❜é♠✱ q✉❡ ❡ss❡s ▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛✱ q✉❛♥❞♦ ♣♦ss✉❡♠ ❡♥❡r❣✐❛

③❡r♦✱ ♦❜❡❞❡❝❡♠ ❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦ ❆❜❡❧✐❛♥❛✱ ❛s q✉❛✐s sã♦ ❝❤❛♠❛❞❛s ❞❡ ▼♦❞♦s ❩❡r♦

❞❡ ▼❛❥♦r❛♥❛ ✭▼❩▼✮✳ ◆❛ ú❧t✐♠❛ s❡çã♦ ❞♦ ❈❛♣ít✉❧♦ ✷✱ tr❛③❡♠♦s ✉♠❛ ❛♣❧✐❝❛çã♦ ❡♥✈♦❧✈❡♥❞♦

▼❩▼✳ ❚❛✐s ♣❛rtí❝✉❧❛s tr❛r✐❛♠ ✉♠❛ r❡✈♦❧✉çã♦ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠❛ ❝♦♠♣✉t❛çã♦

t♦♣♦❧ó❣✐❝❛✳ ❉✐s❝✉t✐♠♦s ❞❡ ❢♦r♠❛ ❜r❡✈❡ ❛❧❣✉♥s ❛s♣❡❝t♦s ✐♥t❡r❡ss❛♥t❡s ❞♦ ✉s♦ ❞❡ ▼❩▼ ♥❛

❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ t♦♣♦❧ó❣✐❝❛✳

◆♦ ❈❛♣ít✉❧♦ ✸✱ ✈♦❧t❛♠♦s ♥♦ss♦s ♦❧❤❛r❡s ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❡ s✐st❡♠❛s s✉♣❡r❝♦♥✲

❞✉t♦r❡s✳ ❆♣r❡s❡♥t❛♠♦s ❛ t❡♦r✐❛ ❇❈❙✱ q✉❡ trás ✉♠❛ ❡①♣❧✐❝❛çã♦ ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s
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♣❛r❛ ♦ ❢❡♥ô♠❡♥♦ ❞❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✳ ❙✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s✱ ♣♦r q✉❡❜r❛r❡♠ ❡s♣♦♥✲

t❛♥❡❛♠❡♥t❡ ❛ ❙✐♠❡tr✐❛ ❞❡ ❘❡✈❡rsã♦ ❚❡♠♣♦r❛❧ ✭❙❘❚✮✱ ♥ã♦ ♣♦❞❡♠ s❡r ❞❡ ♦♥❞❛ s ❬✹❪✳ ❊♠

s❡❣✉✐❞❛ ❞✐s❝✉t✐♠♦s ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ❇♦❣♦❧✐✉❜♦✈✕❞❡ ●❡♥♥❡s ✭❇❞●✮ ♥❛ ❜❛s❡ ❞❡ ▼❛❥♦r❛♥❛✱

♣❛rt✐♥❞♦ ❞❛ ❜❛s❡ ❡❧❡trô♥✐❝❛✱ ❡ ❛ss✐♠✱ ♦❜t❡♠♦s ♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞❛s q✉❛s✐♣❛rtí❝✉❧❛s✳

❉✐s❝✉t✐♠♦s ❡♠ q✉❛✐s ❝♦♥❞✐çõ❡s ❡①✐st❡♠ ✐♥❞í❝✐♦s ❞❡ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❞❡ ♦r❞❡♠ t♦♣♦❧ó❣✐❝❛✱

❡ ❡♠ s❡❣✉✐❞❛ r❡❛❧✐③❛♠♦s ✉♠❛ ♣❡q✉❡♥❛ ❞✐s❝✉ssã♦ ♣❛r❛ ❝❛❧❝✉❧❛r ♦ ❈◆ ♣❛r❛ ❛s ❞✐❢❡r❡♥t❡s

❢❛s❡s ❡✱ ❛ss✐♠✱ ✈❡r✐✜❝❛♠♦s ❡ss❛s tr❛♥s✐çõ❡s ❞❡ ❢❛s❡✳

◆♦ ❈❛♣ít✉❧♦ ✹ ❛♣r❡s❡♥t❛♠♦s ♦ ❢♦r♠❛❧✐s♠♦ ❞❡ ✐♥t❡❣r❛✐s ❢✉♥❝✐♦♥❛✐s ❡ ♦ ❝á❧❝✉❧♦ ❞♦ ♣♦t❡♥✲

❝✐❛❧ ❡❢❡t✐✈♦✳ ❆ ♣❛rt✐r ❞❡ss❡ r❡s✉❧t❛❞♦ ♦❜t❡♠♦s ❛ r❡❧❛çã♦ ❡♥tr❡ ♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r

❡ ❛ t❡♠♣❡r❛t✉r❛✳ ❈❛❧❝✉❧❛♠♦s t❛♠❜é♠ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛ ♣❛r❛ ❝♦rr♦❜♦r❛r ♥♦ss♦

r❡s✉❧t❛❞♦ ❝♦♠ ❛ ♣r❡✈✐sã♦ t❡ór✐❝❛ ❞❡ q✉❡ ♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ t❡♠♦s ❛ ❝♦❡①✐stê♥❝✐❛ ❞❡

❡❧étr♦♥s ❡ ❜✉r❛❝♦s✱ ❡♥q✉❛♥t♦ ♥❛ ❢❛s❡ tr✐✈✐❛❧ t❡♠♦s ❛♣❡♥❛s ❡❧étr♦♥s ♦✉ ❛♣❡♥❛s ❜✉r❛❝♦s✳

❚r❛③❡♠♦s ♦ ❝á❧❝✉❧♦ ❞❛ ❡♥tr♦♣✐❛ ❡ ❞♦ ❝❛❧♦r ❡s♣❡❝í✜❝♦ q✉❡✱ ♥♦ ♥♦ss♦ ❝❛s♦✱ ✐♥t❡r♣r❡t❛♥❞♦ ♦

♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❝♦♠♦ ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞♦ s✐st❡♠❛✱ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s ♥❡ss❛s ❢✉♥çõ❡s r❡♣r❡✲

s❡♥t❛♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ tr❛♥s✐çõ❡s ❞❡ ❢❛s❡ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ♦r❞❡♠✳ ❈♦♠♣❛r❛♠♦s

♦s r❡s✉❧t❛❞♦s ❝♦♠ ♦s ❥á ♣r❡s❡♥t❡s ♥❛ ❧✐t❡r❛t✉r❛ ❬✷✸❪✳ ❯t✐❧✐③❛♠♦s ♥♦ss♦s ❝á❧❝✉❧♦s ♣❛r❛ ♦

❘✉t❡♥❛t♦ ❞❡ ❊strô♥❝✐♦ ✭Sr2RuO4✮✱ q✉❡ é ✉♠ ♠❛t❡r✐❛❧ q✉❡ ❡①✐❜❡ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❞❡

♦♥❞❛ p q✉✐r❛❧ ♥♦ ♣❧❛♥♦ RuO2 ❬✹❪✱ ♣❛r❛ ✈❡r✐✜❝❛r s❡ ❛ ❡①♣r❡ssã♦ ♦❜t✐❞❛ ♣❛r❛ ♦ ♣❛râ♠❡tr♦ ❞❡

✐♥t❡r❛çã♦ q✉❡ ❡stã♦ ❡♠ ❝♦♥❢♦r♠✐❞❛❞❡ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❛❧é♠ ❞❡ ♦❢❡r❡❝❡r

✉♠ r❡s✉❧t❛❞♦ q✉❡ ♣❡r♠✐t❡ ❞✐③❡r q✉❛❧ é ♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦ ♠í♥✐♠♦ ♣❛r❛ q✉❡ ❤❛❥❛

s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❡♠ ✉♠ s✐st❡♠❛ q✉✐r❛❧ ❞❡ ♦♥❞❛✲p✳

P♦r ✜♠✱ ♥♦ ❈❛♣ít✉❧♦ ✺✱ tr❛③❡♠♦s ❛s ❞✐s❝✉ssõ❡s s♦❜r❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡ ❛♣r❡s❡♥✲

t❛♠♦s ❛❧❣✉♠❛s ♣❡rs♣❡❝t✐✈❛s ❞❡ tr❛❜❛❧❤♦s✱ ❝♦♠♦ ♦ ❡st✉❞♦ ❞❛ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ▼❩▼ ❡♠

❞✐✈❡rs♦s s✐st❡♠❛s s✉♣❡r❝♦♥❞✉t♦r❡s t♦♣♦❧ó❣✐❝♦s ❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠é♠♦r✐❛s ❜❛s❡❛❞❛s

❡♠ ▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛✳

❉❡ ♠♦❞♦ ❛ ♥ã♦ t♦r♥❛r ❛ ♥♦t❛çã♦ ♠✉✐t♦ ❝❛rr❡❣❛❞❛✱ ❛❞♦t❛r❡♠♦s ❛❧❣✉♠❛s ❝♦♥✈❡♥✐ê♥❝✐❛s✳

❆s ♠❛tr✐③❡s ❞❡ ❉✐r❛❝ s❡rã♦ r❡♣r❡s❡♥t❛❞❛s ♣♦r γ(i) ❝♦♠ ♦ í♥❞✐❝❡ ♥❛ ♣❛rt❡ s✉♣❡r✐♦r✱ ❡♥q✉❛♥t♦

♦s ♦♣❡r❛❞♦r❡s ❞❡ ▼❛❥♦r❛♥❛ sã♦ r❡♣r❡s❡♥t❛❞♦s ❝♦♠ ♦ í♥❞✐❝❡ ♥❛ ♣❛rt❡ ✐♥❢❡r✐♦r γm✳ ❆s

♠❛tr✐③❡s ❞❡ P❛✉❧✐ s❡rã♦ r❡♣r❡s❡♥t❛❞❛s ♣♦r σ(i) ❡ σ s❡♠ ♦ í❞✐❝❡ r❡♣r❡s❡♥t❛ ♦ s♣✐♥✳ ❖ ✈❡t♦r

❞❡ ♦♥❞❛ s❡rá ❞❡♥♦t❛❞♦ ♣♦r ❛♣❡♥❛s k✱ s❡♥❞♦ ❛ss✐♠ q✉❛♥❞♦ ❤♦✉✈❡r ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞✐st✐♥❣✉✐r

❛s ❝♦♠♣♦♥❡♥t❡s s❡rá ✉s❛❞♦ ❛ ♥♦t❛çã♦ kx✳ ❆s ❝♦♥st❛♥t❡s ❞❡ P❧❛♥❝❦ ~✱ ❞❡ ❇♦❧t③♠❛♥♥ kB ❡

❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ c ❢♦r❛♠ t♦♠❛❞❛s ❝♦♠♦ ❛ ✉♥✐❞❛❞❡ ❛♦ ❧♦♥❣♦ ❞♦s ❝á❧❝✉❧♦s✳ ❆s ✉♥✐❞❛❞❡s

❞❡ ♠❡❞✐❞❛✱ q✉❛♥❞♦ ❛♣❛r❡❝❡♠✱ ❡stã♦ ♥♦ s✐st❡♠❛ ❙✳■✳



❈❛♣ít✉❧♦ ✷

▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛

✷✳✶ ■♥tr♦❞✉çã♦

❊♠ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛ ✉♠❛ ♣❛rtí❝✉❧❛ é ❞❡s❝r✐t❛ ♣♦r ✉♠ ❡st❛❞♦ |Ψ〉✳ ❈❛s♦ ❡st✐✈❡r✲

♠♦s ❡♠ ✉♠ r❡❣✐♠❡ ♥ã♦ r❡❧❛t✐✈íst✐❝♦ ♣♦❞❡♠♦s ♦❜t❡r ❛ ❞✐♥â♠✐❝❛ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ❞❡

❙❝❤rö❞✐♥❣❡r✿

HSchr |Ψ〉 =
(

♣2

2m
+ V (①)

)

|Ψ〉 = i~∂t |Ψ〉 , ✭✷✳✶✮

♦♥❞❡ ♣ é ♦ ♦♣❡r❛❞♦r ♠♦♠❡♥t♦ ❡ ① ♦ ♦♣❡r❛❞♦r ♣♦s✐çã♦✳

❖✉tr♦r❛✱ ❡♠ r❡❣✐♠❡ r❡❧❛t✐✈íst✐❝♦✱ ❛ ❞❡s❝r✐çã♦ ♠❛✐s ❝♦rr❡t❛ ♣❛r❛ ♣❛rtí❝✉❧❛s ❞❡ s♣✐♥ 1
2
s❡

❛♣r❡s❡♥t❛ ❛tr❛✈és ❞❛ ❡q✉❛çã♦ ❞❡ ❉✐r❛❝✱ ❞❛❞❛ ♣♦r✿

HDirac |Ψ〉 = (α · p+ βm) |Ψ〉 = i~∂t |Ψ〉 , ✭✷✳✷✮

♦♥❞❡ α ❡ β sã♦ ♠❛tr✐③❡s q✉❡ ♥ã♦ ❝♦♠✉t❛♠ ❡ ♦❜❞❡❝❡♠

{αi, αj} = 2δij

❡

{αi, β} = 0 .

❆ ❡q✉❛çã♦ ❞❡ ❉✐r❛❝ ♦❜❡❞❡❝❡ ❛ ❝❡rt❛s ❡①✐❣ê♥❝✐❛s✿

✶✳ ❉❡✈❡ s❡r ❝♦✈❛r✐❛♥t❡ s♦❜r❡ ❛s tr❛♥s❢♦r♠❛çõ❡s ❞❡ ▲♦r❡♥t③❀

✷✳ ❉❡✈❡ ❞❛r ❛ r❡❧❛çã♦ ❝♦rr❡t❛ ❡♥tr❡ ❡♥❡r❣✐❛ ❡ ♠♦♠❡♥t♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ❛❜❛✐①♦ ♣❛r❛

✉♠❛ ♣❛rtí❝✉❧❛ ❧✐✈r❡✿

E2 = p2c2 +m2c4 .

✶✹



✶✺

✸✳ ❆s ❞❡r✐✈❛❞❛s t❡♠♣♦r❛❧ ❡ ❡s♣❛❝✐❛❧ ❞❡✈❡♠ s❡r ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ♣❛r❛ q✉❡ ❛ ❡q✉❛çã♦

❢♦r♥❡ç❛ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♣♦s✐t✐✈❛❀

◆❛ ❢♦r♠❛ ❝♦✈❛r✐❛♥t❡✱ ♣♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❡q✉❛çã♦ ❝♦♠♦✿

(i~∂µ −mc)ψ = (γµpµ −mc)ψ = 0 , ✭✷✳✸✮

{γµ, γν} = 2gµν

♦♥❞❡ pµ = (i∂t, i~∇)✱ pµ = (i∂t,−i~∇)✱ m é ❛ ♠❛ss❛ ❞❡ r❡♣♦✉s♦✱ ψ é ♦ ❡ s♣✐♥♦r ❞❡ ❉✐r❛❝

❝♦♠ ✹ ❝♦♠♣♦♥❡♥t❡s✱ c é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✱ µ = 0, 1, 2, 3 é ♦ í♥❞✐❝❡ q✉❡ ❝♦♥t❡♠♣❧❛ ❛s

❝♦♦r❞❡♥❛❞❛s ❡s♣❛❝✐❛✐s ❡ t❡♠♣♦r❛❧ ❡ γµ sã♦ ♠❛tr✐③❡s 4× 4✱ ♦r✐✉♥❞❛s ❞❛s ♠❛tr✐③❡s ❞❡ P❛✉❧✐

(σ1, σ2, σ3) ❡ ❞❛ ♠❛t✐③ ✐❞❡♥t✐❞❛❞❡ σ0✱ ❞❛❞❛s ♣♦r✿

γ0 =

(

σ0 0

0 −σ0

)

, γi =

(

0 σi

−σi 0

)

. ✭✷✳✹✮

❚♦❞❛✈✐❛ ❡ss❡ ❝♦♥❥✉♥t♦ ❞❡ ♠❛tr✐③❡s ♥ã♦ é ú♥✐❝♦✳ ❊♠ ✶✾✸✷✱ ❊tt♦r❡ ▼❛❥♦r❛♥❛ ❬✷✵❪ ❡♥❝♦♥✲

tr♦✉ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♠❛tr✐③❡s γµ q✉❡ ❢♦r♥❡❝❡r❛♠ s♦❧✉çõ❡s ♣✉r❛♠❡♥t❡ r❡❛✐s ♣❛r❛ ❛ ❡q✉❛çã♦

❞❡ ❉✐r❛❝✳ ❚❛❧ ❝♦♥❞✐çã♦ ✐♠♣❧✐❝❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ❝❛r❣❛ ♥✉❧❛

q✉❡ sã♦ s✉❛s ♣ró♣r✐❛s ❛♥t✐ ♣❛rtí❝✉❧❛s✱ ❜❛t✐③❛❞❛s ❞❡ ❋ér♠✐♦♥s ❞❡ ▼❛❥♦r❛♥❛ ✭❋▼✮✳

❆♣r♦❢✉♥❞❛❞♦ ❛ ❞✐s❝✉ssã♦✱ ✈❛♠♦s ❡s❝r❡✈❡r ♦ s♣✐♥♦r ❞❡ ❉✐r❛❝ ❝♦♠♦✿

ψ =













ψ1

ψ2

ψ3

ψ4













=

(

ψR

ψL

)

, ✭✷✳✺✮

♦♥❞❡ ψR é ❛ ♣r♦❥❡çã♦ ❞✐r❡✐t❛ ❡ ψL é ❛ ♣r♦❥❡çã♦ ❡sq✉❡r❞❛✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✺✮ ♥❛

✭✷✳✸✮✱ t❡♠♦s ❞✉❛s ❡q✉❛çõ❡s ❛❝♦♣❧❛❞❛s✿







(i∂t − p · σ)ψR −mψL = 0

(i∂t − p · σ)ψL −mψR = 0
. ✭✷✳✻✮

❙❡❥❛ C ♦ ♦♣❡r❛❞♦r ❝♦♥❥✉❣❛çã♦ ❞❡ ❝❛r❣❛✳ ◆♦t❡ q✉❡ ❛♦ t♦♠❛r♠♦s ❛s s♦❧✉çõ❡s ψ(x) =

e(−itE)φ(x) ❡st❛❝✐♦♥ár✐❛s ❞❛ ❡q✉❛çã♦ ✭✷✳✻✮ ❡ ✐♠♣♦♥❞♦ ❛ s✐♠❡tr✐❛ ❞❡ ❝♦♥❥✉❣❛çã♦ ❞❡ ❝❛r❣❛✱



✶✻

Cψ = Cψ∗✱ ♦♥❞❡ C = iγ2 ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❉✐r❛❝ ❡ C = 1 ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡

▼❛❥♦r❛♥❛✳ P❛r❛ ❝❛❞❛ s♦❧✉çã♦ φ ❝♦♠ ❡♥❡r❣✐❛ E ❡①✐st❡ ✉♠❛ s♦❧✉çã♦ φC ❝♦♠ ❡♥❡r❣✐❛ −E✳

❖❜s❡r✈❡✱ t❛♠❜é♠✱ q✉❡ ✐♠♣♦♥❞♦ ❛ ❝♦♥❞✐çã♦ E = −E ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ▼❛❥♦r❛♥❛✱ t❡♠♦s

E = 0 ❡ ψ = ψ∗✶✿ ♣❛rtí❝✉❧❛ ✐❞ê♥t✐❝❛ ❛ ❛♥t✐✲♣❛rtí❝✉❧❛✱ ❝♦♠♦ ♣r❡✈✐❛♠❡♥t❡ ❞✐s❝✉t✐❞♦✳

❆ ❡q✉❛çã♦ ❞❡ ❉✐r❛❝ ❬✷✶✱ ✷✷❪ ♣r❡✈✐❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ♠❡s♠❛ ♠❛ss❛ ❡ s♣✐♥

q✉❡ ❛s ♣❛rtí❝✉❧❛s ❥á ❝♦♥❤❡❝✐❞❛s ✭❝♦♠♦ ❡❧étr♦♥✱ ♣rót♦♥✱ ♥ê✉tr♦♥✳✳✳✮ ❛ss♦❝✐❛❞❛s às s♦❧✉çõ❡s

❝♦♠ ❡♥❡r❣✐❛ ♣♦s✐t✐✈❛✱ ♣♦ré♠ ❝♦♠ ❝❛r❣❛ ♦♣♦st❛ ❛ss♦❝✐❛❞❛s ❝♦♠ ❛s s♦❧✉çõ❡s ❞❡ ❡♥❡r❣✐❛

♥❡❣❛t✐✈❛✳ ❊ss❛s ♣❛rtí❝✉❧❛s ❢♦r❛♠ ❜❛t✐③❛❞❛s ❞❡ ❛♥t✐✲♣❛rtí❝✉❧❛s✳ ❉❡♣♦✐s ❞❛ ♣r❡✈✐sã♦ t❡ór✐❝❛

❢❡✐t❛ ♣♦r ❉✐r❛❝✱ ❢♦r❛♠ ❞❡t❡❝t❛❞❛s ✈ár✐❛s ❛♥t✐✲♣❛rtí❝✉❧❛s✱ ✐♥❝❧✉s✐✈❡ ❛s três ♠❛✐s ❝♦♥❤❡❝✐❞❛s✿

♣ós✐tr♦♥s ✭✶✾✸✷✮✱ ❛♥t✐♣rót♦♥s ✭✶✾✺✺✮ ❡ ❛♥t✐♥ê✉tr♦♥s ✭✶✾✺✻✮✳ ◆♦ ❝❛s♦ ❞❛ r❡♣r❡s❡♥t❛çã♦ ❞❡

▼❛❥♦r❛♥❛ ♣❛rtí❝✉❧❛s sã♦ ✐❞ê♥t✐❝❛s ❛s ❛♥t✐♣❛rtí❝✉❧❛s✱ ♦ q✉❡ ♥♦s ❧❡✈❛ ❛ ✐♥❞✐st✐♥❣✉✐❜✐❧✐❞❛❞❡

❞❛s ♠❡s♠❛s✳

❆♣❡s❛r ❞❛ ♣r❡✈✐sã♦ t❡ór✐❝❛✱ ❛té ♦ ♣r❡s❡♥t❡ ♠♦♠❡♥t♦ ♥ã♦ s❡ t❡♠ ❝❡rt❡③❛ q✉❡ ❋▼ ❢♦✐

❞❡t❡❝t❛❞♦ ✉♠ ❋▼ ❬✶✽❪✱ ♣♦ré♠ ❡①✐st❡ ❡✈✐❞ê♥❝✐❛s✳ ❈♦♠♦ ❢♦✐ ♠♦t✐✈❛❞♦ ♥❛ ✐♥tr♦❞✉çã♦✱ ❛s

❝❛r❛❝t❡ríst✐❝❛s ❢ís✐❝❛s ❞❛ ♣❛rtí❝✉❧❛ q✉❡ ♦❜❡❞❡❝❡ ❛♦s r❡q✉✐s✐t♦s ❞❡ ❋▼ s❡r✐❛♠ ❞❡ ❣r❛♥❞❡

✐♠♣♦rtâ♥❝✐❛ ❡♠ ❛♣❧✐❝❛çõ❡s t❡ór✐❝❛s✳ ❈♦♥t✉❞♦ ❞❡♥tr♦ ❞❛ ▼❛tér✐❛ ❈♦♥❞❡♥s❛❞❛ ♣♦❞❡♠♦s

❝♦♥❝❡❜❡r s✐st❡♠❛s q✉❡ ❡①✐❜❛♠ ✏q✉❛s✐♣❛rtí❝✉❧❛s✑ ❛♥á❧♦❣❛s ❛♦ ❋▼✳

✷✳✷ ▼♦❞♦s ❩❡r♦ ❞❡ ▼❛❥♦r❛♥❛ ♥❛ ❋ís✐❝❛ ❞♦ ❊st❛❞♦ ❙ó✲

❧✐❞♦

▼♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ❥á ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞♦s ❤á ❞é❝❛❞❛s ♥♦ ❝♦♥t❡①t♦ ❞❛ ❋ís✐❝❛ ❞❛ ▼❛✲

tér✐❛ ❈♦♥❞❡♥s❛❞❛✱ ❡♠ ❡s♣❡❝✐❛❧ ❡♠ s✉♣❡r❝♦♥❞✉t♦r❡s ♣♦r ❡♠❡r❣✐r❡♠ ❞❡ ❢♦r♠❛ ♥❛t✉r❛❧✱ ❛❧é♠

❞❡ ♦❢❡r❡❝❡r r❡❛❧✐③❛çõ❡s ♣rát✐❝❛s ❢❛❝tí✈❡✐s✳ P❛r❛ s❡r ✉♠ ❋▼ ❡♠ ▼❛tér✐❛ ❝♦♥❞❡♥s❛❞❛✱ ❛s

❡①❝✐t❛çõ❡s ❝♦❧❡t✐✈❛s ❞❡✈❡♠ s❛t✐s❢❛③❡r ❞✉❛s ❝♦♥❞✐çõ❡s✿ ✭✐✮ q✉❡ ♦❜❡❞❡ç❛ ❛ ❡q✉❛çã♦ ❞❡ ❉✐r❛❝

❡ ✭✐✐✮ q✉❡ s❡❥❛ ✐❞ê♥t✐❝❛ ❛ s✉❛ ❛♥t✐♣❛rtí❝✉❧❛✳ ❯♠ ❡❧étr♦♥ ♦r❞✐♥ár✐♦ ♣♦ss✉✐ ✉♠❛ ❜❛♥❞❛ ❞❡

❞✐s♣❡rsã♦ ♣❛r❛❜ó❧✐❝❛ ♦❜❡❞❡❝❡♥❞♦ ❛ ❡q✉❛çã♦ ♥ã♦ r❡❧❛t✐✈íst✐❝❛ ❞❡ ❙❝❤rö❞✐♥❣❡r✳ ❊♥tr❡t❛♥t♦

❡♠ ✉♠ s✐st❡♠❛ q✉❡ ♣♦ss✉✐ ❡①❝✐t❛çõ❡s ❢❡r♠✐ô♥✐❝❛s✱ s♦❜r❡♣♦s✐çõ❡s ❞❡ ❡❧étr♦♥ ❡ ❜✉r❛❝♦✱ ♦

❝r✉③❛♠❡♥t♦ ❞❛s ❜❛♥❞❛s ❞❡ ❡♥❡r❣✐❛ ❡♠ ✉♠ r❡❣✐♠❡ ❞❡s❝r✐t♦ ♣♦r ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ ❡①❝✐✲

t❛çõ❡s ❞❡ ❜❛✐①❛s ❡♥❡r❣✐❛s✱ ♣♦ss✉✐ ❞✐s♣❡rsã♦ ❧✐♥❡❛r✳ P♦rt❛♥t♦ ♦ ♠♦✈✐♠❡♥t♦ ❞❛s ❡①❝✐t❛çõ❡s

♦❜❡❞❡❝❡ ❛ ❡q✉❛çã♦ ❞❡ ❉✐r❛❝ s❡♠ ♠❛ss❛✳ ❆ s❡❣✉♥❞❛ ❝♦♥❞✐çã♦ é s❛t✐s❢❡✐t❛ ♣♦✐s ♦ ❡❧étr♦♥ ❡ ♦

❜✉r❛❝♦ sã♦ s✉♣❡r♣♦st♦s ♥♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r ❞❡ ♠♦❞♦ q✉❡ s❡ t♦r♥❛♠ ✐♥❞✐st✐♥❣✉í✈❡✐s✳

❆❣♦r❛ ❢❛③✲s❡ ♥❡❝❡ssár✐♦ ✐♥tr♦❞✉③✐r♠♦s ❛ ❧✐♥❣✉❛❣❡♠ ❞❛ s❡❣✉♥❞❛ q✉❛♥t✐③❛çã♦ ❬✷✸❪✳ ◆❡st❡

❢♦r♠❛❧✐s♠♦✱ ♦ ❡❧étr♦♥ s❡rá r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♦♣❡r❛❞♦r❡s ❢❡r♠✐ô♥✐❝♦s✿ c†j
❝r✐❛ ✉♠ ❡❧étr♦♥ ❝♦♠ ✉♠ ♥ú♠❡r♦ q✉â♥t✐❝♦ ✐♥❞❡①❛❞♦ ♣♦r j ❡ cj ❛♥✐q✉✐❧❛ ♦ ❡❧étr♦♥✳ ❊ss❡s

♦♣❡r❛❞♦r❡s ♦❜❡❞❡❝❡♠ às r❡❧❛çõ❡s ❞❡ ❛♥t✐❝♦♠✉t❛çã♦ ❝❛♥ô♥✐❝❛s tí♣✐❝❛s ❞❡ ❢ér♠✐♦♥s✿

✶❈♦♥❞✐çã♦ ❞❡ r❡❛❧✐❞❛❞❡✳



✶✼

{c†i ; c†j} = {ci; cj} = 0

{c†i ; cj} = δi,j
. ✭✷✳✼✮

◆♦ ❝♦♥t❡①t♦ ❞❛ ♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛✱ ♣♦❞❡♠♦s ✐♥t❡r♣r❡t❛r ❡♠ s✐st❡♠❛s ❞❡ ♠✉✐t♦s ❝♦r✲

♣♦s ❛ ❛♥✐q✉✐❧❛çã♦ ❞❡ ✉♠ ❡❧étr♦♥ ❝♦♠♦ ❛ ❝r✐❛çã♦ ❞❡ ✉♠ ❜✉r❛❝♦✳ ▼❛✐s ♣r❡❝✐s❛♠❡♥t❡✱ ❛

❝r✐❛çã♦ ❞❡ ✉♠❛ ❛♥t✐ ♣❛rtí❝✉❧❛ ❞♦ ❡❧étr♦♥✳ ❊ss❛ ✐♥t❡r♣r❡t❛çã♦ s❡rá ❞❡ s✉♠❛ ✐♠♣♦rtâ♥❝✐❛

♣❛r❛ ❡♥t❡♥❞❡r♠♦s ❡♠ q✉❛✐s s✐st❡♠❛s ❞❡✈❡♠♦s ❡♥❝♦♥tr❛r ❛ ❡♠❡r❣ê♥❝✐❛ ❞❡ ❋▼✳

❆ ❍❛♠✐❧t♦♥✐❛♥❛✱ ♥❡ss❡ ❝❛s♦✱ é ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞♦s ♦♣❡r❛❞♦r❡s ❡❧❡trô♥✐❝♦s✱ ♦♥❞❡

❛ ♣❛rt❡ ❝✐♥ét✐❝❛ sã♦ t❡r♠♦s ❜✐❧✐♥❡❛r❡s ❞❡ ❝✬s ❡ ❛s ✐♥t❡r❛çõ❡s sã♦ t❡r♠♦s q✉árt✐❝♦s✳ P❛r❛

♥♦ss♦ ✐♥t❡r❡ss❡✱ q✉❡r❡♠♦s ♦❜t❡r ❛ r❡♣r❡s❡♥t❛çã♦ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♥❛ ❜❛s❡ ❞❡ ▼❛❥♦r❛♥❛✱

❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❞❡s❝r❡✈❡r ❋▼s✳

❉❡✈✐❞♦ ❛♦ ♦❜❥❡t♦ ❞❡ ♥♦ss♦ ❡st✉❞♦✱ ✐r❡♠♦s ❞✐s❝♦rr❡r ❛♣❡♥❛s ♣❛r❛ ✉♠ ❝❛s♦ ❡s♣❡❝✐❛❧✿ ❖s

▼♦❞♦s ❩❡r♦ ❞❡ ▼❛❥♦r❛♥❛ ✭▼❩▼✮✳ ❉❡ ♠♦❞♦ ❣❡r❛❧ t❡♠♦s✿

HBdGΨ = EΨ, ✭✷✳✽✮

♦♥❞❡ Ψ é ✉♠ s♣✐♥♦r ❞❡ ◆❛♠❜✉ q✉❡ r❡♣r❡s❡♥t❛ ✉♠❛ q✉❛s❡✲♣❛rtí❝✉❧❛ ❝♦♠ ❡♥❡r❣✐❛ E ❡

HBdG é ❛ ❤❛♠✐❧t♦♥✐❛♥❛ ❞❡ ❝❛♠♣♦ ♠é❞✐♦ ✭❇❞●✮ q✉❡ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ✐♥t❡r❛çõ❡s ❞❡

♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s ♥❛ r❡❞❡✱ ❡ ❞❡s❝r❡✈❡ ❛s ❡①❝✐t❛çõ❡s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛ ❞♦ s✉♣❡r❝♦♥❞✉t♦r✳

❙❡ t♦♠❛r♠♦s E = 0 ❛ ❡q✉❛çã♦ ❛❝✐♠❛ s❡ t♦r♥❛✿

HBdGΨ0 = 0, ✭✷✳✾✮

♦♥❞❡ Ψ0 é ✉♠❛ q✉❛s❡✲♣❛rtí❝✉❧❛ ❞❡ ❡♥❡r❣✐❛ ③❡r♦ ♦✉ ✉♠ ▼♦❞♦ ❩❡r♦✳ ■♠♣♦♥❞♦ q✉❡✿

Ψ0 =













u0↑

u0↓

v0↑

v0↓













= CΨ∗
0 =













−v†0↓
v†0↑
u†0↓
−u†0↑













, ✭✷✳✶✵✮

❝♦♠ C s❡♥❞♦ ❛ ♠❛tr✐③ ❝♦♥❥✉❣❛çã♦ ❞❡ ❝❛r❣❛✱ u0, v0 sã♦ ♦♣❡r❛❞♦r❡s ❝♦♠♣♦♥❡♥t❡s ❞♦ s♣✐♥♦r

❡ u†0 é ♦ ❝♦♠♣❧❡①♦ ❝♦♥❥✉❣❛❞♦ ❞❡ u0✳ ◗✉❡r❡♠♦s ♦❜t❡r ♦s ♦♣❡r❛❞♦r❡s ❝r✐❛çã♦ ❡ ❛♥✐q✉✐❧❛çã♦

♣❛r❛ ❡st❡ ❝❛s♦✳ ❯s❛♥❞♦ ❛ ❞❡✜♥✐çã♦ ❞❡ ♦♣❡r❛❞♦r ❛♥✐q✉✐❧❛çã♦ ❡ ❝r✐❛çã♦ ❬✶✽❪ ❡ ❛ ❡q✉❛çã♦

✭✷✳✶✵✮ ♣♦❞❡♠♦s ✈❡r✐✜❝❛r q✉❡✿



✶✽

γ =

∫

ddrΨ∗
0













c↑

c↓

c†↑
−c†↓













=

∫

ddrΨ0













c↑

c↓

c†↑
−c†↓













∗

= γ†, ✭✷✳✶✶✮

♦✉ s❡❥❛✱ t❡♠♦s ✉♠❛ ♣❛rtí❝✉❧❛ ❞❡ ▼♦❞♦ ❩❡r♦ q✉❡ é ✐❞ê♥t✐❝❛ ❛ s✉❛ ❛♥t✐✲♣❛rtí❝✉❧❛✱ q✉❡ ♣♦r s✉❛

✈❡③ ❞❡✜♥❡ ✉♠ ▼❩▼✳ P♦❞❡♠♦s ❛✐♥❞❛ ❡♥❝♦♥tr❛r ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ♦s ♦♣❡r❛❞♦r❡s ❡❧❡trô♥✐❝♦s

❡ ❞❡ ▼❛❥♦r❛♥❛❬✶✽❪✿

cj =
1

2
{γj,1 + iγj,2}

c†j =
1

2
(γj,1 − iγj,2)

, ✭✷✳✶✷✮

♦♥❞❡ γ r❡♣r❡s❡♥t❛ ✉♠ ❋▼✳ ❉❡st❛ ❢♦r♠❛ ✉♠ ❡❧étr♦♥ ✭♦✉ ❜✉r❛❝♦✮ é ❝♦♠♣♦st♦ ♣♦r ❞♦✐s

▼❩▼✳ ◆❡ss❡ ♠♦♠❡♥t♦ é ✐♥t❡r❡ss❛♥t❡ ❞✐s❝✉t✐r♠♦s ❛❧❣✉♥s ♣♦♥t♦s✳

✶✳ ❆ ❡q✉❛çã♦ ✭✷✳✾✮ ♥♦s ❧❡✈❛ ❛ ❝♦♥❝❧✉✐r q✉❡ ♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦ é ♥✉❧♦ ♣❛r❛ ❝r✐❛r ♦✉

❛♥✐q✉✐❧❛r ✉♠❛ ♣❛rtí❝✉❧❛✳ ❆❧é♠ ❞♦ ♠❛✐s✱ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ s❡rá ❞❡❣❡♥❡r❛❞♦ ♥♦

❝❛s♦ ❞❡ ✉♠ ▼❩▼✱ ❞❡✈✐❞♦ ♥ã♦ s❡r ♣♦ssí✈❡❧ ❢♦r♠❛r ✉♠ ♦♣❡r❛❞♦r ♥ú♠❡r♦ ✭γ†γ = γ2 =

1✮❀

✷✳ ❖s ▼❩▼ ❡stã♦ s❡♣❛r❛❞♦s ❞♦s ❞❡♠❛✐s ❡st❛❞♦s ♣♦r ✉♠ ❣❛♣ ❞❡ ❡♥❡r❣✐❛✱ q✉❡ ♦❢❡r❡❝❡

❛♦ ♠❡s♠♦ ✉♠❛ ♣r♦t❡çã♦ t♦♣♦❧ó❣✐❝❛✳ ❆ r❛③ã♦ é q✉❡ ♦ ♠♦❞♦ ③❡r♦ ♥ã♦ ♣♦❞❡ ❛❞q✉✐r✐r

✉♠❛ ❡♥❡r❣✐❛ ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦ ♣♦r q✉❛❧q✉❡r ❞❡❢♦r♠❛çã♦ ❝♦♥tí♥✉❛ ❞♦ ❍❛♠✐❧t♦♥✐❛♥♦

q✉❡ ♥ã♦ ❢❡❝❤❛ ♦ ❣❛♣✷✳ ■st♦ é ✈á❧✐❞♦ ♣❛r❛ q✉❛❧q✉❡r ❍❛♠✐❧t♦♥✐❛♥♦ ❡ ❞❡♣❡♥❞❡ ❛♣❡♥❛s

❞❛ s✐♠❡tr✐❛ ✐♠♣♦st❛ ♥❛ ❡q✉❛çã♦ ✭✷✳✶✵✮❀

✸✳ ❖s ▼❩▼ s❡♠♣r❡ ❛♣❛r❡❝❡rã♦ ❛♦s ♣❛r❡s ❡♠ ✉♠ s✐st❡♠❛ ✜♥✐t♦✱ ✈✐st♦ q✉❡ ❡①✐st❡ ✉♠

♥ú♠❡r♦ ✐♥t❡✐r♦ ❞❡ ❡❧étr♦♥s ❡ ❝❛❞❛ ❡❧étr♦♥ é ✉♠❛ s✉♣❡r♣♦s✐çã♦ ❞❡ ❞♦✐s ▼❛❥♦r❛♥❛s

♦❝✉♣❛♥❞♦ ♦ ♠❡s♠♦ sít✐♦✳ ❊♠ ❝❡rt❛s ❝♦♥❞✐çõ❡s✱ ♣♦❞❡♠♦s ♦❜t❡r ✉♠ ♣❛r ❞❡ ♠♦❞♦s ❞❡

▼❛❥♦r❛♥❛ s❡♣❛r❛❞♦s ❡s♣❛❝✐❛❧♠❡♥t❡ ❬✶✶✱ ✶✽❪✳ P❛r❛ ❡❧✉❝✐❞❛r ❡ss❡ ❢❛t♦✱ t♦♠❡♠♦s ✉♠❛

❍❛❧♠✐t♦♥✐❛♥❛ ❞❡ ❝❛♠♣♦ ♠é❞✐♦ ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ▼❛❥♦r❛♥❛ q✉❡ ❞❡s❝r❡✈❡ ✉♠❛

❝❛❞❡✐❛ 1D s♣✐♥ ♣♦❧❛r✐③❛❞❛ s✉♣❡r❝♦♥❞✉t♦r❛ ❞❡ ♦♥❞❛✲s ✭♠♦❞❡❧♦ ❞❡ ❑✐t❛❡✈✮✿

H =
i

2

∑

j

[µγj,1γj,2 + (t+∆)γj,2γj+1,1 + (−t+∆)γj,1γj+1,2], ✭✷✳✶✸✮

✷❖ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r ∆✳



✶✾

s❡♥❞♦ t ♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣✱ ∆ ♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ❡ µ ♦ ♣♦t❡♥❝✐❛❧ q✉í✲

♠✐❝♦✳ ❊s♣❡❝✐✜❝❛♠❡♥t❡ ♥❡st❡ s✐st❡♠❛✱ ♦ s✉♣❡r❝♦♥❞✉t♦r s❡ ❡♥❝♦♥tr❛ ♥♦ ❡st❛❞♦ t♦✲

♣♦❧ó❣✐❝♦ ♣❛r❛ |µ| 6 2t ❡ tr✐✈✐❛❧ ♣❛r❛ t♦❞♦ r❡st♦✳ ❙❡ t♦♠❛r♠♦s ∆ = t ❡ µ = 0✱

t❡♠♦s✿

H = it
∑

j

γj,2γj+1,1. ✭✷✳✶✹✮

❋✐❣✉r❛ ✷✳✶✿ ✭❛✮ ▼❩▼ ♥❛ ❢❛s❡ tr✐✈✐❛❧ ✭❜✮ ❖❜s❡r✈❡ q✉❡ ♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ ▼❩▼ ✈✐③✐♥❤♦s

❡♥❝♦♥tr❛♠✲s❡ ❧✐❣❛❞♦s ❞❡✐①❛♥❞♦ ♦s ❞❛s ❡①tr❡♠✐❞❛❞❡s ❞❛ ❝❛❞❡✐❛ ❧✐✈r❡s ✭❝✮ ❉✐❛❣r❛♠❛ ❞❛ ❢❛s❡ tr✐✈✐❛❧

❡ t♦♣♦❧ó❣✐❝❛ ♦♥❞❡ ❛ tr❛♥s✐çã♦ ♦❝♦rr❡ ❡♠ µ = ±2t ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✶✽❪✮✳

◆❡st❡ ❝❛s♦ ❡st❛♠♦s ❝r✐❛♥❞♦ ✭♦✉ ❛♥✐q✉✐❧❛♥❞♦✮ γ1 ❡ γ2 ❡♠ sít✐♦s ❞✐❢❡r❡♥t❡s✱ ♦✉ s❡❥❛✱

❡s♣❛❝✐❛❧♠❡♥t❡ s❡♣❛r❛❞♦s✳ ❉❡st❛ ❢♦r♠❛ ♦s ▼❩▼ s❡ ❛❝♦♣❧❛♠ ❝♦♠ ♦s ✈✐③✐♥❤♦s ❞❡✐①❛♥❞♦

♦s ❞❛s ❞✉❛s ❡①tr❡♠✐❞❛❞❡s ❧✐✈r❡s ✭❋✐❣✉r❛ ✷✳✶✮❀

✹✳ ◆♦t❡ t❛♠❜é♠ q✉❡ ♦s ♦♣❡r❛❞♦r❡s ♦❜t✐❞♦s ♥❛ ❡q✉❛çã♦ ✭✷✳✶✶✮ ♦❜❡❞❡❝❡♠ ❛s r❡❧❛çõ❡s ❞❡

❛♥t✐✲❝♦♠✉t❛çã♦ ❝❛♥ô♥✐❝❛s✳ ❊♠ ✉♠❛ ❛♥á❧✐s❡ ♠❛✐s ❞❡t❛❧❤❛❞❛ ♣♦❞❡♠♦s ✈❡r✐✜❝❛r q✉❡

❡st❡s ♦♣❡r❛❞♦r❡s ♦❜❡❞❡❝❡♠ ❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦✲❆❜❡❧✐❛♥❛✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛

é ♠✉✐t♦ ✐♥t❡r❡ss❛♥t❡ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠❛ ❝♦♠♣✉t❛çã♦ t♦♣♦❧ó❣✐❝❛✱ ✈✐st♦

q✉❡✱ ♣♦r ♦❜❡❞❡❝❡r❡♠ ❛ ✉♠❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦✲❆❜❡❧✐❛♥❛ q✉❛♥❞♦ ♠♦✈❡r♠♦s

❞♦✐s ▼❩▼ ✉♠ ❝♦♥tr❛ ♦ ♦✉tr♦✱ ❝❛❞❛ ♠♦❞♦ ❝♦♥s❡r✈❛ ❛ ♠❡♠ór✐❛ ❞❛ ♣♦s✐çã♦ ❛♥t❡r✐♦r❀

P♦❞❡ ♣❛r❡❝❡r ✉♠❛ ❞✐s❝✉ssã♦ ✉♠ ♣♦✉❝♦ ❢r✉str❛♥t❡✱ ❞❛❞♦ q✉❡ ♥ã♦ ❡①✐st❡♠ ♠✉✐t❛s ❡✈✐✲

❞ê♥❝✐❛s q✉❡ r❡❛❧♠❡♥t❡ ❋▼ ❡①✐st❡♠ ❝♦♠♦ ♣❛rtí❝✉❧❛s ❢✉♥❞❛♠❡♥t❛✐s✳ ❚♦❞❛✈✐❛✱ ♥❛ ❋ís✐❝❛ ❞❛

♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛✱ ❝✉❥❛ ❛s ♣❛rtí❝✉❧❛s ❞❡ ✐♥t❡r❡ss❡ ❞❡ ❡st✉❞♦ ❡♥✈♦❧✈❡ ❡❧étr♦♥s ✭q✉❡ sã♦

❢ér♠✐♦♥s ❞❡ ❉✐r❛❝✮ ❡ ♣rót♦♥s✱ ♦♥❞❡ ❡♠ ✉♠ s✐st❡♠❛ ❞❡ ♠✉✐t♦s ❝♦r♣♦s ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❝♦❧❡t✐✈♦ ❞á ♦r✐❣❡♠ ❛ ✐♥t❡r❡ss❛♥t❡s ❢❡♥ô♠❡♥♦s✱ ❡♠ ❡s♣❡❝✐❛❧ ❛♦ ❢❡♥ô♠❡♥♦ ❞❡ ❡♠❡r❣ê♥❝✐❛✳

❚r❛t❛✲s❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❝♦❧❡t✐✈♦ ❞♦s ❡❧étr♦♥s✱ ♣rót♦♥s ❡ ♥ê✉tr♦♥s ♥♦ s✐st❡♠❛✳ ❆s

♣❛rtí❝✉❧❛s q✉❡ ❡♠❡r❣❡♠✱ ♥ã♦ sã♦ ♣r♦♣r✐❛♠❡♥t❡ ✉♠❛ ♣❛rtí❝✉❧❛✱ ♣♦r ✐ss♦ sã♦ ❝❤❛♠❛❞❛s ❞❡

q✉❛s✐♣❛rtí❝✉❧❛s✳



✷✵

❱ár✐♦s sã♦ ♦s ❡①❡♠♣❧♦s ❞❡ q✉❛s✐♣❛rtí❝✉❧❛s✱ ❝♦♠♦ ❢ô♥♦♥s✱ ♠❛❣♥♦♥s✱ ♣❧❛s♠♦♥ ❡ ♣♦❧❛r♦♥s✳

❋ô♥♦♥s✱ ♣♦r ❡①❡♠♣❧♦✱ sã♦ ♦s q✉❛♥t❛ ❞❡ ✈✐❜r❛çã♦ ❞❛ r❡❞❡ ❡ ♠❛❣♥♦♥s✸ ♦s q✉❛♥t❛ ❞❡ ✢✉t✉❛çã♦

❞♦ s♣✐♥✳ ❈♦♠♦ ✈❡r❡♠♦s ❋▼ ♣♦❞❡♠ ❡♠❡r❣✐r ❡♠ s✐st❡♠❛s ❞❡ ♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛ ♣r♦✈✐♥❞♦

❞❛ s✉♣❡r♣♦s✐çã♦ ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✳

◆♦t❡ q✉❡ ♦ ❡❧étr♦♥ ✭♦✉ ❜✉r❛❝♦✮ é ❢♦r♠❛❞♦ ♣♦r ❞♦✐s ▼❛❥♦r❛♥❛s q✉❡ ♦❝✉♣❛♠ ❡s♣❛❝✐❛❧✲

♠❡♥t❡ ♦ ♠❡s♠♦ ❧✉❣❛r✳ ❉✐③❡♠♦s q✉❡ ❡ss❡s ❞♦✐s ▼❛❥♦r❛♥❛ ❡stã♦ ❛❝♦♣❧❛❞♦s ❡s♣❛❝✐❛❧♠❡♥t❡✳

❖s ♦♣❡r❛❞♦r❡s ❞❡ ▼❛❥♦r❛♥❛ ♦❜❡❞❡❝❡♠ ❛ ➪❧❣❡❜r❛ ❞❡ ❈❧✐✛♦r❞ {γiα; γjβ} = 2δijδα,β✳ ❘❡❡s✲

❝r❡✈❡♥❞♦ ❛s r❡❧❛çõ❡s ❡♠ ✭✷✳✶✷✮✱ ❝♦❧♦❝❛♥❞♦ γ ❡♠ ❢✉♥çã♦ ❞❡ c ❡ c†✱ t❡♠♦s✿

γj,1 = c†j + cj

γj,2 = i(c†j − cj)

γj = γ†j

. ✭✷✳✶✺✮

❉❛s r❡❧❛çõ❡s ❞❛❞❛s ❡♠ ✭✷✳✶✺✮✱ ♦ ❢❛t♦ ❞❡ γj = γ†j ✐♠♣❧✐❝❛ q✉❡ t❡♠♦s ✉♠❛ ♣❛rtí❝✉❧❛ q✉❡

é ✐❞ê♥t✐❝❛ ❛ s✉❛ ❛♥t✐♣❛rtí❝✉❧❛✱ q✉❡ ❞❡✜♥❡ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡❛❧✐❞❛❞❡ ✭♦♣❡r❛❞♦r ❛✉t♦✲❛❞❥✉♥t♦✮

❡ ♣♦r s✉❛ ✈❡③ ❝♦rr♦❜♦r❛ ❝♦♠ ❛ ❞❡✜♥✐çã♦ ❢❡✐t❛ ❡♠ ✭✷✳✶✷✮✳ ❖ ❡❢❡✐t♦ ❞❡ss❡ ♦♣❡r❛❞♦r é ❝r✐❛r

♦✉ ❛♥✐q✉✐❧❛r ✉♠❛ ♣❛rtí❝✉❧❛ ♥♦ sít✐♦ j✳

❆s tr❛♥s❢♦r♠❛çõ❡s ❝❛♥ô♥✐❝❛s ❞❡✜♥✐❞❛s ❡♠ ✭✷✳✶✷✮ ♠♦str❛♠ q✉❡ q✉❛❧q✉❡r s✐st❡♠❛ ❡❧❡✲

trô♥✐❝♦ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ t❛♠❜é♠ ✉s❛♥❞♦ ♦♣❡r❛❞♦r❡s ❞❡ ▼❛❥♦r❛♥❛✳ P♦ré♠✱ ♠✉✐t❛s ✈❡③❡s✱

❡ss❛ tr❛♥s❢♦r♠❛çã♦ ♥ã♦ é ✈❛♥t❛❥♦s❛ ❡ ❛❝❛❜❛ ♣♦r ❝♦♠♣❧✐❝❛r ❛✐♥❞❛ ♠❛✐s ♦ ♣r♦❜❧❡♠❛✱ ✈✐st♦

q✉❡ ✜s✐❝❛♠❡♥t❡ ♦ q✉❡ t❡♠♦s sã♦ ❞✉❛s ♣❛rtí❝✉❧❛s ❡♥tr❡❧❛ç❛❞❛s ♥♦ ❡s♣❛ç♦✳

❖ ❢❛t♦ ❞❡ s✉♣❡r❝♦♥❞✉t♦r❡s s❡r❡♠ ✐❞❡❛✐s ♣❛r❛ ❡①✐❜✐r❡♠ ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ❬✹❪ ❡stá

✐♥t✐♠❛♠❡♥t❡ ❧✐❣❛❞♦ ❛♦ ❢❛t♦ ❞❡ q✉❡ ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ♣♦❞❡♠ s❡r ❞❡s❝r✐t♦s ❝♦♠♦ s✉✲

♣❡r♣♦s✐çã♦ ❞❡ ✐❣✉❛✐s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✱ ♦ q✉❡ s❡ ✈❡r✐✜❝❛ ♥❛s

r❡❧❛çõ❡s ✭✷✳✼✮ ❡ ✭✷✳✶✷✮✳ ❈♦♠♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ♥♦ ♣ró①✐♠♦ ❝❛♣ít✉❧♦✱ ❛❧❣✉♥s s✐st❡♠❛s ❝♦♠

♦r❞❡♠ s✉♣❡r❝♦♥❞✉t♦r❛✱ ❛♣r❡s❡♥t❛♠ ♥❛t✉r❛❧♠❡♥t❡ ❞❛ t❡♦r✐❛ ❞❡ ❇❛r❞❡❡♥✱ ❈♦♦♣❡r ❡ ❙❝❤r✐❡❢✲

❢❡r ✭❇❈❙✮ ❬✷✺❪ ✐❣✉❛✐s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡s ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✱ t♦r♥❛❞♦ ❛ss✐♠✱ ♥❛t✉r❛❧

q✉❡ ❜✉sq✉❡♠♦s ♣♦r ▼❩▼ ❡♠ t❛✐s s✐st❡♠❛s✳

✷✳✸ ❊st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦✲❆❜❡❧✐❛♥❛ ❡ ❛♣❧✐❝❛çã♦ ❡♠

❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛

❊♠ ✉♠ s✐st❡♠❛ ❝♦♠♣♦st♦ ♣♦r ♠❛✐s ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❛ ❞❡s❝r✐çã♦ ❢❡✐t❛ ♣❡❧❛ t❡♦r✐❛ ❞❡

❡st❛tíst✐❝❛ q✉â♥t✐❝❛ é ✉♠ ❞♦s ❣r❛♥❞❡s ♣✐❧❛r❡s✳ ❆ ❡st❛tíst✐❝❛ t❡♠ s✉❛ ❡ssê♥❝✐❛ ♥❛ ❝♦♥✲

t❛❜✐❧✐③❛çã♦ ❞♦s ❡st❛❞♦s q✉â♥t✐❝♦s✳ ■♠❛❣✐♥❡ q✉❡ ❡st❛♠♦s ❢♦r♠❛♥❞♦ ✉♠ ❡st❛❞♦ ❝♦♠ N

♣❛rtí❝✉❧❛s ♦❝✉♣❛♥❞♦ r sít✐♦s ❡ q✉❡r❡♠♦s ❞❡t❡r♠✐♥❛r ❞❡ q✉❛♥t❛s ❢♦r♠❛s ✐ss♦ ♣♦❞❡ s❡r ❢❡✐t♦✳

✸✉♠ ♠❛❣♥♦♥ ❝❛rr❡❣❛ ✉♠❛ ♣♦rçã♦ ✜①❛ ❞❡ ❡♥❡r❣✐❛ ❡ ♠♦♠❡♥t✉♠ ❞❡ ❝r✐st❛❧✳



✷✶

❈♦♠♦ ♣♦❞❡♠♦s ❝♦♥t❛❜✐❧✐③❛r❄ ❇♦♠✱ s❡ ❛ ♦r❞❡♠ ✐♠♣♦rt❛ t❡♠♦s ❞❛ ❝♦♠❜✐♥❛tór✐❛✱ q✉❡ ♦

♥ú♠❡r♦ ❞❡ ❡st❛❞♦s ♣♦❞❡ s❡r ❞❛❞♦ ♣❡❧❛ ❝♦♠✉t❛çã♦ ❡ q✉❡ Ψ(q1, q2, ..., qi, · · · qj, · · · , qr) =

−Ψ(q1, q2, · · · , qj, · · · , qi, · · · , qr)✱ ♦✉ s❡❥❛✱ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ t♦t❛❧ ❞♦ s✐st❡♠❛ é ❛♥t✐ss✐✲

♠étr✐❝❛ ♣♦r ✉♠❛ ♣❡r♠✉t❛çã♦ s✐♠♣❧❡s ❞❡ ❞✉❛s ♣❛rtí❝✉❧❛s✳ ❈❛s♦ ❝♦♥trár✐♦✱ t❡♠♦s q✉❡ ♦

♥ú♠❡r♦ ❞❡ ❡st❛❞♦s é ❞❛❞♦ ♣♦r ✉♠ ❛rr❛♥❥♦ ❡ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ é s✐♠étr✐❝❛ ♣❛r❛ ✉♠❛

♣❡r♠✉t❛çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❞✉❛s ♣❛rtí❝✉❧❛s✱ ♦✉ s❡❥❛✱ Ψ(q1, q2, · · · , qi, · · · , qj, · · · , qr) =

Ψ(q1, q2, · · · , qj, · · · , qi, · · · , qr)✳ ❆s ♣❛rtí❝✉❧❛s q✉❡ ❝♦♠♣õ❡ ♦ ♣r✐♠❡✐r♦ s✐st❡♠❛ ❝❤❛♠❛✲

♠♦s ❞❡ ❢ér♠✐♦s✱ ❞❡s❝r✐t❛ ♣❡❧❛ ❡st❛tíst✐❝❛ ❞❡ ❋❡r♠✐✲❉✐r❛❝✱ ❡ ♦ s❡❣✉♥❞♦ s✐st❡♠❛ é ❝♦♠♣♦st♦

♣♦r ❜ós♦♥s✱ q✉❡ ♦❜❡❞❡❝❡♠ ❛ ❡st❛tíst✐❝❛ ❞❡ ❇♦s❡✲❊✐♥st❡✐♥✳

P♦❞❡♠♦s ✐♠❛❣✐♥❛r ❡ss❛s tr♦❝❛s ❝♦♠♦ ✉♠ r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ ♦♣❡r❛çã♦ s❡♥❞♦ ❢❡✐t❛ ♥❛

❢✉♥çã♦ ❞❡ ♦♥❞❛ t♦t❛❧ ❞♦ s✐st❡♠❛✱ ♦♥❞❡ ❛ ❢✉♥çã♦ ✜♥❛❧ ❞❡✈❡♠ ❞✐❢❡r✐r ♣♦r ❛♣❡♥❛s ✉♠❛ ❢❛s❡✳

■st♦ é s❡♠♣r❡ ♣♦ssí✈❡❧✱ ❞❡s❞❡ q✉❡ s❡❥❛ ❝♦♥tí♥✉♦✳ P♦❞❡♠♦s r❡❛❧✐③❛r ❡st❡ ♣r♦❝❡ss♦ ❛❞✐❛❜❛t✐✲

❝❛♠❡♥t❡✱ ❡✱ ♣❡❧♦ t❡♦r❡♠❛ ❞❡ ❇❧♦❝❦✱ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡✈❡ ❣❛♥❤❛r ✉♠❛ ❢❛s❡ q✉❡ é ❞❛❞♦

♣❡❧❛ ❝✉r✈❛t✉r❛ ❞❡ ❇❡rr②✱ ♦✉ ❢❛s❡ ❞❡ ❇❡rr② ❬✶✾✱ ✶✽❪✳ ❆ss✐♠✿

ψ(q1, q2) → eiθψ(q1, q2). ✭✷✳✶✻✮

P♦ré♠✱ s❡ r❡❛❧✐③❛r♠♦s ❡ss❛ tr♦❝❛ ♠❛✐s ✉♠❛ ✈❡③ ♣❛r❛ ❧❡✈❛r ❛ ❢✉♥çã♦ ❞❡ ✈♦❧t❛ ❛♦ ❡st❛❞♦

✐♥✐❝✐❛❧✱ ♣♦❞❡♠♦s ♥ã♦ ♦❜t❡r ❛ ♠❡s♠❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛✿

ψ(q1, q2) → eiθψ(q1, q2) → eiθeiθψ(q1, q2) = ei2θψ(q1, q2). ✭✷✳✶✼✮

❡♠ ❡s♣❡❝✐❛❧ ♣❛r❛ θ = 0, ❡ θ = π r❡♣r❡s❡♥t❛ ❜ós♦♥s ❡ ❢ér♠✐♦♥s r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛

q✉❛❧q✉❡r ♦✉tr❛ ♣❛rtí❝✉❧❛ ❝✉❥❛ ❛ ❢❛s❡ s❡❥❛ ✉♠ ✈❛❧♦r ❞❡ 0 < θ < π✱ ❝❤❛♠❛♠♦s ❞❡ ❛♥②♦♥s

q✉❡ ♣♦ss✉✐ ❡st❛tíst✐❝❛ θ ❬✶✾❪✳ ❉❡ ❢♦r♠❛ ❣❡r❛❧✱ ❡ss❛s tr❛♥s❢♦r♠❛çõ❡s sã♦ ✐♠♣❧❡♠❡♥t❛❞❛s ♣♦r

♦♣❡r❛❞♦r❡s ✉♥✐tár✐♦s U(σ) ♥♦ ❡s♣❛ç♦ N × N ❞✐♠❡♥s✐♦♥❛❧✱ ♦♥❞❡ σ é ❛ tr♦❝❛ ❡♥tr❡ ❞✉❛s

♣❛rtí❝✉❧❛s ✭✈❡r ❆♣ê♥❞✐❝❡ ❆✮✱ ❡♠ q✉❡✿

ψα → U(σi)α,βψβ. ✭✷✳✶✽✮

❆ss✐♠ s❡ U(σi)αβU(σj)βγ 6= U(σj)αβU(σi)βγ , ∀i 6= j✱ ♦✉ s❡❥❛✱ ♥ã♦ ❝♦♠✉t❛✱ ❞✐③❡♠♦s q✉❡

❛s ♣❛rtí❝✉❧❛s ♦❜❡❞❡❝❡♠ ❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦ ❆❜❡❧✐❛♥❛ ✭❋✐❣✉r❛ ✷✳✷✮✳ P❛r❛ ▼❩▼ ♦

♦♣❡r❛❞♦r ✉♥✐tár✐♦ ❡ ❛ ❛t✉❛çã♦ é ❞❛❞❛ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♣♦r✿



✷✷

Uij = γiγj

γk → UijγkU
†
ij

. ✭✷✳✶✾✮

❋✐❣✉r❛ ✷✳✷✿ ❊①❡♠♣❧♦s ❞❡ tr♦❝❛s ♥ã♦✲❆❜❡❧✐❛♥❛s ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✶✾❪✮✳

❆ ✐❞❡❛❧✐③❛çã♦ ❞❡ ✉♠❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ ✉♥✐✈❡rs❛❧ ✭❈◗❯✮ ❡①✐❣✐r✐❛ ❛ ❡①✐stê♥❝✐❛ ❞❡

s✐st❡♠❛s ❝♦♠ ❆♥②♦♥s ❞❡ ❋✐❜♦♥❛❝❝✐✱ q✉❡ sã♦ q✉❛s❡✲♣❛rtí❝✉❧❛s ❞♦ t✐♣♦ ❛♥②♦♥s q✉❡ ♦❜❡❞❡❝❡♠

❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦✲❆❜❡❧✐❛♥❛✳ P♦ré♠ ♣♦❞❡♠♦s ❢❛③❡r ✉♠❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛

t♦♣♦❧ó❣✐❝❛ ✭❈◗❚✮ ❝♦♠ ▼❩▼✳

❊♠ s✐st❡♠❛s s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s ✭❙◗✮ ❜✐❞✐♠❡♥s✐♦♥❛✐s ❞❡ ♦♥❞❛ p✱ (kx ± iky)✱ ❛s

q✉❛s❡ ♣❛rtí❝✉❧❛s ♦❜❡❞❡❝❡♠ ♥❛t✉r❛❧♠❡♥t❡ ❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦✲❆❜❡❧✐❛♥❛ ❬✶✾❪✳ ❋✉

❡ ❑❛♥❡ ❬✷✻❪ ♣r♦♣✉s❡r❛♠ q✉❡ ❛♦ ❛❝♦♣❧❛r♠♦s ✉♠ s✉♣❡r❝♦♥❞✉t♦r ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♦♥❞❛ s

❜✐❞✐♠❡♥s✐♦♥❛❧ ❛ ✉♠ ■s♦❧❛♥t❡ ❚♦♣♦❧ó❣✐❝♦ ✸❉ ✭✈❡r ✷✳✸✮ ❛ ✐♥t❡r❢❛❝❡ ♣♦❞❡✲s❡ ♣r♦❞✉③✐r ✉♠

❡❢❡✐t♦ s❡♠❡❧❤❛♥t❡ ❛ ❞❡ ✉♠ ❙◗ s♣✐♥ ♣♦❧❛r✐③❛❞♦✳

❋✐❣✉r❛ ✷✳✸✿ ▼♦❞❡❧♦ ❞❡ ❋✉ ❡ ❑❛♥❡✿ ✉♠ s✉♣❡r❝♦♥❞✉t♦r t♦♣♦❧ó❣✐❝♦ ❛❝♦♣❧❛❞♦ ❛ ✐s♦❧❛♥t❡ t♦♣♦❧ó❣✐❝♦

✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✶✾❪✮✳



✷✸

P♦❞❡♠♦s ❝♦♥str✉✐r ❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ ✭❈◗✮✱ ❛ ♣❛rt✐r ❞❡ ✉♠ ✈❡t♦r ❞❡ ❡st❛❞♦ ♥♦

❡s♣❛ç♦ ❞❡ ❍✐❧❜❡rt |Φni
〉 = |n1, n2, n3, · · · , nN〉 ❢♦r♠❛❞♦ ♣♦r N ❢ér♠✐♦s ❞❡ ❉✐r❛❝ ✭❡❧étr♦♥s✮

❡ nj = 0, 1 ✭q✉❜✐t✮ q✉❡ s✐❣♥✐✜❝❛ ❡st❛r ♦❝✉♣❛❞♦ ♦✉ ♥ã♦ ❡ q✉❡ sã♦ ♦s ❛✉t♦✈❛❧♦r❡s ❞♦ ♦♣❡r❛❞♦r

♥ú♠❡r♦✿

n̂j = c†jcj =
1

2
(1 + γj1γj2). ✭✷✳✷✵✮

❆ ❡q✉❛çã♦ ✭✷✳✷✵✮ ♥♦s r❡✈❡❧❛ ❞❡t❛❧❤❡s ✐♥t❡r❡ss❛♥t❡s✳ ◆♦t❡ q✉❡ ♦ ♦♣❡r❛❞♦r ♥ú♠❡r♦ é

❡s❝r✐t♦ ❡♠ ❢✉♥çã♦ ❞❡ ❞♦✐s ♦♣❡r❛❞♦r❡s ❞❡ ▼❛❥♦r❛♥❛ ♦❝✉♣❛♥❞♦ ♦ ♠❡s♠♦ sít✐♦✳ P❛r❛ ✐♥s❡r✐r

✉♠❛ ✐♥❢♦r♠❛çã♦✱ é ♥❡s❝❡ssár✐♦ s❡♣❛r❛r ♦s ▼❩▼ ❡s♣❛❝✐❛❧♠❡♥t❡ ♣r✐♠❡✐r♦✳ ❉❡st❛ ❢♦r♠❛✱

❛ ✐♥❢♦r♠❛çã♦ ❡♠ t❡r♠♦s ❞❡ ▼❩▼ ♥ã♦ é ❛r♠❛③❡♥❛❞❛ ❧♦❝❛❧♠❡♥t❡✳ ❊♠ ♦✉t❛s ♣❛❧❛✈r❛s✱

♥ã♦ ♣♦❞❡♠♦s ❧❡r ❛ ✐♥❢♦r♠❛çã♦ ❞♦ ❡st❛❞♦ q✉â♥t✐❝♦ s❡♠ s❛❜❡r q✉❛✐s sã♦ ♦s ▼❩▼ q✉❡

❝♦♥st✐t✉í❛♠ ✐♥✐❝✐❛❧♠❡♥t❡ ❝❛❞❛ q✉❜✐t✳ ❊♠❜♦r❛ ❡①❝✐t❛çõ❡s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛ ♣♦❞❡r✐❛♠ ❝r✐❛r

✉♠ ❞❡s♦r❞❡♥❛♠❡♥t♦ ❞♦s ❡st❛❞♦s q✉â♥t✐❝♦s ♦ q✉❡ t♦r♥❛r✐❛ ✐♠♣r❛t✐❝á✈❡❧ ✉t✐❧✐③á✲❧♦s ♣❛r❛

❛r♠❛③❡♥❛r ✐♥❢♦r♠❛çã♦✱ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r ✭❞❡r✐✈❛❞♦ ❞❛ ❢♦r♠❛çã♦ ❞❡

♣❛r❡s ❞❡ ❈♦♣♣❡r✮ ❡♠ s✉♣❡r❝♦♥❞✉t♦r❡s ♣r♦t❡❣❡ ♦s ▼❩▼✱ t♦r♥❛❞♦ ♦ s✐st❡♠❛ ♣r❛t✐❝❛♠❡♥t❡

✐♠✉♥❡ ❛ ❢❡♥ô♠❡♥♦s ❞❡ ❞❡❝♦❡rê♥❝✐❛✳

P♦r ✜♠✱ ♦ ❢❛t♦ ❞♦s ▼❩▼ ❡♠ ✉♠ s✐st❡♠❛ ✷❉ ❞❡ ❙◗ ♦❜❡❞❡❝❡♠ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛

♥ã♦✲❆❜❡❧✐❛♥❛✱ ♣❡r♠✐t❡ ❡✈♦❧✉✐r ✉♠ ❡st❛❞♦ ✐♥✐❝✐❛❧ |Φi〉 ❛ ✉♠ ❡st❛❞♦ ✜♥❛❧ |Φf〉 r❡❛❧✐③❛♥❞♦

♦♣❡r❛çõ❡s ✉♥✐tár✐❛s U ✱ ♣❡r♠✐t✐♥❞♦ ✉♠❛ ❝♦♠♣✉t❛çã♦ s❡♠ ❛♠❜✐❣✉✐❞❛❞❡s✳ ❯♠❛ ♦❜s❡r✈❛çã♦

✐♠♣♦rt❛♥t❡✱ é q✉❡ ♦ ♦♣❡r❛❞♦r U ❛t✉❛ ♥♦ ❡st❛❞♦✱ ❛ss✐♠ ❡❧❡ ❛t✉❛ ❡♠ t♦❞♦s q✉❜✐t s✐♠✉❧t❛♥❡✲

❛♠❡♥t❡✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ q✉❡ ♦❝♦rr❡ ♥❛ ❝♦♠♣✉t❛çã♦ tr❛❞✐❝✐♦♥❛❧✱ ❡♠ q✉❡ ❝❛❞❛ ♦♣❡r❛çã♦

❛t✉❛ ❡♠ ✉♠ ❜✐t ♣♦r ✈❡③✱ t♦r♥❛♥❞♦ ❛ss✐♠ ❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ ♠❛✐s rá♣✐❞❛✳



❈❛♣ít✉❧♦ ✸

▼♦❞❡❧♦s ❡❢❡t✐✈♦s ♣❛r❛ ❙✉♣❡r❝♦♥❞✉t♦r❡s

✸✳✶ ■♥tr♦❞✉çã♦

❖ ❡st✉❞♦ ❞❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ r❡♠♦♥t❛ ❛♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳❳✱ q✉❛♥❞♦✱ ❡♠ ✶✾✶✶ ♦

❢ís✐❝♦ ❍❡✐❦❡ ❑❛♠❡r❧✐♥❣❤ ❖♥♥❡s ♦❜s❡r✈♦✉✱ ❡♠ s❡✉ ❧❛❜♦r❛tór✐♦✱ q✉❡ ♦ ♠❡r❝úr✐♦ s♦❢r✐❛ ✉♠❛

q✉❡❞❛ ❛❜r✉♣t❛ ❞❛ r❡s✐st✐✈✐❞❛❞❡✱ ✐♥❞♦ ❛ ③❡r♦ q✉❛♥❞♦ ❛t✐♥❣✐❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❛ ♦r❞❡♠

❞❛ ❧✐q✉❡❢❛çã♦ ❞♦ ❤é❧✐♦✳ ❆ ❡ss❡ ❢❡♥ô♠❡♥♦ ❞❡✉✲s❡ ♦ ♥♦♠❡ ❞❡ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✳ ❆ t❡♠♣❡✲

r❛t✉r❛ ♥❛ q✉❛❧ ♦❝♦rr❡ ❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❞♦ ❡st❛❞♦ ♥♦r♠❛❧ ♣❛r❛ ♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r

❢♦✐ ❞❡♥♦♠✐♥❛❞❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ TC ✱ s❡♥❞♦ ❞✐❢❡r❡♥t❡ ♣❛r❛ ❝❛❞❛ ♠❛t❡r✐❛❧✳

❆ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ é ♦❜s❡r✈❛❞❛ ❡♠ ♠✉✐t♦s ❡❧❡♠❡♥t♦s ♠❡tá❧✐❝♦s ❡ t❛♠❜é♠ ❡♠ ❧✐❣❛s✱

❝♦♠♣♦st♦s ✐♥t❡r♠❡❞✐ár✐♦s ❡ s✉♣❡r❝♦♥❞✉t♦r❡s ❞♦♣❛❞♦s✳ ❆t✉❛❧♠❡♥t❡✱ ❛ ❢❛✐①❛ ❞❡ t❡♠♣❡r❛✲

t✉r❛ ❞❡ tr❛♥s✐çã♦ ❞♦ ❡st❛❞♦ ♥♦r♠❛❧ ♣❛r❛ ♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r✱ ✈❛✐ ❞❡ 0, 001K✱ ♣❛r❛ ♦

❡❧❡♠❡♥t♦ Rh✱ ❛té 138K ♣❛r❛ ❝♦♠♣♦st♦s ❝❡râ♠✐❝♦s ❬✷✹❪✳ ❖ ú❧t✐♠♦ ❝❛s♦ tr❛t❛✲s❡ ❞❡ s✉♣❡r✲

❝♦♥❞✉t♦r❡s ❞❡ ❛❧t❛s t❡♠♣❡r❛t✉r❛s✱ q✉❡ s♦❢r❡♠ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❡♠ t❡♠♣❡r❛t✉r❛s ❞❛ ♦r❞❡♠

❞❛ ❧✐q✉❡❢❛çã♦ ❞♦ ♥✐tr♦❣ê♥✐♦✳ ❊①✐st❡♠ ❛❧❣✉♥s ❢ér♠✐♦♥s ♣❡s❛❞♦s✶ q✉❡ sã♦ s✉♣❡r❝♦♥❞✉t♦r❡s

❡ ♣❡rt❡♥❝❡♠ ❛ ❝❧❛ss❡ ❞♦s s✉♣❡r❝♦♥❞✉t♦r❡s ❡①ót✐❝♦s✳ ❖✉tr♦s ♠❛t❡r✐❛✐s s♦❢r❡♠ tr❛♥s✐çã♦ ❞❡

❢❛s❡ ❛♣❡♥❛s q✉❛♥❞♦ s✉❜♠❡t✐❞♦s ❛ ♣r❡ssõ❡s ❡❧❡✈❛❞❛s✳ ❯♠ ❜♦♠ ❡①❡♠♣❧♦ é ♦ s✐❧í❝✐♦ ✭Si✮✱ q✉❡

♥❡❝❡ss✐t❛ s❡r s✉❜♠❡t✐❞♦ ❛ ✉♠❛ ♣r❡ssã♦ ❞❡ 165kBar ❡ ❛ TC = 8, 3K✳ ■♠♣✉r❡③❛s ♥❛ ❛♠♦str❛

♣♦❞❡♠ ❛❧t❡r❛r TC ✳ P♦r ❡①❡♠♣❧♦✱ ❛ ❛❞✐çã♦ ❞❡ ❣❛❧✐❞♦❧í♥❡♦ ✭♠❡s♠♦ ❡♠ ❜❛✐①❛s q✉❛♥t✐❞❛❞❡s✮

♣♦❞❡♠ r❡❞✉③✐r ❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦ ❞♦ ❧❛♥tâ♥✐♦ ❞❡ 5, 6K ♣❛r❛ 0, 6K

❖s ❢ís✐❝♦s ❑❛r❧ ❲❛t❤❡r ▼❡✐ss♥❡r ❡ ❘♦❜❡rt ❖❝❤❡s❡♥❢❡❧❞❬✷✼❪ ❞❡s❝♦❜r✐r❛♠ ❡♠ ✶✾✸✸ q✉❡✱

♥♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r✱ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡r❛♠ ❡①♣✉❧s❛s ❞♦ ✐♥t❡r✐♦r ❞♦ ♠❛✲

t❡r✐❛❧✱ ❝♦♥tr❛r✐❛♥❞♦ ❛ ✐❞❡✐❛✱ ❛té ❡♥tã♦✱ ❞❡ q✉❡ s✉♣❡r❝♦♥❞✉t♦r❡s ❡r❛♠ ❝♦♥❞✉t♦r❡s ♣❡r❢❡✐t♦s✳

❊ss❡ ❢❡♥ô♠❡♥♦ ✜❝♦✉ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❡❢❡✐t♦ ▼❡✐ss♥❡r✳ ❚♦❞❛✈✐❛✱ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡①t❡r✲

♥♦s ✐♥t❡♥s♦s ❞❡str♦❡♠ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✳ ❖ ✈❛❧♦r ❞♦ ❝❛♠♣♦ ♦♥❞❡ ❤á ❛ tr❛♥s✐çã♦ ❡♥tr❡

♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r ❡ ♥♦r♠❛❧ é ❞❡♥♦♠✐♥❛❞♦ ❝❛♠♣♦ ❝rít✐❝♦ BC(T )✱ q✉❡ ❞❡♣❡♥❞❡ ❞❛

✶❊①✐st❡♠ ❛❧❣✉♥s ❝♦♠♣♦st♦s ♠❡tá❧✐❝♦s q✉❡ ♣♦ss✉❡♠ ❛❧t♦s ✈❛❧♦r❡s ♣❛r❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛✱ ❝♦♠ ❞✉❛s

♦✉ três ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ❛❝✐♠❛ ❞♦ ♥♦r♠❛❧✳ ❙ã♦ ❡①❡♠♣❧♦s ❞❡ ❢ér♠✐♦♥s ♣❡s❛❞♦s ♦ UBe13✱ ♦ CeAl3 ❡ ♦

CeCu2Si2✳ ❆❝r❡❞✐t❛✲s❡ q✉❡ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ❞♦s ❡❧étr♦♥s ♥❡st❡s ❝♦♠♣♦st♦s s❡❥❛ ❞❛ ♦r❞❡♠ ❞❡ 103me

✷✹
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t❡♠♣❡r❛t✉r❛✳ ◆❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝rít✐❝♦ é ③❡r♦ BC(TC) = 0 ❞❡♥✲

tr♦ ❞♦ s✉♣❡r❝♦♥❞✉t♦r✳ ❆ ❡①✐stê♥❝✐❛ ❞♦ ❡❢❡✐t♦ ▼❡✐ss♥❡r ♥♦s ♣❡r♠✐t❡ ❝❧❛ss✐✜❝❛r ♦s ♠❛t❡r✐❛✐s

❡♠ ❞♦✐s ❣r✉♣♦s q✉❛♥t♦ ❛♦ ❝❛♠♣♦ ❝rít✐❝♦✿ ❚✐♣♦ ■ ❡ ❚✐♣♦ ■■✳

❖s ♠❛t❡r✐❛✐s ❞♦ t✐♣♦ ■✱ tê♠ s✉❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ t♦t❛❧♠❡♥t❡ ❞❡str✉í❞❛ q✉❛♥❞♦ ♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛t✐♥❣❡ ♦ s❡✉ ✈❛❧♦r ❝rít✐❝♦✳ ❆♠♦str❛s ♣✉r❛s ❞❡ ♠✉✐t♦s ♠❛t❡r✐❛✐s ❡①✐❜❡♠

❡st❡ t✐♣♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❖s ✈❛❧♦r❡s ❞❡ BC ♥♦s s✉♣❡r❝♦♥❞✉t♦r❡s ❞♦ t✐♣♦ ■ sã♦ tã♦

♣❡q✉❡♥♦s ✭BC = −µ0M✮ q✉❡ ❡st❡s ♠❛t❡r✐❛✐s ♥ã♦ ♣♦❞❡♠ s❡r ✉s❛❞♦s ❡♠ í♠ãs s✉♣❡r❝♦♥❞✉✲

t♦r❡s✳ ❏á ♥♦ t✐♣♦ ■■✱ ♦❜s❡r✈❛♠♦s ❛ ❡①✐stê♥❝✐❛ ❞❡ ❞♦✐s ❝❛♠♣♦s ❝rít✐❝♦s✿ ❛té ♦ ❝❛♠♣♦ BC1 ♦

♠❛t❡r✐❛❧ ❡stá ❡♠ ✉♠ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r ♣✉r♦✱ ♣❛r❛ ✈❛❧♦r❡s ❡♥tr❡ BC1 ❡ BC2 ❡①✐st❡ ✉♠

✢✉①♦ ♠❛❣♥ét✐❝♦ ♥♦ ✐♥t❡r✐♦r ❞♦ ♠❛t❡r✐❛❧ ❡①✐❜✐♥❞♦ ♦s ❡st❛❞♦s ❞❡ ✈órt✐❝❡s ❡✱ ♣♦r ✜♠✱ ♣❛r❛

✈❛❧♦r❡s ❛❝✐♠❛ ❞❡ BC2 ♦ ♠❛t❡r✐❛❧ tr❛♥s✐t❛ ♣❛r❛ ♦ ❡st❛❞♦ ♥♦r♠❛❧ ✭❋✐❣✉r❛ ✸✳✶✮✳ ❙✉♣❡r❝♦♥❞✉✲

t♦r❡s ❞♦ t✐♣♦ ■■ sã♦✱ ♥❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s✱ ❧✐❣❛s ♦✉ ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦ ❝♦♠ ❛❧t♦s ✈❛❧♦r❡s

❞❡ r❡s✐st✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ♥♦ ❡st❛❞♦ ♥♦r♠❛❧✳ ❊①✐st❡✱ t❛♠❜é♠✱ ♠❛t❡r✐❛✐s q✉❡ q✉❛♥❞♦ ♣✉r♦s

sã♦ ❞♦ t✐♣♦ ■✱ q✉❛♥❞♦ ❞♦♣❛❞♦s ❝♦♠ ✐♠♣✉r❡③❛s ♣❛ss❛♠ ❛ ❡①✐❜✐r ❝✉r✈❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❞♦

t✐♣♦ ■■ ✭❋✐❣✉r❛ ✸✳✷✮✳

❋✐❣✉r❛ ✸✳✶✿ ❈✉r✈❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r❡s ❞♦ ❚✐♣♦ ■ ❡ ❚✐♣♦ ■■ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛

❬✷✹❪✮✳

❆ ♣r✐♠❡✐r❛ ❡①♣❧✐❝❛çã♦ ♣❛r❛ ♦ ❡❢❡✐t♦ ▼❡✐ss♥❡r ❢♦✐ ♣r♦♣♦st❛ ♣❡❧♦s ✐r♠ã♦s ▲♦♥❞♦♥ ❡♠

✶✾✸✺ ❬✷✽❪✳ P❛rt✐r❛♠ ❞❡ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❢❡♥♦♠❡♥♦❧ó❣✐❝❛ ❡ ♣♦st✉❧❛r❛♠ q✉❡ ♥♦ ❡st❛❞♦

s✉♣❡r❝♦♥❞✉t♦r✱ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♣♦t❡♥❝✐❛❧ ✈❡t♦r

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❧♦❝❛❧✳ ❆ t❡♦r✐❛ ❞❡❧❡s ♣r❡✈✐❛ ❛ ❡①✐stê♥❝✐❛ ❞♦ ❡❢❡✐t♦ ▼❡✐ss♥❡r✱ ❥á q✉❡

♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t❡♥❞❡ ❛ ③❡r♦ ❞❡♥tr♦ ❞❛ ❛♠♦str❛✳ ❆ ❛❜♦r❞❛❣❡♠ ❞♦s ✐r♠ã♦s ▲♦♥❞♦♥

✉t✐❧✐③❛ ❞❛ ✐❞❡✐❛ ❞❡ ❞♦✐s ✏✢✉✐❞♦s✑✱ ✉♠ ❝♦♠ ❡❧étr♦♥s ❝♦♠✉♥s ❡ ♦✉tr♦ ❝♦♠ ✏s✉♣❡r ❡❧étr♦♥s✑ ♦

q✉❛❧ ❡r❛ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✳ ❊st❛ t❡♦r✐❛ ♣♦r s❡r ❢❡♥♦♠❡♥♦❧ó❣✐❝❛ ❛❧é♠

❞❡ ♥ã♦ ❝♦♥s❡❣✉✐r ❡①♣❧✐❝❛r ❛ ♦r✐❣❡♠ ❞❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✱ ❢❛❧❤❛✈❛ ♥♦ ♣♦♥t♦ ❡♠ q✉❡ ❛

s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❞❡✈❡r✐❛ ❡①✐st✐r ♠❡s♠♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳

❆♣ós ❛ t❡♦r✐❛ ❞❡ ▲♦♥❞♦♥✱ ❡♠ ✶✾✺✵✱ ♦s ❢ís✐❝♦s ❱✳▲✳ ●✐♥③❜✉r❣ ❡ ▲✳❉✳ ▲❛♥❞❛✉ ❬✷✾❪ ♣r♦♣✉✲

s❡r❛♠ ✉♠❛ t❡♦r✐❛ ❢❡♥♦♠❡♥♦❧ó❣✐❝❛✱ ✉s❛♥❞♦ ❛ ♠❡s♠❛ ✐❞❡✐❛ ❞❡ s✉♣❡r ❡❧étr♦♥s ❡ ♦ ❢♦r♠❛❧✐s♠♦

❞❛ ❡♥❡r❣✐❛ ❧✐✈r❡ t❡r♠♦❞✐♥â♠✐❝❛✱ q✉❡ ❛❧é♠ ❞❡ ❡①♣❧✐❝❛r ♦ ❡❢❡✐t♦ ▼❡✐ss♥❡r ♠♦str❛✈❛ ❛ ❡①✐s✲
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❋✐❣✉r❛ ✸✳✷✿ ❈✉r✈❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r❡s ✭❈❤✉♠❜♦ ❡ í♥❞✐♦ ❛ 4, 2K ❞♦ ❚✐♣♦ ■ ❡

❝♦♠ ❞♦♣❛❣❡♠✳ ✭❆✮ ❈❤✉♠❜♦✱ ✭❇✮ ❈❤✉♠❜♦✲2, 8% í♥❞✐♦✱ ✭❈✮ ❈❤✉♠❜♦✲8, 23% í♥❞✐♦ ❡ ✭❉✮ ❈❤✉♠❜♦✲

20, 4% í♥❞✐♦ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✷✹❪✮✳

tê♥❝✐❛ ❞❡ ❞♦✐s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ s✉♣❡r❝♦♥❞✉t♦r❡s✿ ♦ ❞♦ t✐♣♦ ■ ❡ ♦ ❞♦ t✐♣♦ ■■✳ ❆ ❞✐❢❡r❡♥ç❛

❜ás✐❝❛ ❡♥tr❡ ❡❧❡s é q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ só ♣❡♥❡tr❛rá ♥♦ ♠❛t❡r✐❛❧ ♥♦ ❡st❛❞♦ s✉♣❡r❝♦♥✲

❞✉t♦r ❞♦ t✐♣♦ ■ q✉❛♥❞♦ ❛t✐♥❣✐r ♦ ✈❛❧♦r ❞♦ ❝❛♠♣♦ ❝rít✐❝♦✱ ❡♥q✉❛♥t♦ ♥♦ t✐♣♦ ■■ ♦ ❝❛♠♣♦

❝♦♠❡ç❛ ❛ ♣❡♥❡tr❛r ♣❛r❛ ✉♠ ✈❛❧♦r ❞❡ ❝❛♠♣♦ ♠❡♥♦r q✉❡ ♦ ✈❛❧♦r ❞♦ ❝❛♠♣♦ ❝rít✐❝♦✱ ♦✉ s❡❥❛✱

HC1
< HC ✳

❊♠ ✶✾✺✼ ♦s ❢ís✐❝♦s ❏✳ ❇❛r❞❡❡♥✱ ▲✳ ❈♦♦♣❡r ❡ ❏✳ ❙❝❤r✐❡✛❡r ❬✷✺❪ ✜③❡r❛♠ ✉♠❛ t❡♦r✐❛ ❞❡

♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s✱ q✉❡ ✜❝♦✉ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❇❈❙ ✭✐♥✐❝✐❛✐s ❞♦s ♥♦♠❡s✮✱ q✉❡ ❞❡s❝r❡✈❡

s❛t✐s❢❛t♦r✐❛♠❡♥t❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❯♠ ❞♦s ♣♦♥t♦s ❝❡♥tr❛✐s ❞❛ t❡♦r✐❛ é ❛ ❛tr❛çã♦

❞♦s ❡❧étr♦♥s ♥♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ❢♦r♠❛♥❞♦ ♣❛r❡s✳ ❊ss❡s ♣❛r❡s s❡ ❢♦r♠❛♠ ❛tr❛✈és

❞❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥✿ ✉♠ ♣r✐♠❡✐r♦ ❡❧étr♦♥ ❞❡❢♦r♠❛ ❛ r❡❞❡ ✭❢ô♥♦♥✮ ❡♥q✉❛♥t♦ ✉♠

s❡❣✉♥❞♦ ❡❧étr♦♥ ❛♣r♦✈❡✐t❛ ❞❛ ❞❡❢♦r♠❛çã♦ ❝❛✉s❛❞❛ ♣❡❧♦ ♣r✐♠❡✐r♦ ❡❧étr♦♥ ♣❛r❛ ♠✐♥✐♠✐③❛r ❛

s✉❛ ❡♥❡r❣✐❛✳ ❚❛✐s ❡❧étr♦♥s ❧✐❣❛❞♦s sã♦ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♣❛r ❞❡ ❈♦♦♣❡r✳

❆ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❞❡r✐✈❛ ❞♦ ❡❧étr♦♥ ♥❛ r❡❞❡ é ♠❛✐♦r q✉❡ ❛ ❞♦ ❢ô♥♦♥✱ ❞❡st❛ ❢♦r♠❛ ❡①✐st❡

✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✐♥t❡r✈❛❧♦ ♣❛r❛ q✉❡ ♦ s❡❣✉♥❞♦ ❡❧étr♦♥ s❡❥❛ ❝❛♣t✉r❛❞♦ ♣❡❧❛ ❞❡❢♦r♠❛çã♦ ❞❛

r❡❞❡✱ ♦ q✉❡ ❢❛③ ❝♦♠ q✉❡ ♦s ❡❧étr♦♥s s❡❥❛♠ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❛ ✉♠❛ ❣r❛♥❞❡ ❞✐stâ♥❝✐❛✳ P❛r❛

s✉♣❡r❝♦♥❞✉t♦r❡s ❞♦ t✐♣♦ ■✱ ❡st❛ ❞✐stâ♥❝✐❛ é ❞❛ ♦r❞❡♠ ❞❡ 10−7m ❬✷✹❪✱ q✉❡ é ❜❡♠ ♠❛✐♦r ❞♦

q✉❡ ❛ ❞✐stâ♥❝✐❛ ❞❡ r❡♣✉❧sã♦ ❝♦✉❧♦♠❜✐❛♥❛ ❡♥tr❡ ♦s ❡❧étr♦♥s ❞♦ ♣❛r ❞❡ ❈♦♦♣❡r✳

❊ss❛ ✐♥t❡r❛çã♦ ❛tr❛t✐✈❛ ❡♥tr❡ ❡❧étr♦♥s ♣♦❞❡ ❧❡✈❛r ❛ ✉♠ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ s❡♣❛r❛❞♦

❞♦ ♣r✐♠❡✐r♦ ❡st❛❞♦ ❡①❝✐t❛❞♦ ♣♦r ✉♠ ❣❛♣ ❞❡ ❡♥❡r❣✐❛ s✉♣❡r❝♦♥❞✉t♦r ∆✳ ❆ ❞✐❢❡r❡♥ç❛ ❞❡

❡♥❡r❣✐❛ ♥♦ ③❡r♦ ❦❡❧✈✐♥ é✿

∆(0) = 3.25kBTC ,

♦♥❞❡ kB é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✳ ❆ ❢♦r♠❛çã♦ ❞♦s ♣❛r❡s ❞❡ ❈♦♦♣❡r ❝♦♥❞✉③ ❛ ✉♠❛

❞✐♠✐♥✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ǫF ✳ ❆ ❧❛r❣✉r❛ ❞❛ ❜❛♥❞❛ ♣r♦✐❜✐❞❛✷ ❡♠ s✉♣❡r❝♦♥✲

❞✉t♦r❡s é ❞❛ ♦r❞❡♠ ❞❡ 10−4ǫF ✳ ❆ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ r♦♠♣❡r ♦ ♣❛r ❞❡ ❈♦♦♣❡r é ♦

✷❘❡❣✐ã♦ ❡♥tr❡ ❛ ❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛ ❡ ❞❡ ❝♦♥❞✉çã♦ ❝✉❥❛ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ é ♦ ❣❛♣✳
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❣❛♣ ❞❛ t❡♦r✐❛ ❇❈❙✱ q✉❡ ♣♦ss✉✐ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✳ ◗✉❛♥t♦ ♠❡♥♦r ❛

t❡♠♣❡r❛t✉r❛✱ ♠❛✐♦r ♦ ❣❛♣✳ ❆ ③❡r♦ ❑❡❧✈✐♥ ♦ ❣❛♣ é ♠á①✐♠♦✱ ♣♦✐s ♥ã♦ ❤á ✈✐❜r❛çõ❡s ❞❛ r❡❞❡

❝r✐st❛❧✐♥❛ ❞❡✈✐❞♦ ❛ ✢✉t✉❛çõ❡s tér♠✐❝❛s✳

❖ ❢❛t♦ ❞❡ ❡①✐st✐r ✉♠❛ ❜❛♥❞❛ ♣r♦✐❜✐❞❛✱ s✐❣♥✐✜❝❛ q✉❡ ❢ót♦♥s ❝♦♠ ✉♠❛ ❡♥❡r❣✐❛ ♠❡♥♦r

❞♦ q✉❡ ♦ ❣❛♣ ❞❡ ❡♥❡r❣✐❛ ♥ã♦ sã♦ ❛❜s♦r✈✐❞♦s✳ ❊♠ ✉♠❛ ❛♠♦str❛ ♠❡tá❧✐❝❛ ❞❛ ♦r❞❡♠ ❞❡

20 × 10−10m✱ ♣♦r ❡①❡♠♣❧♦✱ ✉♠ ♥ú♠❡r♦ ♠❛✐♦r ❞❡ ❢ót♦♥s ❛tr❛✈❡ss❛ ♦ ♠❛t❡r✐❛❧ ♥♦ ❡st❛❞♦

s✉♣❡r❝♦♥❞✉t♦r ❞♦ q✉❡ ♥♦ ❡st❛❞♦ ♥♦r♠❛❧✱ ❡✱ ♥♦ ❝❛s♦ ❞❡ ❢ót♦♥s ❝♦♠ ❡♥❡r❣✐❛ ♠❡♥♦r ❞♦ q✉❡

❛ ❧❛r❣✉r❛ ❞❛ ❜❛♥❞❛ ♣r♦✐❜✐❞❛✱ ❛ tr❛♥s♠✐tâ♥❝✐❛ ❞❡s❛♣❛r❡❝❡ ♥♦ ③❡r♦ ❛❜s♦❧✉t♦✳

❯♠ r❡s✉❧t❛❞♦ ♠✉✐t♦ ✐♥t❡r❡ss❛♥t❡✱ ♦❜t✐❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ é q✉❡ ❛ t❡♠♣❡r❛t✉r❛

❝rít✐❝❛ ❞♦s s✉♣❡r❝♦♥❞✉t♦r❡s ✈❛r✐❛ ❝♦♠ ❛ ♠❛ss❛ ✐s♦tó♣✐❝❛✱

MαTC = constante,

s✉❣❡r✐♥❞♦ q✉❡ ❛s ✈✐❜r❛çõ❡s ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❡✱ ♣♦rt❛♥t♦✱ ❛s ✐♥t❡r❛çõ❡s ❡❧étr♦♥✲r❡❞❡ ❡stã♦

❡♥✈♦❧✈✐❞❛s ♥♦ ❢❡♥ô♠❡♥♦ ❞❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❬✸✷❪✳ ❆ss✐♠ ♥ã♦ ❡①✐st❡ ♥❡♥❤✉♠❛ ♦✉tr❛

r❛③ã♦ ♣❛r❛ q✉❡ TC ♥ã♦ ❞❡♣❡♥❞❛ ❞♦ ♥ú♠❡r♦ ❞❡ ♥ê✉tr♦♥s ♣r❡s❡♥t❡s ♥♦ ♥ú❝❧❡♦ ❛tô♠✐❝♦✳

❆ t❡♦r✐❛ ❇❈❙✱ ❛♣❡s❛r ❞❡ ❛♣r❡s❡♥t❛r ✉♠❛ ❞❡s❝r✐çã♦ ♣❡r❢❡✐t❛ ♣❛r❛ ♦ ❢❡♥ô♠❡♥♦ ❞❛ s✉✲

♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❡♠ ♠❛t❡r✐❛✐s ❞❡ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛✱ ♥ã♦ ❝♦♥s❡❣✉❡ ❡①♣❧✐❝❛r ❛

s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❡♠ ♠❛t❡r✐❛✐s ❞❡ ❛❧t❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ ❬✸✸❪✳ P♦ré♠✱ ♠❡s♠♦ ❞❡s❝♦✲

♥❤❡❝❡♥❞♦ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❈♦♦♣❡r✱ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ♣❛r❛ ❛❧t❛

t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ ❞❡♣❡♥❞❡ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛ ❞♦s ♠❡s♠♦s ❬✷✹✱ ✸✷❪✳

❆ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❞❛ ❢❛s❡ ♥♦r♠❛❧ ♣❛r❛ ❛ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r❛ ❡stá ✐♥t✐♠❛♠❡♥t❡ ❧✐❣❛❞❛

❛ q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛s ❞♦ s✐st❡♠❛ ✭❯♠ ♠❛✐♦r ♦r❞❡♥❛♠❡♥t♦ ❞♦s ❡❧étr♦♥s ❡♠ ♣❛r❡s✮ ❬✸✹❪✳

P♦rt❛♥t♦ ♣♦❞❡♠♦s ❡st✉❞❛r ❡st❛s tr❛♥s✐çõ❡s ❛ ♣❛rt✐r ❞❛s ❢✉♥çõ❡s t❡r♠♦❞✐♥â♠✐❝❛s✱ ❝♦♠♦✱

♣♦r ❡①❡♠♣❧♦✱ ♥❛ tr❛♥s✐çã♦ ❞❛ ❢❛s❡ ❧íq✉✐❞❛ ❞❛ á❣✉❛ ♣❛r❛ ❛ ❢❛s❡ só❧✐❞❛✳

P❛r❛ ✉♠ s✉♣❡r❝♦♥❞✉t♦r ❞♦ t✐♣♦ ■ ❝♦♠ ✉♠ ❡❢❡✐t♦ ▼❡✐ss♥❡r ❝♦♠♣❧❡t♦✱ ♦ ❝❛♠♣♦ ❝rít✐❝♦

BC é ✉♠❛ ♠❡❞✐❞❛ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡ ✭❞❡ ●✐❜❜s✮ ❡♥tr❡ ♦s ❡st❛❞♦s ♥♦r♠❛❧ ❡

s✉♣❡r❝♦♥❞✉t♦r ❛ ✉♠❛ ♠❡s♠❛ t❡♠♣❡r❛t✉r❛✿

∆F =
B2

C

2µ0

.

◆♦ ❝❛s♦ s✉♣❡r❝♦♥❞✉t♦r ❞♦ t✐♣♦ ■■✱ BC é ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ ❝❛♠♣♦ ❝rít✐❝♦ t❡r♠♦❞✐♥â♠✐❝♦

r❡❧❛❝✐♦♥❛❞♦ à ❡♥❡r❣✐❛ ❧✐✈r❡ ❞❡ ❡st❛❜✐❧✐③❛çã♦✱ ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞♦ ✈❛❧♦r ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❛♣❧✐❝❛❞♦ q✉❡ ❞❡stró✐ ♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r✳ ❊♠ ✉♠❛ t❡♠♣❡r❛t✉r❛ ✜♥✐t❛✱ ❛s ❢❛s❡s ♥♦r♠❛✐s

❡ s✉♣❡r❝♦♥❞✉t♦r❛s ❡stã♦ ❡♠ ❡q✉✐❧í❜r✐♦ q✉❛♥❞♦ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é t❛❧ q✉❡ ❛s ❡♥❡r❣✐❛s

❧✐✈r❡s s❡❥❛♠ F = U − TS✳

❉❡♥tr♦ ❞❛ ❝❧❛ss❡ ❞♦s s✉♣❡r❝♦♥❞✉t♦r❡s✱ ❡①✐st❡♠ ♦s ❝❤❛♠❛❞♦s s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s

q✉❡ sã♦ ❛q✉❡❧❡s ❡♠ q✉❡ ❛ ❢❛s❡ ❝♦♠♣❧❡①❛ ❞♦ ❣❛♣ iky✱ ∆(k) = |∆|e−iθ✱ ❣✐r❛ ❡♠ ✉♠ s❡♥t✐❞♦

❤♦rár✐♦ ♦✉ ❛♥t✐✲❤♦rár✐♦ ❝♦♥❢♦r♠❡ k s❡ ♠♦✈❡ ❡♥t♦r♥♦ ❞❡ ❛❧❣✉♠ ❡✐①♦ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐
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❬✹❪✳

❆ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ q✉✐r❛❧ é ✉♠ t✐♣♦ ❞❡ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦✱ ❡ ❝❛rr❡❣❛ ❝♦♥s✐❣♦ ❝❡rt❛s

❛ss✐♥❛t✉r❛s ❞❡ s✉❛ t♦♣♦❧♦❣✐❛ ♥ã♦ tr✐✈✐❛❧ ❬✼❪✳ ❯♠ ❡①❡♠♣❧♦ sã♦ ♦s ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛✱ q✉❡✱

♥♦ ❡st❛❞♦ ❞❡ ❡♥❡r❣✐❛ ③❡r♦ k = 0✱ tê♠ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ s❡r s✉❛ ♣ró♣r✐❛ ❛♥t✐✲♣❛rtí❝✉❧❛✳

❋ís✐❝❛ s❡♠❡❧❤❛♥t❡ s❡ ❛♣❧✐❝❛ ❛ ♥ú❝❧❡♦s ❞❡ ✈órt✐❝❡ ❡♠ s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s q✉❡✱ ❞❡✈✐❞♦

s❡r ❞❡ ♦♥❞❛ ♣✱ ❡①✐❜❡ ✉♠ ú♥✐❝♦ ♠♦❞♦ ③❡r♦ ❞❡ ▼❛❥♦r❛♥❛ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ❢ér♠✐♦♥s s❡♠ s♣✐♥

❬✸✺❪✳ ❊ss❡s ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ♣♦❞❡♠ s❡r ❡stá✈❡✐s ❛ ♣❡rt✉r❜❛çõ❡s ❧♦❝❛✐s✱ ♣r♦t❡❣✐❞♦s ♣❡❧♦

❜✉❧❦✱ ❞❡✈✐❞♦ ❛ s✉❛ ♥❛t✉r❡③❛ t♦♣♦❧ó❣✐❝❛✳

◆❡st❡ ❝❛♣ít✉❧♦ ✐♥✐❝✐❛r❡♠♦s ❝♦♠ ✉♠❛ ❞✐s❝✉ssã♦ s♦❜r❡ ❛ ❚❡♦r✐❛ ❇❈❙✱ ❝♦♠ ❢♦❝♦ ♥♦s

r❡s✉❧t❛❞♦s s♦❜r❡ ♦ ❣❛♣ ❞❡ ❡♥❡r❣✐❛ ∆(k) ♦r✐✉♥❞♦ ❞❛ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❈♦♦♣❡r✱ ♦s q✉❛✐s✱

s❡rã♦ ✉s❛❞♦s ♣❛r❛ ❞✐s❝✉ssõ❡s s♦❜r❡ ❛ ❢♦r♠❛ ❞♦ ❣❛♣ ♥♦ ❝❛♣ít✉❧♦ ✹✳ ❊♠ s❡❣✉✐❞❛ ❞✐s❝✉t✐r❡♠♦s

s♦❜r❡ ❛ ❝❧❛ss❡ ❞♦s s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s✳ ◆❛ ú❧t✐♠❛ s❡çã♦✱ s❡rá ❛♣r❡s❡♥t❛❞♦ ✉♠ ♠♦❞❡❧♦

❡❢❡t✐✈♦ ❞❡ ✉♠❛ ❜❛♥❞❛ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s✱ ❡ ✉t✐❧✐③❛♥❞♦ ❛s r❡❧❛çõ❡s ❞❡✜♥✐❞❛s ❡♠

✭✷✳✶✷✮ ♦❜t❡r❡♠♦s ♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞♦s ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛✳ P♦r ✜♠✱ ❛r❣✉♠❡♥t❛r❡♠♦s

❛s ❝♦♥❞✐çõ❡s s♦❜r❡ ♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦✱ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ❡ ♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣

♣❛r❛ ♦ q✉❛❧ ♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r ❡①✐❜❡ ❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛ ❬✸✻❪✳

✸✳✷ ❚❡♦r✐❛ ❇❈❙

◆❡st❛ s❡çã♦ ❢❛r❡♠♦s ✉♠❛ ❞❡s❝r✐çã♦ ❞❛ t❡♦r✐❛ ❇❈❙ ❛ ♣❛rt✐r ❞❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥✳

❈♦♥t✉❞♦✱ ❡ss❡ ♥ã♦ é ♦ ú♥✐❝♦ ♠❡❝❛♥✐s♠♦ q✉❡ ❧❡✈❛ ❛ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❈♦♣♣❡r✳ ❖

♠❡❝❛♥✐s♠♦ ❞❡ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥ ❡①♣❧✐❝❛ ❞❡ ❢♦r♠❛ ❜❡♠ ❝♦❡r❡♥t❡ ❛ ❢♦r♠❛çã♦ ❞♦s ♣❛r❡s

❞❡ ❈♦♦♣❡r ❡ ❛ ❡①✐stê♥❝✐❛ ❞♦ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r❡s ❞✐t♦s ❝♦♥✈❡♥❝✐♦♥❛✐s✳

P♦ré♠✱ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❡❢❡✐t♦ ✐s♦tó♣✐❝♦ ❝♦♠ ❛ TC ✱ ❝♦♠♦ ❥á ❞✐s❝✉t✐❞♦✱ t♦r♥❛ ❛ ✐♥t❡r❛çã♦

❡❧étr♦♥✲❢ô♥♦♥ ♦ ♣r✐♥❝✐♣❛❧ ♠❡❝❛♥✐s♠♦ ♣❛r❛ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✳ ❆ss✐♠ ♠♦str❛r❡♠♦s

❝♦♠♦ ❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥ ♣♦❞❡ ♣r♦❞✉③✐r ✉♠❛ ✐♥t❡r❛çã♦ ❛tr❛t✐✈❛ ❡♥tr❡ ♦s ❡❧étr♦♥s✳

❈♦♥s✐❞❡r❡ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ H = H0 +He−f ✱ ♦♥❞❡✿

H0 =
∑

q

~ωqb
†
qbq +

∑

k

ekc
†
kck, ✭✸✳✶✮

♦♥❞❡ ωq é ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ✈✐❜r❛çã♦ ❞❛ r❡❞❡✱ ck ❡ bk sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦s ♦♣❡r❛❞♦r❡s

❞❡ ❛♥✐q✉✐❧❛çã♦ ❞❡ ❡❧étr♦♥s ❡ ❢ô♥♦♥s ❡ ek ❛ ❡♥❡❣✐❛ ❝✐♥ét✐❝❛ ❞♦s ❡❧étr♦♥s✳ ❆ ❡q✉❛çã♦ ✭✸✳✶✮

❞❡s❝r❡✈❡ ❛ ❡♥❡❣✐❛ ❝✐♥ét✐❝❛ ❞♦s ❢ô♥♦♥s ❡ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞♦s ❡❧étr♦♥s ♥❛ r❡❞❡✳ ❚❡♠♦s

❛✐♥❞❛✿

He−f =
∑

q,k

Mqcq+kck(bq + b†−q), ✭✸✳✷✮



✷✾

♦♥❞❡ Mq é ❝♦♥st❛♥t❡ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲❢ô♥♦♥✳ ❚r❛t❛r❡♠♦s ♦ ♣r♦❜❧❡♠❛ ❛tr❛✈és ❞❛

t❡♦r✐❛ ♣❡rt✉r❜❛t✐✈❛✳ ❆ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥✱ ❝♦♠♦ ✈❡r❡♠♦s✱ é ✉♠❛ ❝♦rr❡çã♦ ❞❡ s❡✲

❣✉♥❞❛ ♦r❞❡♠✱ s❡♥❞♦ ❛ss✐♠ ❞❡ ❡♥❡r❣✐❛ ♥❡❣❛t✐✈❛✱ tí♣✐❝♦ ❞❡ ♣♦t❡♥❝✐❛❧ ❛tr❛t✐✈♦✳ ■♥✐❝✐❛❧♠❡♥t❡

♣r♦❝✉r❛♠♦s ♣♦r ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❙❝❤✐❡✛❡r✲❲♦❧✛✱ ❞❡ ♠♦❞♦ q✉❡✿

[H,S] = −He−f . ✭✸✳✸✮

❆ tr❛♥s❢♦r♠❛❞❛ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛ é ❞❛❞❛ ♣♦r✿

Ĥ = e−SHeS = H0 +
1

2
[He−f , S] + · · · . ✭✸✳✹✮

❱❛♠♦s ♣r♦♣♦r q✉❡✿

S =
∑

q,k

(Ab†−q +Bbq)Mqc
†
q+kck, ✭✸✳✺✮

♦♥❞❡ A ❡ B ♣♦❞❡♠ s❡r ❞❡t❡r♠✐♥❛❞♦s ✐♠♣♦♥❞♦ ❛ ❝♦♥❞✐çã♦ ❡♠ ✭✸✳✸✮✳ ❆ss✐♠ ❛ tr❛♥s❢♦r♠❛çã♦

✉♥✐tár✐❛ S é✿

S =
∑

k,q

[

b†−q

(ek − ek+q − ~ω−q)
+

bq
(ek − ek+q + ~ωq)

]

Mqc
†
k+qck. ✭✸✳✻✮

❖❜s❡r✈❡ q✉❡ ♦ ❞❡♥♦♠✐♥❛❞♦r ❞❡ b†−q ❝♦rr❡s♣♦♥❞❡ ❛ ❡♠✐ssã♦ ❞❡ ❞✐❢❡r❡♥t❡s ❡♥❡r❣✐❛s ❞❡ ✉♠

❢ô♥♦♥ ❡ ♦ ❞❡♥♦♠✐♥❛❞♦r ❞❡ bq ❛ ❛❜s♦rçã♦✳ ❱❛♠♦s ❞❡✜♥✐r ∆±(k, q) = ek − ek+q ± ~ω±q✳ ❆

❍❛♠✐❧t♦♥✐❛♥❛ ❡❢❡t✐✈❛ ❞❡♣❡♥❞❡ ❞♦ ❝♦♠✉t❛❞♦r
[

(bq + b†−q)c
†
k+qck, b

†
−q

′c
†
k
′
+q

′cq′
]

✳ ◆❛ ❛✈❛❧✐❛çã♦

❞❡st❡ ❝♦♠✉t❛❞♦r s✉r❣❡♠ t❡r♠♦s ❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ✉♠ ❝♦r♣♦✱ q✉❡ ♥ã♦ ♥♦s ✐♥t❡r❡ss❛♠✳ ❆ss✐♠✱

❧❡✈❛♥❞♦ ❛♣❡♥❛s ♦s t❡r♠♦s ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❞♦✐s ❡❧étr♦♥s ♠❡❞✐❛❞♦ ♣♦r ❢ô♥♦♥s✱ t❡♠♦s ✉♠

♣♦t❡♥❝✐❛❧ ❛tr❛t✐✈♦ ❡♠ ✉♠❛ ❡str❡✐t❛ ❢❛✐①❛ ❡♠ t♦r♥♦ ❞♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ ❞❛❞♦ ♣♦r✿

V (k, q) =
|Mq|2~ωq

∆2
k,q − (~ωq)2

, ✭✸✳✼✮

♦♥❞❡ ∆k,q = ek − ek−q✳ ◆♦t❡ q✉❡ ♦ ♣♦t❡♥❝✐❛❧ s❡rá ❛tr❛t✐✈♦ ♣❛r❛ ∆k,q < ~ωq✱ t❡♥❞♦ s❡✉

✈❛❧♦r ♠á①✐♠♦ ♣❛r❛ ∆k,q = ~ωq✳ P♦rt❛♥t♦✱ ❛ ❛tr❛çã♦ ❡stá ❝♦♥❞✐❝✐♦♥❛❞❛ ❛ ✈✐❜r❛çã♦ ❞❛ r❡❞❡

✭ωq✮ ❡✱ ❡♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ❛♦ ♠♦✈✐♠❡♥t♦ ❞♦s í♦♥s✳ ❆ ✐❞❡✐❛ ❢ís✐❝❛ é q✉❡ ♦ ♣r✐♠❡✐r♦ ❡❧étr♦♥



✸✵

♣♦❧❛r✐③❛ ♦ ♠❡✐♦ ♣♦r ❛tr❛✐r í♦♥s ♣♦s✐t✐✈♦s ✭❋✐❣✉r❛ ✸✳✸✮❀ ❡ss❡s í♦♥s ♣♦s✐t✐✈♦s ❡♠ ❡①❝❡ss♦✱ ♣♦r

s✉❛ ✈❡③✱ ❛tr❛❡♠ ♦ s❡❣✉♥❞♦ ❡❧étr♦♥✱ ❞❛♥❞♦ ✉♠❛ ✐♥t❡r❛çã♦ ❛tr❛t✐✈❛ ❡❢❡t✐✈❛ ❡♥tr❡ ❡❧étr♦♥s✱ s❡

❡ss❛ ❛tr❛çã♦ ❢♦r s✉✜❝✐❡♥t❡ ♣❛r❛ ❡①❝❡❞❡r ❛ r❡♣✉❧sã♦ ❞❡ ❈♦✉❧♦♠❜✳ ❊st❡ ♣♦t❡♥❝✐❛❧ ❛tr❛t✐✈♦

❡♥tr❡ ❡❧étr♦♥s é ❛ ❜❛s❡ ♣❛r❛ ❛ t❡♦r✐❛ ❇❈❙ ❞❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✳ ❆ ✐♠♣♦rtâ♥❝✐❛ ❞❛

✐♥t❡r❛çã♦ ❡❧étr♦♥✲r❡❞❡ ♣❛r❛ ❡①♣❧✐❝❛r ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❢♦✐ s✉❣❡r✐❞❛ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③

♣♦r ❋r♦❤❧✐❝❤ ❡♠ ✶✾✺✵✳ ❊st❛ s✉❣❡stã♦ ❢♦✐ ❝♦♥✜r♠❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❝♦♠ ❛ ❞❡s❝♦❜❡rt❛

❞♦ ❡❢❡✐t♦ ✐s♦tró♣✐❝♦✳

❋✐❣✉r❛ ✸✳✸✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❈♦♦♣❡r ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✻❪✮✳

❚♦❞❛✈✐❛ ❛✐♥❞❛ ♥ã♦ ❥✉st✐✜❝❛♠♦s ❝♦♠♦ ♦ s❡❣✉♥❞♦ ❡❧étr♦♥ é ❛tr❛í❞♦✳ ❖ ♠♦♠❡♥t♦ ❞♦

❢ô♥♦♥ ❞❡✈✐❞♦ ❛ ❞✐st♦rçã♦ ❞❛ r❡❞❡ ♣❡❧♦ ♣r✐♠❡✐r♦ ❡❧étr♦♥ é q✳ ❆ ♣❛rt✐r ❞❛ ❝♦♥s❡r✈❛çã♦ ❞♦

♠♦♠❡♥t♦✱ ♣♦❞❡♠♦s ✈❡r q✉❡ s❡ ✉♠ ❡❧étr♦♥ é ❡s♣❛❧❤❛❞♦ ❞❡ k ♣❛r❛ k
′

t❡♠♦s✱ ♣♦rt❛♥t♦✱ q✉❡

q = k − k
′

✭❋✐❣✉r❛ ✸✳✹✮✳ P♦r ✜♠✱ ♦ ❢ô♥♦♥ ❡s♣❛❧❤❛ ♦ s❡❣✉♥❞♦ ❡❧étr♦♥ ❞❛ ♠❡s♠❛ ❢♦r♠❛✳

❋✐❣✉r❛ ✸✳✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❋❡②♥♠❛♥ ♣❛r❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥ ✲ ❢ô♥♦♥ ✲ ❡❧étr♦♥ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛

❬✸✵❪✮✳

❊♠❜♦r❛ ❛ ❛tr❛çã♦ ♠❡❞✐❛❞❛ ♣♦r ❢ô♥♦♥s s❡❥❛ ❛ ❜❛s❡ ♣❛r❛ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ♥♦s s✉✲

♣❡r❝♦♥❞✉t♦r❡s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ é ✐♠♣♦rt❛♥t❡ r❡❝♦♥❤❡❝❡r q✉❡ ♦ ♠♦❞❡❧♦ ❇❈❙ r❡q✉❡r ❛♣❡♥❛s

✉♠❛ ✐♥t❡r❛çã♦ ❛tr❛t✐✈❛ ❞❛♥❞♦ ♦ ❡❧❡♠❡♥t♦ ❞❡ ♠❛tr✐③ q✉❡ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞♦ ❝♦♠♦ −V
❡♠ ✉♠❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛s ♣❡rt♦ ❞❛ ❊♥❡r❣✐❛ ❞❡ ❋❡r♠✐✳ ❉✐❢❡r❡♥t❡s ✐♥t❡r❛çõ❡s ❞❡ ❡♠♣❛✲

r❡❧❤❛♠❡♥t♦✱ ❡♥✈♦❧✈❡♥❞♦ ❛ tr♦❝❛ ❞❡ ❞✐❢❡r❡♥t❡s ❜ós♦♥s ♣♦r ❢ô♥♦♥s✱ ♣♦❞❡♠ ♠✉✐t♦ ❜❡♠ s❡r

r❡s♣♦♥sá✈❡✐s ♣♦r ❛❧❣✉♠❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❡♠ ❛❧❣✉♥s ❞♦s ♠❛✐s ❡①ót✐❝♦s s✉♣❡r❝♦♥❞✉t♦✲

r❡s ♦r❣â♥✐❝♦s✱ ❢ér♠✐♦♥s ♣❡s❛❞♦s ❡ ❞❡ ❛❧t❛ t❡♠♣❡r❛t✉r❛✳ ◆❡ss❡ ❝❛s♦✱ ♦ ❡♠♣❛r❡❧❤❛♠❡♥t♦ ❞❡

❡❧étr♦♥s ♣♦❞❡ t❡r ♦ ❝❛rát❡r ❞❡ ♦♥❞❛✲p ♦✉ ♦♥❞❛✲d✱ ❡♠ ✈❡③ ❞❛ ❢♦r♠❛ ❞❡ ♦♥❞❛✲s ❛ss✉♠✐❞♦ ❛q✉✐

✐♥✐❝✐❛❧♠❡♥t❡✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❢❡♥♦♠❡♥♦❧♦❣✐❛ ♠❛❝r♦s❝ó♣✐❝❛ ❞♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r r❡s✉❧✲

t❛♥t❡ é ❛❧t❡r❛❞❛ ❛♣❡♥❛s ♣♦r ❞❡t❛❧❤❡s ❞❡ss❛s ❞✐❢❡r❡♥ç❛s✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ ❡①✐stê♥❝✐❛ ❞♦
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♣♦t❡♥❝✐❛❧ ❛tr❛t✐✈♦✱ tr❛t❛❞♦ ❛q✉✐✱ ❢✉♥❞❛♠❡♥t❛ ❛ ❝♦♠♣r❡❡♥sã♦ ❞❡ t♦❞♦s ♦s s✉♣❡r❝♦♥❞✉t♦r❡s✱

♠❡s♠♦ ♦s ♠❛t❡r✐❛✐s ❡①ót✐❝♦s ♣❛r❛ ♦s q✉❛✐s sã♦ ♥❡❝❡ssár✐❛s ❣❡♥❡r❛❧✐③❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s✳

✸✳✸ ❙✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧

❆ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❈♦♣♣❡r ♣♦❞❡♠ s❡r ❞❛❞❛s ♣♦r ❡♠♣❛r❡❧❤❛♠❡♥t♦s ❞❡ ♦♥❞❛✲s✱ ♦♥❞❛✲p✱

♦♥❞❛✲d ❡ ♦♥❞❛✲f ✳ ❊♠ ❝❛❞❛ ❝❛s♦ t❡♠♦s ❞✐❢❡r❡♥t❡s ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r t♦t❛❧

❞♦s ♣❛r❡s ❞❡ ❈♦♦♣❡r✳ P♦r ❡①❡♠♣❧♦✱ ♦s ♣❛r❡s ❞❡ ❈♦♦♣❡r ❞♦s s✉♣❡r❝♦♥❞✉t♦r❡s ❞❡ ♦♥❞❛✲s

tê♠ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r t♦t❛❧ ♥✉❧♦ ❞❡✈✐❞♦ ❛ ✉♠ ú♥✐❝♦ ❡st❛❞♦ s✐♥❣❧❡t♦✳ ❊♠ s✉♣❡r❝♦♥❞✉t♦r❡s

❞❡ ♦♥❞❛✲p✱ ♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r t♦t❛❧ ❞♦s ♣❛r❡s ❞❡ ❈♦♣♣❡r é ✶✳ ❖s s✉♣❡r❝♦♥❞✉t♦r❡s ♠❛✐s

s✐♠♣❧❡s sã♦ ❞❡ ♦♥❞❛✲s ❝♦♠ ✉♠❛ ú♥✐❝❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐✱ ❝✉❥❛ ❛ ✐♥t❡r❛çã♦ ❛tr❛t✐✈❛ ❡♥tr❡ ♦s

❡❧étr♦♥s é ❞❡✈✐❞♦ ❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥✳ ❊♠♣❛r❡❧❤❛♠❡♥t♦s ❞❡ ♦r❞❡♠ s✉♣❡r✐♦r ♦❝♦rr❡♠✱

❣❡r❛❧♠❡♥t❡✱ q✉❛♥❞♦ ❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❡❧étr♦♥ ❛ ❝✉rt♦ ❛❧❝❛♥❝❡ é r❡♣✉❧s✐✈❛✱ ♠❛s ❛ ✐♥t❡r❛çã♦

❛ ❧♦♥❣♦ ❛❧❝❛♥❝❡ s❡❥❛ ❛tr❛t✐✈❛ ❞❡ ♠♦❞♦ q✉❡ ❛ ✐♥t❡r❛çã♦ ❣❧♦❜❛❧ s❡❥❛ ❛tr❛t✐✈❛✳ ❖ ❡①❡♠♣❧♦

♠❛✐s ❝❧áss✐❝♦ ♣r❡s❡♥t❡ ♥❛ ❧✐t❡r❛t✉r❛ é ♦ ❍é❧✐♦ s✉♣❡r✢✉✐❞♦ ✭H3✮ ♦♥❞❡ ♦s ♣❛r❡s ❞❡ ❈♦♦♣❡r

t❡♠ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r t♦t❛❧ ✐❣✉❛❧ ❛ 1 ❬✸✼❪✳ ❖s ❈✉♣r❛t♦s ❞❡ ❛❧t❛ t❡♠♣❡r❛t✉r❛ sã♦ ❞❡ ♦♥❞❛✲d

❞❡✈✐❞♦ à ❛❧t❛ r❡♣✉❧sã♦ ❈♦✉❧♦♠❜✐❛♥❛ ❛ ❝✉rt❛ ❞✐stâ♥❝✐❛ ❡ ❛tr❛t✐✈❛ ❞❡✈✐❞♦ ❛ ✉♠❛ ❣❛♠❛ ❞❡

✐♥t❡r❛çõ❡s ❞❡ tr♦❝❛s✳ P❛r❛ ♠❛✐s ❞❡t❛❧❤❡s s♦❜r❡ ❡st❡ ❛ss✉♥t♦ ✈❡❥❛ ❛ r❡❢❡rê♥❝✐❛ ❬✸✽❪✳

❙✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s s❡ ❝❛r❛❝t❡r✐③❛♠ ♣❡❧♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r t♦t❛❧ ❞♦s ♣❛r❡s ❞❡

❈♦♦♣❡r ♥ã♦ ♥✉❧♦s✱ ❛ss✐♠ ✐♠❡❞✐❛t❛♠❡♥t❡✱ ❡❧❡s ♥ã♦ ♣♦❞❡♠ s❡r ❞❡ ♦♥❞❛✲s✳ ❊♠ ❡s♣❡❝✐❛❧✱

q✉❡❜r❛♠ ❡s♣♦♥t❛♥❡❛♠❡♥t❡ ❛ s✐♠❡tr✐❛ ❞❡ r❡✈❡rsã♦ t❡♠♣♦r❛❧ ✭❙❘❚✮ ❬✹❪✱ ❞❛♥❞♦ ♦r✐❣❡♠ ❛s

❝♦rr❡♥t❡s tr❛♥s♣♦rt❛❞❛s ♣❡❧♦s ♠♦❞♦s ❞❡ ❜♦r❞❛ ❡ ❡st❛❞♦s ❞❡ s✉♣❡r❢í❝✐❡✱ ❝♦♠♦ ♥♦ ❊❢❡✐t♦ ❍❛❧❧

◗✉â♥t✐❝♦ ✭❍◗❊✮✳ ◆♦ ♠❛✐s s✐♠♣❧❡s ♠♦❞❡❧♦ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ ❞❡ ♦♥❞❛✲p✱ ❡ss❛s ❝♦rr❡♥t❡s

sã♦ s✉❜st❛♥❝✐❛✐s✱ ♠❡s♠♦ ✜❧tr❛❞♦ ♣♦r ❝♦rr❡♥t❡s ❞✐❛♠❛❣♥ét✐❝❛s ❝♦♠ s❡♥t✐❞♦ ❝♦♥trár✐♦✳ ❊ss❛s

❝♦rr❡♥t❡s ❛♣❡s❛r ❞❡ ♥ã♦ s❡r❡♠ q✉❛♥t✐③❛❞❛s ❡ ♥❡♠ ♣r♦t❡❣✐❞❛s t♦♣♦❧♦❣✐❝❛♠❡♥t❡✱ ♣♦ss✉❡♠

❛ ❝♦♥❞✉tâ♥❝✐❛ ❍❛❧❧ tér♠✐❝❛ q✉❛♥t✐③❛❞❛✳ ❙✉♣❡r❝♦♥❞✉t♦r❡s ❞❡ ♦♥❞❛✲s q✉❛♥❞♦ ❛❝♦♣❧❛❞♦s ❛

✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①✐❜❡♠ ❝♦rr❡♥t❡s ❞❡ s✉♣❡r❢í❝✐❡✱ ♣♦ré♠ ♥❡ss❡ ❝❛s♦ ♥ã♦ s❡ ❞❡✈❡ ❛ ✉♠❛

q✉❡❜r❛ ❡s♣♦♥tâ♥❡❛ ❞❡ ❙❘❚✳

❯♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♠❛r❝❛♥t❡ ♥♦s s✉♣❡r❝♦♥❞✉t♦r❡s ❞❡ ♦r❞❡♠ s✉♣❡r✐♦r ❝♦♠♦ ♦♥❞❛✲s ♦✉

d é ❛ ❡①✐stê♥❝✐❛ ❞❡ ♥ós ❬✻✵❪ ✭❋✐❣✉r❛ ✸✳✺✮ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐ ❞♦s ♠❛t❡r✐❛✐s ✭❋✐❣✉r❛

✸✳✻✮✳ ❈♦♠♦ ♣♦❞❡r❡♠♦s ♦❜s❡r✈❛r ❛♦ ❧♦♥❣♦ ❞♦s ❝á❧❝✉❧♦s ♠❛✐s ❛❞✐❛♥t❡✱ ❛ ❧❛❝✉♥❛ ❞❡ ❡♥❡r❣✐❛

❞♦ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r é ❞❛❞❛ ♣♦r |∆(k)|2✳ ❆ ❡①✐stê♥❝✐❛ ❞❡ ♥ós ♣♦❞❡ s❡r ♣r❡❥✉❞✐❝✐❛❧ ❛

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

❛❥✉st❡ ❡♥tr❡ ✉♠ t✐♣♦ ♣❛rt✐❝✉❧❛r ❞❡ ❧❛❝✉♥❛ ❝♦♠ ♥ós ❡ ❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐✳ P♦r ❡①❡♠♣❧♦✱

✉♠ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ ❞❡ ♦♥❞❛✲p ❞♦ t✐♣♦ ∆(k) = ∆0(kx ± iky)✱ q✉❛♥❞♦ t♦♠❛♠♦s ♦

♠ó❞✉❧♦ q✉❛❞r❛❞♦ ❛ ❧❛❝✉♥❛ ❞♦ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r é ✐s♦tró♣✐❝♦✳ ❊♠ ♣❛rt✐❝✉❧❛r ♣❛r❛ ✉♠❛

s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐ ❝✐❧í♥❞r✐❝❛✱ ❡st❡ s✉♣❡r❝♦♥❞✉t♦r ♥ã♦ ♣♦ss✉✐ ♥ós✳

P♦r ♦✉tr♦ ❧❛❞♦ s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s ❣❡r❛❧♠❡♥t❡ tê♠ ♥ós✱ ❛ ❡①❡♠♣❧♦ ❞♦ He3 q✉❡ ♥❛

❢❛s❡ A ♣♦ss✉✐ ❞♦✐s ♥ós ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ kz ❬✸✼❪✳ ❆s q✉❛s❡✲♣❛rtí❝✉❧❛s
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❋✐❣✉r❛ ✸✳✺✿ ✭❛✲❝✮ ■❧✉str❛çõ❡s ❞❛s ❡str✉t✉r❛s ❞❡ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ✈ár✐❛s

s✐♠❡tr✐❛s ❞❡ ❣❛♣✳ ✭❞✲❢✮ ❉❡s❡♥❤♦s ❡sq✉❡♠át✐❝♦s ❞❡ s✉♣❡r❢í❝✐❡s ❞❡ ❋❡r♠✐ ❜✐❞✐♠❡♥s✐♦♥❛✐s ❡ ❞❛s ③♦♥❛s

❞❡ ❇r✐❧❧♦✉✐♥✱ ♦♥❞❡ ❛s ❧✐♥❤❛s ✈❡r❞❡s ✐♥❞✐❝❛♠ ♦s ♥ós ♥♦ ♣❛râ♠❡tr♦ ❞❡ ♦r❞❡♠ s✉♣❡r❝♦♥❞✉t♦r❛ ❡ ♦s

❝ír❝✉❧♦s ❛③✉✐s✴✈❡r♠❡❧❤♦s ❞❡st❛❝❛♠ ♦s ❞✐❢❡r❡♥t❡s s✐♥❛✐s ❞♦ ♣❛râ♠❡tr♦ ❞❡ ♦r❞❡♠ s✉♣❡r❝♦♥❞✉t♦r❛

✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✻✷❪✮✳

♣❡rt♦ ❞❡st❡s ♥ós sã♦ s♣✐♥✲❞❡❣❡♥❡r❛❞♦s ❡ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❢ér♠✐♦♥s ❞❡ ❲❡②❧ ❬✸✾❪✳ ◗✉❛♥❞♦

♦ ❛❝♦♣❧❛♠❡♥t♦ s♣✐♥✲ór❜✐t❛ ❡stá ♣r❡s❡♥t❡✱ s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s ❝♦♠ ❡♠♣❛r❡❧❤❛♠❡♥t♦ ❞❡

♣❛r✐❞❛❞❡ í♠♣❛r ✭♣♦r ❡①❡♠♣❧♦✱ ♦♥❞❛✲p✮✱ ♣♦❞❡♠ t❡r ❧❛❝✉♥❛ s✉♣❡r❝♦♥❞✉t♦r❛ ♥ã♦ ✉♥✐tár✐❛ ❡s✲

tr✉t✉r❛s ❡ ♥ós ❞❡ ♣♦♥t♦s s❡❧❡t✐✈♦s ❞❡ s♣✐♥✳ ◆❡st❡ ❝❛s♦✱ ❛♣❡s❛r ❞♦ ❢❛t♦ ❞❡ q✉❡ ❛ s✉♣❡r❢í❝✐❡

❞❡ ❋❡r♠✐ é s♣✐♥✲❞❡❣❡♥❡r❛❞❛✱ ❛♣❡♥❛s ❡st❛❞♦s s♣✐♥ ♣♦❧❛r✐③❛❞♦s ♥♦s ♣♦♥t♦s ♥♦❞❛✐s sã♦ ✐♥✐♥✲

t❡rr✉♣t♦s ♥♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r✱ ❛♦ ♣❛ss♦ q✉❡ ♦s ❡st❛❞♦s ❞❛ ♣♦❧❛r✐③❛çã♦ ❞❡ s♣✐♥ ♦♣♦st❛

sã♦ ❡s♣❛ç❛❞♦s✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ q✉❛s❡✲♣❛rtí❝✉❧❛s ♥♦❞❛✐s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛ s✉r❣❡♠ ❞♦

❡♠♣❛r❡❧❤❛♠❡♥t♦ ❞❡♥tr♦ ❞❡ ❡st❛❞♦s ❞♦ ♠❡s♠♦ s♣✐♥✳ ❊ss❛s q✉❛s❡✲♣❛rtí❝✉❧❛s sã♦ ✐❞ê♥t✐❝❛s

às s✉❛s ❛♥t✐♣❛rtí❝✉❧❛s ❡✱ ♣♦rt❛♥t♦✱ sã♦ ❛ r❡❛❧✐③❛çã♦ ❡♠ ❡st❛❞♦ só❧✐❞♦ ❞❡ ▼❩▼✳

❱❧❛❞②s❧❛✈ ❑♦③✐✐✱ ❏ör♥ ❲✳ ❋✳ ❱❡♥❞❡r❜♦s ❡ ▲✐❛♥❣ ❋✉ ♥♦ ❛rt✐❣♦ ✧❚❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ▼❛✲

❋✐❣✉r❛ ✸✳✻✿ ❆ ❢♦r♠❛ ❞❛ ♣❛rt❡ ♦r❜✐t❛❧ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ♦r❞❡♠ ❞❡ ✉♠ ♣❛r ❞❡ ❈♦♦♣❡r✱ ♦✉ ❣❛♣

❝♦♠ ❞✐❢❡r❡♥t❡s s✐♠❡tr✐❛s ❞❡ ♣❛r❡❛♠❡♥t♦✳ ✭❛✮ ❆ ♦♥❞❛ s ✐s♦tró♣✐❝❛✱ ❛ ♠❛❣♥✐t✉❞❡ ❞♦ ✐♥t❡r✈❛❧♦ é

✐s♦tró♣✐❝❛ ❡♠ t♦❞❛ ❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐✳ ✭❜✮ ❆ ❢✉♥çã♦ ❣❛♣ ❞❛ ♦♥❞❛ ♣ ❝♦♠ r❡✈❡rsã♦ ❞❡ s✐♥❛❧

♥❛s ❞✉❛s s✉♣❡r❢í❝✐❡s✳ ✭❝✮ ❆ ❢✉♥çã♦ ❣❛♣ ❞❡ ♦♥❞❛ ❞ ❝♦♠ s✐♥❛❧ ♠✉❞❛♥❞♦ ❛❧t❡r♥❛❞❛♠❡♥t❡ ❞❡ ✉♠❛

s✉♣❡r❢í❝✐❡ ♣❛r❛ ♦✉tr❛ ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛ ❬✻✶❪✮✳
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❥♦r❛♥❛ ❢❡r♠✐♦♥s ✐♥ ❝❤✐r❛❧ s✉♣❡r❝♦♥❞✉❝t♦rs ✧❬✸✶❪ ❡♠ ✉♠❛ ❛♥á❧✐s❡ s✐st❡♠át✐❝❛ ♠♦str❛r❛♠

q✉❡ s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s tr✐❞✐♠❡♥s✐♦♥❛✐s ❝♦♠ ❢♦rt❡ ❛❝♦♣❧❛♠❡♥t♦ s♣✐♥ ✲ ór❜✐t❛ ❡ ♣❛r✐✲

❞❛❞❡ í♠♣❛r ♣♦❞❡♠ ❡①✐❜✐r ▼❩▼ ♥♦s ♣♦♥t♦s ♥♦❞❛✐s✳ ❖ ❡st❛❞♦ ❡♠ q✉❡ ✉♠ s✉♣❡r❝♦♥❞✉t♦r

❡①✐❜❡ q✉❛s❡✲♣❛rtí❝✉❧❛s é ❞❡♥♦♠✐♥❛❞♦ t♦♣♦❧ó❣✐❝♦✱ ❡♥q✉❛♥t♦ ♦s ❡st❛❞♦s q✉❡ ♥ã♦ ❡①✐❜❡♠ sã♦

❞❡♥♦♠✐♥❛❞♦s tr✐✈✐❛✐s✳ P♦rt❛♥t♦✱ s✉♣❡r❝♦♥❞✉t♦r❡s ❝♦♠♦ ❡①❛♠✐♥❛❞♦s ♣❡❧♦s ❛✉t♦r❡s sã♦ t♦✲

♣♦❧ó❣✐❝♦s✳ ❊❧❡s ♠♦str❛♠ t❛♠❜é♠ q✉❡ ❡①✐st❡ ✉♠❛ ❝♦♥❡①ã♦ ❜❡♠ í♥t✐♠❛ ❡♥tr❡ ❛ ❡♠❡r❣ê♥❝✐❛

❡♥tr❡ ♦s ▼❩▼ ❡ ❛ ♥❛t✉r❡③❛ ♥ã♦ ✉♥✐tár✐❛ ❞♦ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧✳ ❈♦♠♦ ♣♦ssí✈❡❧

❝❛♥❞✐❞❛t♦ ❛ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ q✉❡ ♣♦❞❡♠ ❡①✐❜✐r ▼❩▼✱ ♣r♦♣õ❡♠ ♦ ❢ér♠✐♦♥ ♣❡s❛❞♦

PrOs4Sb12✳

✸✳✹ ▼♦❞❡❧♦ ❞❡ ❈❛♠♣♦ ♠é❞✐♦ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r q✉✐✲

r❛❧ kx ± iky

◆❡st❛ s❡çã♦ t❡♠♦s ❝♦♠♦ ♣r♦♣♦st❛ ❞❡s❝r❡✈❡r ❛ ❝♦♥str✉çã♦ ❞♦ ♠♦❞❡❧♦ ❇❞●✱ q✉❡ ❞❡s❝r❡✈❡

s✐st❡♠❛s ❞❡ ♣❛rtí❝✉❧❛s ✐♥t❡r❛❣❡♥t❡s ❝♦♠ ❛♣r♦①✐♠❛çõ❡s ❞❡ ❝❛♠♣♦ ♠é❞✐♦✳ ❊♠ ❣❡r❛❧✱ ♦s

s✐st❡♠❛s ❞❡ ✐♥t❡r❡ss❡✱ sã♦ ❝♦♠♣♦st♦s ♣♦r ❡❧étr♦♥s q✉❡ ✐♥t❡r❛❣❡♠ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ❞❛ r❡❞❡

❡ ❝♦♠ ♦✉tr♦s ❡❧étr♦♥s ❞♦ s✐st❡♠❛✳ ❈♦♠♦ ❥á ✈✐st♦✱ ❡❧étr♦♥s ♣♦❞❡♠ ✐♥t❡r❛❣✐r ❛tr❛t✐✈❛♠❡♥t❡

♠❡s♠♦ q✉❡ ♣♦ss✉❛♠ ✉♠❛ r❡♣✉❧sã♦ ❝♦✉❧♦♠❜✐❛♥❛✱ ❢♦r♠❛♥❞♦ ♣❛r❡s ❞❡ ❈♦♦♣❡r✳ ❆ss✐♠✱

❞❡✈❡♠♦s ❧❡✈❛r ❡♠ ❝♦♥t❛✱ ❞❡ ❢♦r♠❛ ❣❡r❛❧✱ ❛❧❣✉♥s ✐♥❣r❡❞✐❡♥t❡s✿ ✭✶✮ ♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣

✭t✮ q✉❡ ❞❡s❝r❡✈❡♠ ❛ ♠♦✈✐♠❡♥t❛çã♦ ❞❡ ❢ér♠✐♦♥s ♥❛ r❡❞❡✱ ✭✷✮ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ✭∆✮✱

✭✸✮ ❡♥❡r❣✐❛ ❞❡ ♦❝✉♣❛çã♦ ✭µ✮ ❡♠ ♠✉❧t✐ ♦r❜✐t❛✐s ❡ ✭✹✮ ❛❝♦♣❧❛♠❡♥t♦ s♣✐♥✲♦r❜✐t❛✳

■♥tr♦❞✉③✐♠♦s ❛ ❤❛♠✐❧t♦♥✐❛♥❛ ❇❞● ❡s❝r❡✈❡♥❞♦ ❝♦♠♦ H = H0 + H∆✳ ◆♦ ❡s♣❛ç♦ ❞♦s

♠♦♠❡♥t♦s✱ t❡♠♦s✿

H0 =
∑

k

∑

b,ν

ǫb,ν(k)c
†
b,ν(k)cb,ν(k), ✭✸✳✽✮

♦♥❞❡ ǫb,ν(k) é ❛ ❡♥❡r❣✐❛ ❞❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡ ❤♦♣♣✐♥❣✱ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ ❡ ❛❝♦♣❧❛♠❡♥t♦

s♣✐♥✲♦r❜✐t❛✳ ❆❧é♠ ❞✐ss♦ b é ✐♥❞❡①❛❞♦ ❝♦♠♦ ♦ í♥❞✐❝❡ ❞❡ ❜❛♥❞❛ ❡ ν é ♦ ♣s❡✉❞♦s♣✐♥✳ ❆ ♣❛rt❡

❝♦♠ r❡s♣❡✐t♦ ❛♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦✿

H∆ =
∑

k

∑

a,b

∑

λ,ν

∆λ,ν
a,b (k)c

†
b,λ(k)c

†
b,ν(−k) +H.C.. ✭✸✳✾✮

❆ ❡q✉❛çã♦ ❛❝✐♠❛ ❞❡s❝r❡✈❡ ❣❡♥❡r✐❝❛♠❡♥t❡ ♦s ❝❛s♦s ❞❡ ♣❛r❡❛♠❡♥t♦ tr✐♣❧❡t♦ ❡ s✐♥❣❧❡t♦✳

❖✉tr❛ ❢♦r♠❛ é ❞❡s❝r❡✈❡r ∆λ,ν
a,b (k) ❡♠ ❢✉♥çã♦ ❞❡ ✉♠❛ ♠❛tr✐③✱ ❛ss✐♠ ❞❡✜♥✐♥❞♦ ❝♦♠♦ ♦s

í♥❞✐❝❡s ❞❡ ♣s❡✉❞♦ s♣✐♥ +(↑)✱ −(↓) ❡ ∆̂ ❝♦♠♦✿
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∆̂ =

(

∆++ ∆+−

∆−+ ∆−−

)

=

(

−dx + idy dz +∆s

dz −∆s dx + idy

)

, ✭✸✳✶✵✮

♦♥❞❡✿

∆s =
1

2
(∆+− −∆−+) ✭✸✳✶✶✮

~d =
1

2
(∆−− −∆++,−i(∆−− +∆++),∆+− +∆−+). ✭✸✳✶✷✮

◆♦t❡ q✉❡ s❡ ~d = 0 t❡♠♦s ♦ ❝❛s♦ s✐♥❣❧❡t♦ ❡ ♥♦ ❝❛s♦ tr✐♣❧❡t♦ t❡♠♦s q✉❡ ∆s = 0✳ P❛r❛ ✉♠

❡st❛❞♦ q✉✐r❛❧ tr✐♣❧❡t♦✱ ♣♦r ❡①❡♠♣❧♦✱ ~d = ∆0(kx+iky)

kF
ẑ ♦♥❞❡ t❡♠♦s ❛ ❝♦♥❞✐çã♦ ~d× ~d = ~0 s❡♥❞♦

s❛t✐s❢❡✐t❛✱ ~d é ✉♠ ✈❡t♦r r❡❛❧✳ ❆ ♠❡♥♦s ❞♦ ❢❛t♦r ❞❡ ❢❛s❡ ❛ ❞✐r❡çã♦ ❞❡ ~d ❞❡✜♥❡ ❛ ❞✐r❡çã♦ ♥❛

q✉❛❧ ♦ ♣❛r ❞❡ ❈♦♣♣❡r tê♠ ❛ ♣r♦❥❡çã♦ ❞♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r t♦t❛❧ ❞❡ s♣✐♥ ♥✉❧❛✳

❈❛r❛❝t❡ríst✐❝❛s ✐♥t❡r❡ss❛♥t❡s ❞❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ q✉✐r❛❧ ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ❛ ♣❛r✲

t✐r ❞❡ ✉♠ ♠♦❞❡❧♦ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ ❛♣❡♥❛s ✉♠❛ ❜❛♥❞❛ ❬✹❪✳ ❖ ❘✉t❡♥❛t♦ ❞❡ ❊strô♥❝✐♦

✭Sr2RuO4✮ ❬✸✶✱ ✹❪✱ ♠❛t❡r✐❛❧ ❝❛♥❞✐❞❛t♦ ❛ ❙◗✱ ♣♦ss✉✐ ♥♦ ♣❧❛♥♦ xy ❛ ❡str✉t✉r❛ r❡s♣♦♥sá✲

✈❡❧ ♣❡❧❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ q✉✐r❛❧✳ ❙❡♥❞♦ ❛ss✐♠✱ t❛❧ ♠♦❞❡❧♦ t♦r♥❛✲s❡ ♠✉✐t♦ r❡❧❡✈❛♥t❡✳

■❣♥♦r❛♥❞♦ ♦ ❛❝♦♣❧❛♠❡♥t♦ s♣✐♥✲♦r❜✐t❛✱ ❡✱ ♣❛r❛ ♦ ❝❛s♦ tr✐♣❧❡t♦ ✈❛♠♦s ❡s❝♦❧❤❡r ♦s ❡✐①♦s ❞❡

q✉❛♥t✐③❛çã♦ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ∆+,−
i,j = 0✳ ❉❡st❛ ❢♦r♠❛✱ ♣♦❞❡♠♦s s❡♣❛r❛r ❛ ❍❛♠✐❧t♦♥✐❛♥❛

✭✸✳✾✮ ❡♠ ❞✉❛s ❝♦♥tr✐❜✉✐çõ❡s ❬✸✻❪ ✉♠❛ ♣❛r❛ ♦s ❡st❛❞♦s (++) ❡ ♦✉tr❛ ♣❛r❛ ♦s ❡st❛❞♦s (−−)✳

❉❛í✱ t❡♠♦s✿

H =
∑

k,σ

(ǫ(k)− µ)c†k,σck,σ + [∆(k)c†k,σc
†
−k,σ +H.C.], ✭✸✳✶✸✮

♦♥❞❡✿

ǫ(k) = −2t(cos(kx) + cos(ky)), ✭✸✳✶✹✮

∆(k) = ∆0(sin(kx) + f(σ)i sin(ky)), ✭✸✳✶✺✮

♦♥❞❡ ❞❡✜♥✐♠♦s✿

f(σ) =







+1, σ =↑
−1, σ =↓

.
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❈♦♠♦ ♥♦ss♦ ✐♥t❡r❡ss❡ é ❡st✉❞❛r ❛s ❢✉♥çõ❡s t❡r♠♦❞✐♥â♠✐❝❛s ❞♦s ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛

❡♠❡r❣❡♥t❡ ❛tr❛✈és ❞♦ ❝á❧❝✉❧♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ Veff ✱ ❞❡✈❡♠♦s ❧❡✈❛r ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❛

❜❛s❡ ❡❧❡trô♥✐❝❛ ♣❛r❛ ❛ ❜❛s❡ ❞❡ ▼❛❥♦r❛♥❛✳ ❘❡❛❧✐③❛♥❞♦ ✉♠❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ♥❛s

r❡❧❛çõ❡s ❞❡✜♥✐❞❛s ❡♠ ✭✷✳✶✺✮✱

ck,σ =
1

2
(γ̃1,k,σ + iγ̃2,k,σ)

c†k,σ =
1

2

(

γ̃†1,k,σ − iγ̃†2,k,σ

)

, ✭✸✳✶✻✮

♦♥❞❡ γ̃ é ♦ ♦♣❡r❛❞♦r ❞❡ ♠❛❥♦r❛♥❛ ♥♦ ❡s♣❛ç♦ ❞♦s ♠♦♠❡♥t♦s✱ ❡✿

γ̃†m,k,σ =
∑

j

e−ik·xjγ†j,m,σ

γ̃m,k,σ =
∑

j

eik·xjγj,m,σ

c†k,σ =
∑

j

e−ik·xjc†j,σ

ck,σ =
∑

j

eik·xjcj,σ, ✭✸✳✶✼✮

❝♦♠ m = 1, 2 ❡ s✉❜st✐t✉✐♥❞♦ ♥❛ ❡q✉❛çã♦ ✭✸✳✶✸✮✱ t❡♠♦s✿

H =
1

4

∑

k,σ

(ǫ(k)− µ)(γ̃†1,k,σγ̃
†
1,k,σ + iγ̃†1,k,σγ̃2,k,σ − iγ̃†2,k,σγ̃1,k,σ + γ̃†2,k,σγ̃2,k,σ)

+∆(k)(γ̃†1,k,σγ̃
†
1,k,σ − iγ̃†1,k,σγ̃2,k,σ − iγ̃†2,k,σγ̃1,k,σ − γ̃†2,k,σγ̃2,k,σ)

+∆∗(k)(γ̃†1,k,σγ̃
†
1,k,σ + iγ̃†1,k,σγ̃2,k,σ + iγ̃†2,k,σγ̃1,k,σ − γ̃†2,k,σγ̃2,k,σ). ✭✸✳✶✽✮

❖❜s❡r✈❡ q✉❡ (ǫ(k)− µ) é ✉♠❛ ❢✉♥çã♦ ♣❛r✳ ▲♦❣♦ t❡♠♦s✿

∑

k

γ̃†1,kγ̃1,k =
1

2

∑

k

γ̃†1,kγ̃1,k + γ̃†1,kγ̃1,k =
1

2

∑

k

γ̃†1,kγ̃1,k + γ̃1,−kγ̃
†
1,−k = g(k)I . ✭✸✳✶✾✮

❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛
∑

k(ǫ(k) − µ)γ̃†1,k,σγ̃1,k,σ = h(k)I ✱ ♦♥❞❡ I é ❛ ✐❞❡♥t✐❞❛❞❡✳ ❖✉ s❡❥❛✱

q✉❛♥❞♦ r❡❛❧✐③❛♠♦s ❛ s♦♠❛ ❞♦s ♣r♦❞✉t♦s ❞♦s ♦♣❡r❛❞♦r❡s ♦ r❡s✉❧t❛❞♦ é ✉♠ ♠ú❧t✐♣❧♦ ❞❛ ✐❞❡♥✲

t✐❞❛❞❡✳ ❆❧é♠ ❞✐ss♦✱ ♣❛r❛ ♥♦ss♦s ✐♥t❡r❡ss❡s ❢✉t✉r♦s✱ ♦s t❡r♠♦s ❞♦ t✐♣♦ g(k)I sã♦ ❝♦♥st❛♥t❡s

♥❛s ✈❛r✐á✈❡✐s ❞❡ ✐♥t❡r❡ss❡ ✭♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r✱ t❡♠♣❡r❛t✉r❛ ❡ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦✮✳
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❈♦♠♦ ❛s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❞♦ s✐st❡♠❛ sã♦ ♦❜t✐❞❛s ❛tr❛✈és ❞❡ ❞❡r✐✈❛çõ❡s ❞❡st❛s

✈❛r✐á✈❡✐s✱ ♣♦❞❡♠♦s s✉♣r✐♠✐r ♦s t❡r♠♦s ❞♦ t✐♣♦ g(k)I✳ ▲♦❣♦ t❡♠♦s✿

H =
1

4

∑

k,σ

(∆(k) + ∆∗(k))γ̃†1,k,σγ̃
†
1,k,σ

+i(ǫ(k)− µ−∆(k) + ∆∗(k))γ̃†1,k,σγ̃2,k,σ

+i(−ǫ(k) + µ−∆(k) + ∆∗(k))γ̃†2,k,σγ̃1,k,σ . ✭✸✳✷✵✮

❉❡✜♥✐♥❞♦ D ≡ i(ǫ(k) − µ − ∆(k) + ∆∗(k)) ❡ A ≡ ∆(k) + ∆∗(k) ❡ ♦s ❝❛♠♣♦s ❞❡

▼❛❥♦r❛♥❛ ❝♦♠♦✿

ψ̂k,σ =

(

γ̃1,k,σ

γ̃2,k,σ

)

,

ψ̂∗
k,σ =

(

γ̃†1,k,σ γ̃†2,k,σ

)

,

t❡♠♦s✿

H =
1

4

∑

k,σ

ψ̂∗
k,σ

(

A D

−D∗ −A

)

ψ̂k,σ . ✭✸✳✷✶✮

❖❜s❡r✈❡ q✉❡ ❛ ♠❛tr✐③ ♣♦ss✉✐ t❡r♠♦s ❛♥t✐ss✐♠étr✐❝♦s ♥❛ ❞✐❛❣♦♥❛❧ s❡❝✉♥❞ár✐❛✱ ❞❡❝♦rr❡♥t❡

❞♦s t❡r♠♦s ❡♠♣❛r❡❧❤❛❞♦s γ†1,k,σγ1,k,σ t❡r❡♠ s✐♥❛✐s ♦♣♦st♦s✱ q✉❡ ♣♦r s✉❛ ✈❡③ ♣r♦✈❡❡♠ ❞♦ ❢❛t♦

❞♦s ❢ér♠✐♦♥s ❛♥t✐❝♦♠✉t❛r❡♠✳

❆s ❛✉t♦ ❡♥❡r❣✐❛s ❞❛s q✉❛s✐♣❛rtí❝✉❧❛s✱ ♣♦rt❛♥t♦✱ sã♦✿

E = ±~vf
√

(ǫ(k)− µ)2 + 4 | ∆(k) |2 . ✭✸✳✷✷✮

♦♥❞❡ vf é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❢❡r♠✐✳

❋❛③❡♥❞♦ ǫ(k) = µ✱ ❡✱ t♦♠❛♥❞♦ ♦ ❧✐♠✐t❡ ❞❡ ❜❛✐①❛s ❡♥❡r❣✐❛s kx, ky ≪ 1✱ ❝❤❡❣❛♠♦s ❛ ✉♠❛

❞✐s♣❡rsã♦ ❧✐♥❡❛r ✭❋✐❣✉r❛ ✸✳✼✮ q✉❡ ❛ss❡♠❡❧❤❛ ❛♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ❣r❛❢❡♥♦ ♣ró①✐♠♦

❛♦s ♣♦♥t♦s ❞❡ ❉✐r❛❝ ❬✶✼❪✱ ❝♦♠♣♦rt❛♥❞♦✲s❡ ❝♦♠♦ ✉♠ s✐st❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s ❧✐✈r❡s ♥♦ r❡❣✐♠❡

r❡❧❛t✐✈íst✐❝♦✿

E = ±2~vf | k | . ✭✸✳✷✸✮

❚♦♠❛♥❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞♦s ♦♣❡r❛❞♦r❡s ❡❧❡trô♥✐❝♦s ❡♠ ✭✸✳✶✸✮ ✱ t❡♠♦s✿
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❋✐❣✉r❛ ✸✳✼✿ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ ❞❡ ♦♥❞❛ p ✭●rá✜❝♦ ❛❞✐♠❡♥s✐♦♥❛❧✮✳

HBdG =
∑

i,j,σ

−t(c†i+1,j,σci,j,σ + h.c.)− t(c†i,j+1,σci,j,σ + h.c.)− µc†i,j,σci,j,σ

+(∆c†i+1,j,σc
†
i,j + h.c.) + (i∆c†i,j+1,σc

†
i,j + h.c.) . ✭✸✳✷✹✮

❖s ♦♣❡r❛❞♦r❡s ❢❡r♠✐ô♥✐❝♦s✱ ♥❡st❡ ❝❛s♦✱ ❛t✉❛♠ ❡♠ ✉♠ ♣♦♥t♦ (i, j) ❡♠ ✉♠❛ r❡❞❡ ❜✐❞✐✲

♠❡♥s✐♦♥❛❧ ❞✐s❝r❡t✐③❛❞❛✱ ❝r✐❛♥❞♦ c†i,j ❡ ❛♥✐q✉✐❧❛♥❞♦ ci,j ❡❧étr♦♥s ♥❡st❛ r❡❞❡✳ P♦r s✐♠♣❧✐❝✐❞❛❞❡

✐r❡♠♦s ❝♦♥s✐❞❡r❛r ❛♣❡♥❛s ♦ ❝❛s♦ f(σ) = 1✳ ◆♦t❡ q✉❡ ❡①✐st❡ ✉♠❛ ❛♥✐s♦tr♦♣✐❛ ❡♥tr❡ ♦ ❡♠✲

♣❛r❡❧❤❛♠❡♥t♦ ♥❛ ❞✐r❡çã♦ y✱ ❞❡✈✐❞♦ ❛ ✉♥✐❞❛❞❡ ✐♠❛❣✐♥ár✐❛ ❝♦♠ r❡❧❛çã♦ ❛ ❞✐r❡çã♦ x✱ ✐st♦

♣r♦✈ê♠ ❞❛ q✉✐r❛❧✐❞❛❞❡ ❞♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ❡♠ ❢✉♥çã♦ ❞♦ ♠♦♠❡♥t♦✳ ❖ ♠❡s♠♦

❢❛t♦ ♥ã♦ é ♦❜s❡r✈❛❞♦ ♣❛r❛ ♦ ❝❛s♦ s✉♣❡r❝♦♥❞✉t♦r ❞❡ ♦♥❞❛ p ✶❉✳

◆♦ss♦ ♦❜❥❡t✐✈♦ ❛ ♣❛rt✐r ❞❡ss❡ ♠♦♠❡♥t♦ é ❝❛r❛❝t❡r✐③❛r ❛s tr❛♥s✐çõ❡s ❞❡ ❢❛s❡ t♦♣♦❧ó❣✐❝❛ ❞❛

❍❛♠✐❧t♦♥✐❛♥❛ ✭✸✳✷✷✮ ♥♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r ❡♠ ❢✉♥çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦✳ ❆ ❡s❝♦❧❤❛

❞❡st❛ ✈❛r✐á✈❡❧ é ❜❡♠ s✉❣❡st✐✈❛✳ ❆ ❢❛s❡ t♦♣♦❧ó❣✐❝❛ ❡stá ❧✐❣❛❞❛ ❛♦s ✐❣✉❛✐s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡

❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✱ s❡♥❞♦ ❛ss✐♠✱ é ✐♥t❡r❡ss❛♥t❡ ❛♥á❧✐s❛❡ s❡✉s ♥í✈❡✐s ❞❡ ♦❝✉♣❛çã♦✳

P❛r❛ t❛♥t♦✱ s❡❣✉✐r❡♠♦s ❞❡ ♣❡rt♦ ❛ ♣r♦♣♦st❛ ❛❞♦t❛❞❛ ♥♦ ❝❛♣ít✉❧♦ ✶✻ ❞♦ ❧✐✈r♦ ✏❚♦♣♦❧♦❣✐❝❛❧

■♥s✉❧❛t♦rs ❛♥❞ ❚♦♣♦❧♦❣✐❝❛❧ ❙✉♣❡r❝♦♥❞✉❝t♦rs✑ ❬✸✻❪✳ ❆ ✜♠ ❞❡ ❢❛❝✐❧✐t❛r ♦s ❝á❧❝✉❧♦s✱ ✐r❡♠♦s

r❡❛❧✐③❛r ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ♥♦ t❡r♠♦ ❞❡ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ µ → µ
′ − 4t✳ ❖❜s❡r✈❡ q✉❡

❡st❛ tr❛♥s❢♦r♠❛çã♦ ❛♣❡♥❛s ✐rá r❡❛❧✐③❛r ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ♥♦ ♥í✈❡❧ ❞❡ ❡♥❡r❣✐❛✱ s❡♠ ❝❛✉s❛r

♥❡♥❤✉♠ ❡❢❡✐t♦ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❡s♠❛✳
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◆♦t❡ q✉❡ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ é ✐♥✈❛r✐❛♥t❡ ♣❛r❛ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❝❛❧✐❜r❡ ck → exp(iθ/2) ck✱

c†k → exp(−iθ/2) c†k✱ ∆(k) = |∆| expiθ✳ ❆ss✐♠ ♣♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❍❛❧♠✐t♦♥✐❛♥❛ ❞❡ ❇❧♦❝❦

❞♦ s✐st❡♠❛ ❝♦♠♦✿

HBdG =
(

(4t− µ
′ − 2t[cos(kx)− cos(ky)]

)

σ3 − 2|∆| sin(kx)σ2 − 2|∆| sin(ky)σ1, ✭✸✳✷✺✮

♦♥❞❡ ♣♦❞❡♠♦s ❞❡✜♥✐r ♦ t❡r♠♦ ❞❡ ♠❛ss❛ ❞❡ ❲✐❧s♦♥M(k) = 4t−µ′ −2t [cos(kx)− cos(ky)]✳

❖ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞❛s q✉❛s❡✲♣❛rtí❝✉❧❛s ♥❡ss❡ ❝❛s♦ é ❞❛❞♦ ♣♦r✿

E = ±
√

(M(k)2 + 4|∆|2
(

sin2(kx) + sin2(ky)
)

.

◆♦t❡ q✉❡ ♦ ❣❛♣ ♥ã♦ s❡ ❢❡❝❤❛ ❛ ♠❡♥♦s q✉❡ M(k)✱ sin(kx) ❡ sin(ky) s❡ ❛♥✉❧❡♠ s✐♠✉❧✲

t❛♥❡❛♠❡♥t❡✳ ❊①❛♠✐♥❛♥❞♦ r❡str✐t❛♠❡♥t❡ ❛ ♠❡t❛❞❡ ♣♦s✐t✐✈❛ ❞❛ ♣r✐♠❡✐r❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✐♥✱

♣♦rt❛♥t♦✱ ❝❛❞❛ t❡r♠♦ ❡♠ ❢✉♥çã♦ ❞♦s ♣♦♥t♦s
(

kx, ky, µ
′)

✱ ♦ ❣❛♣ s❡ ❢❡❝❤❛rá ❡♠ (0, 0, 0)✱

(π, 0, 4t)✱ (0, π, 4t) ❡ (π, π, 8t)✳ ❱❡r❡♠♦s ❛❞✐❛♥t❡ q✉❡ ♣❛r❛ µ
′

< 0 ❡ µ
′

> 8t t❡♠♦s ❛ ❢❛s❡

s✉♣❡r❝♦♥❞✉t♦r❛ tr✐✈✐❛❧ ❡ ♣❛r❛ 0 < µ
′

< 4t ❡ 4t < µ
′

< 8t ❛ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r❛ t♦♣♦❧ó❣✐❝❛✱

❝❛❞❛ q✉❛❧ ❝♦♠ q✉✐r❛❧✐❞❛❞❡ ♦♣♦st❛✳ ❊st❛ ❝❛r❛❝t❡r✐③❛çã♦ ♣♦❞❡ s❡r ❢❡✐t❛ ✉t✐❧✐③❛♥❞♦ ♦ ❈❤❡r♥

♥✉♠❜❡r ✭❈◆✮ ❞❡✜♥✐❞♦ ❛ ♣❛rt✐r ❞♦ ♦♣❡r❛❞♦r ♣r♦❥❡t♦r✳ P♦ré♠ ❝♦♠♦ ❛ ❝❛r❣❛ ♥ã♦ é ✉♠❛

❣r❛♥❞❡③❛ ❝♦♥s❡r✈❛❞❛ ♥❡ss❡ ❝❛s♦✱ ♥ã♦ ♣♦❞❡♠♦s ❡st❛❜❡❧❡❝❡r ✉♠❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ ❝♦♥❞✉tâ♥✲

❝✐❛ ❞♦ ❡❢❡✐t♦ ❍❛❧❧ ◗✉â♥t✐❝♦ ✭❊❍◗✮❬✶✼❪✳ ❆♥t❡s ❞❡ r❡❛❧✐③❛r ♦ ❝á❧❝✉❧♦ ❞♦ ❈◆ ❢❛r❡♠♦s ✉♠❛

❛r❣✉♠❡♥t❛çã♦ ❢ís✐❝❛ s♦❜r❡ ❛ ♥❛t✉r❡③❛ ❞❛s ❢❛s❡s ♣❛r❛ ♦ ❝❛s♦ µ
′

= 0✳ P❛r❛ ❛s ❛♥á❧✐s❡s ❢❡✐t❛s

❛❞✐❛♥t❡ ❛ss✉♠❛ t = 1
2
♣❛r❛ s✐♠♣❧✐✜❝❛çõ❡s✳

❊♠ ✉♠ r❡❣✐♠❡ ❞❡ ❜❛✐①❛s ❡♥❡r❣✐❛s ❡st❛♠♦s ♦❧❤❛♥❞♦ ♣❛r❛ ❛s tr❛♥s✐çõ❡s ❡♠ t♦r♥♦ ❞♦

♣♦♥t♦ (kx, ky, µ
′

) = (0, 0, 0)✳ ❆ ✐❞❡✐❛ ♣♦r trás ❞♦ ♠ét♦❞♦ ❛❞♦t❛❞♦ é r❡❛❧✐③❛r ✉♠❛ ❞❡❢♦r✲

♠❛çã♦ ❛❞✐❛❜át✐❝❛ ♥❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♦♥❞❡ ♦ ❣❛♣ ❞❡ ❡♥❡r❣✐❛ s❡ ❢❡❝❤❛ ❡♠ µ
′

= 0✱ ❝r✐❛♥❞♦

❞✉❛s ✐♥t❡r❢❛❝❡s✿ µ
′

< 0 ❡ µ
′

> 0✳ ❙❡ ❡①✐st✐r ✉♠❛ ✐♥t❡r♣♦❧❛çã♦ ❝♦♥tí♥✉❛ ♥❛ ✐♥t❡r❢❛❝❡✱ ♦s

❞♦✐s ✐♥t❡r✈❛❧♦s ♣♦ss✉❡♠ ❛ ♠❡s♠❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✳ ❈❛s♦ ❝♦♥trár✐♦✱ s❡ ❛ ✐♥t❡r♣♦❧❛çã♦ ❢♦r

❞❡s❝♦♥tí♥✉❛✱ ♣♦ss✉✐ ❢❛s❡s t♦♣♦❧ó❣✐❝❛s ❞✐st✐♥t❛s✳ ❚♦♠❡♠♦s ✉♠ s✐♠♣❧❡s ❡①❡♠♣❧♦ ❡♠ q✉❡✿

µ
′

(x) =







−µ′

0, x < 0

µ
′

0, x > 0
,

♦♥❞❡ µ
′

0 é ❝♦♥st❛♥t❡✳ ❈♦♠♦ ❛ ✐♥t❡r❢❛❝❡ ♥ã♦ ✈❛r✐❛ ❛♦ ❧♦♥❣♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ y✱ ♣♦❞❡♠♦s

t♦♠❛r ky ❝♦♠♦ ✉♠ ❜♦♠ ♥ú♠❡r♦ q✉â♥t✐❝♦ ❛ ✜♠ ❞❡ s✐♠♣❧✐✜❝❛r ❝á❧❝✉❧♦s✱ s❡♥❞♦ ❛ss✐♠ ❡❧❡ é

tr❛t❛❞♦ ❝♦♠♦ ✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡ ❡ ♥ã♦ ✉♠ ♦♣❡r❛❞♦r✳ ◗✉❡r❡♠♦s ♠♦str❛r q✉❡ ❡①✐st❡ ✉♠❛

s♦❧✉çã♦ ♥❛ ✐♥t❡r❢❛❝❡ ❞❛s r❡❣✐õ❡s µ
′

< 0 ❡ µ
′

> 0✱ ♦ q✉❡ ✐♠♣❡❞❡ ❝♦♥❡❝t❛r ❞❡ ❢♦r♠❛ ❝♦♥t✐♥✉❛

❛s ❞✉❛s ❢❛s❡s✳ ❚♦♠❛♥❞♦ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❛ ❡q✉❛çã♦ ✭✸✳✷✹✮ ❡ ❞❡✜♥✐♥❞♦ ♦ ❝❛♠♣♦ ❡❧❡trô♥✐❝♦

❝♦♠♦ Ψ̂ =
(

ck, c
†
−k

)

✱ ❡♠ ✶❉ ♣❛r❛ ✉♠❛ ú♥✐❝❛ ♣❛rtí❝✉❧❛ t❡♠♦s ❬✸✻❪✿



✸✾

H =
1

2







−µ′

(x) 2i|∆|(−i d
dx

+ iky)

−2i|∆|(−i d
dx

− iky) µ
′

(x)






, ✭✸✳✷✻✮

❝✉❥♦ ♦ ❛✉t♦ ❡st❛❞♦ ❞❛ ✐♥t❡r❢❛❝❡ é ❞❛❞♦ ♣♦r✿

|Ψky(x, y)〉 = eikyy exp

(

− 1

2|∆|

∫ x

0

µ
′

(x
′

)dx
′

)

|φ0〉 , ✭✸✳✷✼✮

♦♥❞❡ |φ0〉 é ✉♠ s♣✐♥♦r ♥♦r♠❛❧✐③❛❞♦✳

❈♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♥♦ss♦ ✐♥t❡r❡ss❡ é ♥♦ ♣♦♥t♦ ❡♠ q✉❡ ky = 0 ♦♥❞❡ ♦

❣❛♣ s❡ ❢❡❝❤❛ ✭E = 0✮✳ P♦rt❛♥t♦ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ s❡ r❡❞✉③ ❛✿

H |Ψ0(x, y)〉 =
(

−µ′

(x) µ
′

(x)

−µ′

(x) µ
′

(x)

)

|φ0〉 = 0, ✭✸✳✷✽✮

❞♦♥❞❡ ♣♦❞❡♠♦s ❝♦♥❝❧✉✐r q✉❡ |φ0〉 =
1√
2

(

1

1

)

✳ ◆♦t❡ q✉❡ ♦ t❡r♠♦ ♣r♦♣♦r❝✐♦♥❛❧ ky ♥❛

❡q✉❛çã♦ ✭✸✳✷✹✮ é −2|∆|kyσ1✳ ❖❜s❡r✈❡ t❛♠❜é♠ σ1 |φ0〉 = +1 |φ0〉✱ ♦✉ s❡❥❛✱ ♦ s♣✐♥♦r |φ0〉
é ❛✉t♦ ❡st❛❞♦ ❞❡ σ1✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ |Ψky(x, y)〉 é ✉♠ ❛✉t♦ ❡st❛❞♦ ❞❡ H ❝♦♠ ❡♥❡r❣✐❛

E(ky) = −2|∆|ky✳ ❆ss✐♠✱ ❡♥❝♦♥tr❛♠♦s ✉♠❛ s♦❧✉çã♦ ♥❛ ✐♥t❡r❢❛❝❡ ❞❛s r❡❣✐õ❡s µ
′

< 0 ❡

µ
′

> 0✱ ♣❛r❛ ❡st❡s ❡st❛❞♦s ❧✐❣❛❞♦s✳ ❖ ❝♦♥❥✉♥t♦ ❞❡ ❡st❛❞♦s ❧✐❣❛❞♦s✱ ♣❛r❛♠❡tr✐③❛❞♦s ♣❡❧♦

♥ú♠❡r♦ q✉â♥t✐❝♦ ky✱ ♣♦ss✉✐ ❣❛♣ ♥✉❧♦ ♥❛ ✐♥t❡r❢❛❝❡✳ ❘❡st❛✱ ♣♦rt❛♥t♦✱ ❝❛r❛❝t❡r✐③❛r ❛s ❞✉❛s

❢❛s❡s✿ tr✐✈✐❛❧ ❡ t♦♣♦❧ó❣✐❝❛✳ ❆ ✐❞❡✐❛ é ✉t✐❧✐③❛r ♦ ❢❛t♦ q✉❡ ♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ ♦ s✐st❡♠❛

❞❡✈❡ ❡①✐❜✐r q✉❛s✐ ♣❛rtí❝✉❧❛s✱ q✉❡ ❡♠ s✐st❡♠❛s ✷❉✱ ❛♣❛r❡❝❡♠ ❞❡s❛❝♦♣❧❛❞❛s ❡s♣❛❝✐❛❧♠❡♥t❡

♥❛s ❜♦r❞❛s ❞♦ s✐st❡♠❛✳ ❊ss❡s ❡st❛❞♦s ❞❡ ❜♦r❞❛s sã♦ ❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧♦ ❈◆ ❝♦♠♦ ❥á ❢♦✐

♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ❈♦♥s✐❞❡r❡ ❛ss✐♠ ✉♠❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♥❛ ❢♦r♠❛✿

H = h(k) · σ, ✭✸✳✷✾✮

♦♥❞❡ h(k) é ✉♠❛ ❢✉♥çã♦ s✉❛✈❡ ♥ã♦ ♥✉❧❛ ♣❛r❛ t♦❞♦ k ♦♥❞❡ ♦ ❣❛♣ ♥ã♦ é ♥✉❧♦ ♥♦ ❜✉❧❦✳

P♦❞❡♠♦s ❞❡✜♥✐r ✉♠ ✈❡t♦r ✉♥✐tár✐♦ ĥ(k) q✉❡ ♠❛♣❡✐❛ ♦ ❡s♣❛ç♦ ❞♦s ♠♦♠❡♥t♦s ✷❉ ❡♠ ✉♠❛

❡s❢❡r❛ ✉♥✐tár✐❛✳ ❆ss✉♠✐r❡♠♦s ❛❣♦r❛ q✉❡ ĥ(k) ❝♦♥✈❡r❣❡ q✉❛♥❞♦ |k| → ∞✱ ❛ss✐♠ ♦ ♥ú♠❡r♦

❞❡ ✈❡③❡s q✉❡ ♦ ♠❛♣❡❛♠❡♥t♦ ❝♦❜r❡ t♦❞❛ ❛ ❡s❢❡r❛ ✉♥✐tár✐❛ ❞❡✜♥❡ ✉♠ ✐♥✈❛r✐❛♥t❡ t♦♣♦❧ó❣✐❝♦

❈◆✿



✹✵

C =

∫

d2k

4π

[

∂kxĥ× ∂ky ĥ
]

. ✭✸✳✸✵✮

❖ ✐♥t❡❣r❛♥❞♦ ❞❡✜♥❡ ✉♠ â♥❣✉❧♦ só❧✐❞♦✱ q✉❡ ♣♦❞❡ s❡r ♣♦s✐t✐✈♦ ♦✉ ♥❡❣❛t✐✈♦✱ ❡♥q✉❛♥t♦

ĥ(k) ✈❛rr❡ ❛ ❡s❢❡r❛ ✉♥✐tár✐❛✳ ❆ ✐♥t❡❣r❛❧ s♦❜r❡ t♦❞♦s ♦s k ♣r♦❞✉③ ✉♠ ✐♥t❡✐r♦ q✉❡ é ✐♥✈❛r✐❛♥t❡

♣♦r ♣❡q✉❡♥❛s ❞❡❢♦r♠❛çõ❡s ❞❛ ❢✉♥çã♦ ĥ(k)✱ s❡♥❞♦ q✉❡ ❡st❡ ♥ú♠❡r♦ só ♠✉❞❛ q✉❛♥❞♦ ♦ ❣❛♣

❞❡ ❡♥❡r❣✐❛ s❡ ❢❡❝❤❛✱ ♦ q✉❡ ❢❛③ ❝♦♠ q✉❡ ĥ ♥ã♦ s❡❥❛ ❜❡♠ ❞❡✜♥✐❞♦ ♥♦ ❢❡❝❤❛♠❡♥t♦✳

P❛r❛ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❡♠ ✭✸✳✷✸✮✱ t❡♠♦s q✉❡ hx = Re[∆(k)] = ∆0 cos(kx)✱ hy =

Im[∆(k)] = ±∆0 sin(ky) ❡ hz = M(k)✳ ❆ss✐♠✱ ♥♦t❡ q✉❡ ♣❛r❛ |k| ✜①♦✱ ❛s ❝♦♠♣♦♥❡♥✲

t❡s x ❡ y ❞❡ ĥ ✈❛rr❡♠ ✉♠ ❝ír❝✉❧♦ ♥❛ ❡s❢❡r❛ ❡♠ ✉♠❛ ❛❧t✉r❛ hz✳ P❛r❛ µ
′

< 0 ❝♦♠♦ |k| > 0✱

♥❛ ❢❛s❡ tr✐✈✐❛❧✱ hz ❝♦♠❡ç❛ ❛ ✈❛rr❡r ❛ ❡s❢❡r❛ ♥♦ ♣♦❧♦ ♥♦rt❡✱ ❞❡❝r❡s❝❡ ❛té ♦ ❡q✉❛❞♦r ❡ r❡t♦r♥❛

❛♦ ♣♦❧♦ ♥♦rt❡✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❛❞q✉✐r✐❞❛ ♥❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ s❡❥❛ t♦t❛❧✲

♠❡♥t❡ ❞❡❜✐t❛❞❛ ❧♦❣♦ ❡♠ s❡❣✉✐❞❛✱ ♥❛ s❡❣✉♥❞❛ ❡t❛♣❛✳ ❉❡st❡ ♠♦❞♦✱ ♦ ❈◆ é ♥✉❧♦ ♥❛ ❢❛s❡

tr✐✈✐❛❧✳ P❛r❛ µ
′

> 0✱ ❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✱ hz ✈❛rr❡ ❛ ❡s❢❡r❛ ❞❡ ♥♦rt❡ ❛ s✉❧ ✉♠❛ ú♥✐❝❛ ✈❡③✱

s❡♠ r❡t♦r♥❛r ❛♦ ♥♦rt❡✱ ❞❡ ♠♦❞♦ q✉❡✱ ♥❡ss❡ ❝❛s♦✱ ♦ ❈◆ é −1 ♣❛r❛ q✉✐r❛❧✐❞❛❞❡ kx + iky ❡

+1 ♣❛r❛ q✉✐r❛❧✐❞❛❞❡ kx − iky ✭❋✐❣✉r❛ ✸✳✽✮ ✳

❋✐❣✉r❛ ✸✳✽✿ ✭❛✮ ❊♥❡r❣✐❛ ❝✐♥ét✐❝❛ ♣❛r❛ ✉♠ ❣ás ❞❡ ❡❧étr♦♥s ❧✐✈r❡s ✷❉ q✉❡ ❡①✐❜❡ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡

kx + iky✳ P❛r❛ µ
′
< 0 t❡♠♦s ❛ ❢❛s❡ tr✐✈✐❛❧ ✭❜✮ ❡ ♣❛r❛ µ

′
> 0 t❡♠♦s ❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛ ✭❝✮ ✭❋♦♥t❡✿

r❡❢❡rê♥❝✐❛ ❬✹✶❪✮✳

❆ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ❡①✐stê♥❝✐❛ ❞♦ ❈◆ ♥ã♦ tr✐✈✐❛❧✱ ❝♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦✱ é ❛ ❡①✐stê♥❝✐❛

❞❡ ▼❩▼ ❞❡s❛❝♦♣❧❛❞♦s ❡s♣❛❝✐❛❧♠❡♥t❡✱ ❝❛❞❛ q✉❛❧ ❞❡s❝r❡✈❡♥❞♦ ✉♠ ✈órt✐❝❡ ♥♦ ❝❡♥tr♦ ❡ ♥❛s

❜♦r❞❛s ❝✉❥♦ ✢✉①♦ ❞❡ ❝❛❞❛ é Φ =
~c

4πe
✭❋✐❣✉r❛ ✸✳✾✮✱ ♣❛r❛ ✉♠ s✐st❡♠❛ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧✳



✹✶

❋✐❣✉r❛ ✸✳✾✿ ✭❛✮ ❯♠ s✉♣❡r❝♦♥❞✉t♦r t♦♣♦❧ó❣✐❝♦ q✉✐r❛❧ q✉❡ s✉♣♦rt❛ ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ♥❛ ❜♦r❞❛

❡♠ s❡✉s ❧✐♠✐t❡s ✐♥t❡r♥♦ ❡ ❡①t❡r♥♦✳ ✭❜✮ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ✈❡rs✉s ♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r n ♣❛r❛ ♦s

❡st❛❞♦s ✐♥t❡r♥♦ ✭✈❡r♠❡❧❤♦ ❝ír❝✉❧♦s✮ ❡ ❡st❛❞♦s ❞❡ ❛r❡st❛ ❡①t❡r♥♦ ✭❝ír❝✉❧♦s ❛③✉✐s✮ ♥❛ ❝♦♥✜❣✉r❛çã♦

❞❡ ✭❛✮✳ ❆q✉✐ n ❛ss✉♠❡ ✈❛❧♦r❡s ❞❡ ♠❡✐♦ ✐♥t❡✐r♦ ♣♦rq✉❡ ♦s ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ❡①✐❜❡♠ ❝♦♥❞✐çõ❡s

❞❡ ❝♦♥t♦r♥♦ ❛♥t✐✲♣❡r✐ó❞✐❝❛s ♥♦ ❛♥❡❧✳ ❯♠ ✢✉①♦ ❞❡
hc

2e
♣❡r❢✉r❛ ❛ r❡❣✐ã♦ ❝❡♥tr❛❧ tr✐✈✐❛❧ ❝♦♠♦ ❡♠

✭❝✮ ✐♥tr♦❞✉③ ✉♠ ❝♦rt❡ ❞❡ r❛♠♦ ✭❧✐♥❤❛ ♦♥❞✉❧❛❞❛✮ q✉❡✱ q✉❛♥❞♦ ❝r✉③❛❞❛✱ ❧❡✈❛ ❛ ✉♠❛ ♠✉❞❛♥ç❛ ❞❡

s✐♥❛❧ ♣❛r❛ ♠♦❞♦s ❞❡ ▼❛❥♦r❛♥❛ ♥❛ ❜♦r❞❛✳ ❖ ✢✉①♦✱ ♣♦rt❛♥t♦✱ ♠✉❞❛ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛

♣❡r✐ó❞✐❝♦ ❡ ♠✉❞❛ n ♣❛r❛ ✈❛❧♦r❡s ✐♥t❡✐r♦s✳ ■ss♦ ❧❡✈❛ ❛♦ ❡s♣❡❝tr♦ ❡♠ ✭❞✮✱ q✉❡ ✐♥❝❧✉✐ ♦s ▼❩▼ γ1 ❡ γ2
❧♦❝❛❧✐③❛❞♦s ❡♠ ❛s ❜♦r❞❛s ✐♥t❡r♥❛s ❡ ❡①t❡r♥❛s✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❞♦s ❞♦✐s ✈órt✐❝❡s ❡♠ ✭❡✮ s✉♣♦rt❛ ✉♠

▼❩▼ ❧♦❝❛❧✐③❛❞♦ ❡♠ t♦r♥♦ ❞❡ ❝❛❞❛ ♣✉❧s♦✱ ❡♥q✉❛♥t♦ ♦ ❧✐♠✐t❡ ❡①t❡r♥♦ ♣❡r♠❛♥❡❝❡ ❛❜❡rt♦ ✭❋♦♥t❡✿

r❡❢❡rê♥❝✐❛ ❬✹✶❪✮✳



❈❛♣ít✉❧♦ ✹

P♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ♣❛r❛ ❙✉♣❡r❝♦♥❞✉t♦r

q✉✐r❛❧

✹✳✶ ❋♦r♠❛❧✐s♠♦ ❞❡ ✐♥t❡❣r❛✐s ❢✉♥❝✐♦♥❛✐s ♣❛r❛ P♦t❡♥❝✐❛❧

❡❢❡t✐✈♦

◆❡st❛ ♣r✐♠❡✐r❛ s❡çã♦ s❡rá ❞✐s❝✉t✐❞♦✱ ❝♦♠ ♦ ❡♥❢♦q✉❡ ❡♠ ♣❛rtí❝✉❧❛s ❢❡r♠✐ô♥✐❝❛s✱ ❛ ♦❜✲

t❡♥çã♦ ❞❛ ❢✉♥çã♦ ♣❛rt✐çã♦ Z ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♠✉✐t♦s ❝♦r♣♦s ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦

♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦✱

Veff = − 1

β
lnZ , ✭✹✳✶✮

❛tr❛✈és ❞♦ ❢♦r♠❛❧✐s♠♦ ❞❡ ✐♥t❡❣r❛✐s ❢✉♥❝✐♦♥❛✐s ❬✹✵✱ ✹✷✱ ✹✸❪✳ ❉✐✈❡rs❛s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐✲

♥â♠✐❝❛s ✐♠♣♦rt❛♥t❡s ❞♦ s✐st❡♠❛ ♣♦❞❡♠ s❡r ❞❡r✐✈❛❞❛s ❛ ♣❛rt✐r ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦✱ ❝♦♠♦ ❛

❡♥tr♦♣✐❛ ✭S✮ ❡ ❛ ❡♥❡r❣✐❛ t❡r♠♦❞✐♥â♠✐❝❛ ✭E = −PV +TS+µiNi✮ ❬✹✹✱ ✹✺❪ ♣♦r ❡①❡♠♣❧♦✱ ✈✐❛

♠❡❝â♥✐❝❛ ❡st❛tíst✐❝❛ ❞❡ ❡q✉✐❧í❜r✐♦✳ P❛r❛ t❛♥t♦ ❡①✐st❡♠ três t✐♣♦s ❞❡ ❡♥s❡♠❜❧❡✳ ❖ ❡♥s❡♠❜❧❡

♠✐❝r♦❝❛♥ô♥✐❝♦ é ✉s❛❞♦ ♣❛r❛ ❞❡s❝r❡✈❡r ✉♠ s✐st❡♠❛ ✐s♦❧❛❞♦ ❝♦♠ ❛ ❡♥❡r❣✐❛ E✱ ♦ ♥ú♠❡r♦ ❞❡

♣❛rtí❝✉❧❛s ❡ ♦ ✈♦❧✉♠❡ ✜①❛❞♦s✳ ◆♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ❞❡s❝r❡✈❡✲s❡ ✉♠ s✐st❡♠❛ ❡♠ ❝♦♥t❛t♦

❝♦♠ ✉♠ r❡s❡r✈❛tór✐♦ ❞❡ ❝❛❧♦r ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ T ✱ tr♦❝❛♥❞♦ ❡♥❡r❣✐❛ ❧✐✈r❡♠❡♥t❡✳ ◆❡st❡

❝❛s♦ ♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ❡ ♦ ✈♦❧✉♠❡ sã♦ ✜①♦s✳ ◆♦ ❡♥s❡♠❜❧❡ ❣r❛♥❞❡ ❝❛♥ô♥✐❝♦ é ♣❡r✲

♠✐t✐❞♦ ❛ tr♦❝❛ ❞❡ ♣❛rtí❝✉❧❛s ❡ ❡♥❡r❣✐❛ ❝♦♠ ♦ r❡s❡r✈❛tór✐♦ ❞❡ ♠♦❞♦ q✉❡ ❛ t❡♠♣❡r❛t✉r❛✱ ♦

✈♦❧✉♠❡ V ❡ ♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ sã♦ ♠❛♥t✐❞♦s ✜①♦s✳ ❊ss❛s ❣r❛♥❞❡③❛s sã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱

♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ▲❛❣r❛♥❣❡ ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦✱ ❞❛ ♣r❡ssã♦ ❡ ❞♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s✳

❋♦❝❛r❡♠♦s ♥❡st❡ tr❛❜❛❧❤♦ ❡♠ ♦❜t❡r ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r ❡♠ ❢✉♥çã♦

❞❛ t❡♠♣❡r❛t✉r❛✱ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r✱ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s ♥♦s r❡❣✐♠❡s

♦♥❞❡ ♦ s✐st❡♠❛ s♦❢r❡ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❞❡ ♦r❞❡♠ t♦♣♦❧ó❣✐❝❛ ❬✸✻❪✱ ❛ ❡♥tr♦♣✐❛ ❡ ♦ ❝❛❧♦r

❡s♣❡❝í✜❝♦✳ ❉❡ ❢♦r♠❛ ❣❡r❛❧ ❬✶✶✱ ✶✻❪✿

✹✷



✹✸

Z =

∫

[dψ∗
i ][dψi]e

−
∫ β

0
L dτ , ✭✹✳✷✮

s❡♥❞♦ τ = it ♦ t❡♠♣♦ ✐♠❛❣✐♥ár✐♦✱

L = ψ∗γ0(γ0
∂

∂τ
+ iγ · ∇+m)ψ =

∑

j

ψ∗
j∂τψj − H , ✭✹✳✸✮

❛ ▲❛❣r❛♥❣❡❛♥❛ ❞♦ s✐st❡♠❛✱ ψ ♦ ❝❛♠♣♦ ❞❡ ◆❛♠❜✉ ♣❛r❛ ❢ér♠✐♦♥s ❡ H = HBdG+
|∆(k)|2

g
✳ ❖

ú❧t✐♠♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✭✹✳✸✮✱ ❛❧é♠ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ❝❛♠♣♦ ♠é❞✐♦✱ ❛♣❛r❡❝❡ ✉♠ t❡r♠♦

q✉❡ ♣r♦✈ê♠ ❞❡ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ❝❛♠♣♦ ♠é❞✐♦ ♥♦ t❡r♠♦ q✉árt✐❝♦ ♦r✐❣✐♥❛❧ q✉❡ ❞❡s❝r❡✈❡

s✐st❡♠❛s s✉♣❡r❝♦♥❞✉t♦r❡s✳ ❊st❡ t❡r♠♦ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦s ❝❛♠♣♦s✱ ♣♦r ✐ss♦ ♥ã♦ ❧❡✈❛♠♦s

❡❧❡ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛té ❡♥tã♦ ♥♦s ♥♦ss♦s ❝á❧❝✉❧♦s✳ ◆♦t❡ q✉❡ ❛ ✐♥t❡❣r❛❧ ❞❛ ▲❛❣r❛♥❣❡❛♥❛

é r❡❛❧✐③❛❞❛ s♦❜r❡ ♦ t❡♠♣♦ ✐♠❛❣✐♥ár✐♦✱ ♣♦ré♠✱ ♦s ❧✐♠✐t❡s ❞❡ ✐♥t❡❣r❛çã♦ tê♠ ❞✐♠❡♥sã♦ ❞♦

✐♥✈❡rs♦ ❞❛ t❡♠♣❡r❛t✉r❛✳ ■ss♦ ♣♦❞❡ tr❛③❡r ❛❧❣✉♠❛ ❡str❛♥❤❡③❛✱ ♠❛s ❛ ❝♦♥❡①ã♦ ❡♥tr❡ ♦s ❞♦✐s

s❡ ❞á ♣❡❧❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ▼❛ts✉❜❛r❛ ♣❛r❛ ❢ér♠✐♦♥s ωn = (2n + 1)π/β✱ ❝♦♠ n ✐♥t❡✐r♦✱

✭✈❡r ♦ ❆♣ê♥❞✐❝❡ ❇✮ q✉❛♥❞♦✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ r❡❛❧✐③❛♠♦s ✉♠❛ tr❛♥s❢♦r♠❛ ❞❡ ❋♦✉rr✐❡r ♥♦s

♦♣❡r❛❞♦r❡s ❞❡ ▼❛❥♦r❛♥❛✱ ❞❛❞❛ ♣♦r✿

γ†j,m =
∑

k

∑

n

ei(k·xj+ωnτ)γ̃†m,n,k

γj,m =
∑

k

∑

n

ei(k·xj+ωnτ)γ̃m,−n,−k

, ✭✹✳✹✮

♦♥❞❡ ♣❛r❛ ❢ér♠✐♦♥s é ❞❛❞♦ ♣♦r ωn = (2n+1)π
β

✱ m = 1, 2✳ ◆♦t❡ t❛♠❜é♠ q✉❡✱ ❞❛s r❡❧❛çõ❡s ❡♠

✭✹✳✸✮✱ γ̃†m,n,k = γ̃m,−n,−k✳ ❆❧é♠ ❞✐ss♦✱ r❡❛❧✐③❛♥❞♦ ✉♠❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉rr✐❡r ❡♠ ❛♠❜♦s

♦s ❧❛❞♦s ❞❛s ❡q✉❛çõ❡s ❡♠ ✷✳✽ ❡ ♦ ❢❛t♦ ❞❡ q✉❡ {c†k; cl} = δk,l✱ t❡♠♦s✿

{c†k, cl} = {γ̃†1,k, γ̃
†
1,l}+ {γ̃†2,k, γ̃

†
2,l}+ i{γ̃†1,k, γ̃

†
2,l} − i{γ̃†2,k, γ̃

†
1,l} = 4δk,l . ✭✹✳✺✮

❈♦♠♦ ❛s r❡❧❛çõ❡s ❞❡ ❛♥t✐❝♦♠✉t❛çã♦ ♥ã♦ ♣♦❞❡♠ ♠✉❞❛r ♣♦r ✉♠❛ tr♦❝❛ ❞♦s í♥❞✐❝❡s 1, 2✱

♦ t❡r❝❡✐r♦ ❡ ♦ q✉❛rt♦ t❡r♠♦ ❞❛ ❡①♣r❡ssã♦ ✭✹✳✺✮ ❞❡✈❡♠ t❡r r❡s✉❧t❛❞♦s ✐❣✉❛✐s✳ ■♥❞♦ ♠❛✐s

❛❧é♠✱ ❝♦♠♦ ♣♦ss✉❡♠ s✐♥❛✐s ♦♣♦st♦s✱ ❛ ú♥✐❝❛ s♦❧✉çã♦ ♣♦ssí✈❡❧ é s❡ ❛♠❜♦s ❢♦r❡♠ ✐❣✉❛✐s ❛

③❡r♦✱ r❡st❛♥❞♦ ❛ss✐♠ ❛♣❡♥❛s ♦s ❞♦✐s ♣r✐♠❡✐r♦s t❡r♠♦s✳ ❉❡ ♠♦❞♦ ❣❡r❛❧ t❡♠♦s ❛ r❡❧❛çã♦ ❞❡

❛♥t✐❝♦♠✉t❛çã♦ q✉❡ s❡rá ♠✉✐t♦ út✐❧ ♠❛✐s ❛❞✐❛♥t❡✿



✹✹

{γ̃†m,n,k, γ̃
†
m

′
,n

′
,k

′} = 2δm,m′δn,n′δk,k′ . ✭✹✳✻✮

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ✐♥t❡❣r❛❧ ❡♠ ✭✹✳✷✮✱ ♥♦ ❝❛s♦ ❞♦s ❢ér♠✐♦♥s✱ ♣♦❞❡♠♦s r❡❝♦rr❡r ❛ r❡s✉❧t❛❞♦s

s♦❜r❡ ✈❛r✐á✈❡✐s ❞❡ ●r❛ss♠❛♥♥✳ ❉❡✜♥❡✲s❡ ✉♠❛ ✈❛r✐á✈❡❧ ❞❡ ●r❛ss♠❛♥♥ η q✉❡ ♦❜❡❞❡❝❡ ❛

➪❧❣❡❜r❛ {ηi; ηj} = {ηi; η†j} = {η†i ; η†j} = 0 ❬✹✻✱ ✹✼❪✳ ❖ r❡s✉❧t❛❞♦ ❞❡st❛ ➪❧❣❡❜r❛ q✉❡ ♥♦s

✐♥t❡r❡ss❛ s❡❣✉❡ ❛ s❡❣✉✐r✳

❚❡♦r❡♠❛ ❞❛ ✐♥t❡❣r❛❧ ❞❡ ●r❛ss♠❛♥♥✿ ❙❡❥❛ η ✉♠❛ ✈❛r✐á✈❡❧ ❞❡ ●r❛ss♠❛♥♥✱ ❡♥tã♦✿

Z =

∫

[dη†i ][dηi]e
η†Mη = detM . ✭✹✳✼✮

❆❧é♠ ❞✐ss♦✱ ✈❛♠♦s ❞❡✜♥✐r ♦s ❝❛♠♣♦s ❞❡ ◆❛♠❜✉ ❞♦s ♦♣❡r❛❞♦r❡s ❞❡ ▼❛❥♦r❛♥❛ ✭❈❛♠♣♦

❞❡ ▼❛❥♦r❛♥❛✮ ♥♦ ❡s♣❛ç♦ ❞♦s ♠♦♠❡♥t♦s✱ ❝♦♠ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ▼❛ts✉❜❛r❛✱ ❝♦♠♦✿

ψ̂n,k,σ =

(

γ̃1,k,n,σ

γ̃2,k,n,σ

)

ψ̂∗
n,k,σ =

(

γ̃†1,k,n,σ γ̃†2,k,n,σ

)

. ✭✹✳✽✮

❈♦♠♣❛r❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✹✳✼✮ ❝♦♠ ❛ ❡q✉❛çã♦ ✭✹✳✽✮✱ ❡ ❝♦♠♦ ♦s ❝❛♠♣♦s ❞❡ ◆❛♠❜✉ ♣❛r❛

▼❛❥♦r❛♥❛s ♥♦ ❡s♣❛ç♦ ❞❡ ♥❛♠❜✉ sã♦ ✈❛r✐á✈❡✐s ❞❡ ●r❛ss♠❛♥♥ ✐♥❞❡♣❡♥❞❡♥t❡s✱ ♦❜s❡r✈❡ q✉❡ ❛

♠❛tr✐③M é ❛ ♠❛tr✐③ ❞❛ ❞❡♥s✐❞❛❞❡ ▲❛♥❣r❛♥❣❡❛♥❛ ❥✉st❛♣♦st❛ ♣♦r ψ̂∗
n,k,σ ❡ ψ̂n,k,σ ❡ ✐♥t❡❣r❛❞❛

❡♠ τ ❞❡ 0 ❛ β✳ ◆♦ss❛ ♣r♦♣♦st❛ é ❝❛❧❝✉❧❛r ♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ♣❛r❛ ♦ ♠♦❞❡❧♦ ❞✐s❝✉t✐❞♦ ♥❛

s❡çã♦ ✸✳✹✳ ❆ss✐♠✱ ♥♦t❡ q✉❡ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✶✮✱ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♥ã♦ ❧❡✈❛ ♦ ❢❛t♦r eiωnτ ❡♠

❝♦♥s✐❞❡r❛çã♦ ♥❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞♦s ❝❛♠♣♦s✳ ❋❛③❡♥❞♦ ❡st❛ ❝♦rr❡çã♦✱ t❡♠♦s✿

HBdG =
1

4

∑

n,n
′

∑

k,σ

ψ̂∗
n,k,σ

(

A D

−D∗ −A

)

ψ̂n′ ,k,σe
i(ωn−ω

n
′ )τ . ✭✹✳✾✮

❖ ❡❢❡✐t♦ ❞♦ t❡r♠♦ ♠✉❧t✐♣❧✐❝❛t✐✈♦ ❡♠ ✭✹✳✾✮✱ q✉❛♥❞♦ r❡❛❧✐③❛♠♦s ❛ ✐♥t❡❣r❛❧ ❡♠ τ ❞❡✜♥✐❞❛

❞❡ 0 ❛ β✱ é ❛♣❛r❡❝❡r ✉♠ ❢❛t♦r β ♠✉❧t✐♣❧✐❝❛♥❞♦ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♦❜t✐❞❛ ❡♠ ✭✸✳✷✶✮✳ ❉❡st❛

❢♦r♠❛✱ t❡♠♦s✿

∫ β

0

HBdG =
β

4

∑

n,k,σ

ψ̂∗
n,k,σ

(

A D

−D∗ −A

)

ψ̂n,k,σ . ✭✹✳✶✵✮



✹✺

P♦r ✜♠✱ r❡st❛ ❝❛❧❝✉❧❛r ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡ ψ̂∗∂τ ψ̂ ❡
|∆(k)|2

g
♥♦ ❡s♣❛ç♦ ❞♦s ♠♦♠❡♥t♦s

q✉❛♥❞♦ ✐♥t❡❣r❛♠♦s ♥♦ t❡♠♣♦ ✐♠❛❣✐♥ár✐♦ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 0 ❛ β✳ ❆ ú❧t✐♠❛ ❝♦♥tr✐❜✉✐çã♦ é

tr✐✈✐❛❧✱ ❡♥q✉❛♥t♦ ❛ ♣r✐♠❡✐r❛ é ❞❛❞❛ ❝❛❧❝✉❧❛♥❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞♦ t❡r♠♦✱ q✉❡

é✿

∑

(j,σ)

∫ β

0

ψ̂∗
j,σ∂τψj,σ = i

∑

n,k,σ

ψ̂∗
n,k,σωnI2ψ̂n,k,σ . ✭✹✳✶✶✮

❉❡st❛ ❢♦r♠❛✱ ♣♦❞❡♠♦s r❡❡s❝r❡✈❡r ❛ ✐♥t❡❣r❛❧ ❞❛ ▲❛❣r❛♥❣❡❛♥❛ ❝♦♠♦✿

∫ β

0

L dτ = −
∑

n,k,σ

ψ̂∗
n,k,σβ







ωn −
A

4
−D

4
D∗

4
ωn +

A

4






ψ̂n,k,σ −

∑

k,σ

β
|∆(k)|2

g
. ✭✹✳✶✷✮

◆♦t❡ q✉❡ ♦ t❡r♠♦
∑

n,k,σ β
|∆(k)|2

g
♥ã♦ ❞❡♣❡♥❞❡ ❞♦s ❝❛♠♣♦s ❞❡ ▼❛❥♦r❛♥❛✱ ❞❡st❛ ❢♦r♠❛✱

❞♦ t❡♦r❡♠❛ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ●r❛ss♠❛♥♥✱ t❡♠♦s ✐♠❡❞✐❛t❛♠❡♥t❡✿

M =
∑

n,k,σ

β







ωn −
A

4
−D

4
D∗

4
ωn +

A

4






. ✭✹✳✶✸✮

P♦rt❛♥t♦✿

Veff = − 1

β

∑

n,k,σ

ln

[

β2

(

ω2
n +

(|D|2 − A2)

16

)]

−
∑

k,σ

β
|∆(k)|2

g
. ✭✹✳✶✹✮

❉❡✜♥✐❞♦ |b| ≡
√

(|D|2−A2)
16

✱ ✈❛♠♦s r❡❛❧✐③❛r ❛ s♦♠❛ s♦❜r❡ ❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ▼❛ts✉❜❛r❛✳

❖❜s❡r✈❡ q✉❡✿

∑

n

ln[β2(ω2
n + |b|2)] =

∑

n

(

∫ β|b|

1

2x

x2 + (2n+ 1)2π2
dx+ ln[1 + (2n+ 1)2π2]

)

. ✭✹✳✶✺✮

❆ sér✐❡ q✉❡ ❛♣❛r❡❝❡✱ q✉❛♥❞♦ r❡❛❧✐③❛♠♦s ♦ s♦♠❛tór✐♦ ❡♠ n✱ é ❜❡♠ ❝♦♥❤❡❝✐❞❛ ❛ s✉❛

❝♦♥✈❡r❣ê♥❝✐❛ ❬✸✻❪✳ ❆ss✐♠✱ t❡♠♦s✿



✹✻

∫ β|b|

1

1− 2

ex + 1
dx+

∑

n

ln[1+(2n+1)2π2] = β|b|+2 ln(1+e−β|b|)+
∑

n

ln[1+(2n+1)2π2] .

✭✹✳✶✻✮

P♦❞❡♠♦s ✐❣♥♦r❛r ♦ ú❧t✐♠♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✭✹✳✶✻✮✱ ♣♦✐s ❡❧❡ é ❝♦♥st❛♥t❡ ♥❛s ✈❛r✐á✈❡✐s

❞❡ ✐♥t❡r❡ss❡✳ ❆❧é♠ ❞✐ss♦✱ ♥♦t❡ q✉❡ ♥❛ ❡q✉❛çã♦ ✭✹✳✶✹✮ ♦ t❡r♠♦ ❞❡♥tr♦ ❞♦ s♦♠❛tór✐♦ ♥ã♦

❞❡♣❡♥❞❡ ❞❡ σ✱ ♣♦rt❛♥t♦✱ ♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ s❡rá ❞✉❛s ✈❡③❡s ♦ ✈❛❧♦r ♣❛r❛ ✉♠❛ ❝❛❞❡✐❛ s❡♠

s♣✐♥✳ P❛r❛ ♥ã♦ ❞❡✐①❛r ❛ ♥♦t❛çã♦ ❝❛rr❡❣❛❞❛✱ ♦♣t❛♠♦s ♣♦r r❡❛❧✐③❛r ✉♠❛ tr❛♥s❢♦r♠❛❞❛ ❞❡

❋♦✉r✐❡r ❞✐s❝r❡t❛✳ ◆❛ r❡❛❧✐❞❛❞❡ ❡st❛ tr❛♥s❢♦r♠❛❞❛ ❞❡✈❡ s❡r ❝♦♥tí♥✉❛✳ ❆s✐♠✿

∑

k

−→ 1

V
d
2

∫

ddk . ✭✹✳✶✼✮

♦♥❞❡ d = 2 é ❛ ❞✐♠❡♥sã♦ ❞♦ ❡s♣❛ç♦ ❡ V tê♠ ❞✐♠❡♥sã♦ ❞❡ ár❡❛✳ ❆ ❡①♣r❡ssã♦ ❣❡r❛❧ ♣❛r❛ ♦

♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ é✿

Veff = −2× 1

V β

∫ [

β|b|+ 2 ln
(

1 + e−β|b|)− β|∆(k)|2
g

]

d2k . ✭✹✳✶✽✮

❖ ❢❛t♦r ♠✉❧t✐♣❧✐❝❛t✐✈♦ ✷ ♥❛ ❡①♣r❡ssã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ♣r♦✈❡♠ ❞❛ ♥❛t✉r❡③❛ ❞♦

s♣✐♥ 1
2
❞♦s ❢ér♠✐♦♥s✳ ◆♦t❡✱ t❛♠❜é♠✱ q✉❡ ♥ã♦ é ❝❧❛r♦ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ µ ✭♣❛rtí❝✉❧❛✮ ❡ −µ

✭❛♥t✐♣❛rtí❝✉❧❛✮ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✱ q✉❡ é ❡①♣❧✐❝❛❞♦ ♣❡❧♦ ❢❛t♦ ❞♦ ♠ó❞✉❧♦ ❞♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦

s❡r r❡❧❡✈❛♥t❡ ♣❛r❛ ♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦✳ ❆ss✐♠ t♦r♥❛✲s❡ ♥❛t✉r❛❧ ♦ ❢❛t♦r ♠✉❧t✐♣❧✐❝❛t✐✈♦ ✷ ♥♦

❧♦❣❛r✐t♠♦ ♥❡♣❡r✐❛♥♦✳ ■st♦ ✜❝❛rá ♠❛✐s ❝❧❛r♦ q✉❛♥❞♦ ❛♥❛❧✐s❛r♠♦s ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s

❡ ❛♥t✐♣❛rtí❝✉❧❛s✱ q✉❡ ♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦✱ ❞❡✈❡ ❡①✐❜✐r ✉♠❛ ♠✐st✉r❛ ❞❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✳

✹✳✷ ❉✐❛❣r❛♠❛s ❞❡ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r✱ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛r✲

tí❝✉❧❛s✱ ❡♥tr♦♣✐❛ ❡ ❝❛❧♦r ❡s♣❡❝í✜❝♦

P♦❞❡♠♦s ❞❡r✐✈❛r ❞✐✈❡rs❛s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦✳ P♦ré♠✱

♥ã♦ é ♣♦ssí✈❡❧ ❡♥❝♦♥tr❛r ❛ss✐♥❛t✉r❛s ❞❡ ▼❩▼ ❛ ♣❛rt✐r ❞♦ ❢♦r♠❛❧✐s♠♦ ❞❛s ❢✉♥çõ❡s t❡r♠♦✲

❞✐♥â♠✐❝❛s✱ ♣♦✐s ❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❡♥tr❡ ♦ ❡st❛❞♦ s✉♣❡r❝♦♥❞✉t♦r tr✐✈✐❛❧ ❡ t♦♣♦❧ó❣✐❝♦ ♥ã♦ é

❞❡✈✐❞♦ ❛ ✉♠❛ q✉❡❜r❛ ❞❡ s✐♠❡tr✐❛ ❞♦ s✐st❡♠❛✱ ❛ss✐♠ ❝♦♠♦ ♦❝♦rr❡ ♥♦ ❊❢❡✐t♦ ❍❛❧❧ ◗✉â♥t✐❝♦✳

❚♦❞❛✈✐❛✱ é ♣♦ssí✈❡❧ ♦❜t❡r ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❣❛♣ ❝♦♠ ❛s ❞❡♠❛✐s ✈❛r✐á✈❡✐s ❞♦ s✐st❡♠❛ ❛ ♣❛rt✐r

❞♦ ♠í♥✐♠♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❝♦♠ r❡s♣❡✐t♦ ❛♦ ♣❛râ♠❡tr♦ ❞♦ s✉♣❡r❝♦♥❞✉t♦r✳ ❆ss✐♠✿

∂Veff
∂|∆0|

= 0 .



✹✼

∫

(

sin2 kx + sin2 ky
)









−2

g
+

tanh

(

β|b|
2

)

|b|









d2k = 0 . ✭✹✳✶✾✮

❈♦♥s❡❣✉✐♠♦s ♦❜t❡r ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ❡♠ ❢✉♥çã♦

❞❛ t❡♠♣❡r❛t✉r❛ |∆0|(T ) ♣❛r❛ ❛ ❡q✉❛çã♦ ✭✹✳✶✾✮ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞♦s ♣♦♥t♦s ♦♥❞❡ ♦ ❣❛♣ ❞❡

❡♥❡r❣✐❛ ❞❛s q✉❛s✐✲ ♣❛rtí❝✉❧❛s s❡ ❢❡❝❤❛✳ ❊♠ t♦r♥♦ ❞❡ss❡s ♣♦♥t♦s✱ ❝♦♠♦ ❥á ❞✐s❝✉t✐❞♦ ♥❛

s❡çã♦ ✸✳✹✱ ❛ ❞✐s♣❡rsã♦ ❞❛ ❡♥❡r❣✐❛ t❡♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r✱ tí♣✐❝♦ ❞❡ ♣❛rtí❝✉❧❛s ❧✐✈r❡s

r❡❧❛t✐✈íst✐❝❛✳ ❆ss✐♠✱ t♦r♥❛✲s❡ r❛③♦á✈❡❧ ♥♦ss♦ ✐♥t❡r❡ss❡ ❛♣❡♥❛s ♥❡ss❡s ♣♦♥t♦s✳ ◆♦t❡ q✉❡

|b| = E/4✱ ❞❛í t♦♠❛♥❞♦ ❛ ♠❡s♠❛ ❛♣r♦①✐♠❛çã♦ ❧✐♥❡❛r ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❡ ❞❡✜♥✐♠♦s Λ ♦

❝✉t♦✛ ❞❡ ❡♥❡r❣✐❛ ♥❛ ♣r✐♠❡✐r❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✉✐♥ t♦♠❛♥❞♦ ✉♠❛ ❝✐r❝✉♥❢❡rê♥❝✐❛ ❝♦♠♦ ✉♠❛

❜♦❛ ❛♣r♦①✐♠❛çã♦ ❡ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ ♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ t = |∆0| ❡ µ = 0✱ ✉s❛♥❞♦ ✉♠❛

✐♥t❡❣r❛çã♦ ❡♠ ❝♦♦r❞❡♥❛❞❛s ♣♦❧❛r❡s t❡♠♦s✿

∫ Λ

0













−2k2

g
+

k tanh

(

β|∆0|k
√
4 + k2

8

)

|∆0|
√
4 + k2













kdk = 0 . ✭✹✳✷✵✮

P♦❞❡♠♦s ♦❜t❡r ❡①♣❧✐❝✐t❛♠❡♥t❡ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ♠á①✐♠♦ |∆0|c t♦✲
♠❛♥❞♦ ♦ ❧✐♠✐t❡ ❡♠ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ é ♥✉❧❛ β → ∞✳ ❆ss✐♠✱ ❞❛ ❡q✉❛çã♦ ✭✹✳✷✵✮✱ t❡♠♦s

♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ µ = 0 ❡ t = ∆0✿

|∆0|c =
g

8Λ4

(

2Λ
√
1 + 4Λ− arcsinh 2Λ

)

. ✭✹✳✷✶✮

❱❛♠♦s ❛♥❛❧✐s❛r ❛q✉✐ ❛ ❞❡r✐✈❛❞❛ ❞❡ |∆0| ❡♠ r❡❧❛çã♦ ❛ t❡♠♣❡r❛t✉r❛ T ✳ P♦❞❡♠♦s ♦❜t❡r

❞❡ ❢♦r♠❛ ✐♠♣❧í❝✐t❛ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ❡q✉❛çã♦ ✭✹✳✷✵✮✿✿

∫ Λ

0

d|∆|0(T )
dT

kdk =
1

T 2

∫ Λ

0

[

k
8
sech2(θ)

k
8T |∆0| sech

2(θ)− 1
|∆0|

√
4+k2

tanh(θ)

]

kdk ✭✹✳✷✷✮

♦♥❞❡ θ =
|∆|0k

√
4 + k2

8T
✳ ❖❜s❡r✈❛♥❞♦ ♦ ❝♦♠♣♦t❛♠❡♥t♦ ❞♦ s❡❣✉♥❞♦ ♠❡♠❜r♦ ❞❛ ✐❣❛❧❞❛❞❡✱

q✉❛♥❞♦ T → 0✱ ♦ ✐t❡❣r❛♥❞♦ é s❡♠♣r❡ ♥❡❣❛t✐✈♦ ✭♥❡ss❡ ❧✐♠✐t❡ sech2(θ) < tanh(θ)✮✳ ❆ss✐♠

♦ ♣r✐♠❡✐r♦ ♠❡♠❜r♦ ❞❛ ✐❣✉❛❧❞❛❞❡ t❛♠❜é♠ s❡rá✳ ▼❛✐s q✉❡ ✐ss♦✱ ❛ ❢✉♥çã♦ s❡rá ❞❡❝r❡s❝❡♥t❡✳



✹✽

❈♦♠♦ ❛ ❢✉♥çã♦ |∆0|(T ) ❡stá ❞❡✜♥✐❞❛ ❛♣❡♥❛s ♣❛r❛ T > 0✱ ♦ ✈❛❧♦r |∆0|C s❡rá ♦ ♠á①✐♠♦

❞❛ ❢✉♥çã♦✳ ❆❧é♠ ❞✐ss♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❝✉r✈❛ |∆0|(T ) ❝♦♠♦ t♦❞♦ s❡rá ❝ô♥❝❛✈❛ ♣❛r❛

❜❛✐①♦✳

❊st✉❞❛♥❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❢✉♥çã♦ |∆0|(T ) q✉❛♥❞♦ ♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r

s❡ ❛♥✉❧❛✱ ♦❜t❡♠♦s✿

βc =
12Λ

g
. ✭✹✳✷✸✮

◆♦t❡ q✉❡ ♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ♣♦ss✉✐ ✈❛❧♦r ♠á①✐♠♦ q✉❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ✈❛✐ ❛

③❡r♦✱ ♦ q✉❡ ❡stá ❡♠ ♣❡r❢❡✐t♦ ❛❝♦r❞♦ ❝♦♠ ♦ ♣r❡✈✐st♦ ♣❡❧❛ t❡♦r✐❛ ❇❈❙✱ ❡ q✉❡ ❞✐♠✐♥✉✐ ❛ ♠❡❞✐❞❛

q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❛✉♠❡♥t❛ ❛té ❛t✐♥❣✐r ♦ ✈❛❧♦r ③❡r♦ ❡♠ TC q✉❛♥❞♦ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡

❞❡s❛♣❛r❡❝❡ t♦t❛❧♠❡♥t❡✳ ◆♦t❡ q✉❡ ❞❛ ❡q✉❛çã♦ ✭✹✳✷✵✮✱ ❛♣❡s❛r ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❞❡♣❡♥❞❡r

❞♦ ✈♦❧✉♠❡ ❞♦ s✐st❡♠❛✱ ♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ♥ã♦ ❞❡♣❡♥❞❡ ❞♦ ✈♦❧✉♠❡✱ ❝♦♠♦ ❡s♣❡r❛❞♦✳

❚♦♠❛♥❞♦ ♦s ✈❛❧♦r❡s ♥♦r♠❛❧✐③❛❞♦s ❡♠ ✭✹✳✷✶✮ ❡ ✭✹✳✷✸✮ ❡ ❞✐❛♥t❡ ❞❛ ✐♥❢♦r♠❛çõ❡s ❡①♣♦st❛

♣♦❞❡♠♦s ❝♦♥str✉✐r ♦ ❣rá✜❝♦ ❞❛ ❝✉r✈❛ |∆0|(T ) ✭❋✐❣✉r❛ ✹✳✶ ❛✮✳

❖❜s❡r✈❡ ❛✐♥❞❛✱ q✉❡ t❛♥t♦
|∆0|C
g

=
1

Λ4

(

Λ
√
1 + 4Λ− arcsinh 2Λ

)

✭❋✐❣✉r❛ ✹✳✶ ❜✮ é s❡♠✲

♣r❡ ♣♦s✐t✐✈♦ ♣❛r❛ t♦❞♦ Λ > 0✱ q✉❛♥t♦ ❛ ❢✉♥çã♦ ❞♦ ✐♥t❡❣r❛♥❞♦✳ ❆ss✐♠✱ ♦ ♣❛râ♠❡tr♦

s✉♣❡r❝♦♥❞✉t♦r ❞❡✈❡ s❡r ♣♦s✐t✐✈♦ ❡ ✜♥✐t♦ ♣❛r❛ q✉❛❧q✉❡r ✈❛❧♦r ❞❡ g ♣♦s✐t✐✈♦✳

❋✐❣✉r❛ ✹✳✶✿ ✭❛✮ ❉✐❛❣r❛♠❛ ❞❡ ❢❛s❡ s✉♣❡r❝♦♥❞✉t♦r✱ ♦♥❞❡ |∆′

0| = |∆0|/|∆c| ❡ T
′
= T/Tc✳ ✭❜✮

❈♦♣♦rt❛♠❡♥t♦ ❞❛ |∆0|C/g ♣❛r❛ ✈❛❧♦r❡s ❞❡ Λ ♥ã♦ ♥❡❣❛t✐✈♦✳

❖✉tr❛ ♠❛♥❡✐r❛ ❞❡ ♦❜t❡r ✐♥❢♦r♠❛çõ❡s ❞♦ s✐st❡♠❛ é ❛tr❛✈és ❞❡ ✉♠❛ ❛♥á❧✐s❡ ❞❛ ❞❡♥s✐❞❛❞❡

❞❡ ♣❛rtí❝✉❧❛s✱ q✉❡ ♥♦ ❝❛s♦✱ é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡❧étr♦♥s ✭♦✉ ❜✉r❛❝♦s✮ ♣♦✐s ♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦

♥♦ ❡st❛❞♦ t♦♣♦❧ó❣✐❝♦ é ♦ ♠❡s♠♦ ♣❛r❛ ❛♠❜♦s✳ P♦❞❡♠♦s ♦❜t❡r ❛tr❛✈és ❞❛ ❡q✉❛çã♦ ❬✶✻✱ ✹✺❪✿



✹✾

Ne = −∂Veff
∂µ

. ✭✹✳✷✹✮

▲♦❣♦✿

Ne =
1

8V

∫ [

µ+ 2t (cos kx + cos ky)

|b|

]

tanh

(

β|b|
2

)

dk . ✭✹✳✷✺✮

❆ ❢✉♥çã♦ q✉❡ ❛♣❛r❡❝❡ ❞❡♥tr♦ ❞♦ ✐♥t❡❣r❛♥❞♦ é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s✳ ❖❜s❡r✈❡ q✉❡

♦ ❞♦♠í♥✐♦ ❞❛ ❢✉♥çã♦ tanh (β|b|/2) é [0, 1[✱ ♦♥❞❡ ❞❡✈❡ t❡r ✈❛❧♦r ♠á①✐♠♦ q✉❛♥❞♦ β → ∞✱

♦✉ s❡❥❛✱ q✉❛♥❞♦ ❡st❛♠♦s ❡♠ ✉♠ ❧✐♠✐t❡ ❞❡ t❡♠♣❡r❛t✉r❛s ♥✉❧❛s ❡✱ ♣♦rt❛♥t♦✱ ❛ ❞❡♥s✐❞❛❞❡ ❞❡

♣❛rtí❝✉❧❛s s❡rá ♠á①✐♠❛✳ ❆ss✐♠ t❡♠♦s✿

ne =
µ+ 2t (cos kx + cos ky)

|b| . ✭✹✳✷✻✮

◆❛ s❡çã♦ ✸✳✹ ❞✐s❝✉t✐♠♦s q✉❡ t♦♠❛♥❞♦ µ = µ
′ − 4t ❛s tr❛♥s✐çõ❡s ❞❡ ❢❛s❡ ♦❝♦rr❡♠ ❡♠

µ
′

= 0 ❡ µ
′

= 8t ❡♠ q✉❡ ♣❛r❛ 0 < µ
′

< 8t t❡♠♦s ❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✱ ❡♥q✉❛♥t♦ ♣❛r❛ t♦❞♦

r❡st♦ t❡♠♦s ❛ ❢❛s❡ tr✐✈✐❛❧✳ ❆ss✐♠✱ ❡♠ t❡r♠♦s ❞❡ µ✱ ♦❜s❡r✈❡ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ♣❛r❛ |µ| < 4t

♥❛ ❡q✉❛çã♦ ✭✹✳✷✻✮ ✈❛r✐❛ ❞❡s❞❡ ✈❛❧♦r❡s ♥❡❣❛t✐✈♦s ❛ ✈❛❧♦r❡s ♣♦s✐t✐✈♦s✱ ❝♦✐♥❝✐❞✐♥❞♦ ❝♦♠ ♦

✐♥t❡r✈❛❧♦ ♦♥❞❡ ♦ s✐st❡♠❛ ❡stá ♥❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✱ ❡♥q✉❛♥t♦ ♣❛r❛ µ < −4t ❡ µ > 4t✱ t❡♠♦s

❛♣❡♥❛s ♦✉ ❞❡♥s✐❞❛❞❡ ♣♦s✐t✐✈❛ ♦✉ ♥❡❣❛t✐✈❛ ✭❋✐❣✉r❛ ✹✳✷✮✱ ♦♥❞❡ ♦ s✐st❡♠❛ ❡stá ♥❛ ❢❛s❡ tr✐✈✐❛❧✳

P♦rt❛♥t♦✱ ❝♦♠♦ ❡s♣❡r❛❞♦✱ ▼❩▼ ❡♠❡r❣❡♠ ♥❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛✱ ♦♥❞❡ t❡♠♦s ✐❣✉❛✐s ❣r❛✉s ❞❡

❧✐❜❡r❞❛❞❡ ❡♥tr❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✱ ✈✐st♦ q✉❡ ▼❩▼ é ❛ s♦❜r❡♣♦s✐çã♦ ❞♦s ♠❡s♠♦s✱ ❡♥q✉❛♥t♦

♥❛ ❢❛s❡ tr✐✈✐❛❧ ❡st❛ ❝♦♥❞✐çã♦ ♥ã♦ s❡ ✈❡r✐✜❝❛✳

❈♦♠♦ ❛ ❡♥tr♦♣✐❛ é ✉♠❛ ❢✉♥çã♦ ❤♦♠♦❣ê♥❡❛ ❞❡ ♣r✐♠❡✐r♦ ❣r❛✉ ❞❛ ❡♥❡r❣✐❛✱ ✈♦❧✉♠❡ ❡

♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ♣♦❞❡♠♦s ❞❡✜♥✐r ❛ ❡♥tr♦♣✐❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ s(T,N) =
S(T, V,N)

V
✳ ❆ ❡♥tr♦♣✐❛ t❡r♠♦❞✐♥â♠✐❝❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦✲

❧✉♠❡ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❛tr❛✈és ❞❛ r❡❧❛çã♦ ❬✹✺❪✿

s(T ) = −
(

∂Veff
∂T

)

N

= −
[

(

∂Veff
∂T

)

|∆0|
+

(

∂Veff
∂|∆0|(T )

)(

∂|∆0|(T )
∂T

)

]

✭✹✳✷✼✮

♦♥❞❡✱ ❞❛ ❡q✉❛çã♦ ✭✹✳✶✽✮✱ Veff = Veff (T, |∆0|(T ))✳ ❆ss✐♠✱s❡ ❝♦♥s✐❞❡r❛♠♦s ♦ ❧✐♠✐t❡ ❞❡

❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✱ ♦✉ s❡❥❛✱ ❡♠ ✉♠ r❡❣✐♠❡ ❝✉❥❛ ❛ ✈❛r✐❛çã♦ ❞♦ ♣❛r❛♠❡♥tr♦ s✉♣❡r❝♦♥❞✉t♦r

❝♦♠ r❡❧❛çã♦ à t❡♠♣❡r❛t✉r❛ é ♠✉✐t♦ ♣❡q✉❡♥❛ ♦✉ ❛té ♠❡s♠♦ ✐rr❡❧❡✈❛♥t❡✱ ♣♦❞❡♠♦s t♦♠❛r
∂|∆0|(T )
∂T

= 0✳ P♦rt❛♥t♦✱ t❡♠♦s✿



✺✵

❋✐❣✉r❛ ✹✳✷✿ ●rá✜❝♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s ♣❛r❛ ❞✐✈❡rs♦s ✈❛❧♦r❡s ❞❡ (µ , t ,∆)✳ ◆♦t❡ q✉❡

♣❛r❛ ✭❛✮ (−1 , 0.5 , 0.5) ❡ ✭❜✮ (1 , 0.5 , 0.5) t❡♠♦s ❞❡♥s✐❞❛❞❡ ♣♦s✐t✐✈❛ ❡ ♥❡❣❛t✐✈❛ ❝♦❡①✐st✐♥❞♦ ✭❢❛s❡

t♦♣♦❧ó❣✐❝❛✮✱ ❡♥q✉❛♥t♦ ♣❛r❛ ✭❝✮ (−3 , 0.5 , 0.5) t❡♠♦s ❛♣❡♥❛s ❞❡♥s✐❞❛❞❡ ♥❡❣❛t✐✈❛ ❡ ✭❞✮ (3 , 0.5 , 0.5)

❞❡♥s✐❞❛❞❡ ♣♦s✐t✐✈❛ ✭❢❛s❡ tr✐✈✐❛❧✮✳

s(T ) =
2|b| exp [−|b|/T ]

(1 + exp [−|b|/T ])T + 2 ln (1 + exp[−|b|/T ]) , ✭✹✳✷✽✮

▲❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ ♦ ♠❡s♠♦ r❡❣✐♠❡ ❞❡ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✱ ♦ ❝❛❧♦r ❡s♣❡❝í✜❝♦ ♣♦r

✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ ✭❋✐❣✉r❛ ✹✳✸ ✭❜✮✮ é ❞❛❞♦ ♣♦r ❬✹✺❪✿

c
(1)
V (T ) =

−2|b|2 exp [−2|b|/T ]
(1 + exp [−|b|/T ])2 T 3

+
2|b|2 exp [−|b|/T ]

(1 + exp [−|b|/T ])T 3
. ✭✹✳✷✾✮

◆♦ ❧✐✈r♦ ■♥tr♦❞✉❝t✐♦♥ t♦ ❈♦♥❞❡♥s❡❞ ▼❛tt❡r P❤②s✐❝s ❬✷✸❪ é ♦❜t✐❞♦ ✉♠❛ ❡①♣r❡ssã♦ ♣❛r❛

♦ cV ❞❡ ✉♠ s✐st❡♠❛ s✉♣❡r❝♦♥❞✉t♦r ❝♦♥✈❡♥❝✐♦♥❛❧✿

CV

V
= c

(2)
V = 2N(0)|∆0|

√

2π|∆0|3
T 3

exp

(−|∆0|
T

)

✭✹✳✸✵✮

♦♥❞❡ N(0) é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❛ t❡♠♣❡r❛t✉r❛ ♥✉❧❛✳



✺✶

❊st❛ ❡①♣r❡ssã♦✱ ❢♦✐ ♦❜t✐❞❛ ✉s❛♥❞♦ ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ♥❛ ❜❛s❡ ❡❧❡trô♥✐❝❛ ❡ ❝♦♥s✐❞❡✲

r❛♥❞♦ ♦ ❧✐♠✐t❡ ❞❡ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ♣❛r❛ ✉♠ s✉♣❡r❝♦♥❞✉t♦r ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❖❜s❡r✈❡ q✉❡

♦ ❝❛❧♦r ❡s♣❡❝í✜❝♦ ♥❛ ❡q✉❛çã♦ ✭✹✳✸✵✮✱ s❡ ❛♥✉❧❛ q✉❛♥❞♦ T → 0 ❡ q✉❛♥❞♦ T → ∞✳ ❖ ❝♦♠✲

♣♦rt❛♠❡♥t♦ ❛ss✐♥tót✐❝♦ é s❡♠❡❧❤❛♥t❡ ♦❜t✐❞♦ ♥♦s ♥♦ss♦s ❝á❧❝✉❧♦s ✭❡q✉❛çã♦ ✭✹✳✷✾✮✮ ✉s❛♥❞♦

✉♠❛ r❡♣r❡s❡♥t❛çã♦ ♥❛ ❜❛s❡ ❞❡ ▼❛❥♦r❛♥❛✭❋✐❣✉r❛ ✹✳✸✮✳

❋✐❣✉r❛ ✹✳✸✿ ●rá✜❝♦ ❞♦ ❝❛❧♦r ❡s♣❡❝í✜❝♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭❛❞✐♠❡♥s✐♦♥❛❧✮✳ ❖ ❣rá✜❝♦ ❡♠

❛③✉❧ é ♦ ♥♦ss♦ r❡s✉❧t❛❞♦ ✭✹✳✷✾✮ ❡ ❡♠ ✈❡r♠❡❧❤♦ ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✸❪✳ ❆♠❜♦s ❢♦r❛♠

♣❧♦t❛❞♦s ❝♦♥s✐❞❡r❛♥❞♦ |∆0| = t = 1✳

✹✳✸ P❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦ ❝rít✐❝♦ gC ♣❛r❛ ♦ Sr2RuO4

❊♠ ✶✾✾✹ ❢♦✐ ❞❡s❝♦❜❡rt♦ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ♥♦ ❘✉t❡♥❛t♦ ❞❡ ❊strô♥❝✐♦ Sr2RuO4 ♣♦r

❨♦s❤✐ ▼❛❡♥♦ ❡ s❡✉s ❝♦❧❛❜♦r❛❞♦r❡s ❡✱ ♣♦st❡r✐♦r♠❡♥t❡✱ tr❛❜❛❧❤♦s t❡ór✐♦s ♣r♦♣✉♥❤❛♠ q✉❡ ♦

♠❛t❡r✐❛❧ ❡r❛ ❞❡ ♦♥❞❛✲p q✉✐r❛❧ ❡♠ ❛♥❛❧♦❣✐❣✐❛ ❛♦ He3 ❬✹✽✱ ✹✾❪✳ ❆❧é♠ ❞✐ss♦✱ ♦✉tr♦s tr❛❜❛❧❤♦s

❛♣♦♥t❛♠ ♣❛r❛ ♦ ♣❛r❡❛♠❡♥t♦ tr✐♣❧❡t♦ ❬✺✵❪ ❡ ♣❛r❛ ❛ q✉❡❜r❛ ❞❡ ❙❘❚ ❬✺✶❪✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦

♠♦❞❡❧♦ s✐♠♣❧❡s ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✸✳✹ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❛q✉✐✱ ❢♦r♥❡❝❡♥❞♦ ✉♠ ❝♦♠♣❛r❛✲

t✐✈♦ ❞♦s ♥♦ss♦s ❝á❧❝✉❧♦s t❡ór✐❝♦s ❝♦♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❈♦♥t✉❞♦✱ ❛✐♥❞❛ ❡①✐st❡♠

q✉❡stõ❡s ❡♠ ❛❜❡rt♦ ❝♦♠♦ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❝♦♠♣❧❡t❛ ❞❛ ❡str✉t✉r❛ ❞♦ ❣❛♣ s✉♣❡r❝♦♥❞✉t♦r✳

❖ Sr2RuO4 ♣♦ss✉✐ ✉♠❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ t❡tr❛❣♦♥❛❧ s❡♠❡❧❤❛♥t❡ ❛♦s ❝✉♣r❛t♦s ✭❋✐✲

❣✉r❛ ✹✳✹✮✳ ❖ ♠❛t❡r✐❛❧ é ❝♦♠♣♦st♦ ♣♦r ❝❛♠❛❞❛s ❞❡ RuO2✱ ♣❧❛♥♦ ab✱ ❤✐❜r✐❞✐③❛❞❛s ❝♦♠

❝❛♠❛❞❛s ❞❡ ❡strô♥❝✐♦ ❡ O2 ❬✹❪✳ ❆ r❡s✐st✐✈✐❞❛❞❡ é ♠❛✐♦r ♥❛ ❞✐r❡çã♦ c✱ t♦r♥❛❞♦ ♦ ♣❧❛♥♦

ab r❡s♣♦♥sá✈❡❧ ♣❡❧❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ♥ã♦ ❝♦✈❡♥❝✐♦♥❛❧✳ ❖s ♣❛râ♠❡tr♦s ❞❡ r❡❞❡ sã♦

a = b = 0, 39nm ❡ c = 1, 27nm ❬✺✻❪✳ ❆ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ ❞❡ tr❛♥s✐çã♦ TC = 1, 5K

❬✺✷✱ ✺✸✱ ✻✸✱ ✻✵❪ ❡ ♦ ♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣ ♥♦ ♣❧❛♥♦ é ❞❛ ♦r❞❡♠ ❞❡ 0, 4 eV ❬✺✹❪ ❡♥q✉❛♥t♦ ♦



✺✷

❝✉t♦✛ é Λ =
~vfπ

a
= 0, 23 eV ✳

❋✐❣✉r❛ ✹✳✹✿ ❊str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❡ ❛ ♣r✐♠❡✐r❛ ③♦♥❛ ❞❡ ❇r✐❧❧♦✉✐♥ ❞♦ Sr2RuO4 ✭❋♦♥t❡✿ r❡❢❡rê♥❝✐❛

❬✻✸❪✮✳

❖ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❡❧étr♦♥ ♣❛r❛ ✉♠ s✉♣❡r❝♦♥❞✉t♦r é ❞❛❞♦ ♣❡❧❛ ❧❡✐ ❡①✲

♣❡r✐♠❡♥t❛❧ ❬✺✼❪✿

gSC = − 1

N(0) ln

(

TC
Θ

) ✭✹✳✸✶✮

♦♥❞❡ N(0) é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❛ ♥í✈❡❧ ❞❡ ❡♥❡r❣✐❛ ③❡r♦ ❡ Θ é t❡♠♣❡r❛t✉r❛ ❞❡ ❉❡❜②❡✳

❊♠ ♠❡t❛✐s✱ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❛ ❡♥❡r❣✐❛ ③❡r♦ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡

❡st❛❞♦s ❛♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✳ ❆ss✐♠ ♣❛r❛ Sr2RuO4 t❡♠♦s q✉❡ N(0) ≈ N(εF ) = 0, 5 ❡st❛❞♦s

♣♦r eV ❬✺✽❪ ❡ Θ = 475, 0K ❬✺✽✱ ✻✸❪✳ ▲♦❣♦✿

gSC ≈ 0, 4 eV . ✭✹✳✸✷✮

❈♦♠ ❡st❡ r❡s✉❧t❛❞♦ ♣♦❞❡♠♦s✱ ♣♦r ❡①❡♠♣❧♦✱ ❝♦♠♣❛r❛r ❝♦♠ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥✲

t❡r❛çã♦ ❝rít✐❝♦ gC ✉s❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✹✳✶✽✮✳ ❈♦♥s✐❞❡r❡ ♦ ❧✐♠✐t❡ k → 0✱ ♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦

♥✉❧♦ ❛ t❡♠♣❡r❛t✉r❛ ♥✉❧❛✱ ❡♥tã♦ ♦ t❡r♠♦ ❞❡♣❡♥❞❡♥t❡ ❞♦ ❧♦❣❛r✐t♠♦ ◆❡♣❡r✐❛♥♦ s❡ ❛♥✉❧❛✱

r❡st❛♥❞♦ ❛♣❡♥❛s ♦s ♦✉tr♦s ❞♦✐s t❡r♠♦s✳ ❊♠ ✉♠❛ ❛♣r♦①✐♠❛çã♦✱ ♣♦❞❡♠♦s t❛♠❜é♠ ❝♦♥s✐❞❡✲

r❛r q✉❡ ❛ ♣r✐♠❡✐r❛ ❩❇ s❡❥❛ ✉♠❛ ❝✐r❝✉♥❢❡rê♥❝✐❛ ❞❡ r❛✐♦ Λ✳ ❆ss✐♠ ✉t✐❧✐③❛♥❞♦ ❝♦♦r❞❡♥❛❞❛s

♣♦❧❛r❡s✱ t❡♠♦s✿

Veff =
4π

V

∫ Λ

0

[

−|b|+ β|∆(k)|2
g

]

kdk ✭✹✳✸✸✮



✺✸

|b| = k
√

t2k2 + 4|∆|2
4

. ✭✹✳✸✹✮

❆❣♦r❛ t♦♠❛♥❞♦ ♦ ♠í♥✐♠♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❝♦♠ r❡❧❛çã♦ ❛♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉✲

t♦r✱ t❡♠♦s✿

∂Veff
∂|∆0|

=
4π|∆0|
V

(

∫ Λ

0

k3

[

2

g
− 1

k
√

t2k2 + |∆0|2

]

dk

)

= 0 . ✭✹✳✸✺✮

◆♦t❡ q✉❡ ❛ ❡q✉❛çã♦ ❛❝✐♠❛✱ ✉♠❛ ♣♦ssí✈❡❧ s♦❧✉çã♦ é |∆0| = 0✳ ❆ ♦✉tr❛ s♦❧✉çã♦ é ♦ t❡r♠♦

❡♥tr❡ ♣❛rê♥t❡s❡s s❡ ❛♥✉❧❛r t❛♠❜é♠✳ ❘❡s♦❧✈❡♥❞♦ ❛ ✐♥t❡❣r❛❧✱ ♦❜t❡♠♦s ❛ ❡①♣r❡ssã♦✿

Λ4

2g
−













tΛ
√

t2Λ2 + 4|∆0|2 − 4|∆0|2 ln
[

2|∆0|
tΛ +

√

t2Λ2 + 4|∆0|2

]

2t3













= 0 ✭✹✳✸✻✮

❖❜s❡r✈❡ q✉❡ |∆0| > 0✱ ✐st♦ s✐❣♥✐✜❝❛ q✉❡ s❡ ❡s❝r❡✈❡r♠♦s |∆0| ❡♠ ❢✉♥çã♦ ❞❡ g ❡❧❛ só s❡rá

✈á❧✐❞❛ ❛ ♣❛rt✐r ❞❡ ✉♠ gC q✉❡ é ❛ r❛✐③ ❞❛ ❢✉♥çã♦✳ ❊st❡ r❡s✉❧t❛❞♦ é ❡s♣❡r❛❞♦✱ ❝♦♠♦ g é ✉♠

♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❡❧étr♦♥s✱ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ só ❛♣❛r❡❝❡rá ♥♦ ♠❛t❡r✐❛❧ s❡

❢♦r s✉✜❝✐❡♥t❡ ♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❈♦♣♣❡r✳ ❊♠❜♦r❛ ❛ ❡q✉❛çã♦ ✭✹✳✸✻✮ ♥ã♦ ♣❡r♠✐t❛

♦❜t❡r ✉♠❛ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛✱ ❡s❝r❡✈❡r |∆0| ❡♠ ❢✉♥çã♦ ❞❡ g✱ ♣♦❞❡♠♦s

✉t✐❧✐③❛r ❞❡ ♠ét♦❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♣❛r❛ ♣r♦❝✉r❛r r❛í③❡s✳ ❖ ❣rá✜❝♦ ❛❜❛✐①♦ ✭❋✐❣✉r❛ ✹✳✺✮

❢♦✐ ♣❧♦t❛❞♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ♣❛râ♠❡tr♦s t = Λ = 1✳ ◆♦t❡ ❛✐♥❞❛ q✉❡ ♣❛r❛ ❡ss❡ ❝❛s♦ gC = 1✳

❆ss✐♠✱ ♥❡st❡ ❝❛s♦✱ 0 < g < 1 ♦ s✐st❡♠❛ ♥ã♦ s❡rá s✉♣❡r❝♦♥❞✉t♦r ❡ ♣❛r❛ ✈❛❧♦r❡s ❛❝✐♠❛ ❞❡

gC ♦ s✐st❡♠❛ ❡①✐❜❡ ❛ s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡✳ ❆ ❡q✉❛çã♦ ✭✹✳✸✻✮ ❢♦r♥❡❝❡✱ ♣♦rt❛♥t♦✱ ✉♠ ❧✐♠✐t❡

✐♥❢❡r✐♦r q✉❡ ♣❛r❛ ✉♠ ❞❛❞♦ s✐st❡♠❛ ❝♦♥❤❡❝❡♥❞♦ ♦ ♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣ ❡ ♦ ❝✉t♦✛ ❞❡ ✉♠

❞❛❞♦ ♠❛t❡r✐❛❧✳ ❯s❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❞♦ ❘✉t❡♥❛t♦ ❞❡ ❊strô♥❝✐♦ ✭♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣

❡ ❝✉t♦✛ ✮ ♣♦❞❡♠♦s ✈❡r✐✜❝❛r q✉❡ gC ≈ 1, 4 eV ✱ ♦✉ s❡❥❛✱ ♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦ ❝rít✐❝♦ é

♠❡♥♦r ❞♦ q✉❡ ❞♦ ♠❛t❡r✐❛❧ ✭gc < gSC✮✱ ❞❡st❡ ♠♦❞♦ ♦ ❘✉t❡♥❛t♦ ❞❡ ❊strô♥❝✐♦ ❞❡✈❡ ❡①✐❜✐r

s✉♣❡r❝♦♥❞✉t✐✈✐❞❛❞❡ ❝♦♠♦ ❥á é ❞❡ ❝♦♥❤❡❝✐♠❡♥t♦ ❬✺✶✱ ✺✸✱ ✻✹✱ ✹❪✳



✺✹

❋✐❣✉r❛ ✹✳✺✿ ●rá✜❝♦ ❞♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ♠á①✐♠♦ ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❛çã♦

❡❧étr♦♥✲❡❧étr♦♥ ❡♠ ✉♥✐❞❛❞❡s ❞❡ eV ♣❛r❛ ♦ Sr2RuO4✳



❈❛♣ít✉❧♦ ✺

❉✐s❝✉ssõ❡s✱ ❝♦♥❝❧✉sõ❡s ❡ ♣❡rs♣❡❝t✐✈❛s

❈♦♠❡ç❛♠♦s ❞✐s❝✉t✐♥❞♦ s♦❜r❡ ❋▼ ❝♦♠♦ ♣❛rtí❝✉❧❛ ❢✉♥❞❛♠❡♥t❛❧ ❡ ❛ss✐♠✱ ❛ ♣❛rt✐r ❞❛

s✉❛ ❝❛r❛❝t❡ríst✐❝❛ ❢✉♥❞❛♠❡♥t❛❧ ❞✐s❝✉t✐♠♦s ♦ ❛♥á❧♦❣♦ ♥❛ ❋ís✐❝❛ ❞❛ ▼❛tér✐❛ ❈♦♥❞❡♥s❛❞❛✳

❉✐s❝✉t✐♠♦s q✉❡ ❡st❛❞♦s ❞♦ s✐st❡♠❛ ❞❡ ❡♥❡r❣✐❛ ③❡r♦ sã♦ ▼♦❞♦s ❩❡r♦ ❞❡ ▼❛❥♦r❛♥❛✱ ❝✉❥❛ ❛

r❡♣r❡s❡♥t❛çã♦ ❡♠ ❧✐♥❣✉❛❣❡♠ ❞❡ s❡❣✉♥❞❛ q✉❛♥t✐③❛çã♦ ♦❜❡❞❡❝❡ ❛ s❡❣✉✐♥t❡ ✐❣✉❛❧❞❛❞❡ γ =

γ†✱ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❝♦♥❞✐çã♦ ❞❡ r❡❛❧✐❞❛❞❡✳ ▼❩▼ ♦❜❡❞❡❝❡♠ ❛ ❡st❛tíst✐❝❛ ❞❡ tr♦❝❛ ♥ã♦

❆❜❡❧✐❛♥❛✱ q✉❡ ❝♦♠♦ ❞✐s❝♦rr❡♠♦s✱ sã♦ ✈✐st❛s ❝♦♠ ❜♦♥s ♦❧❤♦s ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ ✉♠❛

❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ t♦♣♦❧ó❣✐❝❛✳

❊st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠ ❡st✉❞❛r ❛ ❡♠❡r❣ê♥❝✐❛ ❞❡ ▼❩▼ ❡♠ s✐st❡♠❛s s✉♣❡r❝♦♥❞✉t♦r❡s

t♦♣♦❧ó❣✐❝♦s✱ ❡♠ ❡s♣❡❝✐❛❧ s✉♣❡r❝♦♥❞✉t♦r❡s q✉✐r❛✐s✳ ❱✐♠♦s q✉❡ ❡①✐st❡♠ s✐st❡♠❛s s✉♣❡r❝♦♥✲

❞✉t♦r❡s q✉❡ ❡①✐❜❡♠ tr❛♥s✐çõ❡s ❞❡ ❢❛s❡ ❞❡ ♦r❞❡♠ t♦♣♦❧ó❣✐❝❛✳ ❖s ▼❩▼s ❡♠❡r❣❡♠ ♥❛t✉r❛❧✲

♠❡♥t❡ ♥❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛ ✈✐st♦ q✉❡✱ ♥❡st❡ ❝❛s♦✱ ♦ s✐st❡♠❛ ♣♦ss✉✐ ✐❣✉❛✐s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡

❡♥tr❡ ❡❧étr♦♥s ✭♣❛rtí❝✉❧❛s✮ ❡ ❜✉r❛❝♦s ✭❛♥t✐♣❛rtí❝✉❧❛s✮✳ ❊stá é ✉♠❛ ❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛

❛ ❡♠❡r❣ê♥❝✐❛ ❞❡ ▼❩▼✳ ❱✐♠♦s✱ t❛♠❜é♠✱ q✉❡ s✉♣❡r❝♦♥❞✉t♦r❡s ❞❡ ♦♥❞❛✲p q✉✐r❛✐s ♣♦ss✉❡♠

❛ ❢❛s❡ tr✐✈✐❛❧ ❡ ❛ t♦♣♦❧ó❣✐❝❛✳

❚♦♠❛♥❞♦ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧❡s s❡♠ s♣✐♥✱ ♦✉ s❡❥❛✱ ♥ã♦ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ✐♥t❡r❛✲

çã♦ ❡♥tr❡ ♦s s♣✐♥s ❡ r❡❛❧✐③❛♥❞♦ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ♥❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✉♠❛ ❜❛s❡ ❡❧❡trô♥✐❝❛

♣❛r❛ ✉♠❛ ❜❛s❡ ❞❡ ▼❛❥♦r❛♥❛✱ ♦❜t❡♠♦s ❛ ❜❛♥❞❛ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ❛s q✉❛s❡✲♣❛rtí❝✉❧❛s✳ ❉✐s✲

❝✉t✐♠♦s q✉❡ s❡ t♦♠❛r♠♦s ♦ ❧✐♠✐t❡ ❞❡ ❜❛✐①❛s ❡♥❡r❣✐❛s ❛ ❢♦r♠❛ ❞❛ ❞✐s♣❡rsã♦ ♣ró①✐♠♦s ❛♦s

♣♦♥t♦s ❞❡ ❢❡❝❤❛♠❡♥t♦ ❞♦ ❣❛♣ ♣♦ss✉❡♠ ❞✐s♣❡rsã♦ ❧✐♥❡❛r✱ ♦✉ s❡❥❛✱ ♥❡ss❡ r❡❣✐♠❡ ❛s q✉❛s✐♣❛r✲

tí❝✉❧❛s s❡ ❝♦♠♣♦rt❛♠ ❝♦♠♦ ♣❛rtí❝✉❧❛s ❧✐✈r❡s s❡♠❡❧❤❛♥t❡s ❛♦ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ♦s ❡❧étr♦♥s

♥♦ ❣r❛❢❡♥♦✱ ❡♥q✉❛♥t♦ ▼❩▼ q✉❡ ♣♦r ❞❡✜♥✐çã♦ ♣♦ss✉❡♠ ❡♥❡r❣✐❛ ③❡r♦✱ s❡ ❝♦♠♣♦rt❛♠ ❝♦♠♦

❡st❛❞♦s ❧✐❣❛❞♦s✳ ❚❛♠❜é♠ ❞✐s❝♦rr❡♠♦s ❝♦♠ r❡❧❛çã♦ ❛ ❝♦♠♦ ❝❛r❛❝t❡r✐③❛r ❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡

❞❡ ♦r❞❡♠ t♦♣♦❧ó❣✐❝❛✱ q✉❡ ♣♦❞❡ s❡r ❢❡✐t♦ ❝❛❧❝✉❧❛♥❞♦ ♦ ❈◆✳

❈♦♠♦ r❡s✉❧t❛❞♦s ♦r✐❣✐♥❛✐s✱ ❝❛❧❝✉❧❛♠♦s ♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❞♦s ▼❩▼ ❡♠ s✐st❡♠❛ s✉♣❡r✲

❝♦♥❞✉t♦r q✉✐r❛❧ ❞❡ ♦♥❞❛✲p✳ ❋♦✐ ❛q✉✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠ ❡♥s❡♠❜❧❡ ❣r❛♥ ❝❛♥ô♥✐❝♦ ❡ ❢♦✐ ✉t✐❧✐③❛❞❛

❛ té❝♥✐❝❛ ❞❡ ✐♥t❡❣r❛✐s ❢✉♥❝✐♦♥❛✐s ♣❛r❛ t❡♠♣❡r❛t✉r❛s ✜♥✐t❛s✳ ❚♦♠❛♥❞♦ ♦ ♠í♥✐♠♦ ❞♦ ♣♦t❡♥✲

❝✐❛❧ ❡❢❡t✐✈♦ ❝♦♠ r❡❧❛çã♦ ❛♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r✱ ♦❜t❡♠♦s ❛ ❢♦r♠❛ ❞♦ ❣❛♣ ❡♠ ❢✉♥çã♦

❞❛ t❡♠♣❡r❛t✉r❛✳ ❖❜s❡r✈❛♠♦s q✉❡ q✉❛♥❞♦ T → 0 ♦ ❣❛♣ ♣♦ss✉✐ ✈❛❧♦r ♠á①✐♠♦✱ ♣♦r ♦✉tr♦

✺✺



✺✻

❧❛❞♦ ❡❧❡ s❡ ❛♥✉❧❛ q✉❛♥❞♦ ❛t✐♥❣❡ ✉♠❛ ✈❛❧♦r ❞❡ TC ✳ ❚❛♥t♦ ♦ ❣❛♣ ♠á①✐♠♦ q✉❛♥t♦ ❛ t❡♠✲

♣❡r❛t✉r❛ ❝rít✐❝❛ ❞❡♣❡♥❞❡♠ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♠❛t❡r✐❛❧✳ ❊ss❡ r❡s✉❧t❛❞♦ ❡stá ❞❡ ❛❝♦r❞♦

❝♦♠ ♦ q✉❡ é ♣r❡✈✐st♦ ♣❡❧❛ t❡♦r✐❛✳ ❊♠ s❡❣✉✐❞❛ ❝❛❧❝✉❧❛♠♦s ♦ ♥ú♠❡r♦ ♠é❞✐♦ ❞❡ ♣❛rtí❝✉❧❛s ❡

♣♦r ❝♦♥s❡q✉ê♥❝✐❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s✳ ❖❜s❡r✈❛♠♦s q✉❡ ♥❛ ❢❛s❡ t♦♣♦❧ó❣✐❝❛ |µ| < 4t

t❡♠♦s ❛ ❝♦❡①✐stê♥❝✐❛ ❞❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s✱ ❛ss✐♥❛❧❛♥❞♦ ❛ss✐♠ q✉❡ ❞❡ ❢❛t♦ t❡♠♦s ❛ ❝♦♥❞✐✲

çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛ ❡♠❡r❣ê♥❝✐❛ ❞❡ ▼❩▼✳ ❊♥q✉❛♥t♦ ♥❛ ❢❛s❡ tr✐✈✐❛❧ t❡♠♦s ♦✉ ❡❧étr♦♥s ♦✉

❜✉r❛❝♦s✳ ❈❛❧❝✉❧❛♠♦s ❛ ❡♥tr♦♣✐❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ ❡ ♦ ❝❛❧♦r ❡s♣❡❝í✜❝♦ ❡ ❝♦♠♣❛r❛♠♦s

♦ r❡s✉❧t❛❞♦ ♣❛r❛ ✉♠ s✉♣❡r❝♦♥❞✉t♦r ♥ã♦ t♦♣♦❧ó❣✐❝♦ ♣r❡s❡♥t❡ ♥❛ ❧✐t❡r❛t✉r❛✳ ❈❤❡❣❛♠♦s✱

t❛♠❜é♠✱ ❛ ✉♠❛ ❡①♣r❡ssã♦ q✉❡ r❡❧❛❝✐♦♥❛ ♦ ♣❛râ♠❡tr♦ s✉♣❡r❝♦♥❞✉t♦r ❡ ♦ ♣❛râ♠❡tr♦ ❞❡

✐♥t❡r❛çã♦✱ ❝✉❥♦ ♦s ✈❛❧❡r❡s ❞❡♣❡♥❞❡♠ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ✭t ❡ Λ✮✱ ❛ q✉❛❧ ❢♦r♥❡❝❡

✉♠ ❧✐♠✐t❛♥t❡ ✐♥❢❡r✐♦r ♥❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❡❧étr♦♥s ♣❛r❛ q✉❡ ❤❛❥❛ s✉♣❡r❝♦♥❞✉✲

t✐✈✐❞❛❞❡ ♥♦ ❝❛s♦ ❞❡ ✉♠ s✉♣❡r❝♦♥❞✉t♦r q✉✐r❛❧ ❞❡ ♦♥❞❛✲p✳ ❆♣❧✐❝❛♠♦s ♥♦ss♦s ❝á❧❝✉❧♦s ♣❛r❛

♦ Sr2RuO4 ❡ ✈❡r✐✜❝❛♠♦s q✉❡ ❡stã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❆s ♣❡rs♣❡❝t✐✈❛s ❞❡st❡ tr❛❜❛❧❤♦ ♠✐r❛♠ ♦ ❡st✉❞♦ ❞❛ ✐♥t❡r❛çã♦ ❞♦s ▼❩▼ ❝♦♠ ❢♦♥t❡s

❡①t❡r♥❛s✭❈❛♠♣♦ ❡❧étr♦♠❛❣♥ét✐❝♦ ❬✶✷❪ ❡ r❡s♣♦st❛s ó♣t✐❝❛s ❬✺✺❪✮ ✈✐s❛♥❞♦ ❛ ♠❛♥✐♣✉❧❛çã♦ ❞♦s

♠❡s♠♦s ❡♠ s✐st❡♠❛s ✷❉✱ ❝♦♠♦ ❢♦❝♦ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♣r♦❝❡ss❛❞♦r❡s ♣❛r❛ ❝♦♠♣✉t❛✲

❞♦r❡s q✉â♥t✐❝♦s✳ ❙❡❣✉✐♥❞♦ ❛ ♣r♦♣♦st❛ ❞❡st❡ tr❛❜❛❧❤♦✱ ♣♦❞❡♠♦s ❡st✉❞❛r ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡

▼❩▼ ❡ ❝❛♠♣♦s ❡❧❡tr♦♠❛❣♥ét✐❝♦s✱ ❛❞✐❝✐♦♥❛❞♦ t❡r♠♦s ❞❡ ✐♥t❡r❛çã♦ ♥♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❞❛

❡q✉❛çã♦ ✭✹✳✶✽✮✳ ❆❧é♠ ❞✐ss♦✱ q✉❡r❡♠♦s ❛♣r♦❢✉♥❞❛r ❡st❡ ❡st✉❞♦ ♣❛r❛ ❞✐✈❡rs♦s s✐st❡♠❛s s✉✲

♣❡r❝♦♥❞✉t♦r❡s ♦✉ ✐s♦❧❛♥t❡s t♦♣♦❧ó❣✐❝♦s ✈✐s❛♥❞♦ ❛ ❞❡t❡❝çã♦ ❞❡ ▼❩▼✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛

♦✉tr♦s t✐♣♦s ❞❡ ✐♥t❡r❡çã♦ ❝♦♠♦ ♦ ❛❝♦♣❧❛♠❡♥t♦ s♣✐♥✲ór❜✐t❛✳



❆♣ê♥❞✐❝❡ ❆

●r✉♣♦s ❞❡ P❡r♠✉t❛çã♦

●r✉♣♦ é ✉♠❛ ❡str✉t✉r❛ ❛❧❣é❜r✐❝❛ q✉❡ ♣♦ss✉✐ ❣r❛♥❞❡s ❛♣❧✐❝❛çõ❡s ♥❛ ❋ís✐❝❛ ❡✱ ❡♠ ❡s✲

♣❡❝✐❛❧✱ ♥❛ ❚❡♦r✐❛ ◗✉â♥t✐❝❛ ❞❡ ❈❛♠♣♦s ❡♠ ▼❛tér✐❛ ❈♦♥❞❡♥s❛❞❛✳ ◆❡st❡ ❛♣ê♥❞✐❝❡ s❡rã♦

❛♣r❡s❡♥t❛❞♦s ❛❧❣✉♠❛s ❞❡✜♥✐çõ❡s ❡ r❡s✉❧t❛❞♦s s♦❜r❡ ❛ ➪❧❣❡❜r❛ ❞❡ ●r✉♣♦s q✉❡ sã♦ ❢✉♥❞❛✲

♠❡♥t❛✐s ♣❛r❛ ❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ q✉❡ ❢♦✐ ❡①♣♦st♦ ❛♦ ❧♦♥❣♦ ❞❡st❛ ❞✐ss❡rt❛çã♦✳ ❈♦♠❡ç❛♠♦s

❞❡✜♥✐♥❞♦ ✉♠ ❣r✉♣♦

❉❡✜♥✐çã♦✿ ❯♠ ❝♦♥❥✉♥t♦ G é ❞✐t♦ ✉♠ ❣✉♣♦ ♣❛r❛ ✉♠❛ ❞❛❞❛ ♦♣❡r❛çã♦ ∗ s❡ s❛t✐s❢❛③❡♠

❛s s❡❣✉✐♥t❡s ♣r♦♣r✐❡❞❛❞❡s✿

✶✳ ∀a, b ∈ G✱ t❡♠♦s q✉❡ a ∗ b ∈ G ✭Pr♦♣r✐❡❞❛❞❡ ❞❡ ❢❡❝❤❛♠❡♥t♦✮❀

✷✳ ∀a, b, c ∈ G✱ t❡♠♦s q✉❡ (a ∗ b) ∗ c = a ∗ (b ∗ c) ✭Pr♦♣r✐❡❞❛❞❡ ❞❡ ❛ss♦❝✐❛t✐✈✐❞❛❞❡✮❀

✸✳ ∃e ∈ G t❛❧ q✉❡ ∀a ∈ G✱ t❡♠♦s a ∗ e = e ∗ a = a ✭❊①✐stê♥❝✐❛ ❞♦ ✐❞❡♥t✐❞❛❞❡✮❀

✹✳ ∀a ∈ G✱ ❡①✐st❡ a−1 t❛❧ q✉❡ a ∗ a−1 = a−1 ∗ a = e ✭❊①✐stê♥❝✐❛ ❞♦ ✐♥✈❡rs♦✮❀

❆ss✐♠ q✉❛♥❞♦ ❞✐ss❡r♠♦s q✉❡ ✉♠ ❞❛❞♦ ❡❧❡♠❡♥t♦ γi ♣❡rt❡♥❝❡ ❛ ✉♠ ❣r✉♣♦ t❡♠♦s ❛

❣❛r❛♥t✐❛ ❞❡ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❛❝✐♠❛ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s✳ ❉✐③❡♠♦s q✉❡ ✉♠ ❣r✉♣♦ é

❆❜❡❧✐❛♥♦ s❡ ❞❛❞♦ a, b ∈ G t❡♠♦s q✉❡ a ∗ b = b ∗ a✱ ♦✉ s❡❥❛✱ ♦s ❡❧❡♠❡♥t♦s ❝♦♠✉t❛♠✳ ❆✐♥❞❛

♣♦❞❡♠♦s ❡s❝r❡✈❡r ✉s❛♥❞♦ ❛ ♥♦t❛çã♦ ♣❛r❛ ❝♦♠✉t❛❞♦r❡s [a, b] = 0✳

❊①❡♠♣❧♦✿ P❡❧♦ ❢♦❝♦ ❞❡st❛ ❞✐ss❡rt❛çã♦✱ ❞✐s❝✉t✐r❡♠♦s ❛♣❡♥❛s ♦ ●r✉♣♦ ❞❛s P❡r♠✉t❛çõ❡s

❈í❝❧✐❝❛s✳

❉❡✜♥✐çã♦✿ ❙❡❥❛♠ N ❡❧❡♠❡♥t♦s ♥✉♠❡r❛❞♦s ❝♦♠ ♦s ♥ú♠❡r♦s ✐♥t❡✐r♦s 1, 2, 3, · · · , n✳
❈♦♠ ❡❧❡s ♣♦❞❡♠♦s ❢♦r♠❛r n! ♣❡r♠✉t❛çõ❡s✱ ❝✉❥❛ ✉♠❛ ❞❡❧❛s é✿

σ =

(

1 2 3 · · · n

P1 P2 P3 · · · Pn

)

≡ (P1, P2, P3, · · · , Pn) ✭❆✳✶✮

❉❡ ❢♦r♠❛ ♠❛✐s s✐♠♣❧❡s✱ s✐❣♥✐✜❝❛ q✉❡ ♦ ❡❧❡♠❡♥t♦ q✉❡ ❡stá ♥❛ ♣♦s✐çã♦ ♦✉ ♦r❞❡♠ ✐♥❞✐❝❛❞❛

♣♦r Pj ✈❛✐ ♣❛r❛ ♣♦s✐çã♦ j + 1 ❡✱ ♣❛r❛ ❛ ♣♦s✐çã♦ ✐♥❞✐❝❛❞❛ ♣♦r Pn ✈❛✐ ♣❛r❛ ❛ ♣♦s✐çã♦ 1✳ ❆

✺✼



✺✽

♣❡r♠✉t❛çã♦ ✐♥✈❡rs❛ é ❞❡♥♦♠✐♥❛❞❛ ♣♦r σ−1✱ q✉❡ é ❛ ❛ ♦♣❡r❛çã♦ q✉❡ s✐❣♥✐✜❝❛ ❢❛③❡r ❝♦♠ q✉❡ ♦

♣r✐♠❡✐r♦ ❡❧❡♠❡♥t♦ ❞❛ ♣❡r♠✉t❛çã♦ ❢✉♥❞❛♠❡♥t❛❧ ♦❝✉♣❡ ❛ ♦r❞❡♠ ♦✉ ♣♦s✐çã♦ ✐♥❞✐❝❛❞❛ ♣♦r P1✱

♦ s❡❣✉♥❞♦ ❡❧❡♠❡♥t♦ ❞❛ ♣❡r♠✉t❛çã♦ ❢✉♥❞❛♠❡♥t❛❧ ♦❝✉♣❡ ❛ ♦r❞❡♠ ♦✉ ❛ ♣♦s✐çã♦ ✐♥❞✐❝❛❞❛ ♣♦r

P2✱ ❡ ❛ss✐♠ s✉❝❡ss✐✈❛♠❡♥t❡✳ ❈♦♠♦ ❛s ♣❡r♠✉t❛çõ❡s ❝í❝❧✐❝❛s ❢♦r♠❛♠ ✉♠ ❣r✉♣♦ ❞❡✈❡ ❡①✐st✐r

❛ ♣❡r♠✉t❛çã♦ ✐❞❡♥t✐❞❛❞❡ I q✉❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ é s✉❜st✐t✉í❞♦ ♣♦r ❡❧❡ ♣ró♣r✐♦✳ P♦❞❡♠♦s

❝♦♠♣♦r ♣❡r♠✉t❛çõ❡s σ1σ2✱ q✉❡ ❣❡r❛❧♠❡♥t❡ ♥ã♦ ❝♦♠✉t❛♠✳ ❙❡♥❞♦ ❛ss✐♠ ❞❡✈❡ s❡r ❛♣❧✐❝❛❞♦

♣r✐♠❡✐r♦ ❛ ♣❡r♠✉t❛çã♦ σ2 ❡ ❡♠ s❡❣✉✐❞❛ ❛ σ1✳ ❆❧é♠ ❞✐ss♦✱ s❡ ❛ ♣❡r♠✉t❛çã♦ é ❝í❝❧✐❝❛ s✐❣♥✐✜❝❛

q✉❡ ❡①✐st❡ ✉♠ ♥ú♠❡r♦ ✜♥✐t♦ ❞❡ ♣❡r♠✉t❛çõ❡s Sn = {I, σ1, σ2, σ3, · · · , σn} ❝❛♣❛③ ❞❡ ❣❡r❛r

t♦❞❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ♣♦ssí✈❡✐s ❞❡ ♣❡r♠✉t❛çã♦✳

❆✳✶ ❆ ✐♥❞✐st✐♥❣✉✐❜✐❧✐❞❛❞❡ ❞❡ P❛rtí❝✉❧❛s ✐❞ê♥t✐❝❛s

❉✐③❡♠♦s q✉❡ ❞✉❛s ♦✉ ♠❛✐s ♣❛rtí❝✉❧❛s sã♦ ✐❞ê♥t✐❝❛s s❡ t♦❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ✐♥❡r❡♥t❡s

❛ ❝❛❞❛ ✉♠❛ ❞❡❧❛s s❡❥❛♠ ❛s ♠❡s♠❛s✳ ❊♠ ♠❡❝â♥✐❝❛ ❈❧áss✐❝❛✱ ♠❡s♠♦ ❛s ♣❛rtí❝✉❧❛s s❡♥❞♦

✐❞ê♥t✐❝❛s ♣♦❞❡♠♦s ❡♠ ✉♠ ❞❛❞♦ ✐♥st❛♥t❡ ❞✐③❡r ❛ ♣♦s✐çã♦ ❡ ♦ ♠♦♠❡♥t♦ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛✱

s❡♥❞♦ ❛ss✐♠ sã♦ ❞✐st✐♥❣✉✐❞❛s ✉♠❛ ❞❛s ♦✉tr❛s✳ ❚♦❞❛✈✐❛✱ ❞❡✈✐❞♦ ❛♦ ♣r✐♥❝✐♣✐♦ ❞❛ ✐♥❝❡rt❡③❛ ❞❡

❍❡✐s❡♥❜❡r❣✱ ♥ã♦ ❝♦♥s❡❣✉✐♠♦s ❞✐③❡r ❛ ♣♦s✐çã♦ ❡ ♦ ♠♦♠❡♥t♦ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❝♦♠ ♣r❡❝✐sã♦

❛❜s♦❧✉t❛ ✭❙❡♠♣r❡ ❡①✐st❡ ✉♠ ❡rr♦ ❛ss♦❝✐❛❞♦ ❛ ♠❡❞✐❞❛✦✮✱ t♦r♥❛❞♦✱ ♣♦rt❛♥t♦✱ ❝❛❞❛ ♣❛rtí❝✉❧❛

✐♥❞✐st✐♥❣✉í✈❡❧ ✉♠❛ ❞❛ ♦✉tr❛✳ ❊st❡ ❢❛t♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ Pr✐♥❝✐♣✐♦ ❞❛ ■♥❞✐st✐♥❣✉✐❜✐❧✐❞❛❞❡

❞❡ ♣❛rtí❝✉❧❛s ✐❞ê♥t✐❝❛s✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ s✐st❡♠❛ ✐s♦❧❛❞♦ ❝♦♠ ❡♥❡r❣✐❛ E ❡ ❝♦♠♣♦st♦ ♣♦r N ♣❛rtí❝✉❧❛s ✐❞ê♥t✐❝❛s

❣♦✈❡r♥❛❞♦ ♣❡❧❛s ❧❡✐s ❞❛ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛✳ ❙❡❥❛H ♦ ♦♣❡r❛❞♦r ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡st❡ s✐st❡♠❛

❡ Ψ ❛ ❛✉t♦❢✉♥çã♦ t♦t❛❧ ❞♦ s✐st❡♠❛✱ ❛♠❜❛s ❢✉♥çõ❡s ❞❛s ♣♦s✐çõ❡s xi ❡ ❞♦s ♠♦♠❡♥t♦s ki ❞❡

❝❛❞❛ ♣❛rtí❝✉❧❛✱ ❡♥tã♦ t❡♠♦s✿

HΨ = EΨ . ✭❆✳✷✮

❉❡♥♦t❛r❡♠♦s ❛q✉✐ (xi, ki) ♣♦r ✉♠ ú♥✐❝♦ í♥❞✐❝❡ i ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✐✲éss✐♠❛ ♣❛rtí❝✉❧❛ ❡

❞❡♥♦♠✐♥❡♠♦s 1, 2, 3, · · · , N ❞❡ ❝♦♥✜❣✉r❛çã♦ ❞❛ ♣❛rtí❝✉❧❛✳ ❖ ❝♦♥❥✉♥t♦ ❞❡ t♦❞❛s ❛s ❝♦♥✜✲

❣✉r❛çõ❡s ♣♦ssí✈❡✐s é ❝❤❛♠❛❞♦ ❞❡ ❡s♣❛ç♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ǫ(N)✳ ❆ss✐♠ t❡♠♦s s✐♠♣❧❡s♠❡♥t❡

H = H(1, 2, 3, · · · , N) ❡ Ψ = Ψ(1, 2, 3, · · · , N)✳ ❊st❡s ❡st❛❞♦s ❢♦r♠❛♠ ✉♠ ❡s♣❛ç♦ ❞❡

❍✐❧❜❡rt L2(ǫ
(N)) ❞❡ t♦❞❛s ❛s ❢✉♥çõ❡s ❞❡ q✉❛❞r❛❞♦ ✐♥t❡❣rá✈❡❧ ❡♠ ǫ(N)✳ P♦❞❡♠♦s ♣❡♥s❛r

❡♠ t♦❞❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ♣♦ssí✈❡✐s ❝♦♠♦ ♣❡r♠✉t❛çõ❡s ❞❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞❡ ❝❛❞❛ ♣❛r✲

tí❝✉❧❛✳ ❆ss✐♠ ♣♦❞❡♠♦s tr❛t❛r ❡ss❡ ♣r♦❜❧❡♠❛ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞♦ ❣r✉♣♦ ❞❡ P❡r♠✉t❛çõ❡s

❈í❝❧✐❝❛s ❙✐♠étr✐❝❛s✱ ✈✐st♦ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ s✐st❡♠❛ ❞❡✈❡♠ s❡r ✐♥✈❛r✐❛♥t❡s ♣♦r

✉♠❛ ♣❡r♠✉t❛çã♦✳

❊♠ ✉♠ s✐st❡♠❛ ❝♦♠ N ♣❛rtí❝✉❧❛s✱ ❡ ❞❡✜♥✐♥❞♦ σj ♦ ♦♣❡r❛❞♦r ♣❡r♠✉t❛çã♦ ❝♦♠ j =

1, 2, 3, · · · , N ! q✉❡ ❣❡r❛ t♦❞❛s ❛s ♣❡r♠✉t❛çõ❡s ♣♦ssí✈❡✐s ❞❛s N ♣❛rtí❝✉❧❛s ♥♦ ❡s♣❛ç♦ ǫ(N)✳



✺✾

❆s ♣❡r♠✉t❛çõ❡s σj ❝♦♥st✐t✉❡♠ ✉♠ ❣r✉♣♦ ❞❡ s✐♠❡tr✐❛ Sn✱ ♦ ❣r✉♣♦ ❞❡ ❲❡②❧✱ ❞❡ ♦r❞❡♠

n = N !✳ ❉❡✈✐❞♦ ❛ ✐❞❡♥t✐❞❛❞❡ ❞❛s ♣❛rtí❝✉❧❛s ♦❜t✐❞♦s ♠❡r❛♠❡♥t❡ ♣❡r♠✉t❛♥❞♦ ❛s ♣❛rtí❝✉❧❛s✱

❞❡✈❡♠ s❡r ✜s✐❝❛♠❡♥t❡ ❡q✉✐✈❛❧❡♥t❡s✱ ✐st♦ é✱ [σj, H] ❡ |σjΨ|2 = |Ψj|2 = |Ψ|2✳ ■st♦ ♥♦s ❧❡✈❛

❛ ❝♦♥❝❧✉✐r q✉❡ ♦ ♦♣❡r❛❞♦r ♣❡r♠✉t❛çã♦ é ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ✉♥✐tár✐❛ ❡ q✉❡ ♦ ❡s♣❡❝tr♦ ❞❡

❡♥❡r❣✐❛ E é N ! ❞❡❣❡♥❡r❛❞♦✳



❆♣ê♥❞✐❝❡ ❇

❋♦r♠❛❧✐s♠♦ ❞❡ ▼❛ts✉❜❛r❛

❖ ❡st✉❞♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡st❛tíst✐❝♦ ❞❡ ✉♠ s✐st❡♠❛ q✉â♥t✐❝♦ ♥♦ ❡q✉✐❧í❜r✐♦ t❡r✲

♠♦❞✐♥â♠✐❝♦ ♣♦❞❡ s❡r ❢❡✐t♦ ❛♣ós ✉♠❛ ❡s❝♦❧❤❛ ❛♣r♦♣r✐❛❞❛ ❞❡ ✉♠ ❡♥s❡♠❜❧❡ ❛♣r♦♣r✐❛❞♦ às

❝❛r❛❝t❡ríst✐❝❛s ❞❡ss❡ s✐st❡♠❛✳ ❉❡ ❢♦r♠❛ ❣❡r❛❧ ♣♦❞❡♠♦s ❞❡✜♥✐r ♦ ♦♣❡r❛❞♦r ❞❡♥s✐❞❛❞❡ ❞❡

❡st❛❞♦ ❝♦♠♦✿

ρ(β) = e−βH , ✭❇✳✶✮

♦♥❞❡ H ❝♦rr❡s♣♦♥❞❡ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❛♣r♦♣r✐❛❞♦ ♣❛r❛ ♦ ❡♥s❡♠❜❧❡ ❡s❝♦❧❤✐❞♦✳ P♦r ❡①❡♠♣❧♦✱

♥♦ ❝❛s♦ ❞♦ ❡♥s❡♠❜❧❡ ❣r❛♥ ❝❛♥ô♥✐❝♦✱ t❡♠♦s✿

H = H − µN, ✭❇✳✷✮

♦♥❞❡ N é ♦ ♦♣❡r❛❞♦r ♥ú♠❡r♦✳ ❚♦❞❛✈✐❛ ❛s ♣r♦♣r✐❡❞❛❞❡s q✉❛❧✐t❛t✐✈❛s ❞❡ ✉♠ s✐st❡♠❛ ❛

t❡♠♣❡r❛t✉r❛ ✜♥✐t❛ ✐♥❞❡♣❡♥❞❡♠ ❞❛ ❡s❝♦❧❤❛ ❞♦ ❡♥s❡♠❜❧❡✳ ❆ss✐♠✱ ♣❛r❛ ❛ ♣r❡s❡♥t❡ ❞✐s❝✉ssã♦✱

s❡rá t♦♠❛❞♦ ✉♠ ❡♥s❡♠❜❧❡ ❞❡ ♥❛t✉r❡③❛ ❛r❜✐trár✐❛✳

❆ ❢✉♥çã♦ ♣❛rt✐çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❡ ✈❛❧♦r ❡s♣❡r❛❞♦ ❞❡ q✉❛❧q✉❡r ♦❜s❡r✈á✈❡❧ A✱ sã♦

❞❡✜♥✐❞♦s r❡s♣❡❝t✐✈❛♠❡♥t❡ ❝♦♠♦✿

Z(β) = Trρ(β) = Tre−βH . ✭❇✳✸✮

〈A〉 = 1

Z
Tr(e−βH A). ✭❇✳✹✮

■r❡♠♦s ❛❣♦r❛ ❞❡✜♥✐r ♦♣❡r❛❞♦r❡s ♥✉♠❛ ❢♦r♠✉❧❛çã♦ ❞❡ ❍❡✐s❡♥❜❡r❣ ✉♠ t❛♥t♦ ♠♦❞✐✜❝❛❞❛✱

❛ ♣❛rt✐r ❞❡ ✉♠ ❡♥s❡♠❜❧❡ ❞❛❞♦ ❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♦♣❡r❛❞♦r❡s ❞❡ ❙❝❤rö❞✐♥❣❡r✱ ❞❛ s❡❣✉✐♥t❡

✻✵



✻✶

❢♦r♠❛✿ ❞✐③❡♠♦s q✉❡✱ ♣❛r❛ ✉♠ ♦♣❡r❛❞♦r ❞❡ ❙❝❤rö❞✐♥❣❡r ❛r❜✐trár✐♦ A✱ ♦ ♦♣❡r❛❞♦r ❞❡ ❍❡✐✲

s❡♥❜❡r❣ ❝♦rr❡s♣♦♥❞❡♥t❡ s❡rá ❞❛❞♦ ♣♦r✿

AH(t) = eitβH Ae−itβH . ✭❇✳✺✮

❆♣❧✐❝❛♥❞♦ s❡❣✉✐❞❛♠❡♥t❡ ❡st❛ ❞❡✜♥✐çã♦✱ ❛ss✐♠ ❝♦♠♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❝í❝❧✐❝❛s ❞♦ tr❛ç♦✱

♣♦❞❡♠♦s ♦❜t❡r ❛ s❡❣✉✐♥t❡ ❡①♣r❡ssã♦✱ ✈á❧✐❞❛ ♣❛r❛ ♠é❞✐❛ ❞♦ ♣r♦❞✉t♦ ❞❡ ❞♦✐s ♦❜s❡r✈á✈❡✐s ✭❝♦✲

♥❤❡❝✐❞❛ ❝♦♠♦ ❢✉♥çã♦ ❝♦rr❡❧❛çã♦ tér♠✐❝❛✮ ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❍❡✐s❡♥❜❡r❣ AH(t) ❡ BH(t)✿

〈

AH(t)BH(t
′

)
〉

=
〈

BH(t
′

)AH(t+ iβ)
〉

. ✭❇✳✻✮

❆ ❡q✉❛çã♦ r❡s✉❧t❛♥t❡✱ ♥♦ ❝❛s♦ ❡♠ q✉❡ ❡①♣r✐♠❡ ❛ ❧❡✐ ❞❡ ♣❡r♠✉t❛çã♦ ❞♦s ✈❛❧♦r❡s ❡s♣❡r❛✲

❞♦s ♥♦ ✈á❝✉♦ ❞❡ ❞♦✐s ♦♣❡r❛❞♦r❡s✱ r❡♣r♦❞✉③ ❛s ❝♦♥❤❡❝✐❞❛s ❝♦♥❞✐çõ❡s ❑▼❙✱ ♦✉ ❝♦♥❞✐çõ❡s ❞❡

❑✉❜♦✲▼❛rt✐♥✲❙❝❤✇✐♥❣❡r✱ ❞❡ ❣r❛♥❞❡ ✉t✐❧✐❞❛❞❡ ♥♦ ❡st✉❞♦ ❞❡ ❡st❛❞♦s q✉â♥t✐❝♦s ❡♠ ❡q✉✐❧í❜r✐♦

tér♠✐❝♦✳ ➱ ✐♠♣♦rt❛♥t❡ ♦❜s❡r✈❛r q✉❡ ❡ss❛ ❡q✉❛çã♦ é ✈á❧✐❞❛✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛s ♣❛r✐✲

❞❛❞❡s ❣r❛ss♠❛♥♥✐❛♥❛s ❞♦s ♦♣❡r❛❞♦r❡s ❆ ❡ ❇ ❀ ✐st♦ é✱ ✈❛❧❡ t❛♥t♦ ♣❛r❛ ♦♣❡r❛❞♦r❡s ❜♦sô♥✐❝♦s

❝♦♠♦ ♣❛r❛ ❢❡r♠✐ô♥✐❝♦s✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ♣♦❞❡♠♦s ✈❡r✐✜❝❛r q✉❡✿

〈

AH(t)AH(t
′

)
〉

=
〈

AH(t
′

)AH(t+ iβ)
〉

. ✭❇✳✼✮

❊st❛ ú❧t✐♠❛ r❡❧❛çã♦ ❛❝❛rr❡t❛ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡✱ ♦✉ ❛♥t✐♣❡r✐♦❞✐❝✐❞❛❞❡✱ ❞❡ ✈ár✐❛s ❢✉♥çõ❡s ❞❡

●r❡❡♥ ❞❡ ❞♦✐s ♣♦♥t♦s ❛ t❡♠♣❡r❛t✉r❛ ✜♥✐t❛✳ ❆s ❝♦♥❞✐çõ❡s ❑▼❙ sã♦ t❛♠❜é♠ ❡①tr❡♠❛♠❡♥t❡

út❡✐s ♥♦ ❡st✉❞♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛ss✐♥tót✐❝♦ ❞❡ ✈ár✐♦s ❡❧❡♠❡♥t♦s ❞❡ ♠❛tr✐③✱ ❛ss✐♠ ❝♦♠♦

❞❡ r❡❧❛çõ❡s ❞❡ ❞✐s♣❡rsã♦ ❛ t❡♠♣❡r❛t✉r❛ ✜♥✐t❛✳ ❱❛❧❡ r❡ss❛❧t❛r q✉❡ ❛ ♣r♦♣r✐❡❞❛❞❡ ❝í❝❧✐❝❛ ❞♦

tr❛ç♦ ♣♦❞❡ ❞❡✐①❛r ❞❡ s❡r ✈á❧✐❞❛ q✉❛♥❞♦ ♦ tr❛ç♦ ❞✐✈❡r❣❡ ✕ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❡ ✉♠❛ q✉❡❜r❛

❡s♣♦♥tâ♥❡❛ ❞❡ s✐♠❡tr✐❛✱ ♣♦r ❡①❡♠♣❧♦✱ ❡ ♥❡st❛s ❝♦♥❞✐çõ❡s ♦ r❡s✉❧t❛❞♦ ❛❝✐♠❛ ♥ã♦ s❡ ❛♣❧✐❝❛✳

❙❡♥❞♦ ❛ss✐♠✱ ❝♦♠♦ ✈❡r❡♠♦s✱ ♦ ❢♦r♠❛❧✐s♠♦ ❞❡ ✐♥t❡❣r❛✐s ❢✉♥❝✐♦♥❛✐s ♣♦r t❡r ✉♠❛ í♥t✐♠❛

r❡❧❛çã♦ ❝♦♠ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞♦s ❝❛♠♣♦s✱ ❡st❡ ♥ã♦ é ✈á❧✐❞♦ ♣❛r❛ ❡st✉❞❛r tr❛♥s✐çã♦ ❞❡ ❢❛s❡s✳

❉❡ ♠♦❞♦ ❣❡r❛❧✱ ❛ ❢✉♥çã♦ ♣❛rt✐çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❡st❛tíst✐❝♦ ♥ã♦ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛

❡①❛t❛♠❡♥t❡✳ ❖ ❢♦r♠❛❧✐s♠♦ ❞❡ ▼❛ts✉❜❛r❛ ❢♦r♥❡❝❡ ✉♠❛ ♠❛♥❡✐r❛ ❞❡ ❝á❧❝✉❧♦ ♣❡rt✉r❜❛t✐✈♦ ❞❛

❢✉♥çã♦ ♣❛rt✐çã♦✱ ✉s❛♥❞♦ ✉♠ ♠ét♦❞♦ ❞✐❛❣r❛♠át✐❝♦ ❛♥á❧♦❣♦ ❛q✉❡❧❡ ❡♠♣r❡❣❛❞♦ ♥❛s t❡♦r✐❛s

q✉â♥t✐❝❛s ❞❡ ❝❛♠♣♦s ✉s✉❛✐s ❛ t❡♠♣❡r❛t✉r❛ ③❡r♦✳ ❊①✐st❡ ♠❛✐s ❞❡ ✉♠❛ ❢♦r♠❛ ❞❡ ✐♥tr♦❞✉③✐r ♦

❢♦r♠❛❧✐s♠♦ ❞❡ ▼❛ts✉❜❛r❛✱ s❡♥❞♦ q✉❡ ❛ ♠❛✐s ❝♦♠✉♠ é ♣❡❧♦ ♠ét♦❞♦ ❞❡ ✐♥t❡❣r❛✐s ❢✉♥❝✐♦♥❛✐s✳

Pr❡❝✐s❛♠♦s✱ ♣♦ré♠✱ ❡st❛r s❡❣✉r♦s ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛s ❢✉♥çõ❡s ❞❡ ●r❡❡♥ ❞❡ ❞♦✐s ♣♦♥t♦s

q✉❡ s❡rã♦ ✉s❛❞❛s ♥♦s ❢✉♥❝✐♦♥❛✐s ❛♥❛❧ít✐❝♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❞✐❛❣r❛♠❛s✳
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P♦❞❡♠♦s ❞❡✜♥✐r ✉♠❛ ❢✉♥çã♦ ❞❡ ●r❡❡♥ ❞❡ ❞♦✐s ♣♦♥t♦s ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❍❡✐s❡♥❜❡r❣

❝♦♠♦✿

Gβ(τ, τ
′

) =
〈

Tr[φH(τ)φ
†
H(τ

′

)]
〉

β
=

1

Z
Tr
(

(e−βH Tr[φH(τ)φ
†
H(τ

′

)]
)

, ✭❇✳✽✮

♦♥❞❡ Tr é ♦r❞❡♥❛♠❡♥t♦ t❡♠♣♦r❛❧✳ ❊♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ♠♦str❛✲s❡ ❝♦♠ ❢❛❝✐❧✐❞❛❞❡ q✉❡✱ ❛

♣❛rt✐r ❞❛ ❞❡✜♥✐çã♦ ❛❝✐♠❛ ❡ ❞❛ r❡❧❛çã♦ ❡♥tr❡ ❛s r❡♣r❡s❡♥t❛çõ❡s ❞❡ ❍❡✐s❡♥❜❡r❣ ❡ ❞❡ ❙❝❤rö✲

❞✐♥❣❡r✱ ❛s ❢✉♥çõ❡s ❞❡ ●r❡❡♥ ❞❡ ❞♦✐s ♣♦♥t♦s ❞❡♣❡♥❞❡♠ s♦♠❡♥t❡ ❞❛ ❞✐❢❡r❡♥ç❛ τ − τ
′

✳ ❊♠

s❡❣✉♥❞♦ ❧✉❣❛r✱ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ✈❛r✐á✈❡✐s t❡♠ ✈❛❧♦r❡s ❡♠ ✐♥t❡r✈❛❧♦s ❞❡✜♥✐❞♦s✱ τ ≥ 0 ❡

τ
′ ≤ β✱ ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦ ❛r❣✉♠❡♥t♦ ❞❛s ❢✉♥çõ❡s ❞❡ ❞♦✐s ♣♦♥t♦s ♣❡rt❡♥❝❡rá ❛♦ ✐♥✲

t❡r✈❛❧♦ −β ≤ τ − τ
′ ≤ β✳ ❋✐♥❛❧♠❡♥t❡✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❝í❝❧✐❝❛s ❞♦ tr❛ç♦ ❡ ❛

❞❡✜♥✐çã♦ ❞❡ ♦r❞❡♥❛♠❡♥t♦ t❡♠♣♦r❛❧ Tr✱ ♣♦❞❡♠♦s ♠♦str❛r q✉❡✿

Gβ(τ ≤ 0) = ±Gβ(τ + β). ✭❇✳✾✮

P❛r❛ τ > 0 ❡ ✉s❛♥❞♦ ❛ r❡❧❛çã♦ ❇✳✻✱ t❡♠♦s✿

Gβ(0, τ) = ±Gβ(β, τ). ✭❇✳✶✵✮

❖ s✐♥❛❧ ♣♦s✐t✐✈♦ ❝♦rr❡s♣♦♥❞❡ ❛s ❢✉♥çõ❡s ❞❡ ●r❡❡♥ ❜♦sô♥✐❝❛s ✭♣❡r✐♦❞✐❝✐❞❛❞❡✮ ❡ ♦ ♥❡❣❛t✐✈♦

❛s ❢✉♥çõ❡s ❞❡ ●r❡❡♥ ❢❡r♠✐ô♥✐❝❛s ✭❛♥t✐ ♣❡r✐♦❞✐❝✐❞❛❞❡✮✳ ❈♦♠♦ ❛s ❢✉♥çõ❡s ❡stã♦ ❞❡✜♥✐❞❛s

❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ✜♥✐t♦✱ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❝♦rr❡s♣♦♥❞❡♥t❡ só ❛❞♠✐t✐rá

❢r❡q✉ê♥❝✐❛s ❞✐s❝r❡t❛s✳ ❆ss✐♠✿

Gβ(τ) =
1

β

∑

n

e−iωnτGβ(ωn) ✭❇✳✶✶✮

Gβ(ωn) =
1

2

∫ β

−β

dτeiωnτGβ(τ) ✭❇✳✶✷✮

♦♥❞❡ ωn = nπ/β✱ ❝♦♠ n = 0,±1,±2,±3, · · · ✳ P♦ré♠✱ ♣❛r❛ q✉❡ ♦❜❡❞❡ç❛♠ ❛s ❝♦♥❞✐çõ❡s

❞❡ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❡ ❛♥t✐ ♣❡r✐♦❞✐❝✐❞❛❞❡ ♥❛ r❡❧❛çã♦ ❇✳✶✵✱ ❛♣❡♥❛s ♥ú♠❡r♦s ✐♥t❡✐r♦s ♣❛r❡s

❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❛s ❢✉♥çõ❡s ❞❡ ●r❡❡♥ ❜♦sô♥✐❝❛s ❡ q✉❡ ❛♣❡♥❛s ♥ú♠❡r♦s ✐♥t❡✐r♦s í♠♣❛r❡s

❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❛s ❢✉♥çõ❡s ❢❡r♠✐ô♥✐❝❛s✳ ❉❛í ωn = 2nπ/β✱ ♣❛r❛ ❜ós♦♥s ❡ ωn = (2n+1)π/β✱

♣❛r❛ ❢ér♠✐♦♥s✳
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❊st❛s sã♦ ❛s ❝❤❛♠❛❞❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ▼❛ts✉❜❛r❛✳ ❆s ❝♦♦r❞❡♥❛❞❛s ❡s♣❛❝✐❛✐s✱ ♣♦r s✉❛

✈❡③✱ tê♠ ❛s ♠❡s♠❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❝♦♥t✐♥✉✐❞❛❞❡ ❞♦ q✉❡ ♥❛ t❡♦r✐❛ ❛ t❡♠♣❡r❛t✉r❛ ③❡r♦✱ ❡✱

♣♦rt❛♥t♦✱ ♥❛❞❛ ❤á ❞❡ ❡s♣❡❝✐❛❧ ❝♦♠ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✳ ❯s❛♥❞♦ ♦s ♠❡s♠♦s ✈❛❧♦r❡s

❛❝✐♠❛ ♣❛r❛ ❛s ❢r❡q✉ê♥❝✐❛s✱ ♣♦❞❡♠♦s ❡s❝r❡✈❡r✱ ♥♦ ❝❛s♦ q✉❛❞r✐♠❡♥s✐♦♥❛❧✿

Gβ(x, τ) =
1

β

∑

n

∫

d3k

(2π)3
e−i(ωnτ−k·x)Gβ(k, ωn) ✭❇✳✶✸✮

Gβ(k, ωn) =
1

2

∫ β

0

dτ

∫ β

−β

d3xei(ωnτ−k·x)Gβ(x, τ). ✭❇✳✶✹✮
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