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ଔۀ࿦จ֓ཁ 2018೥౓ʢฏ੒30೥౓ʣ

͚ͨ޲΁ࡧ෺࣭୳ࠇ௿࣭ྔ҉ۃ
δϣηϑιϯ઀߹ૉࢠʹΑΔ
GHzଳޫܭࢠ਺๏ͷ࡯ߟ

੒͢Δ੒෼ͷߏ೔ɺӉ஦Λࠓ 95%͸҉ࠇ੒෼Ͱ͋Δͱ͞Ε͓ͯΓɺ҉ࠇ੒෼ͷީิͱͯ͠ۃ௿
࣭ྔͷະ؍ଌཻ͛ڍ͕ࢠΒΕ͍ͯΔɻ͜ΕΒͷཻࢠͷ୳ࡧ΁͚ͯ޲ɺύϧεతޫ೾ϏʔϜؒͷະ
஌৔Λհͨ͠ࢄཚ͔Βੜ͡ΔGHzଳ৴߸ޫࢠΛܭ਺͢Δख๏͕ඞཁͱͳΔɻຊڀݚͰ͸ɺ௒఻ಋ
ମ-ઈԑମ-௒఻ಋମ͔Βߏ੒͞ΕΔδϣηϑιϯ઀߹ૉࢠʹΑΔΫʔύʔରͷτϯωϧޮՌʹண
໨ͨ͠ɻύϧεతͳྟքిྲྀҎԼͷόΠΞεిྲྀΛ઀߹෦ʹҹՃ͢Δ͜ͱͰ઀߹಺ͷྭى४Ґ਺
Λ੍͢ޚΔ͜ͱ͕Ͱ͖Δɻྫ͑͹ 2४Ґঢ়ଶ |0⟩ɺ|1⟩ͷ੍ޚ͸ࢠྔʹطϏοτʹ࣮૷͞Ε͍ͯΔɻ
઀߹ͷϙςϯγϟϧʹଋറ͞ΕͨΫʔύʔର͕ϚΠΫϩ೾ͷೖࣹʹΑͬͯ |1⟩ঢ়ଶʹભҠͨ࣌͠ɺ
τϯωϧ֬཰্͕ঢ͢Δɻ|1⟩ঢ়ଶ͔ΒͷτϯωϧޮՌͷ༗ແ͸ɺτϯωϧిྲྀͷ૿େʹΑΔ઀߹
ؒͷిҐࠩͷඈͼͱͯ͠ैདྷ؍ଌ͞Ε͖ͯͨɻ͜ͷඈͼͱ૬ؔ͢ΔඍऑτϯωϧిྲྀࣗମΛߴਫ਼
౓Ͱݕ஌͢Δ͜ͱ͕ՄೳͰ͋Ε͹ɺిྲྀଌఆʹΑͬͯޫࢠ਺Λܭ਺Ͱ͖ΔͷͰ͸ͳ͍͔ͱͨ͑ߟɻ
ͦ͜ͰɺίΠϧΛհͯ͠ిྲྀ૿େΛ࣓ଋʹม্ͨ͠׵Ͱɺ10−7/

√
Hz࣓ଋྔײʹࢠ౓Λ࣋ͪಘΔ

௚ྲྀ SQUIDΛ௥Ճ͠ɺؒ઀తʹిྲྀΛଌఆ͢Δ௒఻ಋճ࿏શମͷ֓೦ઃܭʹ౸ͬͨɻ
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ୈ2ষ δϣηϑιϯޮՌ

ຊষͰ͸ɺޫܭࢠ਺ػʹ༻͍ΔδϣηϑιϯޮՌͷجຊతݪཧʹ͍ͭͯઆ໌͢Δɻ·ͣɺ2.1અ
Ͱ͸௒఻ಋͷૅجʹ͍ͭͯड़΂Δɻ࣍ʹɺ2.2અͰຊڀݚͰண໨ͨ͠δϣηϑιϯޮՌͷཧ࿦ͱͦ
ͷৼΔ෣͍ʹ͍ͭͯड़΂Δɻ

2.1 ௒఻ಋ

ɹ 1911೥ɺ4.2KҎԼʹ͓͚Δਫۜͷిؾ఍߅ͷফࣦ͕H.Kamelingh OnnessʹΑͬͯൃ͞ݟ
Εͨɻ1933೥ʹ͸Meissnerͱ OcsenfeldʹΑͬͯ௒఻ಋମͷ׬શ൓࣓ੑ͕ൃ͞ݟΕͨɻجຊత
ͳཧ࿦͕ൃද͞Εͨͷ͸ 1957೥Ͱ͋Γɺͦͷ࣌ͷൃදऀ J.BardeenɺL.N.CooperɺJ.M.Schrieffe

ͷ಄จࣈΛͱͬͯ BCSཧ࿦ͱݺ͹Ε͍ͯΔɻ[3]

௒఻ಋମ͸Ϋʔύʔରͱݺ͹ΕΔిࢠରʹΑͬͯߏ੒͞ΕΔɻΫʔύʔର͸ɺ֩ࢠݪͷฒΜͩ
݁থ֨ࢠதʹ͓͍ͯɺ֨ࢠͷ࿪Έ (ϑΥϊϯ)Λഔհͱͨ͠Ҿྗ૬࡞ޓ༻ʹΑͬͯܗ੒͞ΕΔɻ௒
఻ಋମʹ͓͚ΔΫʔύʔର͸ɺϘʔεɾΞΠϯγϡλΠϯॖڽΛ͍ߦɺݩͷϑΣϧϛ໘ΑΓ௿͍
४ҐEʹ͢ॖڽΔɻ·ͨ͜ͷ࣌ɺ४ཻ͕ࢠଘࡏͰ͖ͳ͍ΤωϧΪʔྖҬ͕ଘ͢ࡏΔɻ४ཻ͕࣋ࢠ
ͭΤωϧΪʔΛEq ͱ͢Δͱɺ४ཻࢠ͸

E +∆ < Eq (2.1)

ͷྖҬʹଘ͢ࡏΔɻ͜͜Ͱɺ∆͸௒఻ಋʹ͓͚ΔΤωϧΪʔΪϟοϓΛද͍ͯ͠Δɻਤ 2.1ʹ௒఻
ಋঢ়ଶͷόϯυߏ଄ͱঢ়ଶີ౓ͷؔ܎Λ͍ࣔͯ͠Δɻ
Ϋʔύʔର͕Eͷ४Ґʹ͢ॖڽΔ͜ͱ͔Βɺ௒఻ಋମͷ಺෦ͷྔࢠঢ়ଶ͸ۉҰͱͳΓɺࢹڊత

ͳ೾ಈؔ਺Ͱද͢͜ͱ͕Ͱ͖Δɻ͜ͷࢹڊత೾ಈؔ਺ʹ͓͚ΔҐ૬Ҽ͕ࢠɺ௒఻ಋମʹ͓͚ΔҐ
૬Λද͠ɺ௒఻ಋମͷ༷ʑͳ෺ཧݱ৅ͱ͕ؔ͋܎Δɻͦͷ͕̍ͭδϣηϑιϯޮՌͰ͋Δɻ
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ਤ 2.1. ௒఻ಋঢ়ଶͷόϯυߏ଄ͱঢ়ଶີ౓ɻ௒఻ಋঢ়ଶʹ͓͚Δόϯυߏ଄Λද͍ͯ͠Δɻ੨ؙ͍͕̍ͭిࢠ (४ཻ
ΛғΜͩ΋ͷ͕ΫʔύʔରͰ͋Δɻ·ͨɺԫ৭ʹృΒΕͨ෦෼͸ॆర཰Λද͍ͯ͠Δɻ͕ͨͬ͠ࢠΛද͠ɺ2ͭͷి(ࢠ
ͯɺΫʔύʔର͕ଘ͢ࡏΔΤωϧΪʔ४Ґ E ҎԼʹ͓͍ͯɺి͓ࢠΑͼΫʔύʔର͕ॆర͞Εɺͦͷঢ়ଶີ౓͸Τω
ϧΪʔ४Ґ E ෇ۙͰ૿େ͍ͯ͠Δɻ४ཻࢠ͸༗ݶԹ౓Ͱ೤ྭىʹΑͬͯଘ͢ࡏΔɻ

2.2 δϣηϑιϯޮՌ

ɹਤ 2.2ͷΑ͏ʹɺ̎ͭͷ௒఻ಋମͰബ͍ઈԑମΛڬΈࠐΜͩߏ଄Λɺδϣηϑιϯ઀߹ͱݴ
͏ɻઈԑମ͕ബ͍ͨΊɺͦΕͧΕͷ௒఻ಋମ͸ऑ݁͘߹͍ͯ͠Δɻ
δϣηϑιϯ઀߹ʹ͓͍ͯɺ઀߹શମʹ௒఻ಋͷੑ࣭͕͕޿ΓɺઈԑମোนΛΫʔύʔର͕τϯ

ωϧ͢Δ͜ͱͰిྲྀ͕ྲྀΕΔݱ৅͕δϣηϑιϯޮՌͰ͋Δɻ͜ ͷݱ৅͸ 1962೥ʹB.C.Josephson

ʹΑͬͯཧ࿦తʹ༧ଌ͞Εɺ1963೥ʹ P.W.Andersonͱ J.M.RowellʹΑͬͯ؍ଌ͞Εͨɻόϯ
υߏ଄ʹର͢ΔδϣηϑιϯޮՌͷ֓೦ਤΛਤ 2.3ʹࣔͨ͠ɻ

ਤ 2.2. δϣηϑιϯ઀߹ͷ֓೦ਤ
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ਤ 2.3. όϯυߏ଄ʹର͢ΔδϣηϑιϯޮՌͷ֓೦ਤɻΫʔύʔର͕ဃ཭ͤͣτϯωϧ͢ΔͨΊɺτϯωϧ͸Ϊϟο
ϓΤωϧΪʔҎԼͷΤωϧΪʔྖҬͰτϯωϧޮՌ͕͖ىɺઈԑମোนΛಁաͯ͠௒఻ಋମ 1͔Β௒఻ಋମ 2ʹిྲྀ
͕ྲྀΕΔɻ

͜ͷిྲྀʹ͸ɺΫʔύʔରͷτϯωϧޮՌʹΑΔ௒఻ಋిྲྀɺ͓Αͼྭ͞ىΕͨిࢠ (४ཻࢠ)

ʹΑΔిྲؚྀ͕·ΕΔɻ௒఻ಋిྲྀ͸ɺऑ݁߹ͨ͠Ґ૬ͷҟͳΔ̎ͭͷ௒఻ಋମ͕Ґ૬Λଗ͑Α
͏ͱ͢Δ͜ͱͰɺҐ૬ࠩ෼ʹԠͨ͡ిྲྀ͕ྲྀΕΔ΋ͷͰ͋Γɺͦͷిྲྀີ౓͸ɺ

J = JC sin(ϕ1 − ϕ2) = JC sinϕ (2.2)

ͱද͞ΕΔɻ͜͜ͰɺJC ͸௒఻ಋిྲྀͷऔΓ͏Δ࠷େ஋Ͱ͋Γɺྟքిྲྀ͕ൃੜ͢Δͱ͖ͷిྲྀ
ີ౓Λҙຯ͢Δɻϕ1ɺϕ2 ͸ͦΕͧΕͷ௒఻ಋମͷҐ૬ɺϕ͸௒఻ಋମؒͷҐ૬ࠩΛ͍ࣔͯ͠Δɻ
͕ͨͬͯ͠௒఻ಋిྲྀ͸ɺ

I = IC sin(ϕ1 − ϕ2) = IC sinϕ (2.3)

ͱද͞ΕΔɻIC ͸௒఻ಋମʹ͓͚ΔྟքిྲྀͰ͋Δɻ·ͨɺ̎ͭͷ௒఻ಋମͷΫʔύʔରͷີ౓
Λ ρ1, ρ2 ͱ͢Δͱɺ

J =
∂ρ1
∂t

= −∂ρ2
∂t

(2.4)

ͱද͢͜ͱ͕Ͱ͖Δɻ͜͜ͰɺΫʔύʔରͷີ౓͕ఆ਺Ͱ͋Δ࣌ʹ΋ɺΫʔύʔରͷτϯωϧޮ
ՌʹΑΔΫʔύʔରີ౓มԽΛݩͷঢ়ଶʹҾ͖໭͢֎෦ిྲྀݯ (όΠΞεిྲྀ)͕͔͔͍ͬͯΔͨ
Ίɺͦͷ࣌ؒඍ෼͸ 0ʹͳΒͣɺ௒఻ಋిྲྀ͕ྲྀΕΔɻ͜ͷόΠΞεిྲྀ͸ɺΫʔύʔରΛյ͞
ͣτϯωϧޮՌΛͨ͢ىΊʹɺ௒఻ಋମʹ͓͚ΔྟքిྲྀҎԼͷ஋Λ࣋ͭɻόΠΞεిྲྀ͕δϣ
ηϑιϯྟքిྲྀΛ௒͑ͨ࣌ɺ௒఻ಋిྲྀͷΈͰ͸όΠΞεిྲྀΛӡͼ͖Εͳ͘ͳΔͨΊɺిҐ
ࠩͷඈͼ͕؍ଌ͞Εɺಉ࣌ʹ४ཻ͕ྲྀిࢠόΠΞεిྲྀΛݞ୅ΘΓ͢ΔΑ͏ʹྲྀΕΔɻτϯωϧ
ޮՌͷ༗ແ͸ɺ͜ͷ࣌ͷిҐࠩͷඈͼͱͯ͠ैདྷ؍ଌ͞Ε͖ͯͨɻ
઀߹྆୺ͷిҐࠩ V ͱҐ૬ࠩͷؔ܎͸ [4]ɺ

∂ϕ

∂t
=

2eV

h̄
(2.5)

ͱද͞ΕɺV = 0ͷ࣌΋ҰఆͷҐ૬͕ࠩੜ͡ɺిྲྀ͕ྲྀΕΔɻిѹ߱Լ͕ແ͍࣌ͷδϣηϑιϯ
ޮՌΛ௚ྲྀδϣηϑιϯޮՌͱ͍ݴɺͦͷ࣌ͷ௒఻ಋిྲྀ͸௚ྲྀδϣηϑιϯిྲྀͱݺ͹ΕΔɻ
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ɹ·ͨɺ(2.3)(2.5)ΑΓɺ

dI

dt
=

2eV IC
h̄

cosϕ (2.6)

ΛಘΔɻ͜͜Ͱɺిѹͱిྲྀͷ࣌ؒมԽͷؔࣜ܎ V/L = dI/dtʹ୅ೖͯ͠੔ཧ͢Δͱɺ

LJ = V ×
(
dI

dt

)−1

=
h̄

2eIC cosϕ
(2.7)

ΛಘΔɻ͜ͷ LJ ͸δϣηϑιϯ઀߹ʹੜ͡ΔඇઢܗͳΠϯμΫλϯε੒෼Ͱ͋Γɺδϣηϑι
ϯΠϯμΫλϯεͱݺ͹ΕΔɻ

2.2.1 δϣηϑιϯ઀߹ͷ࣓৔ʹର͢ΔԠ౴ੑ

͜ͷઅͰ͸ɺδϣηϑιϯ઀߹ʹ֎෦࣓৔ΛҹՃͨ࣌͠ͷԠ౴ੑʹ͍ͭͯड़΂Δɻ֎෦࣓৔͕
ଘ͠ࡏͳ͍࣌ʹτϯωϧిྲྀ෼෍͕ۉҰͰ͋Δ઀߹ʹ͍ͭͯ͑ߟΔɻ͜ͷ઀߹ʹ࣓৔Λ ҹՃ͢Δ
ͱɺਤ 2.4ͷΑ͏ʹϑϥ΢ϯϗʔϑΝʔύλʔϯͷ࠷େ௒఻ಋిྲྀ Imax ଌ͞ΕΔɻ͜ͷޮՌ؍͕
͸ Rowell ʹΑͬͯॳΊͯ؍ଌ͞Εͨɻ઀߹Λ؏࣓͘ଋΛ φͱͨ࣌͠ɺ࠷େ௒఻ಋిྲྀ Imax ͸ɺ

Imax = IC

∣∣∣∣
sin(πφ/φ0)

πφ/φ0

∣∣∣∣ (2.8)

ͱͳΔɻ͜͜Ͱɺφ0 ͸࣓ଋྔࢠͰ͋Δɻ͕ͨͬͯ͠ɺδϣηϑιϯ઀߹ʹ͓͚Δ௒఻ಋిྲྀ͸֎
෦࣓৔ʹରͯ͠ײ͍ߴ౓Λ࣋ͪɺͦͷײ౓͸࣓ଋྔࢠఔ౓Ͱ͋Δɻ͜ͷಛੑ͸ɺ4.3.1અͰޙड़͢
ΔΑ͏ͳ SQUID࣓ؾηϯαʹԠ༻͞Ε͍ͯΔɻ

ਤ 2.4. δϣηϑιϯ઀߹ͷ࣓৔ʹର͢ΔԠ౴ɻॎ࣠͸ Imax/ICɺԣ࣠͸ φ/φ0 Ͱ͋Δɻ
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ୈ3ষ ௒఻ಋྔࢠϏοτΛ(Qubit)Λ༻͍ͨޫ
਺ٕज़ܭࢠ

δϣηϑιϯ઀߹ʹ͓͚ΔϙςϯγϟϧΤωϧΪʔ಺ͷྭى४Ґ਺Λجఈঢ়ଶ |0⟩ͱྭىঢ়ଶ |1⟩
ͷঢ়ଶʹ੍͢ݶΔ͜ͱͰɺྔࢠ΋ͭΕঢ়ଶΛ͢ݱ࠶Δ͜ͱ͸ɺطʹ௒఻ಋྔࢠϏοτ (Qubit)ʹ࣮
૷͞Ε͍ͯΔ [5, 6, 7]ɻ͜ͷষͰ͸ɺ௒఻ಋྔࢠϏοτ (Qubit)͓Αͼ௒఻ಋྔࢠϏοτ (Qubit)

Λ༻͍࣮ͯߦʹࡍΘΕ͍ͯΔδϣηϑιϯޮՌΛԠ༻ͨ͠ޫܭࢠ਺ٕज़ʹ͍ͭͯ֓આ͢Δɻ

3.1 ௒఻ಋྔࢠϏοτ (Qubit)

௒఻ಋྔࢠϏοτ (Qubit)ʹ͸ɺిՙ Qubitɺ࣓ଋ QubitɺҐ૬ Qubitͷͭࡾͷ෼ྨ͕ଘ͢ࡏ
ΔɻͦΕͧΕͷճ࿏Λਤ 3.1ʹࣔͨ͠ɻ͜ΕΒΛ༻͍ͨޫࢠͷݕग़͸ɺ࣌ؒ෯͕୹͍ύϧεతͳ
ిѹ౳ΛҹՃ͢Δ͜ͱʹΑͬͯɺ࿈ଓతͳڥ؀ϊΠζΛ཈੍͢Δ͜ͱ͕ՄೳͰ͋Δɻ·ͨɺ௒఻
ಋྔࢠϏοτ (Qubit)͸ɺDivincenzero৚݅Λຬ͍ͨͯ͠ΔͨΊɺྔࢠίϯϐϡʔλʔͷީิͱ
͞Ε͍ͯΔ [7]ɻ
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(a) ిՙ Qubit

(b) ࣓ଋ Qubit

(c) Ґ૬ Qubit

ਤ 3.1. ௒఻ಋྔࢠϏοτ (Qubit)ͷճ࿏ਤɻ(a)͕ిՙ Qubitɺ(b)͕࣓ଋ Qubitɺ(c)͕Ґ૬ Qubitͷճ࿏ਤͰ͋
ΔɻͦΕͧΕͷճ࿏ʹ͓͍ͯɺʷҹ͸δϣηϑιϯ઀߹Λද͍ͯ͠Δɻ
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3.2 ిՙQubit

·ͣɺిՙQubitʹ͍ͭͯͰ͋ΔɻిՙQubit͸ਤ 3.1.aͷΑ͏ͳճ࿏Ͱද͞ΕΔɻిՙQubit

͸௚ྻͷిѹݯUg ͱ̎ͭͷδϣηϑιϯ઀߹͔Βߏ੒͞ΕΔɻϋϛϧτχΞϯ͸ɺ઀߹ͷϙςϯ
γϟϧͱ੩ిΤωϧΪʔʹΑΓ

H =
Q2

2CJ
− ICφ0

2π
cosϕ− Iqφ0

2π
ϕ (3.1)

ͱॻ͘͜ͱ͕Ͱ͖Δɻ͜͜ͰɺIq ͸४ཻࢠʹΑΔిྲྀͰ͋ΔɻΤωϧΪʔϙςϯγϟϧ͸ɺ

U = −ICφ0

2π
cosϕ− Iqφ0

2π
ϕ (3.2)

ͱॻ͘͜ͱ͕Ͱ͖Δɻ֎෦ిྲྀݯʹΑ͕͖ͬͯ܏ੜ͡ͳ͍ͨΊɺϙςϯγϟϧͷܗঢ়͸ਤ 3.2ͷ
Α͏ʹͳΔɻ

ਤ 3.2. ిՙ QubitͷϙςϯγϟϧΤωϧΪʔ

ిՙQubit͕௒఻ಋQubitͱͯ͠༻͍ΒΕΔͨΊʹ͸ɺྔࢠঢ়ଶ |0⟩ঢ়ଶɺ|1⟩ঢ়ଶͷ۠ผ͕ඞ
ཁͰ͋ΔɻిՙQubit͸͜ͷ۠ผΛΫʔϩϯౡͷதʹ͋Δ༨෼ͳΫʔύʔରͷ਺Ͱߦͳ͍ͬͯΔɻ
ͦͷ໛ࣜਤ͓Αͼ֓೦ਤΛਤ 3.3,ਤ 3.4ʹਤࣔͨ͠ [8, 9]ɻ
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ਤ 3.3. ిՙ Qubitͷ໛ࣜਤɻ
Ҿ༻:໌ߴۄࣇ,म࢜࿦จ,౦ژେֶ (2010)
Cg ͕ਤ 2.8.aʹ͓͚Δ 1⃝ίϯσϯαʹ֘౰͠ɺ
CJ ͕ 2⃝ίϯσϯαʹ֘౰͢Δɻ

ਤ 3.4. ΫʔϩϯϒϩοέʔυޮՌɻ
Ҿ༻:ࣜגձࣾ౦ࣳ,asta muse ٕज़ʮޫֶ૷ஔʯ
https://astamuse.com/ja/published/JP/No/1999004017
ೋͭͷϙςϯγϟϧোนʹғ·Εͨ෦෼͕Ϋʔϩϯౡʹ૬
౰͠ɺোนͷࠨଆ͕ਤ 2.8.a ʹ͓͚Δ 1⃝ίϯσϯαʹ֘౰
͠ɺӈଆ͕ 2⃝ίϯσϯαʹ֘౰͢Δɻ
ഁઢ͸ΤωϧΪʔ४ҐΛද͍ͯ͠Δɻ

δϣηϑιϯ઀߹Λ௒఻ಋମ-ઈԑମ-௒఻ಋମͱ͍͏ߏ଄͔Βίϯσϯαͱ͑ߟΔͱɺ̎ͭͷ
ίϯσϯαͷ௚ྻճ࿏Ͱ͋Δ͜ͱ͕Θ͔Δɻ͜ͷ࣌ɺίϯσϯαಉ࢜ʹڬ·Εͨ෦෼ΛΫʔϩϯ
ౡͱݺͿ [8]ɻ͜ͷΫʔϩϯౡ͸ਤ 3.3Ͱʮislandʯͱهड़͞Ε͍ͯΔɻΫʔϩϯౡʹ༨෼ͳΫʔ
ύʔର͕ଘ͢ࡏΔ͔Ͳ͏͔͸όΠΞεిѹݯʹΑΔɻిѹ͕ҹՃ͞Εͨ࣌ɺ 1⃝ίϯσϯαͷϑΣ
ϧϛ४Ґ্͕ঢ͢Δɻ͢ͳΘͪɺਤ 3.4ͷΤωϧΪʔোนࠨଆͷ४Ґ͕ӈଆͷ४Ґʹର্ͯ͠ঢ
͢Δɻ͜ͷ࣌ɺޫ͕ࢠೖࣹ͢Δ͜ͱʹΑͬͯɺ 1⃝ίϯσϯα಺ͷΫʔύʔର͕τϯωϧޮՌΛى
ͯ͜͠ΫʔϩϯౡʹҠಈ͢Δɻ͜ͷ༷ࢠ͸ਤ 3.4ʹ͓͚Δ BͷաఔͰ͋Δɻਤ 3.4ͷAͷաఔ͸
ೖࣹޫࢠʹΑͬͯτϯωϧ͢Δ͜ͱͳ͘ྭىʹΑͬͯোนΛ৐Γӽ͑ΔաఔΛද͍ͯ͠Δɻ͜ͷ
࣌Ϋʔϩϯౡʹ͸τϯωϧͨ͠Ϋʔύʔର͕༨෼ʹ 1ͭଘ͢ࡏΔ͜ͱʹͳΓɺ|1⟩ঢ়ଶͱͳΔɻి
ѹ͕ҹՃ͞Εͳ͍࣌͸ɺϙςϯγϟϧোนʹ્·Εͯ 1⃝ίϯσϯα಺ͷΫʔύʔର͸τϯωϧ͢
Δ͜ͱ͕Ͱ͖ͣɺΫʔϩϯౡ಺ʹΫʔύʔର͸ଘ͠ࡏͳ͍ |0⟩ঢ়ଶͱͳΔɻ͜ͷΑ͏ʹిѹݯʹ
ΑͬͯిҐ͕ࠩൃੜ͠τϯωϧޮՌ੍͕͞ޚΕΔޮՌΛΫʔϩϯɾϒϩοέʔυޮՌͱݺͿɻ
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3.3 ࣓ଋQubit

࣍ʹɺ࣓ଋ Qubitʹ͍ͭͰ͋Δɻ࣓ଋ Qubit͸ਤ 3.1.bͷΑ͏ͳճ࿏Ͱද͞ΕΔɻ࣓ଋ Qubit

͸ަྲྀిྲྀݯͱ௒఻ಋίΠϧ͓Αͼδϣηϑιϯ઀߹͔Βߏ੒͞ΕΔɻ͜ͷճ࿏Ͱ͸ɺ֎෦࣓৔
Λ௒఻ಋίΠϧΛհͯ͠δϣηϑιϯ઀߹ʹҹՃ͍ͯ͠Δɻ͜ͷ࣌ϋϛϧτχΞϯ͸ɺ

H =
Q2

2CJ
− ICφ0

2π
cosϕ+

1

2

(
φ− φ0

2π
ϕ

)2

(3.3)

ͱॻ͘͜ͱ͕Ͱ͖Δɻφ͸௒ిಋϧʔϓʹೖΓࠐΉ࣓ଋΛද͍ͯ͠ΔɻΤωϧΪʔϙςϯγϟϧ͸

U = −ICφ0

2π
cosϕ+

1

2

(
φ− φ0

2π
ϕ

)2

(3.4)

ͱॻ͘͜ͱ͕Ͱ͖ɺͦͷܗঢ়͸ਤ 3.5ͷΑ͏ͳରশೋ࿈ҪܕށͰ͋ΔɻೋͭͷҪށ͸ɺΤωϧΪʔ
োนʹΑͬͯ۠ผ͞ΕΔɻ

ਤ 3.5. ࣓ଋ QubitͷϙςϯγϟϧΤωϧΪʔ

͜͜Ͱɺࢹڊతྔڞࢠ໐ৼಈ͕͖ىΔɻࢹڊతྔڞࢠ໐ৼಈͱ͸ɺѻ͏ཻࢠ਺͕େ͖͍ࢹڊత
ͳܥʹ͓͍ͯɺ࿈ଓ͍ͯ͠Δରশతͳ 2ͭͷϙςϯγϟϧҪؒށͰ͖ىΔɺೋঢ়ଶؒΛԟ෮͢Δ
ৼಈͰ͋Δ [10]ɻΫʔύʔରͷू߹͕ӈଆͷҪ͍ͯ͠ࡏہʹށΔ࣌͸ɺࠨଆͷҪށ΁ͱτϯωϧ
ޮՌ͕͖ىΔɻ͜ͷτϯωϧޮՌʹΑͬͯɺ಺෦ʹೖΓࠐΉ࣓ଋͷූ߸͕มԽ͢ΔͨΊɺ௒ిಋ
ϧʔϓʹྲྀΕΔిྲྀͷํ͕޲มԽ͢Δɻ͕࣓ͨͬͯ͠ଋQubitͰ͸ɺ|0⟩ͱ |1⟩ͷྔࢠঢ়ଶͷ۠ผ
Λ֎෦࣓৔Ͱ੍ޚՄೳͳిྲྀͷྲྀΕΔํ޲Ͱ۠ผ͍ͯ͠Δɻ࣓ଋQubitΛ༻͍ͨޫࢠͷܭ਺ٴͼ
ड़͢Δޙग़͸ɺݕ ΛγεςϜʹΑΔܭ਺๏ΛؚΊɺߦʹطΘΕ͍ͯΔ [11, 12, 13]ɻ
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3.3.1 ΛγεςϜʹΑΔܭ਺๏

࣓ଋQubitΛ༻͍ͨޫܭࢠ਺ٕज़ͷྫͱͯ͠ɺΛγεςϜʹΑΔޫܭࢠ਺๏͕͛ڍΒΕΔ [11, 12]ɻ

ਤ 3.6. ΛγεςϜͱޫࢠͷ൓Ԡͷؔ܎ɻ
Ҿ༻: K. Koshino et al.Physical Review Letters. 111, 153601 (2013)
੨ؙ͸ೖࣹޫࢠΛɺ྘ؙ͸γεςϜ಺ͷ Qubitঢ়ଶΛ͍ࣔͯ͠Δɻ|g⟩͸ Qubitͷجఈ४Ґɺ|e⟩͸ྭى४Ґɺ|m⟩͸
தؒ४ҐͰ͋ΔɻΓegɺΓem ͸ͦΕͧΕ |e⟩ঢ়ଶͷ Qubit͕ |g⟩ঢ়ଶʹݮਰ͢Δ֬཰ɺ|m⟩ঢ়ଶͷ Qubit͕ |g⟩ঢ়ଶʹ
ͷೖࣹʹରͯ͠ࢠਰ͢Δ֬཰Ͱ͋Δɻ(a)͸୯Ұޫݮ Qubit͕ྭ͠ىͳ͍୯७൓ࣹΛ͍ࣔͯ͠Δɻ(b)͸୯Ұޫࢠͷೖ
ࣹʹରͯ͠ Qubit͕جఈ४Ґͱྭى४ҐͷؒΛৼಈ͢Δ஄ੑࢄཚΛ͍ࣔͯ͠Δɻ(c)͸୯Ұޫࢠͷೖࣹʹର͢Δ Qubit
ͷඇ஄ੑࢄཚΛ͍ࣔͯ͠Δɻ(c)Ͱ͸ Qubit͸·ͣೖࣹޫࢠʹΑͬͯ |e⟩ʹભҠ͠ɺͦͷޙ |e⟩|m⟩ؒΛৼಈͨ͠ޙʹ
|g⟩ʹ໭Δɻ

ΛγεςϜ͸ϥϚϯભҠΛར༻͍ͯ͠ΔɻϥϚϯભҠͱ͸Qubitͷৼಈ͢Δ४Ґ͕͋Δதؒঢ়
ଶͷ४ҐؒͷৼಈΛܦ༝͢ΔભҠͰ͋Δɻ|m⟩͸༗ݶͷण໋Λ࣋ͭͨΊɺ|m⟩ͷঢ়ଶʹ͋ΔQubit

͸ |g⟩ঢ়ଶʹભҠ͢Δɻ͜͜Ͱɺਤ 3.6.aͱਤ 3.6.bͷ൓Ԡ͸૬͢ࡴΔΑ͏ʹௐ੔͢Δ͜ͱ͕Մೳ
ͳͨΊɺ୯Ұޫࢠͷೖࣹʹରͯ͠ਤ 3.6.cͷ൓ԠͷΈΛܾఆ࿦తʹಋ͚Δɻ
ճ࿏্Ͱ͸ Qubit͸ڞৼثͱ݁߹͞Ε͍ͯΔɻڞৼثͱ QubitͦΕͧΕʹ͍ͭͯجఈ४Ґ |0⟩

ͱྭى४Ґ |1⟩ͷΈ͕ଘ͢ࡏΔͱ͢Δɻ͕ͨͬͯ͠ɺ|m,n⟩ (m = Qubit, n = resonator)ͱ͢Δ
ͱɺܥͷঢ়ଶ͸ɺ|0, 0⟩ɺ|1, 0⟩ɺ|0, 1⟩ɺ|1, 1⟩ͷ͍ͣΕ͔Ͱهड़͞ΕΔɻ͜͜ͰɺྭىΤωϧΪʔ
ͷେ͖͞ͷ͔ؔ܎Βɺ|0⟩ = |0, 0⟩ɺ|m⟩ = |1, 0⟩ɺ|e⟩ = |1, 1⟩ , |1, 0⟩ΛಘΔɻͦΕͧΕͷ४Ґؒͷ
ৼಈΛ࣓ଋQubitΛհͯ͠؍ଌ͢Δ͜ͱʹΑͬͯ୯ҰޫࢠͷೖࣹΛݕग़Ͱ͖Δɻ͜ͷํ๏͸୯Ұ
͸४Ґ਺Λ࣌͏ߦ਺Λܭͷࢠͷޫݸ౓͕͋Δɻ͔͠͠ෳ਺ײग़ݕର͢Δʹࢠޫ |0⟩ͱ |1⟩͚ͩͰͳ
͘͞Βʹ૿΍͢ඞཁ͕͋Γɺ४Ґ਺Λ૿΍͢͜ͱͰΑΓ४Ґؒͷৼಈͷछྨ͕૿͑ΔͨΊɺղੳ
೉ʹͳΔͱ༧૝͞ΕΔɻࠔ͕
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3.4 Ґ૬Qubit

ɺҐ૬ʹޙ࠷ Qubitʹ͍ͭͯͰ͋ΔɻҐ૬ Qubit͸ਤ 3.1.cͷΑ͏ͳճ࿏Ͱද͞ΕΔɻ͜ͷճ
࿏͸ަྲྀిྲྀݯͱδϣηϑιϯ઀߹͔Βߏ੒͞ΕɺϋϛϧτχΞϯ͸

H =
Q2

2CJ
− h̄IC

2e
cosϕ− h̄Ib

2e
ϕ (3.5)

ͱॻ͘͜ͱ͕Ͱ͖Δɻ

3.4.1 ిྲྀόΠΞε͞Εͨ઀߹෦ͷϙςϯγϟϧΤωϧΪʔ

τϯωϧిྲྀ I ͕઀߹෦ʹ͓͍ͯҰ༷Ͱ͋Δͱ͠ɺඍখ࣌ؒʹ͓͚Δ઀߹෦ͷϙςϯγϟϧΤ
ωϧΪʔ dU ΛҎԼͷΑ͏ʹ͓͘ɻ[4, 5]

dU = IV dt (3.6)

ΛಘΔɻ͜͜ͰɺV ͸̎ͭͷ௒఻ಋମʹ͓͚ΔిҐࠩͰ͋Δɻ(2.3)͓Αͼ (2.5)ΑΓɺ

dU =
h̄IC
2e

sinϕdϕ (3.7)

྆ลੵ෼ͯ͠

U = − h̄IC
2e

cosϕ+ const (3.8)

ͱͳΔɻόΠΞεిྲྀ Ib ʹ͍ͭͯ΋ಉ༷ͷࢉܭΛ͜͏ߦͱͰɺϙςϯγϟϧΤωϧΪʔʹରͯ͠

U = − h̄IC
2e

cosϕ− h̄Ib
2e

ϕ (3.9)

ΛಘΔɻύϧεతͳόΠΞεిྲྀ͕Ґ૬ࠩϕʹର͢Δϙςϯγϟϧͷ͖܏Λੜͤ͡͞ɺϙςϯγϟ
ϧʹଋറ͞ΕΔΤωϧΪʔ४Ґͷ਺Λ੍͢ޚΔ͜ͱ͕Ͱ͖Δ [14]ɻ
ϙςϯγϟϧোนͷ͞ߴ (ϙςϯγϟϧͷਂ͞)Λ∆U ͱ͓͘ͱɺ∆U ͸

∆U =
2
√
2

3

√
1− Ib

IC
(3.10)

ͱॻ͚Δɻ͜ͷ∆U ͷൣғͷϙςϯγϟϧʹΫʔύʔର͸ଋറ͞ΕΔɻόΠΞεిྲྀ͕ྟքిྲྀ
Γͳ͍ۙͮͨ࣌͘ɺ∆Uݶʹ ͸ 0ʹ͖ۙͮɺΫʔύʔର͸ଋറ͞Εͣɺৗ఻ಋঢ়ଶʹͳΔ [15]ɻҐ
૬QubitͷϙςϯγϟϧΤωϧΪʔΛਤ 3.7ʹࣔͨ͠ɻ
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ਤ 3.7. Ґ૬ QubitͷϙςϯγϟϧΤωϧΪʔ

3.4.2 δϣηϑιϯϓϥζϚৼಈ

઀߹෦Ͱ͸ɺϙςϯγϟϧΤωϧΪʔͱ੩ిΤωϧΪʔͷ΍ΓͱΓ͔ΒϓϥζϚৼಈ͕ੜ͡Δɻ
͜ͷৼಈप೾਺͸ɺ

ωp =

√
IC

4φ0CJ

[
1−

(
Ib
IC

)2
] 1

4

(3.11)

Ͱ͋Γɺৼಈ͸োน෦෼ʹ͢ࡏہΔɻ͜ͷৼಈ͸ɺΤωϧΪʔ४Ґִ͕ؒे෼খ͍͞ೋ४Ґঢ়ଶ
Ͱ͸ɺ|0⟩ͱ |1⟩ؒͷྭىৼप೾਺ͱͳΔɻ͜͜Ͱɺφ0 ͸࣓ଋͷ࠷খ୯ҐͰ͋Δ࣓ଋྔࢠͰ͋Γɺ
ҎԼͷΑ͏ʹఆٛ͞Ε͍ͯΔɻ

φ0 =
h

2e
= 2.07× 10−15 [Wb] (3.12)

ೋ४Ґঢ়ଶʹ͓͚Δ४҆ఆঢ়ଶ |1⟩ͷ४Ґ਺N ͸ɺN ∼ ∆U/h̄ωp ͱͳΔ [14]ɻ

3.4.3 ిྲྀόΠΞε͞Εͨδϣηϑιϯ઀߹ͷ RSJ Ϟσϧ

͜ͷઅͰ͸ɺδϣηϑιϯ઀߹ͷ౳Ձճ࿏Ͱ͋ΔRSJϞσϧʹ͍ͭͯड़΂Δɻ
ཧ࿦తͳిྲྀ-ిѹಛੑΛಋग़͢ΔͨΊʹɺMcCumber(1968)ɺStewart(1968)ɺJohnson(1968)

Β͸ɺδϣηϑιϯ઀߹ͷ౳Ձճ࿏ͱͯ͠ਤ 3.8ͷΑ͏ͳϞσϧΛఏҊͨ͠ [4, 16]ɻߴप೾Լʹ
δϣηϑιϯ઀߹Λஔ͘͜ͱͰɺલड़ͨ͠ΠϯμΫλϯε੒෼ʹྲྀΕΔిྲྀ͸੍͞ݶΕΔͨΊɺ
ΠϯμΫλϯε੒෼Λແ͢ࢹΔ͜ͱ͕Ͱ͖Δɻ
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ਤ 3.8. ిྲྀόΠΞε͞Εͨδϣηϑιϯ઀߹ͷ౳Ձճ࿏ (RSJϞσϧ)

δϣηϑιϯ઀߹͸ɺ௒఻ಋମ-ઈԑମ-௒఻ಋମͱ͍͏ͦͷߏ଄͔ΒɺΩϟύγλϯε੒෼CJ

ΛؚΉͱ͑ߟΒΕΔɻ·ͨɺඍখͳ఍߅੒෼RJ ΋ؚ·ΕΔͱ͞Ε͍ͯΔ͜ͱ͔ΒɺRCฒྻճ࿏
ͱ͑ߟΒΕ͍ͯΔɻ͜ͷ࣌ɺճ࿏ʹؔ͢Δిྲྀͷࣜ͸

I = IC sinϕ+
V

RJ
+ CJ

dV

dt
(3.13)

ͱͳΔɻ͜͜ͰɺV ͸઀߹྆୺ʹੜ͡ΔిҐࠩͰ͋Δɻ(2.5)ΑΓɺ

I = IC sinϕ+
h̄

2e

1

R
+

h̄

2e
C
d2ϕ

dt2
(3.14)

ΛಘΔɻ

3.4.4 յ่ࢠతྔࢹڊ

Ґ૬Qubitʹ͓͚Δྔࢠঢ়ଶ |1⟩ɺ|0⟩ͷ۠ผ͸ɺΫʔύʔର͕ଘ͢ࡏΔΤωϧΪʔ४ҐʹΑͬ
ͯ۠ผ͞ΕΔɻΫʔύʔରͷଘ͢ࡏΔΤωϧΪʔ४ҐʹΑͬͯ͸ɺࢹڊతྔ่ࢠյ͕͖ىΔ֬཰
͕ҟͳΔɻ
৅Ͱ͋ΔɻݱͷτϯωϧޮՌʹΑͬͯ४҆ఆঢ়ଶ่͕յ͢ΔࢠͰཻܥࢹڊյͱ͸ɺ่ࢠతྔࢹڊ

ϙςϯγϟϧʹର͢Δࢹڊతྔ่ࢠյʹΑΔτϯωϧޮՌͷ֓೦ਤΛɺਤ 3.9ʹදͨ͠ɻجఈঢ়
ଶͷτϯωϧޮՌ͸ɺ҉ిྲྀʹΑΔ΋ͷͰ͋Δɻྭىঢ়ଶɺجఈঢ়ଶͷΤωϧΪʔ४Ґʹ͓͚Δ
Ϋʔύʔରͷτϯωϧ֬཰ΛͦΕͧΕ Γ1ɺΓ0ͱ͢Δͱ̎ͭͷτϯωϧ֬཰͸ Γ1/Γ0 ∼ 1000΄Ͳ
ҟͳΔ [14] ɻຊڀݚͰ͸ɺ·ͣϚΠΫϩ೾ͷরࣹʹΑͬͯΫʔύʔରͷྭٴىͼτϯωϧޮՌΛ
ਫ਼౓Ͱଌఆ͢Δ͜ͱͰɺরࣹͨ͠ϚΠΫϩ೾ͷߴɺ࣍ʹτϯωϧޮՌʹΑΔిྲྀͷ૿େΛ͜͠ى
ɻͨ͑ߟ਺͢Δ͜ͱ͕Ͱ͖ΔͷͰ͸ͳ͍͔ͱܭ਺Λࢠޫ
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ਤ 3.9. τϯωϧޮՌͷ֓೦ਤɻ؆୯ͷͨΊɺόΠΞεిྲྀ͸ΤωϧΪʔ४Ґͷ਺͕ 2ͭʹͳΔΑ͏ʹઃఆͨ͠ͱ͢Δɻ
|0⟩͸ϙςϯγϟϧʹଋറ͞ΕͨΫʔύʔରͷجఈঢ়ଶͷΤωϧΪʔ४Ґɺ|1⟩͸ྭىঢ়ଶɺ͢ͳΘͪ४҆ఆঢ়ଶͷΤ
ωϧΪʔ४ҐͰ͋Δɻᒵ৭ͷ໼ҹ͸ͦΕͧΕͷ४Ґʹ͓͚ΔΫʔύʔରͷτϯωϧΛද͍ͯͯ͜͠ͷ൓Ԡ͸ओʹ௿Թ
ҬͰ͖ىΔɻҰํɺߴԹҬͰ͸੨͍໼ҹͷΑ͏ʹΫʔύʔର͕೤ੑ׆ʹΑͬͯϙςϯγϟϧোนΛඈͼӽ͑ͯ͠·͏
͜ͱ͕͋Δɻ

͜͜Ͱɺࢹڊతྔ่ࢠյͱ۠ผ͓͖͍ͯͨ͠ͷ͕ɺߴԹྖҬͰൃੜ͢Δ೤ੑ׆ʹΑΔిྲྀͰ͋
Δɻࢹڊతྔ่ࢠյ͕௿ԹҬͰࢧ഑తͳ͜ͱʹରͯ͠ɺߴԹྖҬͰ͸೤༳Β͗ʹΑͬͯɺཻ͕ࢠ
ϙςϯγϟϧোนΛτϯωϧ͢Δ͜ͱͳ͘৐Γӽ͑ͯ͠·͏͜ͱͰిྲྀ͕ൃੜ͢Δɻͦͷ֓೦ਤ
Λਤ 3.9ʹ͍ࣔͯ͠Δɻ೤͖ى͕ੑ׆ΔԹ౓ͱࢹڊతྔ่ࢠյ͕͖ىΔԹ౓ͷڥք (ΫϩεΦʔ
όʔԹ౓)͸໿ 1 [K]Ͱ͋Δ [15]ɻ͕ͨͬͯ͠ɺࢹڊతྔ่ࢠյʹΑΔτϯωϧޮՌΛ؍ଌ͢Δͨ
ΊʹɺຊڀݚͰ͸ 1 [K]ΑΓे෼௿͍Թ౓ԼͰ࣮ݧΛ͜͏ߦͱΛલఏͱ͍ͯ͠Δɻ

3.4.5 δϣηϑιϯޮՌͷ I-Vಛੑ

δϣηϑιϯ઀߹ͷ I-VಛੑΛਤ 3.10ʹࣔ͢ [16, 17]ɻແόΠΞεͷঢ়ଶͰ͸ɺిѹ߱Լແ͠
Ͱ௚ྲྀδϣηϑιϯిྲྀ͕ྲྀΕΔɻ௚ྲྀδϣηϑιϯిྲྀ͸ྟքిྲྀҎԼͷྔ͕ྲྀΕΔ͕ɺ௚ྲྀ
δϣηϑιϯిྲྀΛྟքిྲྀʹ͍ۙ஋ʹҡ࣋ͨ͠··ϚΠΫϩ೾ೖࣹʹΑΔΫʔύʔରͷτϯω
ϧޮՌ͕͖࣌ͨىɺΪϟοϓΤωϧΪʔʹ૬౰͢ΔిҐࠩ (∆/e)ͷඈͼ͕֬ೝ͞ΕΔɻ͜ͷΪϟο
ϓΤωϧΪʔʹ૬౰͢ΔిҐࠩΛΪϟοϓిѹͱݺͿɻిҐࠩͷඈͼ͕֬ೝ͞ΕͨޙɺI-Vಛੑ͸
ৗ఻ಋঢ়ଶʹ੾ΓସΘΔɻৗ఻ಋঢ়ଶ͔Β࠶ͼ௒఻ಋঢ়ଶʹ໭Δ࣌͸ɺΪϟοϓిѹ෇ۙͰిྲྀ
͖ىগ͢ΔɻΪϟοϓిѹͷඈͼ͕ݮ͕ྲྀిʹѹมԽʹରͯ͠؇΍͔ిޙগ͠ɺͦͷݮʹܹٸ͕
ΔࡍɺόΠΞεిྲྀʹΑܾͬͯఆ͞Εͨ४҆ఆঢ়ଶͷ਺ʹԠͯ͡௚ྲྀδϣηϑιϯిྲྀͷ࠷େ஋
͕ܾఆ͢Δɻ
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ਤ 3.10. δϣηϑιϯ઀߹ͷ I-Vಛੑɻ੨৭ͷઢ͕ I-VಛੑΛද͍ͯ͠Δɻ੨৭ͷഁઢ͸ϚΠΫϩ೾͕ೖࣹͨ࣌͠ͷ
τϯωϧޮՌʹΑΔిҐࠩͷඈͼΛද͍ͯ͠Δɻᒵ৭ͷ໼ҹ͸δϣηϑιϯ઀߹͕௒఻ಋঢ়ଶ͔Βৗ఻ಋঢ়ଶʹసҠ
ͼ௒఻ಋঢ়ଶʹసҠ͢ΔաఔΛ͍ࣔͯ͠Δɻ࠶ɺޙͨ͠

3.4.6 Ґ૬QubitʹΑΔܭ਺๏

͜ͷઅͰ͸Ґ૬ QubitʹΑΔޫܭࢠ਺๏ʹ͍ͭͯड़΂Δͱͱ΋ʹɺ3.3.1અͰड़΂ͨ Λγες
ϜʹΑΔޫܭࢠ਺๏ͱͷൺֱΛ͏ߦɻܭ਺͢ΔͨΊͷجຊճ࿏Λਤ 3.11ʹࣔͨ͠ [18]ɻ

ਤ 3.11. Ґ૬ Qubitͷޫܭࢠ਺ճ࿏ (1ૉࢠ)ɻ
Ҿ༻:Y.-F. Chen et al.Physical Review Letters.107.217401 (2011)
૬౰͢Δɻೖྗ͞Εͨ৴߸ʹΑͬͯδϣηϑιϯ઀߹தͰΫʔύʔରͷτϯωʹݯ߸ϚΠΫϩ೾৴͕ݯͷަྲྀిѹࠨ
ϧޮՌ͕͖ىɺͦͷࡍͷτϯωϧిྲྀͷ૿େΛ૿෯ػͰ૿෯͍ͯ͠Δɻ

͜ͷૉࢠΛෳ਺ݸฒྻ͢Δ͜ͱʹΑΔޫܭࢠ਺๏ͷճ࿏͕ਤ 3.12Ͱ͋Δɻ͜͜Ͱɺೋͭͷฒྻ
ͨ͠δϣηϑιϯ઀߹ͷͦΕͧΕͷτϯωϧిྲྀͷ૿େΛ؍ଌ͢ΔɻͦΕͧΕͷδϣηϑιϯ઀
߹ͷΫʔύʔର͕ྭ֬ͨ͠ى཰ٴͼͦΕͧΕͷ઀߹Ͱ͖ͨىτϯωϧޮՌͷ࣌ࠩͷ૬͔ؔΒɺϚ
ΠΫϩ೾ޫࢠΛܭ਺Λߦͳ͍ͬͯΔɻ
͜ͷܭ਺๏Ͱ͸ɺճ࿏ʹؚ·ΕΔ೤తͳྭىͷϊΠζ͕౷ܭʹΑΔ༧૝஋ͱʹ׬શʹ͸Ұக͠

͍ͯͳ͍ͨΊɺ ճ࿏಺ͰޫࢠΛੜ੒ͯ͠͠·͏Մೳੑ͕͋Δɻ͕ͨͬͯ͠ɺΛγεςϜͱൺֱ͠
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ͯ୯Ұޫࢠͷݕग़ਫ਼౓͸ྼ͍ͬͯΔɻҰํͰɺΛγεςϜ͸୯Ұޫࢠͷݕग़͸Մೳ͕ͩɺෳ਺ݸ
ͷޫࢠͷݕग़ʹରͯ͠͸ղੳ͕ࠔ೉Ͱ͋ΔɻҐ૬QubitΛ༻͍ͨܭ਺๏Ͱ͸ෳ਺ݸͷݕग़ʹର͠
ͯ΋ 3.4.2અΑΓɺόΠΞεిྲྀʹΑͬͯϙςϯγϟϧʹଋറ͞Εͨ४҆ఆঢ়ଶͷཻࢠ਺ͷ্ݶΛ
਺ͷൣғ͕ࢠ਺ՄೳͰ͋ΔޫܭΔ͜ͱ͕Ͱ͖ΔͨΊɺ͢ޚ੍ ΛγεςϜΑΓ͍޿ͱࠐݟ·ΕΔɻ
·ͨɺҐ૬QubitΛ༻͍ͨܭ਺๏͸࣓ଋQubitͦΕͧΕʹڞৼثΛ݁߹͢ΔΛγεςϜͱൺֱ͠
ͯճ࿏ͷߏ଄͕୯७Ͱ͋ΔͨΊਤ 3.12ͷΑ͏ʹΞϨΠԽ͢Δ͜ͱ͕ՄೳͰ͋ΔΑ͏ʹࢥΘΕΔɻ

ਤ 3.12. Ґ૬ Qubitͷޫܭࢠ਺ճ࿏ (2ૉࢠ)ɹ
Ҿ༻:Y.-F. Chen et al.Physical Review Letters.107.217401 (2011)
্ਤ͕࣮ࡍͷճ࿏ͷిݦࢠඍࣸڸਅɺԼਤ͕ͦͷճ࿏ਤͰ͋Δɻ্ਤͷճ࿏ʹ͓͚Δɺӈଆͷԁঢ়ͷ෦෼͕δϣηϑ
ιϯ઀߹Ͱ͋Δɻ
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ँࣙ

ଔۀ࿦จͷ࡞੒ʹ͋ͨΓɺ͓ੈ࿩ʹͳͬͨํʑʹਂ͘ँײਃ্͛͠·͢ɻ
·ͣɺଟ͘ͷॿݴΛ͍͖ͨͩ·ͨ͠ɺຊؒઌੜɺਿཱઌੜɺ֞ࢤઌੜɺ޷ࡾઌੜʹਂ͘ँײਃ

্͛͠·͢ɻਿཱઌੜʹ͸ɺࣨڀݚ಺Ͱͷਐ௙ൃදͰଔڀݚۀʹؔ͢Δ༷ʑͳॿݴΛ௖͖·ͨ͠ɻ
ઌੜʹ͸֞ࢤ 4೥લجʹظຊతͳٕڀݚज़ͳͲʹ͍ͭͯࢦಋͯ͠௖͖·ͨ͠ɻ޷ࡾઌੜʹ͸ɺ4೥
લࣨڀݚʹظͷηϛφʔͰ֩ࢠݪཧ࿦ʹ͍ͭͯࢦಋͯ͠௖͖·ͨ͠ɻͦͯ͠ɺࣨڀݚಉظͷօ༷
Λ͸͡ΊɺΫΥʔΫ෺ཧֶࣨڀݚͷօ༷ʹ͸େม͓ੈ࿩ʹͳΓ·ͨ͠ɻຖ೔໷஗͘·Ͱؤுͬͯ
͍Δօ༷ͷ࢟ʹܹࢗΛ΋Β͍ɺ࣌ʹ͸૬ஊʹ৐ͬͯ΋Β͍ͳ͕ΒҰॹʹؤுΔ͜ͱ͕Ͱ͖·ͨ͠ɻ
͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ
ਃ͋͛͠·͢ɻँײ͘ਂʹઌੜีݠಋΛͯͩͬͨ͘͠͞ຊؒࢦɺ൒೥ؒʹ౉ͬͯɺखް͍ʹޙ࠷

͓๩͍͠தɺଔۀ࿦จࢦಋͷ࣌ؒΛԿ౓΋͍͖ͭͬͯͨͩ͘ɺஸೡʹࢦಋ͍ͯͩ͘͠͞·ͨ͠ɻ
ςʔϚΛܾఆ͢Δͱ͖͔Βࣥච·Ͱɺํ਑΍՝୊Λͦͷ౎౓Ұॹʹ͍ͩͯ͑͘͞ߟ·ͨ͠ɻຊؒ
ઌੜͷࢦಋ͕ͳ͚Ε͹ɺ͜ͷଔۀ࿦จ͸׬੒Ͱ͖ͳ͔ͬͨͱ͓ͯͬࢥΓ·͢ɻຊ౰ʹ͋Γ͕ͱ͏
͍͟͝·ͨ͠ɻ
ଔۀ࿦จΛࣥච͢Δʹ͋ͨͬͯɺଟ͘ͷਓʹ͑ࢧΒΕɺҰॹʹؤுΔ஥͕͍ؒΔ͜ͱͷେ੾͞

Λ࣮͠ײ·ͨ͠ɻࣥචʹܞΘͬͯͩͬͨ͘͢͞΂ͯͷํʑʹँײͷҙΛࣔ͠ɺँࣙͱ͍ͨ͠·͢ɻ
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෇ ࿥A ΪϟοϓΤωϧΪʔͷಋग़

௒఻ಋͷੑ࣭ͷ̍ͭͰ͋ΔΪϟοϓΤωϧΪʔΛಋग़ͨ͠ɻ[31, 32]

෇࿥. 1 BCSجఈঢ়ଶ

·ͣɺϑΣϧϛ໘Λج४ʹͨ͠ӡಈྔ kΛཻ࣋ͭࢠͷΤωϧΪʔΛ εk ͱ͓͍ͯɺϋϛϧτχΞ
ϯΛҎԼͷΑ͏ʹఆٛ͢Δɻ͜͜Ͱɺୈ 1߲ΛH0ɺୈ 2߲ΛH1 ͱஔ͍ͨɻ

H =
∑

k,σ

εkc
†
kσckσ +

1

2

∑

q

∑

kσ

∑

k′σ′

Vkk′qc
†
k+q,σc

†
k′−qσ′ck′σ′ckσ (A.1)

= H0 +H1 (A.2)

c†kσɺ͓Αͼ ckσ ͸ిࢠͷੜ੒ফ໓ԋࢠࢉɺVkk′σ ͸݁߹ڧ౓ɺukɺvk ͸ෳૉύϥϝʔλͰ͋Δɻ
͜͜ͰɺਅۭΛ

∀k , ck,σ |0⟩ = 0 (A.3)

⟨0|0⟩ = 1 (A.4)

ͱఆٛ͢ΔɻΤωϧΪʔظ଴஋͕ม෼ݪཧΑΓఀཹ஋ΛऔΔΑ͏ʹෳૉύϥϝʔλΛఆΊΔ͜ͱ
Ͱɺجఈঢ়ଶͷΤωϧΪʔΛಋग़ͨ͠ɻ

|ΨBCS⟩ =
∏

k

(uk + vkc
†
k↑c

†
−k↓) |0⟩ (A.5)

࣍ʹɺ⟨ΨBCS|ΨBCS⟩ = 1ͱͳΔΑ͏ʹ֨نԽΛ͏ߦɻ͜ͷ࣌ɺੜ੒ফ໓ԋࢠࢉʹ͍ͭͯҎԼͷ
Α͏ͳ൓ަ܎ؔ׵Λ༻͍ͨɻ

{
ckσ, c

†
k′σ′

}
= δkk′δσσ′ (A.6)
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1 = ⟨ΨBCS|ΨBCS⟩

=

{
∏

k

⟨0| (uk + vkc−k↓ck↑)

}
∏

k

(uk + vkc
†
k↑c

†
−k↓) |0⟩

=
∏

k

⟨0| (uk + vkc−k↓ck↑)(uk + vkc
†
k↑c

†
−k↓) |0⟩

=
∏

k

⟨0| (u2k + v2kck↑c
†
k↑c−k↓c

†
−k↓) |0⟩

=
∏

k

⟨0|
{
u2k + v2k(1− c†k↑ck↑)(1− c†−k↓c−k↓)

}
|0⟩

=
∏

k

⟨0|
{
u2k + v2k(1− c†−k↓c−k↓ − c†k↑ck↑ − c†k↑c

†
−k↓ck↑c−k↓)

}
|0⟩

=
∏

k

⟨0| (u2k + v2k) |0⟩

=
∏

k

(u2k + v2k) (A.7)

ैͬͯɺ֨نԽ৚݅͸ҎԼͷΑ͏ʹٻΊΒΕͨɻ

∀k , u2k + v2k = 1 (A.8)

࣍ʹɺΤωϧΪʔͷظ଴஋ΛٻΊͨɻ

E0 = ⟨ΨBCS|H |ΨBCS⟩
= ⟨ΨBCS|H0 |ΨBCS⟩+ ⟨ΨBCS|H1 |ΨBCS⟩

(A.9)

ୈ 1߲͸ɺҎԼͷΑ͏ʹࢉܭͰ͖Δɻ

⟨ΨBCS|H0 |ΨBCS⟩ =
∑

k

εk ⟨ΨBCS| (c†k↑ck↑ + c†k↓ck↓) |ΨBCS⟩

=
∑

k

εk
{
⟨ΨBCS| c†k↑ck↑ |ΨBCS⟩+ ⟨ΨBCS| c†−k↓c−k↓ |ΨBCS⟩

}

=
∑

k

εk
{
v2k + v2k

}

= 2
∑

k

εkv
2
k (A.10)

ୈ ΔલʹɺH1͢ࢉܭ͍ͯͭʹ2߲ Λల։͢Δɻ

H1 =
1

2

∑

q

∑

kσ

∑

k′σ′

Vkk′qc
†
k+q,σc

†
k′−qσ′ck′σ′ckσ

=
1

2

∑

k

∑

k′

Vkk′q(c
†
k′↑c

†
−k′↓c−k↓ck↑ + c†k′↓c

†
−k′↑c−k↑ck↓)

=
1

2

∑

k

∑

k′

Vkk′q(c
†
k′↑c

†
−k′↓c−k↓ck↑ + c†k′↑c

†
−k′↓ck↓c−k↑) (A.11)
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͜͜ͰɺվΊͯ−k → kͱॻ͘͜ͱͰɺҎԼͷΑ͏ʹH1 Λಋ͘͜ͱ͕Ͱ͖Δɻ

H1 =
1

2

∑

k

∑

k′

Vkk′q(c
†
k′↑c

†
−k′↓c−k↓ck↑ + c†k′↑c

†
−k′↓c−k↓ck↑)

=
∑

k

∑

k′

Vkk′qc
†
k′↑c

†
−k′↓c−k↓ck↑ (A.12)

(A.12)Λ༻͍ͯɺୈ 2߲Λͨ͠ࢉܭɻ

⟨ΨBCS|H1 |ΨBCS⟩ =
∑

k

∑

k′

Vkk′q ⟨ΨBCS| c†k′↑c
†
−k′↓c−k↓ck↑ |ΨBCS⟩

=
∑

k

∑

k′

Vkk′q ⟨0| (uk + vkc−k′↓ck′↑)c−k↓ck↑(uk + vkc
†
k↑c

†
−k↓) |0⟩

× ⟨0| (uk′ + vk′c−k′↓ck′↑)c
†
k′↑c

†
−k′↓(uk′ + vk′c†k′↑c

†
−k′↓) |0⟩

=
∑

k

∑

k′

Vkk′q ⟨0|ukvk |0⟩ × ⟨0|uk′vk′ |0⟩

=
∑

k

∑

k′

Vkk′qukvkuk′vk′ (A.13)

(A.10)ɺ(A.13)ΑΓɺBCSجఈঢ়ଶͷΤωϧΪʔظ଴஋͸

E0 = 2
∑

k

εkv
2
k +

∑

k

∑

k′

Vkk′qukvkuk′vk′ (A.14)

ͱͳΔɻ࣍ʹɺม෼ݪཧΛ༻͍ͯ BCSجఈঢ়ଶͷΤωϧΪʔظ଴஋E0 ʹখʹͳΔΑ͏࠷͕ ukɺ
vk ͕ຬͨ͢৚݅Λܾఆ͢Δɻ

0 =
∂E0

∂vk

=
∂

∂vk

{
2
∑

k′

εk′v2k′ +
∑

k′

∑

k′′

Vk′k′′quk′vk′uk′′vk′′

}

= 4vkεk + 2
∑

k′′

Vkk′′quk′′vk′′

(
−
v2k
uk

+ uk

)

͜͜Ͱɺ∆ɺEk Λ

∆ =
∑

k′

Vkk′quk′vk′ , Ek =
√
ε2k +∆2 (A.15)

ͱ͓͘ɻ(A.15)ɺ(A.8)ΑΓɺ

u2k =
1

2
± εk

2Ek
, v2k =

1

2
∓ εk

2Ek
(A.16)

εk ͸±ͷූ߸Λ࣋ͭͷͰɺ͜͜Ͱ͸ ukɺvk ͷ৚݅ΛҎԼͷΑ͏ʹٻΊͨɻ

u2k =
1

2

(
1 +

εk
Ek

)
, v2k =

1

2

(
1− εk

Ek

)
(A.17)
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(A.15)ɺ(A.17)ΑΓɺ

∆ =
∑

k′

Vkk′q

(
− ∆

2Ek′

)
(A.18)

͜ͷࣜ͸ɺ௒఻ಋʹ͓͚ΔΪϟοϓํఔࣜͱݺ͹Ε͍ͯΔɻ͜͜Ͱɺ݁߹ڧ౓ Vkk′q ͸ඍখۭؒͷ
ΈͰ஋Λ࣋ͭͨΊɺҎԼͷΑ͏ʹԾఆ͢Δɻ͜͜ͰɺσόΠৼಈ਺Λ ωD ͱఆٛͨ͠ɻ

Vkk′q =

⎧
⎨

⎩
−V (|εk| < h̄ωD)

0 (|εk| > h̄ωD)
(A.19)

͕ͨͬͯ͠ɺΪϟοϓํఔࣜʹ͍ͭͯɺҎԼͷΑ͏ʹఆٛ͢Δɻ

∆ = V
∑

|ε|<h̄ωD

∆

2Ek′

≡ V
∑

k′

′ ∆

2Ek′
(A.20)

͜͜Ͱ͸
∑′ ͸ |εk| < h̄ωD ͷൣғͰ࿨ΛͱΔɻ྆ลΛ∆Ͱׂͬͯɺ

1 =
V

2

∑

k′

′ 1√
ε2k′ +∆2

(A.21)

ͱม͢ܗΔ͜ͱ͕Ͱ͖Δɻঢ়ଶີ౓Λ ρ(ε) ͱ͓͘ͱɺ

∑

k′

′
→

∫ h̄ωD

−h̄ωD

ρ(ε)dε (A.22)

ͱॻ͘͜ͱ͕Ͱ͖Δ͕ɺϑΣϧϛΤωϧΪʔΛ εFͱ͢ΔͱɺεF ≫ h̄ωDΑΓɺρ(ε) → ρ(εF)ͱॻ
͚Δɻ

1 =
V

2
ρ(0)

∫ h̄ωD

h̄ωD

dε√
ε2k +∆2

= ρ(0)V sinh−1

(
h̄ωD

∆

)
(A.23)

͕ͨͬͯ͠ɺ∆͸ɺ

∆ =
h̄ωD

sinh−1 (1/ρ(0)V )
(A.24)

ͱಋ͘͜ͱ͕Ͱ͖Δɻ
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෇࿥. 2 ঢ়ଶىྭ

Bogoliubovม׵Λಋೖ͢Δɻ

Bogoliubovม׵✓ ✏
αk↑ = ukck↑ − vkc

†
−k↓

α†
k↑ = ukc

†
k↑ − vkc−k↓

α−k↓ = ukc−k↓ + vkc
†
k↑

α†
−k↓ = ukc

†
−k↓ + vkck↑

(A.25)

✒ ✑
͜͜Ͱɺ൓ަ܎ؔ׵Λͨ͠ࢉܭɻ

{
αk↑,α

†
k′↑

}
=

{
α−k↓,α

†
−k′↓

}
= δkk′ (A.26)

{
α†
k↑,α

†
k↑

}
= {αk↑,αk↑} = 0 (A.27)

Bogoliubovม׵Λ্ͨͬߦͰͷਅۭΛ |Ψ⟩ͱ͓͘ɻɹ
͜͜Ͱɺ|Ψ⟩ =

∏
k αk′↑α−k′↓ |0⟩ͱԾఆ͢Δͱɺ

αk↑ |Ψ⟩ = 0 (A.28)

ͱಋ͘͜ͱ͕Ͱ͖ΔͷͰɺ͔֬ʹ |Ψ⟩͸ Bogoliubovͷਅۭঢ়ଶͰ͋Δɻ·ͨɺ

|Ψ⟩ =
∏

k

(uk + ck↑ − vkc
†
−k↓)(ukc−k↓ + vkc

†
k↑) |0⟩

=
∏

k

vk(uk + vkc
†
k↑c

†
−k↓) |0⟩

= |ΨBCS⟩ (A.29)

ͱಋ͘͜ͱ͕Ͱ͖Δɻཻ̍ىྭࢠঢ়ଶΛ |Ψk⟩ͱ͢Δͱɺ

|Ψk⟩ = α†
k↑ |ΨBCS⟩

= c†k↑
∏

k′ ̸=k

(uk′ + vk′c†k′↑c
†
−k′↓) |0⟩ (A.30)

͜ͷ࣌ɺ2ཻىྭࢠঢ়ଶ͸

|Ψkk′⟩ = α†
k↑α

†
−k′↓ |ΨBCS⟩ = c†k↑c

†
−k′↓

∏

k′′ ̸=k,k′

(uk′′ + vk′′c†k′′↑c
†
−k′′↓) |0⟩ (A.31)
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ͱॻ͘͜ͱ͕Ͱ͖ΔͷͰɺྭىঢ়ଶͷΤωϧΪʔ͸ɺ

Hred =
∑

kσ

εkc
†
kσckσ − V

∑

k

′∑

k′

′
c†k′↑c

†
−k′↓c−k↓ck↑ (A.32)

E = ⟨Ψkk′ |Hred |Ψkk′⟩

=
∑

lσ

εl ⟨Ψkk′ | c†lσclσ |Ψkk′⟩ − V
∑

l

′∑

l′

′
⟨Ψkk′ | c†l′↑c

†
−l′↓c−l↓cl↑

∣∣kk′〉

= E0 + εk(1− 2v2k) + εk′(1− 2v2k′) + 2V (ukvk + uk′vk′)
∑

l

′
ulvl

= E0 +
ε2k +∆2

Ek
+

ε2k′ +∆2

Ek′

= E0 + Ek + Ek′ (A.33)

ͱٻΊΒΕΔɻ͕ͨͬͯ͠ɺӡಈྔ k͓Αͼ k′ͷిࢠΛྭ͢ىΔͨΊʹ͸EkɺEk′ ͷΤωϧΪʔ
͕ඞཁʹͳΓɺ͜ͷΤωϧΪʔ͸ (A.15)ΑΓɺඞͣ∆ΑΓେ͖͍ɻ͕ͨͬͯ͠ɺ∆͸ΤωϧΪʔ
Ϊϟοϓͱݺ͹Εɺ௒఻ಋͷ༷ʑͳੑ࣭ʹ͍ؔͯ͠܎Δɻ
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