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Nonperturbative theory of spin-split
Landau levels based on matrix mechanics

Yuki Izaki

Abstract

In principle, the energy levels under a magnetic field can be precisely calculated based

on the kɾp theory, as was shown by Luttinger and Kohn. In practice, however, it is too

complex to calculate the energy levels of electrons in solids because of the noncommuta-

tivity of the kinematical momentum operator π which does not allow us to use the simple

diagonalization technique. Even today, the energy levels under the field for multiband

systems can be obtained perturbatively using the Lowdin partitioning. The theory using

the Lowdin partitioning can give a good agreement with the experiment on Bi. However,

for PbTe, there is a considerable discripancy between the theory and experiment. In this

study, we introduce a new nonperturbative technique (π-matrix method) to calculate

exactly the energy levels under the magnetic field, considering the noncommutativity of

π. By using this technique, we can rigorously calculate the energy of electrons in solids

under the magnetic field. We apply this method to PbTe, a typical Dirac electron system,

and obtained the spin-splitting parameter that agree with the experiment. This result

can rectify the existing discrepancy between the experimental and theoretical results.

We also apply this method to Cd3As2, a typical Dirac semimetal. We show that the en-

ergy levels of Cd3As2 exhibits anomalous properties that the previous studies have never

encountered
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Luttingerͱ KohnͷཧʹΑΓݪཧతʹ࣓தͷిࢠঢ়ଶΛࢉܭʹີݫՄͰ͋Δɽ
͔͠͠ɼ࣮ݱతʹඇՄͳԋࢠࢉ (π=p− eA)ͷଘࡏʹΑΓɼྻߦαΠζ͕େ͖͘ͳΔ
ଟόϯυܥͷ࣓தిࢠঢ়ଶΛ͢ࢉܭΔ͜ͱࠔͰ͋ͬͨɽզʑɼඇՄͳԋࢠࢉ π

ͷѻ͍ʹ͠ɼ͜ΕΛ͍ͯͮجʹֶྗྻߦද͢ݱΔ͜ͱΛͨ͑ߟʢπ-matrix๏ʣɽ͜ͷ
ख๏ʹΑΓɼີݫͳ࣓தిࢠঢ়ଶͷతࢉܭΛՄͱͨ͠ɽ͞ΒʹɼσΟϥοΫిܥࢠ
࣭ͷయܕͱͯ͠ΒΕΔ PbTeͰɼ૬ରޮՌʹؔ͢ΔैདྷͷৗࣝΛ෴݁͢ՌΛಘͨɽ
͜ΕʹΑΓ࣮ݧͱཧͷෆҰகΛղফͰ͖ͨɽ·ͨσΟϥοΫۚଐ࣭Ͱ͋ΔCd3As2Ͱ
ɼଟόϯυͷ࣓தిࢠঢ়ଶΛ͢ࢉܭΔ͜ͱʹΑΓɼطଘͷ؆қతͳܕʹΑΔ݁Ռͱ
ҟͳΔಛҟͳిࢠঢ়ଶΛͭ͜ͱ͕͔ͬͨɽ
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ୈ 1ষ

ং

ɹੑཧֶͰԿΒ͔ͷ֎Λ͔͚ͯͦͷԠΛݟΔ͜ͱ͕جຊͰ͋Δɽͦͷ֎ͷ

Ұ͕࣓ͭͰ͋Δɽ࣓தͷిࢠঢ়ଶʹάϦʔϯؔٱอެࣜΛ༻͍Δ͜ͱͰଟ͘ͷ

ཧྔ͕ࢉܭՄʹͳΔɽ࣓தిࢠঢ়ଶΛ͢ࢉܭΔ͜ͱɼཧྔΛ͢ࢉܭΔ্Ͱͷ࠷ॳ

ͷҰาͰ͋Δɽྫͱͯ͠ɼ݁থதͷεϐϯيಓ݁߹ޮՌʹ͍ͭͯ͑ߟΔɽεϐϯيಓ݁߹

ޮՌ͕େ͖͍ಋମۚଐʢڧεϐϯيಓ݁߹ܥʣͰɼόϯυΪϟοϓɼܥΛಛ

͚ΔΤωϧΪʔεέʔϧʹରͯ͠εϐϯيಓ݁߹ޮՌͷΤωϧΪʔεέʔϧ͕େ͖͘ͳ

Δ͜ͱ͔Βɼిࢠঢ়ଶ͕େ͖͘มԽ͢Δɽ࣭ͷཧղ৽࣭ͷઃܭʹ͓͍ͯεϐϯيಓ

݁߹ޮՌΛཧղ͢Δ͜ͱඞཁෆՄܽͰ͋Δɽεϐϯيಓ݁߹ޮՌࢠݪཱͨ͠ݽͷ߹

ेΑ͘ཧղ͞Ε͍ͯΔ͕ɼ݁থதͰ݁থߏͦͷରশੑʹґଘ͠ɼͦΕ୯ମΛཧ

ղ͢Δ͜ͱࠔͰ͋Δɽεϐϯيಓ݁߹ޮՌ͕ݱΕΔͷ͕ɼ࣓ʹΑΔԠͰ͋Δɽε

ϐϯيಓ݁߹ޮՌ͕ͳ͍߹ɼ࣓தͰΤωϧΪʔ͕ϥϯμ४Ґʹ྾͢Δɽεϐϯ

ಓ݁߹ޮՌʹΑΓϥϯμ४Ґ͕͞Βʹೋͭͷ४Ґʹ྾͢Δɽ͜ͷ྾෯ΛධՁ͢Δي

͜ͱͰɼ݁থதͷεϐϯيಓ݁߹ޮՌΛཧղͰ͖Δɽ݁থதͷεϐϯيಓ݁߹ޮՌΛཧղ

͢ΔͨΊʹɼਫ਼៛ͳ࣓தΤωϧΪʔ͕ࢉܭඞཁͰ͋Δɽεϐϯيಓ݁߹ޮՌʹݶΒ

ͣɼ࣓ؾ߅࣓ԽͰΓग़ൃ࣓தΤωϧΪʔͰ͋Γɼ࣓தΤωϧΪʔܭ

൫ͱͳΔཧͰ͋Δɽجʹͱ͍ͬͯ෯ࢉ

͜ͷ࠷ॳͷҰาͰ͢Βࠔ͕͋ͬͨɽਤ 1.0.1ʹैདྷͷ࣓தΤωϧΪʔࢉܭख๏ͷ֓

೦ਤΛࣔ͢ɽଟ͘ͷ߹ɼ࣓தޮՌͷಋೖʹ Bohr-SommerfeldͷྔࢠԽ͕݅༻͍

ΒΕ͖ͯͨ [1–5]ɽόϯυࢉܭʢୈҰݪཧࢉܭڧଋറܕʣʹରͯ͠ྔࢠԽ݅Λ༻͍

Δ͜ͱͰ࣓தޮՌΛಋೖ͠ɼྔࢠৼಈͷࢉܭΛ͏ߦɽ͜ͷΈͰɼελʔτͷόϯ

υࢉܭͱΰʔϧͷྔࢠৼಈ͕ྔࢠͳͷʹର͠ɼؒʹڬΉྔࢠԽ݅ݹయͰ͋Δɽ

ͦͷͨΊɼڧεϐϯيಓ݁߹ܥʹ͓͚Δҟৗͳ gҼࢠͷʹରॲͰ͖ͳ͔ͬͨɽ͜Εʹ

ରͯ͠ɼk · pཧΛ༻͍Δ͜ͱͰྔࢠͷΈͰ࣓தޮՌΛີݫʹಋೖͰ͖Δ [6]ɽ

k · p ཧͰɼh̄k Λྗֶతӡಈྔ π ʹஔ͖͑Δ͚ͩͰ࣓தޮՌΛີݫʹಋೖͰ͖

Δɽ͔͠͠ɼ͜ͷ π ͕ඇՄͳԋࢠࢉͰ͋ΔͨΊɼ༗ޮܕΛ͏ɼ࣭͝ͱʹݸผͳ

ରॲΛඞཁͱ͍ͯͨ͠ɽྫ͑ɼσΟϥοΫిܥࢠ࣭ͰσΟϥοΫܕͷ 2όϯυ

ܕʢ4× ʣɼϫΠϧۚଐ࣭Ͱྻߦ4 2ϊʔυܕ (2× ͷಛ܈ɼͦͷ࣭(ྻߦ2
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ਤ 1.0.1 ैདྷͷ࣓தΤωϧΪʔࢉܭख๏ͷ֓೦ਤ

Λநग़ͨ͠༗ޮ͕ܕ༻͞Εͨɽ͜ΕΒͷ༗ޮܕɼͦΕͧΕͷ࣭܈ͷಛΛཧ

ղ͢Δ্Ͱ༗༻ͳܕͰ͋Γɼ࣮͜ࡍΕΒͷܕΛ༻͍Δ͜ͱͰɼάϦʔϯؔΛ༻͍

ͨෳࡶͳղੳࢉܭߦΘΕ͖ͯͨ [7–9]ɽҰํͰ࣮ࡍͷ࣭ͰɼͦΕΒͷಛతͳ෦

Ҏ֎ʹ༷ʑͳόϯυΛ༗͓ͯ͠Γɼ࣭ݸʑͷଟ༷ੑΛཧղ͢ΔͨΊʹΑΓෳࡶͳ

ͷଟόϯυͷΤωܕଋറڧࢉܭཧݪঢ়ଶʹऔΓΉඞཁ͕͋ΔɽཧɼୈҰࢠి

ϧΪʔ͔ࢄΒ࣓தͷΤωϧΪʔࢄΛಘΒΕΔ͜ͱͰ͋Δɼ͜ͷ՝ʹରͯ͠ɼҰछ

ͷઁಈͰ͋Δ Löwdin partitiningΛ༻͍ͯଟόϯυޮՌ̍όϯυʹՃ͑Δख๏͕ఏҊ

͞Εͨɽ͜ΕʹΑΓɼऑ࣓ʹݶΓྔࢠͷΈͰ࣓தͷిࢠঢ়ଶͷ͕ࢉܭՄͱͳ

Γɼڧεϐϯيಓ݁߹ܥʹ͓͚Δҟৗͳ gҼࢠͷղܾͰ͖ͨ [10]ɽ

͜ͷઁಈΛ༻͍ͨํ๏Ͱεϐϯ྾ม͕͞ࢉܭΕͨɽεϐϯ྾มεϐϯيಓ

݁߹ޮՌʹΑΔ྾෯ (θʔϚϯ྾) ͱݩʑͷ࣓ʹΑΔ྾෯ (αΠΫϩτϩϯΤω

ϧΪʔ)ͷൺͰఆٛ͞ΕΔɽ͜ΕʹΑΓɼ݁থதͷ૬ରޮՌΛධՁͰ͖Δɽεϐϯ྾

มྔࢠৼಈͷҐ૬෦ͱͯ͠؍ଌ͞ΕɼϕϦʔҐ૬ͱൺྫؔΛͭɽεϐϯղ

ৼಈʹΑΓଌఆՄͰ͋Γɼ࣭ؒͰ౷ҰతʹධՁՄͳྔͰ͋Δɽ͜ͷྔࢠྔ Bi

PbTeͳͲσΟϥοΫిܥࢠ࣭Λத৺ʹٞ͞Ε͖ͯͨ [10–14]ɽۙͰɼτϙϩδ

Χϧ࣭Ͱ͋Δ Bi2Se3 Ͱεϐϯ྾มͷ͕ٞߦΘΕ [15–17]ɼ෯ൣ͍ғͰ

ΛूΊग़͍ͯ͠Δɽ

σΟϥοΫిܥࢠ࣭ͷಛɼσΟϥοΫίʔϯͱΑΕΔখ͞ͳΪϟοϓΛͭ࣋ԁ

ਲ਼ܗͷόϯυࢄΛͭ࣋͜ͱͰ͋Δɽͨͩ͠ԁਲ਼ܗͷόϯυΛͭͱ͍͏͚ͩͰɼݻମ

தͷσΟϥοΫిࢠΛͭͱ͑ݴͳ͍ɽݻମதͷσΟϥοΫిࢠͷຊ࣭εϐϯيಓ݁

߹ޮՌͰ͋ΓɼݻମதͷσΟϥοΫి͔ࢠͷஅʹ࣓Λ͔͚ͯεϐϯيಓ݁߹ޮՌʹ

ΑΔԠΛ֬ೝ͢Δඞཁ͕͋ΔɽσΟϥοΫܕͰ࠷ϥϯμ४Ґ͕࣓ʹґଘ͠ͳ

͍͜ͱɼεϐϯ྾ม͕ 1 ͱͳΔ͜ͱ͕Θ͔͓ͬͯΓɼ͜Εͱൺֱ͢Δ͜ͱͰσΟ

ϥοΫిܥࢠΒ͠͞ΛධՁͰ͖Δ [14]ɽσΟϥοΫిܥࢠ࣭Ͱ͋Δ BiͰɼઁಈΛ
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ͷࢠΘΕͨɽ͜ΕʹΑΓɼࣗ༝ిߦ͕ࢉܭεϐϯ྾มͷͯ͠༺ 500ഒ͋Δ Biͷ

gҼࢠͷಾղ໌͞Εͨ [10]ɽҰํͰɼPbTeͰϏεϚεͱಉ༷ͷઁಈʹΑΔεϐϯ

྾มͷ݁ࢉܭՌͱ࣮݁ݧՌʹ 60%ఔͷ͕ࠩ͋ͬͨ [14,18]ɽ·ͨɼ͜ͷઁಈΛ༻

͍ͨख๏ऑ࣓ݶۃΛ༻͍ͯ͠Δ͜ͱʹ͓֘ͯ͠Γɼ࣓ڧͰͷٞΛ͜͏ߦͱ͕

Ͱ͖ͳ͔ͬͨɽ͜ͷΑ͏ʹσΟϥοΫిܥࢠ࣭Ͱґવͱ࣓ͯ͠தΤωϧΪʔࢉܭͷ

͕ଘͨ͠ࡏɽ

τϙϩδΧϧ࣭ͷͰɼϕϦʔҐ૬ʹΑΔྨ͕ਐΜͰ͍Δɽ͔͜͜Βɼ࣭

͝ͱͷଟ༷ੑΛௐࠪ͢Δஈ֊ͱͳΔɽϕϦʔҐ૬εϐϯ྾มͱൺྫؔʹ͋Γɼτ

ϙϩδΧϧ࣭Ͱεϐϯيಓ݁߹ޮՌΛेʹཧղ͢Δඞཁ͕͋ΔɽτϙϩδΧϧ࣭

ͷதͰɼ͕ۙू·͍ͬͯΔͷ͕τϙϩδΧϧۚଐ࣭Ͱ͋ΔɽτϙϩδΧϧۚ

ଐ࣭ͷ࠷େͷಛθϩ࣓ͷ͕ࢄೋͭͷԁਲ਼ܗͷίʔϯΛͭ͜ͱͰ͋Δɽ͜ͷಛ

ҟͳిࢠঢ়ଶ͕࣓தͰͲͷΑ͏ͳΤωϧΪʔࢄΛ͔ͭવͷٙͰ͋Δɽτϙϩ

δΧϧۚଐ࣭Ͱ 2 ϊʔυͷ؆қతͳܕ 2 όϯυʹݱޮՌΛՃ͑ͨܕΛ

༻͍࣓ͯதΤωϧΪʔͷߦ͕ࢉܭΘΕ͍ͯΔ [19–22]ɽBiʹ͓͚Δҟৗͳ gҼࢠͷ

ͷ߹ͱಉ༷ʹɼτϙϩδΧϧ࣭ͷͰଟόϯυޮՌΛؚΜ࣓ͩதΤωϧΪʔ

ɼઁಈͰଟόϯυޮࡍͷ߹ͱେ͖͘ҟͳΔ͜ͱ͕༰қʹ༧͞ΕΔɽ࣮ܕ༗ޮ͕ࢄ

ՌΛՃ͑ͨख๏ʹΑΔٞͰɼ0ͱ͔̍͠ͱΒͳ͍ͱ৴͡ΒΕ͍ͯͨϕϦʔҐ૬͕࣮࿈

ଓతͳͰ͋Δͱ͍͏͜ͱ͕ࣔ͞Ε͍ͯΔ [14]ɽޙࠓͷ৽حੑ୳͠ࡍʹࡧɼఆྔతʹਫ਼

៛ͳཧ͕ඞཁͰ͋ΓɼτϙϩδΧϧۚଐ࣭ͰଟόϯυޮՌΛؚΜ࣓ͩதΤωϧ

Ϊʔࢄͷ͕ࢉܭඞཁͱͳΔ͜ͱ͕༧͞ΕΔɽ

ͷख๏ൃల͓ͯ͠ΓɼWien2kࢉܭཧݪͰୈҰࡏݱ  VASP ͷύοέʔδΛ

༻͢Δ͜ͱͰൺֱత༰қʹόϯυ͕ࢉܭՄͱͳ͍ͬͯΔɽ͋ͱʮྔࢠͷΈʯͰ

ʮଟόϯυʯͷ࣓தΤωϧΪʔΛʮਖ਼֬ʹʯ͢ࢉܭΔख๏͑͋͞Εɼશͯͷ࣭Ͱ౷

Ұతʹ࣓தΤωϧΪʔͷ͕ࢉܭՄͱͳΔͣͰ͋Δɽຊത࢜จͰɼʮྔࢠͷ

ΈʯͰʮଟόϯυʯͷ࣓தΤωϧΪʔΛʮີݫʹʯ͢ࢉܭΔख๏ (π-matrix)Λ։ൃ

͠ [23]ɼͦΕΛ༻͍ͯσΟϥοΫిܥࢠ࣭ͱτϙϩδΧϧ࣭ͷҟͳΔೋͭͷ࣭܈Ͱ

࣓தΤωϧΪʔͷࢉܭΛ݁ͨͬߦՌΛใ͢ࠂΔɽ

ຊڀݚͰ࣓தޮՌΛಋೖͨ͠ݱʹࡍΕΔඇՄͳԋࢠࢉ π ͷଘ࠷͕ࡏେͷ

Ͱ͋Δͱ͑ߟɼֶྗྻߦͷख๏ʹश͍ π ΛަؔΛຬͨ͢ྻߦͰදͨ͠ݱ (π-matrix

๏,ਤ 1.0.2)ɽ͜ͷख๏Λ༻͍ͯσΟϥοΫిܥࢠ࣭Ͱ͋Δ PbTeͱ BiɼτϙϩδΧϧ

ۚଐ࣭Ͱ͋Δ Cd3As2 ͷ࣓தΤωϧΪʔࢄͷࢉܭΛͨͬߦɽͦͷ݁Ռɼࠓ·Ͱ࣓

ʹରͯ͠ఆͩͱ৴͡ΒΕ͍ͯͨεϐϯ྾ม͕࣮࣓ʹରͯ͠େ͖͘ґଘ͍ͯ͠

Δ͜ͱ͕͔ͬͨɽ·ͨɼθϩ࣓ۙͰઁಈΛ༻͍ͨ݁Ռͱಉ͡ΛͱΓɼ༗࣓ݶ

Ͱ࣮ݧͱಉ͡Α͏ͳ·ͰԼ͕͍ͬͯ͘͜ͱ͕͔Γɼ͜ΕʹΑΓ࣮ݧͱཧͷؒʹ

͕ࠩੜ͍ͯͨ͜͡ͱ͕Θ͔ͬͨɽ·ͨɼࠓ·ͰಉҰͰ͋Δͱ৴͡ΒΕ͍ͯͨೋͭͷεϐϯ

྾ม͕࣮ҟͳ͍ͬͯΔ͜ͱΛ໌Β͔ʹͨ͠ɽཧͰओʹ༻͍ΒΕΔɼ͋Δ࣓ͷ

θʔϚϯ྾ͱαΠΫϩτϩϯΤωϧΪʔͷൺΛऔΔ͜ͱͰ͞ࢉܭΕͨεϐϯ྾ม

MZC ͕࣓ʹରͯ͠ґଘ͢Δͷʹର͠ɼ࣮ݧͰओʹ༻͍ΒΕΔ fan-diagram plotͷ x
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ਤ 1.0.2 ৽ͨͳ࣓தΤωϧΪʔࢉܭख๏ͷ֓೦ਤ

ย͔Β͞ࢉܭΕͨMfan Խֶϙςϯγϟϧʹґଘ͢Δ͜ͱ͕Θ͔ͬͨɽ͜ͷ͜ͱ͔Βࠓ

·Ͱͷ݁ՌΛ࠶ਫ਼ࠪ͢Δඞཁ͕͋Δͱ͑ߟΒΕΔɽ·ͨɼଟόϯυͷ࣓தΤωϧΪʔ

Λͨ͜͠ࢉܭͱͰɼ༗ޮܕͰಘΒΕͳ͔ͬͨෳࡶͳΤωϧΪʔࢄΛಘͨɽ

ຊത࢜จɼશ 8 ষͰߏ͞Ε͍ͯΔɽୈ 2 ষͰࣗ༝ిࢠʹ͓͚Δ࣓தΤωϧ

Ϊʔͷํࢉܭ๏ k · p ཧɼຊڀݚʹ͓͍ͯॏཁͳૅجతͳࣝʹ͍ͭͯઆ໌͢Δɽ

ୈ 3ষͰɼτϙϩδΧϧ࣭ͷྨͷݤͱͳΔϕϦʔҐ૬ͱɼεϐϯ྾มͷؔʹ

͍ͭͯड़ɼຊڀݚͷண࣭Ͱ͋Δ Cd3As2 ؚ͕·ΕΔτϙϩδΧϧۚଐ࣭ͷ֓ཁ

ͱɼ࣮݁ݧՌʹ͍ͭͯ؆୯ʹઆ໌͢Δɽୈ 4ষͰࡏݱ·ͰʹΑ͘༻͍ΒΕ͍ͯΔ k · p
ܕΛ༻࣓ͨ͠தΤωϧΪʔͷࢉܭख๏ͱɼͦͷൃలʹ͍ͭͯઆ໌͢Δɽୈ 5 ষͰ

ɼຊڀݚͰ৽ͨʹ։ൃͨ͠ π-matrix๏ʹ͍ͭͯઆ໌͢Δɽୈ 6ষͰɼσΟϥοΫి

͕୯७ͳߏ࣭Ͱ͋Γ݁থܥࢠ PbTeͱಉ͘͡σΟϥοΫిܥࢠ࣭Ͱ͋Γ݁থߏ͕

ෳࡶͳ Bi ͷ࣓தΤωϧΪʔΛ π-matrix ๏ʹΑΓ݁ͨ͠ࢉܭՌΛड़ɼطଘͷཧ

ղͱͷൺֱΛ͢هɽୈ 7ষͰɼπ-matrix๏ͷԠ༻ͱͯ͠ɼτϙϩδΧϧۚଐ࣭Ͱ

͋Δ Cd3As2 ͷ࣓தΤωϧΪʔΛ݁ͨ͠ࢉܭՌΛड़ɼ؆қతͳܕͷ߹ͱൺֱͨ͠

݁ՌΛड़Δɽୈ̔ষʹຊจͷ݁ɼޙ࠷ʹँࣙͱߟࢀจݙΛͨ͠هɽ
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ୈ 2ষ

࣓தͷిࢠঢ়ଶ

ɹ࣭ͷిࢠঢ়ଶΛΔͨΊʹɼԿΒ͔ͷ֎Λ͔͚ͯͦͷԠΛݟΔඞཁ͕͋Δɽ

ͦͷ֎ͷҰ͕ͭɼ࣓Λ͔͚Δ͜ͱͰ͋ΔɽຊষͰɼ࣓Λ͔͚Δ͜ͱͰͦͷిࢠঢ়

ଶ͕ͲͷΑ͏ʹมԽ͢Δͷ͔Λड़Δɽ͜ͷষΛॻ͘ʹ͋ͨΓɼ[24–26]Λߟࢀʹͨ͠ɽ

2.1 ࣗ༝ిࢠͷ࣓தిࢠঢ়ଶ

࣓தͷిࢠঢ়ଶΛ͢ࢉܭΔ߹ɼϋϛϧτχΞϯʹରͯ࣍͠ͷมΛ͏ߦɽ

p → π = p+ eA (2.1.1)

͜͜ͰݱΕͨ π ྗֶతӡಈྔͱݺΕΔɽpਖ਼४ӡಈྔͰ͋Γɼ

[pi, pj ] = 0 (2.1.2)

ͷؔΛͪɼAϕΫτϧϙςϯγϟϧͰ࣓B ͱɼ

B = ∇×A (2.1.3)

ͷؔΛͭɽྗֶతӡಈྔͷަؔΛ͑ߟΔɽ

[πi,πj ] = [pi + eAi, pj + eAj ]

= [pi, pj ] + e2 [Ai, Aj ] + e (Aipj + piAj −Ajpi − pjAi)

ୈ 3߲ͷΈ͕༗ʹݶΔɽp = ih̄∇ͱҙͷؔ ψ Λ༻͍ͯɼ

piAjψ = −ih̄∇ (Ajψ) = (pjAi −Aipj)ψ

ͷ͕ؔಘΒΕΔ͜ͱ͔Βɼྗֶతӡಈྔͷަؔ࣍ͷΑ͏ʹٻ·Δɽ

[πi,πj ] = e [Aipj + (piAj −Ajpi)−Ajpi − (pjAi −Aipj)]

= e (piAj − pjAi) = ih̄e

(
∂Aj

∂xi
− ∂Ai

∂xj

)

= −ih̄eεijkBk = π × π (2.1.4)



8 ୈ 2ষ ࣓தͷిࢠঢ়ଶ

͜͜Ͱɼεijk ରশςϯιϧͰ͋Δɽ

ྗֶతӡಈྔ π Λ༻͍Δ͜ͱͰɼೋܥࢠిݩ࣍ͷ࣓தϋϛϧτχΞϯ࣍ͷΑ͏ʹ

ॻ͚Δɽ

H =
π2

2m
(2.1.5)

͔͜͜Βɼେ͖͞ B ͷ࣓͕ z Δɽϥϯμήʔδ͑ߟΔ߹Λ͍͔͔ͯͬʹํ

A = (0, Bx, 0)Λ࠾༻͢Δɽ͜ͷͱ͖ɼϋϛϧτχΞϯ࣍ͷΑ͏ʹॻ͖͑ΒΕΔɽ

H =
1

2m

[
p2x + (py + eBx)2

]
(2.1.6)

ϋϛϧτχΞϯ H  y ʹґଘ͠ͳ͍͜ͱ͔Βɼಈؔ ψ ͕ y ୯७ͳฏ໘ํ࣠

Ͱ͋Δɽਖ਼४ӡಈྔ py  h̄ky ͱஔ͖͑ΒΕɼϋϛϧτχΞϯ࣍ͷΑ͏ʹॻ͖͑Β

ΕΔɽ

H =
1

2m
p2x +

e2B2

2m

(
h̄ky
eB

+ x

)2

=
1

2m
p2x +

mω2
c

2
(x+X)2 (2.1.7)

͜͜Ͱɼωc ≡ eB/mɼX ≡ h̄ky/(eB)Ͱ͋Δɽࣜ (2.1.7)ௐৼಈࢠͷϋϛϧτχΞϯ

ͱಉ༷ͷܗͰ͋ΔɽΑͬͯɼಈؔ ψn,ky ɼ

ψn,ky (x, y) =
1√
Ly

eikyyφn (x+X) (2.1.8)

Ͱ͋Δɽ͜͜ͰɼLy ిࢠΛด͡ࠐΊ͍ͯΔํܗͷ yํͷ͞Ͱ͋Δɽ·ͨɼΦn (x)

Τϧϛʔτଟ߲ࣜ Hn (x)Λ༻͍ͯɼ

φn (x) =

(
1

2nn!
√
πlB

) 1
2

e−
1
2 (x/lB)2Hn

(
x

lB

)
(2.1.9)

ͱදͤΔɽ͜͜ͰɼlB =
√

h̄/(eB)Ͱ͋Δɽௐৼಈࢠͷ߹ͱಉ༷ʹɼ͜ͷؔ φ

ঢ߱ԋࢠࢉ π± = (πx ± πy) /
√
2ͱɼ

π+φn (x) =
√
n+ 1φn+1

π−φn (x) =
√
nφn−1

ͷؔΛͭ࣋ɽΑͬͯΤωϧΪʔݻ༗ E ɼ

En =

(
n+

1

2

)
h̄ωc (2.1.10)

ͱͳΔɽ͜͜Ͱɼn = (0, 1, 2, · · · )ඇෛͰ͋Γɼϥϯμ४ҐͷࢦඪͰ͋ΔɽҎ্
ͷΑ͏ʹ࿈ଓతͳΤωϧΪʔ࣓͕ࢄதͰࢄతͳΛͱΔ͜ͱ͕͔Δɽ͜ΕΛ

ϥϯμྔࢠԽͱΑͿɽ࿈ଓ͢ΔࢦඪΛͭϥϯμ४ҐؒͷΤωϧΪʔࠩαΠΫϩ
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τϩϯΤωϧΪʔͱΑΕɼࣗ༝ిࢠͷ߹ h̄ωc Ͱ͋Δɽࣜ (2.1.10)Ͱද͞ΕΔϥϯμ

४Ґ X ͷʹґΒͳ͍ɽͦͷͨΊɼX ͕औΓ͏Δ͚ͩϥϯμ४Ґͷॖୀ͕ڐ

͞ΕΔɽ͜ͷϥϯμ४ҐͷॖୀͷʢॖॏʣΛ͑ߟΔɽX ݅ 0 ≤ X < Lx ΑΓ

0 ≤ ky < (eB/h̄)Lx Λຬͨ͢ඞཁ͕͋Δɽ·ͨɼy࣠ํ୯ʹฏ໘Ͱ͋Δ͜ͱ͔Βɼ

ky  2π/Ly Խ͞Ε͍ͯΔɽΑͬͯɼϥϯμ४Ґͷॖॏࢠྔʹ ξ (B)࣍ͷΑ͏ʹॻ

͖දΘͤΔɽ

ξ (B) =
Ly

2π

eB

h̄
Lx ≡ eBS

h
(2.1.11)

S ిࢠΛด͡ࠐΊ͍ͯΔํܗͷ໘ੵΛද͍ͯ͠Δɽ

Δɽz͑ߟΛࢠͷࣗ༝ిݩ࣍ࡾɼʹ࣍ ɼϕΫτ͑ߟ͕͔͔͍ͬͯΔ߹Λ࣓ʹํ࣠

ϧϙςϯγϟϧϥϯμήʔδ A = (0, Bx, 0) Λ࠾༻͢Δɽ࣓ͱฏߦͳํ࣓

ʹΑΔӨڹΛड͚ͳ͍ͨΊɼࣜ (2.1.10)ΑΓܥݩ࣍ࡾͷ࣓தΤωϧΪʔ࣍ͷΑ͏ʹॻ

͚Δɽ

En =

(
n+

1

2

)
h̄ωc +

h̄2k2z
2m

(2.1.12)

͜͜·Ͱ E = h̄2k2/ (2m)Ͱද͞ΕΔࢄΛͭ࣋߹ʹ͍͖ͭͯٞͯͨ͠ɽ୯७ۚଐ

ଟ͘ͷཱํথܥಋମʹ͓͍ͯɼͦͷΤωϧΪʔ͕ࢄಋଳͷ༗ޮ࣭ྔm∗ ͱಋଳ

ͷఈͷΤωϧΪʔ Ec Λ༻͍ͯɼ

E = Ec +
h̄2k2

2m∗

ͰΑۙ͘ࣅͰ͖Δ͜ͱ͕ΒΕ͍ͯΔ [25]ɽ͜ͷ߹ɼ࣓தʹ͓͚ΔΤωϧΪʔ࣍ͷ

Α͏ʹͳΔɽ

En = Ec +

(
n+

1

2

)
h̄ω∗

c +
h̄2k2z
2m∗

c

(2.1.13)

͜͜Ͱɼω∗
c = eB/m∗

c Ͱ͋Δɽࣗ༝ిࢠͳΒͼʹͦΕʹ͍ۙࢄΛͭ࣋߹ɼ࣓தͷΤ

ωϧΪʔेཧղ͞Ε͍ͯΔɽ

2.2 ৼಈࢠྔ

ɹ࣓தͷిࢠঢ়ଶΛ؍ଌ͢Δ༗ྗͳํ๏ͷҰ͕ͭɼྔࢠৼಈΛ؍ଌ͢Δ͜ͱͰ͋Δɽ

࣓தͰΤωϧΪʔ͕ࢄϥϯμ४Ґʹ྾͢Δ͜ͱͰɼ࣓ͷٯʹൺྫͨ͠पظ

Ͱঢ়ଶີ͕ৼಈ͢Δɽͦͷ݁Ռཧྔ͕ 1/B Ͱৼಈ͢Δɽ࣓Խʹ͓͚ΔྔࢠৼಈΛ

υɾϋʔε-ϑΝϯɾΞϧϑΣϯৼಈͱݺͼɼ߅ʹ͓͚ΔྔࢠৼಈΛγϡϒχίϑ-υɾ

ϋʔεৼಈͱݺͿɽࠓઅͰɼঢ়ଶີͷྔࢠৼಈʹ͍ͭͯ֓આ͢ΔɽϑΣϧϛΤωϧ

Ϊʔ EF ҎԼͷϥϯμ४Ґͷ࠷େࢦΛ λ ͱ͢Δͱɼn < λ Γ͕ͷ͍͓ؔ࣍ͯʹ

ཱͭɽ
(
n+

1

2

)
h̄ωc < EF − h̄2k2z

2me
≡ E′

F (2.2.1)
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͜ͷͱ͖ɼཻࢠ N ɼ

N = (λ+ 1) ξ (2.2.2)

ͱॻ͚Δɽ͜͜Ͱ ξ ॖॏͰ͋Δɽ
(
λ+ 1

2

)
h̄ωc = EF ͱͳΔ·Ͱɼλ ҰఆͰ͋Δɽ

ͦͷؒɼࣜ (2.1.11)ΑΓॖॏ ξ ͕࣓ͷҰ࣍ʹൺྫ͢Δ͜ͱ͔Β N ࣓ʹରͯ͠

ઢܗʹ૿Ճ͢Δɽ͞Βʹ࣓͕૿Ճ͢Δͱɼ࠷େͷϥϯμ४Ґ λ = n′ ͕ λ = n′ − 1ʹ

มԽ͢Δɽ͜ΕʹΑΓɼཻࢠ N ʹෆ࿈ଓͳมԽ͕͜ىΔɽ࣓தͰΤωϧΪʔ͕ࢄ

ϥϯμ४ҐʹྔࢠԽ͞ΕΔ͜ͱ͔Β͜ͷΑ͏ͳෆ࿈ଓͳมԽ͕͜ىΔɽ͜Ε͕ྔࢠৼಈ

ͷݯىͱͳΔɽෆ࿈ଓͳมԽ͕͜ىΔͱ͖ɼ
(
λ+

1

2

)
=

E′
F

h̄ωc
(2.2.3)

ͱͳΔ͜ͱ͔ΒɼλͷมԽ 1/B ͷपظͰݱΕΔɽཻࢠ͕ 1/B ͷपظͰෆ࿈ଓͳมԽ

Λ͢͜ىͷͰɼঢ়ଶີ͕ 1/B Ͱৼಈ͢Δɽ

ɹ࣮ࡍʹɼࣗ༝ిࢠͷ߹Ͱঢ়ଶີͷࢉܭΛ͏ߦɽ·ͣɼάϦʔϯؔΛಋೖ͢Δɽ

G =
1

En − EF + iδ
(2.2.4)

͜͜Ͱɼδ ແݶগྔͰ͋Δɽؔࣜɼ

1

x+ iδ
=

P

x
− iπδ (x)

→ δ (x) = − 1

π
Im

(
1

x+ iδ

)

Λ༻͍Δɽ͜͜ͰɼPੵͷओΛද͠ δ (x)σϧλؔͰ͋Δɽঢ়ଶີ D ɼ

D =
∑

k

δ (Ek − EF ) (2.2.5)

Ͱఆٛ͞Εɼϥϯμ४Ґ En Λશͯ͢ͱάϦʔϯؔΛ༻͍ͯ࣍ͷΑ͏ʹॻ͚Δɽ

D = − ξ

π

∑

n=0

∫
Im

(
1

En − EF + iδ

)
dkz

ࣗ༝ిࢠͷ߹ͷ݁ࢉܭՌਤ 2.2.1 ʹࣔ͢ɽঢ়ଶີ͕ 1/B ʹൺྫͨ͠पظͰৼಈ͠

͍ͯΔɽঢ়ଶີͷൃࢄ 1/2h̄ωc ͝ͱʹ͍͖ͯىΔɽ͜Εࣗ༝ిࢠʹ͓͚Δϥϯμ

४Ґͷఈʹ͍֘ͯ͠Δɽͭ·Γɼঢ়ଶີͷൃࢄ EF ͕όϯυͷۃʹͨ͠ͱͱ͖

Δɽ͜ىʹ

2.3 ࣓தిࢠͷݹయతख๏

ɹϘʔΞ-κϯϚʔϑΣϧτͷྔࢠԽ݅Λ༻͍Δ͜ͱͰɼϥϯμ४Ґ͕ྔࢠԽ͞ΕΔ

ͷΑ͏ʹද͞ΕΔɽ࣍Խ݅ࢠΛΔ͜ͱ͕Ͱ͖ΔɽϘʔΞ-κϯϚʔϑΣϧτͷྔࢠ༷
∮

pdq = (n+ γ) 2πh̄ (2.3.1)
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1/B
(

T
−1

)

ਤ 2.2.1 ࣗ༝ిࢠʹ͓͚Δঢ়ଶີͷྔࢠৼಈͷ༷ࢠɽ1/B ʹൺྫͨ͠पظͰৼಈ͠

͍ͯΔ͜ͱ͕͔Δɽ

γఆͰ͋Γɼࣗ ༝ిࢠ์ઢόϯυͰ 1/2ɼҰൠతʹ 1/2͔ΒͣΕΔ [1,27]ɽ

पճੵɼ࣓ʹରͯ͠ਨͳ໘ͱΤωϧΪʔ໘ͱͷަࠩʹΑΓͭ͘ΒΕΔۂઢʹ

ԊͬͯߦΘΕΔɽϋϛϧτχΞϯͰ h̄k → p+ eAͷมΛ͜͏ߦͱͰ࣓தޮՌΛಋ

ೖͰ͖ΔɽΑͬͯɼ
∮

pdq =

∮
(h̄k − eA) · dq

=

∮
−e (ρ×B +A) · dρ (2.3.2)

ͱॻ͚Δɽ͜͜Ͱɼ

h̄k̇ = −ev ×B

ṙ = v =
1

h̄

∂E

∂k

Ͱ͋ΔͷͰɼ࣓ʹਨͳฏ໘ͰͷҐஔϕΫτϧΛ ρͱ͢Δͱɼ

h̄k = −eρ×B

ͱͳΔ͜ͱΛ༻ͨ͠ɽࣜ (2.3.2)ͷӈลୈҰ߲࣍ͷΑ͏ʹͳΔɽ

∮
ρ×B · dρ = −B ·

∮
ρ× dρ = −2πρ2B

= −2Φ

͜͜Ͱ Φ ిي͕ࢠಓͷ࣓ଋͰ͋Δɽࣜ (2.3.2) ӈลୈೋ߲ετʔΫεͷఆཧ

͔Βɼ
∮

A · dρ =

∫
(∇×A) dσ

=

∫
Bdσ = Φ
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Ͱ͋Δɽσ يಓ͕ඳ࣮ۭؒ͘ͷ໘ੵͰ͋Δɽ࠷ऴతʹཧ͢Δͱࣜ (2.3.2)࣍ͷΑ͏

ʹॻ͚Δɼ
∮

p · dq = eΦ (2.3.3)

ࣜ (2.3.1)ͱࣜ (2.3.3)͔Βɼ࣍ͷཱ͕ؔࣜ͢Δɽ

Φ = (n+ γ)
2πh̄

e
(2.3.4)

໘ੵۭ࣮ؒʹޙ࠷ σ ͱۭؒͷ໘ੵ S ͷؔΛ͑ߟΔɽh̄k̇ = −eṙ ×B ʹ࣓ํ

ͷ୯ҐϕΫτϧ k̂z Λ͔͚Δɽ

k̂z × h̄k̇ = k̂z ·B · (−eṙ)− k̂z (−eṙ)B

= −eB
[
ṙ − k̂z

(
k̂z · ṙ

)]
= eBρ̇ (2.3.5)

ࣜ (2.3.5)Λؒ࣌ʹ͍ͭͯੵ͢Δͱ࣍ͷΑ͏ʹͳΔɽ

ρ (t)− ρ (0) = − h̄

eB
k̂z × [k (t)− k (0)] (2.3.6)

͜ͷ݁Ռ͔Βɼ࣮ۭؒ ρ͔Βۭؒ k ͷมʹ h̄/eB Λ͔͚ͯ π/2ճస͢Εྑ

͍ɽΑͬͯɼ࣮ۭؒ໘ੵ σ ͱۭؒͷ໘ੵ S ɼ

σ = h̄2e2B2S (2.3.7)

ͷؔʹ͋ΔɽΑͬͯɼࣜ (2.3.3)࣍ͷΑ͏ʹॻ͖͑Δ͜ͱ͕Ͱ͖Δɽ

Φ = B
h̄2

e2B2
S =

2π

e
(n+ γ)

→ S =
2πeB

h̄2 (n+ γ) (2.3.8)

2.4 k · pཧ
k · pཧόϯυʹ͓͚Δ༗ޮ࣭ྔm∗ Λݟग़ͨ͢Ίʹಛʹ༗ޮͰ͋ΔɽͦͷͨΊɼ

k · pઁಈ༗ޮ࣭ྔΛٻΊΒΕΔ͚ͩͷཧͱ͑ߟΒΕ͕ͪͰ͋Δɽ͔࣮͠͠ࡍʹɼ
࣓ෆ७ͷޮՌΛີݫʹѻ͑Δ༏Εͨཧʹ֦ுͰ͖Δɽk · pཧ͕࣓தෆ७
ޮՌΛີݫʹѻ͑Δ͜ͱΛࣔͨ͠ J.M.LuttingerͱW.Kohnͷจ [6]Λத৺ʹ k · p
ཧʹ͍ͭͯઆ໌͢Δɽ

2.4.1 k · pઁಈ

ॳʹඪ४తͳ࠷ͣ· k · pཧΛઆ໌͢Δɽ͜ͷํ๏Ͱɼ͋Δ k0 Λத৺ͱͨ͠ڱ

͍ϒϦϧΞϯκʔϯʹݶఆ͠ɼઁಈΛ༻͍Δ͜ͱͰ༗ޮ࣭ྔΛ͢ࢉܭΔɽຊจͰɼ
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͜ͷख๏ΛΩοςϧͷڭՊॻ [24]ʹͳΒ͍ɼk · pઁಈͱݺͿɽҰཻܥࢠͰपظϙςϯ
γϟϧ V (x)தͷిࢠΛ͑ߟΔɽγϡϨσΟϯΨʔํఔࣜ࣍ͷΑ͏ʹॻ͚Δɽ

Hψ =

[
p2

2m
+ V (r)

]
ψ = Eψ (2.4.1)

·ͨɼϒϩοϗͷఆཧΑΓಈؔ ψ ࣍ͷΑ͏ʹදͤΔɽ

ψ = eik·run,k (r) (2.4.2)

͜͜ͰɼnόϯυࢦඪΛද͠ɼk ୈҰϒϦϧΞϯκʔϯͷΛද͢ɽࣜʢ2.4.1ʣ

ʹࣜʢ2.4.2ʣΛೖ͢Δ.

Hψ =

[
p2

2m
+ V (r)

]
eik·run,k (r)

=
1

2m

(
−ih̄∇2

)
eik·run,k (r) + V (r) eik·run,k (r)

= Eeik·run,k (r) (2.4.3)

ࣜʢ2.4.3ʣͷೋߦୈҰ߲Λཧ͢Δͱɼ

1

2m
(−ih̄)2

[
−k2eik·run,k (r) + 2ikeik·r∇un,k (r) + eik·r∇2un,k (r)

]

= eik·r
[
h̄2k2

2m
+

h̄

m
k · p+

p2

2m

]
un,k (r)

(2.4.4)

ͱͳΔɽΑͬͯɼࣜ (2.4.3)ͷ྆ลΛ eik·r Ͱׂͬͯཧ͢Δͱ࣍ͷΑ͏ʹͳΔɽ
{

p2

2m
+

h̄

m
k · p+

h̄2k2

2m
+ V (r)

}
unk (r) = Eunk (r) (2.4.5)

ลʹ͍ͭͯɼࣜࠨ (2.4.1)Λྀ͢ߟΔͱɼ
{
H +

h̄

m
k · p+

h̄2k2

2m

}
unk (r)

Ͱ͋ΔɽҎ্ͷૢ࡞Ͱ৽ͨʹग़͖߲ͯͨͰ͋Δ H ′ = h̄
mk · p + h̄2k2

2m Λઁಈͱͯ͠ѻ͍ɼ

ಈํఔࣜΛղ͘ͷ͕ k ·pઁಈͰ͋ΔɽH ′ Λઁಈͱ͢ΔͨΊ k͕খ͍͞ൣғɼ͢ͳΘ

ͪόϯυʹ͓͍ͯͷΈ͜ͷཧΓཱͭ͜ͱΛҙ͠ͳͯ͘ͳΒͳ͍ɽ͋Δ n ൪

ͷόϯυʹ͢Δɽ͜ͷͱ͖ɼΤωϧΪʔೋઁ࣍ಈͷൣғͰɼ࣍ͷΑ͏ʹදͤΔɽ

εn (k) = εn (0) +
h̄2k2

2m
+

h̄

2m

∑

j $=n

|〈n0 |k · p| j0〉|2

εn (0)− εj (0)
(2.4.6)

·ͨɼ༗ޮ࣭ྔm∗ ͷఆٛɼ

m∗ =

[
i

h̄

d2εn (k)

dk2

]−1

(2.4.7)

Ͱ͋ΔͷͰɼࣜ (2.4.6)ͱࣜ (2.4.7)Λྀ͢ߟΔͱ༗ޮ࣭ྔͷදࣜΛಘΔ͜ͱ͕Ͱ͖Δɽ

m

m∗ = 1 +
2

m

∑

j $=n

|〈n0 |p| j0〉|2

εn (0)− εj (0)
(2.4.8)
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2.4.2 Luttinger-Kohnͷཧ

લઅͰɼ࣓ͷ͔͔͍ͬͯͳ͍߹ͷ k · p ઁಈͷઆ໌Λͨͬߦɽk · p ઁಈͰ

ɼີݫʹ࣓தޮՌѻ͏͜ͱࠔͰ͋Δɽk ·pઁಈͰɼϒϩοϗؔΛѻͬͯ
͍ͨɽϒϩοοϗؔपظతϙςϯγϟϧʹର͢ΔγϡϨσΟϯΨʔํఔࣜͷղͰ͋ͬ

ͨɽ͔͠͠ɼ࣓தͰϙςϯγϟϧ͕पظతͰͳ͘ͳΔͨΊɼ͜ͷ··ϒϩοϗͷؔ

Λѻ͏͜ͱ͕ग़དྷͳ͔ͬͨɽ͜ͷΛղܾͨ͠ͷ͕ Luttingerͱ KohnʹΑΔจͰ͋

Δ [6]ɽ͜ͷཧʹΑΓɼk · pཧઁಈΛΘͳ͍ີݫͳཧͱͳͬͨɽҎԼͦͷཧ
ͷৄ͍͠༰Λղઆ͢Δɽ

पظϙςϯγϟϧதʹ͓͚ΔిࢠͷϋϛϧτχΞϯΛH0 ͱ͢ΔɽU Λෆ७ʹΑΔ

Ճͷϙςϯγϟϧͱ͢ΔɽH0 ͷݻ༗ؔΛ ψnk ͱ͠ɼݻ༗Λ εn (k)ͱ͢Δɽ͜͜Ͱɼ

nόϯυࢦඪɼkୈҰϒϦϧΞϯκʔϯͷͰ͋ΔɽγϡϨσΟϯΨʔํఔࣜ࣍

ͷΑ͏ʹͳΔɽ

H0ψnk = εn (k)ψn,k (2.4.9)

ෆ७Λࡍͨ͑ߟͷಈؔ ψ Λ͚ͭݟΔͨΊɼ࣍ͷಈํఔࣜΛղ͘ඞཁ͕͋Δɽ

(H0 + U)ψ = εψ (2.4.10)

͜ΕΛղ͘ʹ͋ͨΓɼҰൠతʹಈؔΛϒϩοϗؔ͘͠ϫχΤؔͰల։͢

ΔɽϒϩοϗͷؔͰల։͢Δͱ࣍ͷΑ͏ʹͳΔɽ

ψnk = eik·runk (2.4.11)

͜͜Ͱɼunk ϒϩοϗͷपؔظͰ͋Δɽ͜ͷ ψnk ɼશܥͰ͋ΕͲͷΑ͏ͳಈ

ؔͰల։͢Δ͜ͱ͕ՄͰ͋Δɽͦ͜ͰɼLuttinger-KohnͷཧͰ࣍ͷΑ͏ͳؔ

Λ͑ߟΔɽ

χnk = eik·run0 (2.4.12)

͜͜Ͱɼun0 όϯυͷఈʹ͓͚ΔϒϩοϗͷपؔظͰ͋Δɽ͜ͷ৽͍ؔ͠ χ ψnk

Ͱ͋ΔɽϒϩοϗؔͰల։ՄͳҙͷؔܥߦશͰ͋Εɼඞͣܥߦશ͕

͕ɼLuttinger-KohnͷཧͰಋೖ͞Εͨ৽ͨͳؔ χnk ʹΑΓల։ՄͰ͋Δ͜ͱΛҎ

Լʹࣔ͢ɽ͋Δؔ f (r)Λ ψnk Ͱల։͢Δɽ

f (r) =
∑

n

∫
dkgn (k)ψnk

=
∑

n

∫
dkgn (k) e

ik·runk (2.4.13)

पؔظόϯυͷఈͷपؔظͰॻ͖ද͢͜ͱ͕Ͱ͖ɼ࣍ͷΑ͏ʹॻ͚Δɽ

unk =
∑

n′

bnn′ (k)un′0 (2.4.14)
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ࣜ (2.4.14)Λࣜ (2.4.13)ʹೖ͢Δͱ࣍ͷΑ͏ʹͳΔɽ

f (r) =
∑

n

∑

n′

∫
dkgn (k) bnn′eik·run′0 (2.4.15)

nͱ n′ Λަͯ͠ͳ͍ͷͰɼ

f (r) =
∑

n

∑

n′

∫
dkgn′ (k) bn′ne

ik·run0

=
∑

n

∫
dkg̃n (k) e

ik·rχnk (2.4.16)

ͱͳΔɽ͜͜Ͱɼ

g̃n (k) =
∑

n′

gn′ (k) bn′n (k) (2.4.17)

Ͱ͋ΔɽҎ্ͷΑ͏ʹɼϒϩοϗͷपؔظ unk Ͱల։Մͳҙͷؔ Luttinger-

KohnͷཧͰಋೖ͞Εͨ৽ͨͳؔ χnk ʹΑΓల։͢Δ͜ͱ͕ՄͰ͋Δɽ

ʹ࣍ χnk ͷੑ࣭Λ͑ߟΔɽϒϩοϗͷಈؔަੑΛͭ࣋ɽ

〈ψnk,ψn′,k′〉 =
∫
ψ∗
nkψn′k′dr

=

∫
e
i
(
k − k′)·r

u∗
nkun′kdr

= δ (k − k′) δnn′ (2.4.18)

χnk ʹ͍ͭͯಉ༷ʹ͑ߟΔɽ

〈χnk,χn′,k′〉 =
∫

e
i
(
k − k′)·r

u∗
n0un′0dr

(2.4.19)

un0 ֨ࢠͷपੑظΛ͍ͯͬ࣋ΔͨΊɼϑʔϦΤڃʹల։͕ՄͰ͋Δɽ

u∗
n0un0 =

∑

m

Bnn′

m e−iKm·r (2.4.20)

͜͜ͰɼBnn′

m ͨͩͷͰ͋ΓɼKm ࢠ֨ٯϕΫτϧͰ͋Δɽࣜ (2.4.20) Λࣜ

(2.4.19)ʹೖ͢Δɽ

〈χnk,χn′k′〉 =
∫

ei(k−k′)·ru∗
n0un′0dr

=

∫
ei(k−k′−Km)·r

∑

m

Bnn′

m dr

= (2π)3
∑

m

Bnn′

m δ (k− k′ −Km) (2.4.21)
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k, k′ ୈҰϒϦϧΞϯκʔϯʹଘ͢ࡏΔɽΑͬͯɼk− k′ −Km = 0 ཱ͕͢Δͷ

Km ͕ୈҰϒϦϧΞϯκʔϯʹଘ͢ࡏΔ߹ʢm=0ʣͷΈͰ͋Δɽ͜ͷ͜ͱ͔Βɼࣜ

(2.4.21)࣍ͷΑ͏ʹॻ͖͑ΒΕΔɼ

〈χnk,χn′k′〉 = (2π)3 Bnn′

0 δ (k− k′) (2.4.22)

ࣜ (2.4.20)ΑΓɼϑʔϦΤมΛ͑ߟΔͱ࣍ͷΑ͏ͳࣜΛಘΔɽ

Bnn′

m =
1

Ω

∫
eiKm·ru∗

n0un′0dr (2.4.23)

m = 0ͷ߹Λ͑ߟΔɽࣜ (2.4.18)͔Βɼ

Bnn′

0 =
1

Ω

∫
u∗
n0un′0dr

=
1

(2π)3
δnn′ (2.4.24)

ͱͳΔɽࣜ (2.4.24)Λࣜ (2.4.22)ʹೖ͢Δɽ

〈χnk,χn′k′〉 = δnn′δ (k − k′) (2.4.25)

Ҏ্ͷ͜ͱ͔ΒɼLuttinger-KohnͷཧʹΑΓಋೖ͞Εͨؔ χnk ͕ަੑΛຬͨͯ͠

͍Δ͜ͱ͕֬ೝͰ͖ͨɽ

͔͜͜Βɼࣜ (2.4.10)ͷΑ͏ͳݻ༗ํఔࣜʹ͍ͭͯ͑ߟΔɽ·ͣɼಈؔΛ࣍ͷ

Α͏ʹஔ͘ɽ

ψ =
∑

n′

∫
dk′An′ (k′)χn′k′ (2.4.26)

͜ΕΛࣜ (2.4.10)ʹೖ͢Δɽ

(H0 + U)
∑

n′

∫
dk′An′ (k′)χn′k′ = ε

∑

n′

∫
dk′An′ (k′)χn′k′ (2.4.27)

Β͔ࠨ χnk Λֻ͚Δɽ

∑

n′

∫
dkχnk (H0 + U)χn′k′An′ (k′) = ε

∑

n′

∫
dkAn′ (k)χnkχn′k′

(2.4.28)

ҎԼ χnk,χn′k′ Λجఈͱͨ͠ྻߦཁૉΛ 〈nk|H |nk〉 ͱද͢ɽ͜ΕΛ༻͍ͯࣜ (2.4.28)

Λཧ͢Δɽ

∑

n′

∫
dk 〈nk| (H0 + U) |n′k′〉An′ (k′) = εAn (k) (2.4.29)

ΔɽH0͑ߟ͍ͯͭʹཁૉྻߦลͷࠨ ɼ

〈nk|H0 |n′k′〉 =
∫

e−ik·ru∗
n0H0e

ik′·run′0 (2.4.30)
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Ͱ͋Δɽ͜͜ͰɼH0 = p2/2m+ V (x)Ͱ͋ΔͷͰɼ

H0e
ik′·rψ =

p2

2m

(
eik

′·rψ
)
+ V (x)

(
eik

′·rψ
)

(2.4.31)

ͱͳΔɽࣜ (2.4.31)ͷୈ 1߲ʹ͍ͭͯ͑ߟΔɽp = −i∇Ͱ͋ΔͷͰ

−1

2m

(
∇2eik

′·rψ
)
= − 1

2m

(
∇eik

′·r∇ψ + ik′∇eik
′·rψ

)

=
−1

2m

(
ik′eik

′·r∇ψ + eik
′·r∇2ψ − k′2eik·r + ikeik

′·r∇ψ
)

= eik
′·r
(
k′ · p
m

+
p2

2m
+

k′2

2m

)
ψ (2.4.32)

Αͬͯɼࣜ (2.4.31)࣍ͷΑ͏ʹॻ͚Δɽ

H0e
ik′·r = eik

′·r
(
k′ · p
m

+
p2

2m
+

k′2

2m

)
+ V (x) eik

′·r (2.4.33)

͜ΕΛࣜ (2.4.30)ʹೖ͢Δɽ

〈nk|H0 |n′k′〉 =
∫

e−ik·ru∗
n0H0e

ik′·run′0

=

∫
ei(k

′−k)·ru∗
n0

(
k′ · p
m

+
p2

2m
+

k′2

2m
+ V (x)

)
un′0dr

=

∫
ei(k

′−k)·ru∗
n0

(
H0 +

k′ · p
m

+
k′2

2m

)
un′0dr

=

∫
ei(k

′−k)·ru∗
n0

(
εn′ +

k′ · p
m

+
k′2

2m

)
un′0dr (2.4.34)

͜͜Ͱɼࣜ (2.4.25)ΑΓपؔظ෦ɼ
∫

ei(k
′−k)·ru∗

n0un′0dr = δ (k − k′) δnn′

= δ (k′ − k)
(2π)3

Ω

∫
u∗
n0un′0dr (2.4.35)

Ͱ͋ΔͷͰɼࣜ (2.4.34)Λ࣍ͷΑ͏ʹॻ͖͑ΒΕΔɽ

〈nk|H0 |n′k〉 = δ (k′ − k)
(2π)3

Ω

∫
u∗
n0

(
εn′ +

k′ · p
2m

+
k′2

2m

)
un′0dr

= δ (k′ − k)

[(
εn′ +

k2

2m

)
δnn′ +

kαpαnn′

m

]
(2.4.36)

͜͜Ͱɼpαnn′ ࣍ͷΑ͏ʹఆٛͨ͠ɽ(h̄ = 1ͱͨ͠)

pαnn′ =
(2π)3

Ω

∫
u∗
n0

(
1

i
∇α

)
un′0dr (2.4.37)

pαnn′ όϯυͷఈͷӡಈྔͷྻߦදࣔͰ͋Δɽpαnn′ (k) = m∂ε (k) /∂kα Ͱ͋ΓɼҎԼͷ

Α͏ͳੑ࣭Λͭ࣋ɽ

pαnn = 0, pαnn′ = pαn′n = (pαnn′)
∗ (2.4.38)
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ɼࣜʹ࣍ (2.4.29)ʹ͓͚Δ U ͷྻߦཁૉʹ͍͍ͭͯͯ͑͘ߟɽࣜ (2.4.20)Λ༻͍Δͱɼ

〈nk|U |n′k〉 =
∫

ei(k
′−k)·rUu∗

n0un′0dr

=
∑

m

∫
ei(k

′−k)·rBnn′

m e−iKm·rUdr

= (2π)3
∑

m

Bnn′

m U (k − k′ +Km) (2.4.39)

ͱͳΔɽ͜͜Ͱ U (k) U ͷϑʔϦΤมͰ͋Γɼ࣍ͷΑ͏ʹఆٛͨ͠ɽ

U (k) ≡ 1

(2π)3

∫
dre−ik·rU (r) (2.4.40)

͜͜ͰɼLuttingerͱ KohnͷཧͷϙΠϯτͱͳΔॏཁͳ͕͋ΔɽͦΕɼU͕ΏΔ

͔ʹมԽ͢ΔͱԾఆΛ͢Δ͜ͱͰ͋ΔɽU ͕Ժ͔Ͱ͋Δͱ͢Δͱ͖ɼk ͱ k′ Km

ʹൺͯඇৗʹখ͘͞ͳΔɽͦͷͨΊm = 0ͷ߹ͱൺͯm *= 0ͷ߹࣍ߴͷϑʔ

ϦΤ͕͋Γɼࣜ (2.4.39)݁Ռͱͯ͠খ͘͞ͳΔɽΑͬͯɼm = 0ͷ߹ͷΈΛ͑ߟ

Εྑ͍ɽࣜ (2.4.39)࣍ͷΑ͏ʹॻ͖͑Δ͜ͱ͕ՄͰ͋Δɽ

〈nk|U |n′k〉 = (2π)3 Bnn′

0 U (k − k′)

= δnn′U (k − k′) (2.4.41)

ࣜ (2.4.36)ͱࣜ (2.4.41)ΑΓࣜ (2.4.29)࣍ͷΑ͏ʹॻ͖දͤΔɽ
(
εn +

k2

2m

)
An (k) +

∑

n′ $=n

kαpαnn′

m
An′ (k)

+

∫
dk′U (k − k′)An (k

′) = εAn (k) (2.4.42)

Luttinger-Kohn ཧͷ࠷େͷಛͷҰ͕ͭɼ࣓தޮՌΛ༰қʹಋೖͰ͖Δʹ͋

Δɽ࣓தޮՌΛಋೖ͢Δʹɼࣜ (2.1.1) ͱಉ༷ʹɼh̄k → π ͷมΛ͏ߦඞཁ͕͋

Δɽࣜ (2.4.11)ͷΑ͏ʹϒϩοϗؔΛ༻͍ͯಈؔΛల։ͨ͠߹ɼपؔظ෦ʹ

 k ΛؚΉɽ͜ͷपؔظ෦ͷ k Λ π ʹม͢Δͷཧతʹࠔ͕͏ɽ

ҰํͰࣜ (2.4.12) ͷΑ͏ʹల։Λ͜͏ߦͱͰपؔظ෦ʹ k ؚ͕·Εͳ͍ͷͰɼ

h̄k → π ͷม͕༰қʹͳΔɽ·ͨɼݩʑͷपؔظͱόϯυఈͷपؔظͷ͔ؔΒ

[ࣜ (2.4.14)]ɼLuttinger-KohnͷཧجఈΛແݶʹऔΕີݫͰ͋Δ͜ͱ͕͔ΔɽҎ

্ͷΑ͏ʹ Luttinger-KohnͷཧʹΑΓɼk ·pཧ࣓தޮՌΛີݫʹಋೖͰ͖Δ༏
ΕͨཧͱͳΔɽୈ 4ষҎ߱Ͱɼk · pཧΛ༻͍࣓ͨதͷిࢠঢ়ଶͷํࢉܭ๏ͱͦ
ΕΛ࣮ࡍͷ࣭ʹରͯ͠ద༻ͨ݁͠ՌΛࣔ͢ɽ

2.5 εϐϯيಓ݁߹ޮՌͱεϐϯ྾ม

ຊڀݚʹ͓͚ΔॏཁͳΩʔϫʔυͷҰ͕ͭεϐϯيಓ݁߹Ͱ͋Δɽ݁থதͷεϐϯيಓ

݁߹ͷޮՌ࣓தͰେ͖͘ݱΕΔɽ͜ͷઅͰຊڀݚͷૅجࣝͱͳΔɼεϐϯيಓ݁

߹ޮՌͷղઆͱ݁থதʹ͓͚ΔධՁํ๏ʹ͍ͭͯड़Δɽ
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εϐϯيಓ݁߹ͷޮՌ͕σΟϥοΫํఔࣜͷવͷ݁ؼͰ͋Δ͜ͱΛࣔ͢ɽ֩ࢠݪͷप

ΓΛి͕ࢠӡಈ͍ͯ͠Δ߹Λ͑ߟΔɽm Λిྔ࣭ࢠɼV (r) Λϙςϯγϟϧͱ͢Δͱ

σΟϥοΫํఔࣜ࣍ͷΑ͏ʹද͞ΕΔ [28]ɽ

ih̄
∂

∂t
Ψ = [α · p+ βm+ V (r)]Ψ

Ψ =

(
φ
χ

)
(2.5.1)

͜͜Ͱɼα,β ҎԼͷΑ͏ͳྻߦͰ͋Δɽ

αi =

(
0 σi
σi 0

)
,β =

(
I2 0
0 −I2

)
(2.5.2)

σx =

(
0 1
1 0

)
,σy =

(
0 −i
i 0

)
,σz =

(
1 0
0 −1

)
(2.5.3)

σ ύϦྻߦͰ͋Δɽࣜ (2.5.1)࣍ͷΑ͏ʹมܗͰ͖Δɽ
[(

0 σ
σ 0

)
· p+

(
I2 0
0 −I2

)
m+ V (r)

] [
φ
χ

]
= Ê

[
φ
χ

]

⇒σ · pχ+mφ+ V (r)φ =
(
Ê′ +m

)
φ

σ · pφ−mχ+ V (r)χ =
(
Ê′ +m

)
χ

⇒σ · pχ+ V (r)φ− Ê′φ = 0

σ · pφ− 2mχ+ V (r)χ− Ê′χ = 0

⇒
(
Ê′ − V (r)

)
φ− σ · pχ = 0 (2.5.4)

(
Ê′ + 2m− V (r)

)
χ− σ · pφ = 0 (2.5.5)

͜͜Ͱɼ

Ê = Ê′ +m (2.5.6)

ͱͨ͠ɽࣜ (2.5.5)ΑΓɼm , V (r)͔ͭ Ê′ - mͷͱ͖࣍ͷΑ͏ͳ͕ؔࣜΓཱͭɽ

2mχ = σ · pφ
⇒χ =

σ · p
2m

φ (2.5.7)

p/m = v Ͱ͋ΔͷͰɼ

χ ∝ vφ (2.5.8)

Ͱ͋Δɽ͜ͷ͜ͱ͔Βɼχ φͱൺͯ vͷΦʔμʔͰখ͍͜͞ͱ͕͔Δɽઌ΄Ͳͱಉ

༷ʹࣜ (2.5.5)ΑΓɼ

χ =
(
Ê′ + 2m− V (r)

)−1
σ · pφ (2.5.9)
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Ͱ͋Γɼ͜ΕΛࣜ (2.5.6)ʹೖ͢Δͱ࣍ͷΑ͏ʹͳΔɽ

(
Ê′ − V (r)

)
φ− σ · p

(
Ê′ + 2m− V (r)

)−1
σ · pφ

⇒ Ê′φ =
1

2m
(σ · p)

(
1 +

Ê′ − V (r)

2m

)−1

(σ · p)φ+ V (r)φ (2.5.10)

͜ΕΛ
(
Ê′ − V (r)

)
/2mͷ͖Ͱల։͠ɼ࠷࣍·ͰͱΔɽ࣍ͷ̏ͭͷؔࣜΛ༻͍Δɽ

(
1 +

Ê′ − V (r)

2m

)−1

/ 1− Ê′ − V (r)

2m
(2.5.11)

pV (r) = V (r)p− ieh̄∇φ (2.5.12)

(σ ·∇V (r)) (σ · p) = (∇V (r)) · p+ iσ · [(∇V (r))× p] (2.5.13)

͜ΕΒͷࣜΛࣜ (2.5.9)ʹೖ͢Δͱ࣍ͷΑ͏ʹͳΔɽ

Ê′φ =
1

2m
(σ · p) (σ · p)φ− 1

2m

Ê′

2m
(σ · p) (σ · p)φ

+
1

2m

1

2m
(σ · p) (V (r)) (σ · p)φ+ V (r)φ

=
p2

2m

(
1− Ê′ − V (r)

2mc2
+ V (r)

)
φ+

1

4m2
(−ih̄) (σ ·∇V (r)) (σ · p)φ

=
p2

2m

(
1− Ê′ − V (r)

2m
+ V (r)

)
φ+

h̄2

4m2
(∇V (r)) (∇V (r))

+
h̄

4m2
[∇V (r)× pψ1] (2.5.14)

؆୯ͷͨΊɼÊ′ − V (r)ٴͼ p2/2mͷظ mͷظʹରͯ̍࣍͠ͷΦʔμʔͷ

ඍগྔͰ͋Δͱ͑ߟΔɽͦͷ݅Լʹ͓͍ͯ
(
Ê′ − V (r)

)
p2 Λ p4/2mͰஔ͖͑Β

ΕΔɽ·ͨɼ੩ిϙςϯγϟϧ͕ٿରশͰ͋Δͱɼ࣍ͷΑ͏ͳཱ͕ؔࣜ͢Δɽ

∇φ ·∇ =
dV (r)

dr

∂

∂r
(2.5.15)

∇φ =
1

r

dV (r)

dr
r (2.5.16)

͜ΕΒΛ౿·͑Δͱɼࣜ (2.5.14)ҎԼͷΑ͏ʹॻ͖ͤΔɽ

Ê′φ =

(
p2

2m
+ V (r)− p4

8m3
− h̄2

4m2

dV (r)

dr

∂

∂r
+

1

2m2

1

r

dV (r)

dr
S ·L

)
φ(2.5.17)

͜͜ͰɼS εϐϯ֯ӡಈྔԋࢠࢉɼLيಓ֯ӡಈྔͰ͋Δɽ

S =
1

2
h̄σ, L = r × p (2.5.18)

ࣜ (2.5.17) ͷୈҰ߲͓Αͼୈೋ߲ඇ૬ରతͳ߹ͷγϡϨσΟϯΨʔํఔࣜͱಉҰ

ͷܗΛ͓ͯ͠Γɼୈ߲ࡾ૬ରత࣭ྔิਖ਼ͷ߲Ͱ͋Δɽୈ߲࢛੩ిΤωϧΪʔͷ૬
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W L Γ X W K

E
n
er
gy

(e
V
)

ਤ 2.5.1 ୈҰݪཧࢉܭιϑτ Wien2k [29] ʹΑΓ͞ࢉܭΕͨ PbTe ͷిࢠঢ়ଶɽ

ಓ݁߹ޮՌ͋Γɽيಓ݁߹ޮՌͳ͠ɽԫ৭ɿεϐϯيɿεϐϯࢵ

ରతิਖ਼߲Ͱ͋Δɽޙ࠷ͷ߲͕εϐϯͱيಓͷ݁߹ͷ߲Ͱ͋Γɼ͜Ε͕εϐϯيಓ݁߹

ޮՌͰ͋Δɽ

HSOC =
1

2m2

1

r

dV (r)

dr
S ·L

(
=

h̄

4m2
σ ·∇V (r)× p

)
(2.5.19)

Ҏ্ͷΑ͏ʹɼεϐϯيಓ݁߹ͷޮՌσΟϥοΫํఔࣜͷવͷ݁ؼͱͯ͠ग़ͯ͘Δɽ

ಓ݁߹ेཧղ͕ՄͰ͋Δɽي߹ʹεϐϯͨ͑ߟΛࢠిཱͨ͠ݽ

݁থதʹ͓͍ͯεϐϯيಓ݁߹ޮՌେ͖͘ݱΕΔ߹͕͋Δɽਤ 2.5.1ʹ PbTeʹ

͓͚Δεϐϯيಓ݁߹ޮՌʹΑΔిࢠঢ়ଶͷมԽΛࣔ͢ɽPbTeͷΑ͏ʹόϯυΪϟοϓ

͕খ͍࣭͞Ͱεϐϯيಓ݁߹ޮՌ͕େ͖͘ݱΕɼେ͖͘ిࢠঢ়ଶ͕มԽ͢Δ͜ͱ͕

͔Δɽಛʹಋʹؔ༩͢ΔόϯυΪϟοϓपลͰେ͖ͳมԽ͕͓͖ͯىΓɼεϐϯيಓ݁

߹ޮՌʹΑΔੑͷมԽ͕ݟΒΕΔ͜ͱ͕ظ͞ΕΔɽ݁থதʹ͓͍ͯɼيಓͷରশੑ

݁থࣗମͷରশੑʹΑΔӨڹΛड͚ΔͨΊɼεϐϯيಓ݁߹ޮՌ୯ମΛධՁ͢Δ͜ͱ͕

͍͠ɽ݁থதͷεϐϯيಓ݁߹ޮՌͷಛతͳݱͷҰͭʹθʔϚϯ྾͕͛ڍΒΕ

Δɽ࣓தͰલड़ͷΑ͏ʹిࢠঢ়ଶ͕ࢄతͳϥϯμ४ҐΛͱΔɽ͜ͷ࣓ʹΑΔ

྾෯͕αΠΫϩτϩϯΤωϧΪʔͰ͋Δɽ͜ͷϥϯμ४Ґ͕εϐϯيಓ݁߹ޮՌʹΑΓ

྾͢Δɽ͜ͷεϐϯيಓ݁߹ޮՌʹΑΔ྾෯͕θʔϚϯ྾Ͱ͋Δʢڧεϐϯيಓ݁

Ͱ͖Δɽʣɽ͜ͷθʔϚϯ྾ͱαΠࢹेখ͘͞ɼແڹͷ߹ɼདͷεϐϯͷӨܥ߹

ΫϩτϩϯΤωϧΪʔͷൺΛऔΔ͜ͱͰɼεϐϯيಓ݁߹ޮՌΛධՁ͢Δ͜ͱ͕Ͱ͖Δɽ

θʔϚϯ-αΠΫϩτϩϯൺʹΑΓఆٛ͞ΕΔྔ͕εϐϯ྾มͰ͋Δɽ࣓தͷࣗ༝

Δɽϥϯμ४Ґ͑ߟಓ݁߹ޮՌΛՃ͑ͨ߹Λيεϐϯʹࢠి En ͕εϐϯيಓ݁߹

ޮՌʹΑΓ྾ͨ͠४ҐΛͦΕͧΕ En,+, En,− ͱஔ͘ͱɼθʔϚϯ྾࣍ͷΑ͏ʹॻ
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͚Δɽ

En,σ =

(
n+

1

2

)
h̄ωc +

σ

2
gµBB (2.5.20)

Ez = En,+ − En,− = gµBB (2.5.21)

͜͜Ͱɼg  gҼࢠɼµB ϘʔΞ࣓ࢠͰɼµB = eh̄/2mͰ͋Δɽ·ͨɼαΠΫϩτϩϯ

ΤωϧΪʔ࿈ଓ͢Δೋͭͷϥϯμ४ҐͷΤωϧΪʔࠩΛऔΕྑ͍ͷͰɼ

Ec = En,± − En−1,± = h̄ωc (2.5.22)

Ͱ͋ΔɽΑͬͯɼࣗ༝ిࢠͷ߹ͷεϐϯ྾มMZC ࣍ͷΑ͏ʹͳΔɽ

MZC =
EZ

EC
=

gµBB

h̄ωc
=

g

2
(2.5.23)

ࣜ (2.5.23)ͷ g Λθϩͱ͢Δͱɼεϐϯ྾มθϩͱͳΔɽͭ·Γࣗ༝ిࢠͷ߹ɼ

དͷεϐϯΛআ͚εϐϯ྾มθϩͱͳΔɽ·ͨεϐϯيಓ݁߹ޮՌ͕େ͖͘ͳ

Δɼͭ·Γ g ͕େ͖͘ͳΔͱɼεϐϯ྾มͷେ͖͘ͳΔɽ͜ͷΑ͏ʹεϐϯيಓ

݁߹ޮՌ͕େ͖͘ͳΔͱεϐϯ྾ม͕େ͖͘ͳΔɽࠓճͷྫඇৗʹ؆қతͳܕͷ

߹Ͱ͋Γɼ࣮ࡍͷ݁থதͰεϐϯ྾ม͜ͷΑ͏ͳ؆қͳܗʹͳΒͳ͍ɽ࣮ࡍ

ͷεϐϯ྾มͷࢉܭʹεϐϯيಓ݁߹ޮՌΛؚΈɼ݁থதͷใΛө࣓ͨ͠த

ੵݟৼಈʹΑΓεϐϯ྾ม͕ࢠͰྔݧඞཁෆՄܽͰ͋Δɽ࣮͕ࢉܭঢ়ଶͷࢠి

ΒΕ͍ͯΔ [13, 15–18,30–33]ɽ
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τϙϩδΧϧ࣭ͷੑ࣭

ɹτϙϩδΧϧ࣭ͱɼಈ͕ؔඇࣗ໌ͳτϙϩδʔΛ࣭ͭ࣋܈ͷ͜ͱͰ͋Δɽ

ண͞ΕΔɽΑ͘༻͍ΒΕΔྫ͕ɼυʔφπͷʹܗಈؔͷͭ࣋ମཧͰɼ݁থ͕ݻ

ྫͰ͋ΔɽਅΜதʹ͕ۭ͍͍݀ͯΔυʔφπΛ͑ߟΔɽ͜ΕΛ͍͘Β࿈ଓతʹมͯ͠ܗ

ɼ݀ͷແ͍Ϙʔϧঢ়ʹͳΕͳ͍ɽυʔφπͱϘʔϧτϙϩδʔతʹҟͳΔɽ͜ͷߟ

͑ํΛݻମཧͷ߹ʹͯΊΔɽී௨ͷۚଐΛ݀ͷͳ͍Ϙʔϧͱ͢ΔͱɼτϙϩδΧ

ϧઈԑମυʔφπʹ֘͢Δɽ2005 Kane-MeleΒʹΑΓɼೋݩ࣍൛τϙϩδΧϧઈ

ԑମͱ͑ݴΔྔࢠϗʔϧܥͷఏҊ͕͞Εͨ [34]ɽ൴Βྔࢠϗʔϧݱ͕ܥΕΔ߹ͷ

ಈ͕ؔτϙϩδʔతʹҟͳΔ͜ͱΛࢦఠ͠ɼͦͷτϙϩδʔ Z2 ͱΑΕΔτϙϩδ

ΧϧෆมྔͰఆٛ͞ΕΔͱͨ͠ɽZ2 ϒϦϧΞϯκʔϯશମͰঢ়ଶ͕ϑΣϧϛ໘ͱަ

ࠩ͢ΔճΛۮ͔ح͔Ͱྨ͢Δɽ2007ʹ FuΒʹΑΓ Biͷ࣮ࡍͷ࣭Ͱͷ

Εͨ͞ݴ༧͕ࡏτϙϩδΧϧઈԑମͷଘݩ࣍ࡾ [35]ɽݩ࣍ࡾτϙϩδΧϧઈԑମೋݩ࣍

ͷ߹ͱҟͳΓ̐ͭͷτϙϩδΧϧෆมྔ͕ඞཁͰ͋Δ [36]ɽτϙϩδΧϧઈԑମ࣭ͷ

ಛͷҰ͕ͭɼόϧΫ͕ઈԑମͳͷʹର͠ɼද໘ʢΤοδʣۚଐతͳৼΔ͍ΛͤݟΔ

͜ͱͰ͋Δɽ͜ͷද໘ঢ়ଶઢܗͳࢄͰ͋ΓɼಋମͱՁిࢠଳͷؒͰަࠩ͢Δɽઢܗ

ͳࢄ࣭ྔͷͳ͍σΟϥοΫిࢠͷಛͱҰக͢Δɽͦͷ͜ͱ͔ΒɼτϙϩδΧϧઈԑ

ମσΟϥοΫํఔࣜͰهड़ग़དྷΔՄੑ͕͋ΔɽۙͰ͞ΒʹɼσΟϥοΫۚଐ

ϫΠϧۚଐɼτϙϩδΧϧಋͷྨݱΕͨɽࠓষͰɼτϙϩδΧϧ࣭ʹؔ

ΘΓ͕ਂ͍ૅجཧʹ͍ͭͯղઆͨ͠ͷͪɼຊจͷண࣭Ͱ͋Δ Cd3As2 ͕ྨ͞Ε

͍ͯΔσΟϥοΫۚଐฒͼʹϫΠϧۚଐʹ͍ͭͯͷղઆΛ͏ߦɽ

3.1 ήʔδมͱϕϦʔҐ૬

ϕϦʔҐ૬ [37] ͱɼஅతʹܦ࿏ʹԊͬͯҰपͨ͠߹ʹಈ͕ؔಘͨҐ૬Ͱ͋

ΔɽϕϦʔҐ૬τϙϩδΧϧ࣭ͷͰΑٞ͘͞Ε͍ͯΔ [38–43]ɽ͜ͷϕϦʔҐ

૬εϐϯيಓ݁߹ͱີͳ͕ؔ͋ΔɽεϐϯϗʔϧޮՌͷݯىʹҼੑͷͷͱ֎

Ҽੑͷͷͷೋ͕ͭଘ͢ࡏΔɽόϯυߏʹґଘ͠ෆ७ʹґଘ͠ͳ͍͕ߏػҼੑͰ͋

ΔɽҼੑͷεϐϯϗʔϧޮՌϕϦʔҐ૬ʹΑΓཧղ͞ΕΔɽ͜ͷϕϦʔҐ૬ΛԠ༻͢
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Δ͜ͱͰɼτϙϩδΧϧઈԑମͷ༧ߦ͕ݴΘΕͨɽҎԼͰϕϦʔҐ૬͓ΑͼϕϦʔۂʹ

͍ͭͯٞ͢ΔɽҎԼͷٞͰɼ[44]Λߟࢀʹͨ͠ɽ

ϋϛϧτχΞϯ͕ύϥϝʔλʹґଘͨ͠ࡍʹɼͦͷݻ༗ঢ়ଶ͕Ͳ͏มԽ͢Δ͔Λ͑ߟ

ΔɽύϥϝʔλRʹґଘͨ͠γϡϨσΟϯΨʔํఔࣜ࣍ͷΑ͏ʹॻ͚Δɽ

H (R) |φn (R)〉 = En (R) |φn (R)〉 (3.1.1)

͜͜Ͱɼ|φn (R)〉 ঢ়ଶ n ͷݻ༗ঢ়ଶͰ͋Γ En ݻ༗Ͱ͋Δɽࠓճ En ʹॖୀ

ͳ͍ͱ͢Δɽύϥϝʔλ R͕ൃؒ࣌ల͢Δ߹ɼؒ࣌ʹґଘͨ͠γϡϨσΟϯΨʔํఔ

ࣜɼ

H [R (t)] |φn [R (t)]〉 = ih̄
∂

∂t
|φn [R (t)]〉 = En (R) |φn [R (t)]〉 (3.1.2)

ͱॻ͚Δɽύϥϝʔλ Rͷؒ࣌มԽ͕ेΏͬ͘ΓͰ͋Δͱɼݻ༗ঢ়ଶ nͷ··อͨ

ΕΔͷͰɼ࣍ͷΑ͏ͳؔΛͭ࣋ɽ

|φn [R (t)]〉 = eiθ(t) |φn [R (t)]〉 (3.1.3)

͜͜Ͱ θ (t)Ґ૬Ͱ͋Δɽࣜ (3.1.1)ʹࣜ (3.1.3)Λೖ͢Δɽ

h̄eiθ(t)
(
−∂θ (t)

∂t
|φn [R (t)]〉+ i

∂

∂t
|φn [R (t)]〉

)

= En [R (t)] eiθ(t) |φn [R (t)]〉 (3.1.4)

ࣜ (3.1.4)ͷ͔ࠨΒ 〈φn [R (t)]|Λ͔͚Δͱɼ

∂θ (t)

∂t
= i 〈φn [R (t)]| ∂

∂t
|φn [R (t)]〉 − 1

h̄
En [R (t)]

ͱͳΔͷͰɼθ ɼ

θ(t) = − 1

h̄

∫ t

0
En [R (t′)] dt′

+ i

∫ t

0
〈φn [R (t′)]| ∂

∂t′
|φn [R (t′)]〉 dt′ (3.1.5)

ͱॻ͚ΔɽΑͬͯɼ|φn [R (t)]〉࣍ͷΑ͏ʹॻ͚Δɽ

|φn [R (t)]〉 = eiΦB [R(t)]e−i
∫ t
0 dt′En[R(t′)]/h̄ |φn [R (t)]〉 (3.1.6)

ΦB [R (t)] = i

∫ t

0
dt′ 〈φn [R (t′)]| ∂

∂t′
|φn [R (t′)]〉 (3.1.7)

͜͜Ͱࣜ (3.1.6)ͷୈೋҼࢠʹ͍ͭͯؒ࣌ʹґଘͨ͠γϡϨσΟϯΨʔํఔࣜͰࣗવͱ

ग़ͯ͘Δ߲Ͱ͋ΔɽҰํͰɼࣜ (3.1.6)ͷୈҰҼࢠʹ͍ͭͯύϥϝʔλR͕அతʹม

Խͨ͜͠ͱͰݱΕ߲ͨͰ͋Γɼ͜ͷ ΦB ͕ϕϦʔҐ૬Ͱ͋Δɽྫ͑ɼύϥϝʔλ R͕

ΑΓมԽ͠ͳ͍߹ɼʹؒ࣌

|φn [R (t)]〉 = |φn [R (t = 0)]〉
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͕Γཱͪɼࣜ (3.1.4)࣍ͷΑ͏ʹͳΔɽ

−h̄eiθ(t=0) ∂θ (t)

∂t
|φn [R (t)]〉 = En [R (t)] eiθ(t) |φn [R (t = 0)]〉

Αͬͯɼઌ΄Ͳͱಉ༷ͷखॱͰࣜ (3.1.6)ɼ

|φn [R (t)]〉 = e−i
∫ t
0 dt′En[R(t′)]/h̄ |φn [R (t)]〉 (3.1.8)

ͱͳΓɼΦB = 0ͱ͢Δͱࣜ (3.1.6)ͱҰக͢Δɽ͜ͷ͜ͱ͔ΒύϥϝʔλRͷؒ࣌มԽ

ʹΑΓϕϦʔҐ૬ ΦB ͭʹΕͨ͜ͱ͕͔Δɽ͔͜͜ΒϕϦʔҐ૬ͷήʔδࣗ༝ݱ͕

ΔɽҐ૬Λ͑ߟ͍ͯ θn (t)ͱͯ͠ɼݻ༗ؔ |φn (R)〉ʹ͍ͭͯɼ࣍ͷΑ͏ͳήʔδม
Λ͑ߟΔɽ

|φ′n (R)〉 = eiθn(t) |φn (R)〉 (3.1.9)

ϕϦʔҐ૬ ΦB ଌྔͰ͋ΕɼΦB؍͕ ήʔδෆมͰ͋Δɽήʔδมޙͷݻ༗ؔ

|φ′n (R)〉Λ༻͍ͯϕϦʔҐ૬ Φ′
B Λ͢ࢉܭΔͱ࣍ͷΑ͏ʹॻ͚Δɽ

Φ′
B (t) = i

∫ t

0
dt′ 〈φ′n (R (t′))| ∂

∂t′
|φ′n (R (t′))〉

= γ (t)−
∫ t

0
dt′ 〈φn (R (t′))| ∂θn (R)

∂t′
|φn (R (t′))〉

= γ (t)−
∫ t

0
dt′
∂θn (R)

∂t′

= γ (t) + θn (R (0))− θn (R (t)) (3.1.10)

ࣜ (3.1.10) ͔ΒɼҰൠతʹήʔδมલͷϕϦʔҐ૬ ΦB ͱήʔδมޙͷϕϦʔ

Ґ૬ Φ′
B Ұக͠ͳ͍ɽ͜ͷ͜ͱ͔ΒɼҰൠʹϕϦʔҐ૬؍ଌྔͰͳ͍ɽ͔͠͠

R (t) = R (0) ͷ߹ ΦB = Φ′
B ͱͳΓϕϦʔҐ૬ήʔδෆมͱͳΔɽ͜ͷ߹ɼ

ಉҰͷͰͷҐ૬ࠩΛݟΔ͜ͱʹ͓֘ͯ͠Γɼt=0͔Β t = T ͷؒͰҰप͢Δܦ࿏Λͱ

Δ͜ͱͱͳΔɽ͜ͷܦ࿏Λ C ͱͯ͠ɼϕϦʔҐ૬ ΦB [C]࣍ͷΑ͏ʹॻ͖ද͞ΕΔɽ

ΦB (T ) [C] = i

∫ T

0
dt′ 〈φn (R (t′))| ∂

∂t′
|φn (R (t′))〉

= i

∮

C
dR · 〈φn (R)| ∂

∂R
|φn (R)〉

≡
∮

C
dR ·An (R) (3.1.11)

͜͜Ͱɼ

An (R) ≡ i 〈φn (R)| ∂

∂R
|φn (R)〉 (3.1.12)

Ͱ͋Γɼ͜Ε࣓ʹର͢ΔϕΫτϧϙςϯγϟϧʹ͍֘ͯ͠ΔɽҎ্ͷΑ͏ʹύϥ

ϝʔλมԽ͕அతͳͱ͖ɼϕϦʔҐ૬؍ଌྔͱͳΓɼܦ࿏ C ʹͷΈґଘ͢Δɽࣜ
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(3.1.11)ʹετʔΫεͷఆཧΛ༻͍Δͱɼ

ΦB (T ) [C] =

∮

C
dR ·An (R)

=

∫

S
dS ∇R ×An (R)

=

∫

S
dS ·Bn (R) (3.1.13)

ͱͳΔɽ͜͜Ͱɼ

Bn (R) ≡ ∇R ×An (R) = i

〈
∂φn
∂R

∣∣∣∣×
∣∣∣∣
∂φn
∂R

〉
(3.1.14)

Ͱ͋Γɼ࣓ͱϕΫτϧϙςϯγϟϧͷؔͱಉ༷ͳؔΛͭ࣋ɽ͜ͷ An ΛϕϦʔҐ

૬ɼBn ΛϕϦʔۂͱΑͿɽB (R)Λදࣔ͢Δͱɼ

Bn,i(R) = iεijk

〈
∂φn
∂Rj

∣∣∣∣
∂φn
∂Rk

〉
(3.1.15)

Ͱ͋Δɽ͜ͷͱ͖ɼεijk શରশςϯιϧͰ͋Δɽ͜͜Ͱࣜ Λಋೖܥશʹ(3.1.15)

͢Δͱɼ

Bn,i(R) = iεijk
∑

m

〈
∂φn
∂Rj

∣∣∣∣φm
〉〈

φm

∣∣∣∣
∂φn
∂Rk

〉
(3.1.16)

ͱͳΔɽ͜ͷmʹؔ͢Δʹ͍ͭͯ߹͚Λ͏ߦɽ

[1] m=nͷͱ͖

〈φn|φn〉 = 1ͷ྆ลΛ Rk ʹ͍ͭͯඍ͢Δͱɼ

∂

∂Rk
〈φn|φn〉 =

〈
∂φn
∂Rk

∣∣∣∣φn
〉
+

〈
φn

∣∣∣∣
∂φn
∂Rk

〉
= 0 (3.1.17)

Αͬͯɼ
〈
∂φn
∂Rk

∣∣∣∣φn
〉

= −
〈
φn

∣∣∣∣
∂φn
∂Rk

〉
(3.1.18)

ͱͳΔɽಉ༷ʹͯ࣍͠ͷؔಘΒΕΔɽ
〈
∂φn
∂Rj

∣∣∣∣φn
〉

= −
〈
φn

∣∣∣∣
∂φn
∂Rj

〉
(3.1.19)

Ҏ্̎ࣜΛࣜ (3.1.16)ʹೖ͢Δͱ࣍ͷΑ͏ʹͳΔɽ

Bn,i(R) = iεijk

〈
∂φn
∂Rj

∣∣∣∣φn
〉〈

φn

∣∣∣∣
∂φn
∂Rk

〉

= iεijk

〈
φn

∣∣∣∣
∂φn
∂Rj

〉〈
∂φn
∂Rk

∣∣∣∣φn
〉

= 0 (3.1.20)
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[2] m *= mͷͱ͖

H |φn〉 = En |φn〉Λ Rk Ͱඍ͢Δͱɼ

∂H

∂Rk
|φn〉+H

∣∣∣∣
∂φn
∂Rk

〉
=
∂En

∂Rk
|φn〉+ En

∣∣∣∣
∂φn
∂Rk

〉
(3.1.21)

ͱͳΔɽ͜Εʹ͔ࠨΒ 〈φm|Λ͔͚Δͱɼn *= m, Em *= En ΑΓ

〈
φm

∣∣∣∣
∂φn
∂Rk

〉
=

1

En − Em

〈
φm

∣∣∣∣
∂H

∂Rk

∣∣∣∣φn
〉

(3.1.22)

Ͱ͋Δɽ·ͨɼಉ༷ʹͯ͠
〈
∂φn
∂Rj

∣∣∣∣φm
〉

=
1

En − Em

〈
φn

∣∣∣∣
∂H

∂Rj

∣∣∣∣φm
〉

(3.1.23)

ͷؔΛಘΔɽΑͬͯɼ͜ΕΒೋࣜΛࣜ (3.1.16)ʹೖ͢Δͱ

Bn,i (R) = iεijk
∑

m $=n

〈φn| ∂H
∂Rj

|φm〉 〈φm| ∂H
∂Rk

|φn〉

(En − Em)2
(3.1.24)

ΛಘΔɽࣜ (3.1.24)͔ΒBn (R)ήʔδෆมͰ͋Δ͜ͱ͕Θ͔Δɽ·ͨɼ͍ͯ͠Δ

ୈ n όϯυ͕ଞͷόϯυͱۙ͢Δͱ͖ɼࣜ (3.1.24) ͷ͕খ͘͞ͳΔ͜ͱ͔Βɼϕ

Ϧʔۂ͕େ͖͘ͳΔ͜ͱ͕Θ͔Δɽ

3.2 ϕϦʔҐ૬ͱεϐϯ྾ม

ɹલઅͰϕϦʔҐ૬ͷಋग़ΛͨͬߦɽϕϦʔۂྔࢠৼಈͷ࣮ݧͰҐ૬෦ͱͯ͠

-ৼಈʢγϡϒχίϑɾυϋʔεৼಈʣʹ͓͚ΔҐ૬෦Ϧϑογοπࢠଌ͞ΕΔɽྔ؍

ίηϏονͷཧ͔Βɼ࣍ͷΑ͏ʹॻ͚Δ [1, 45]ɽ

∆σxx ∝ cos

[
2π

(
F

B
+ γ ± δ

)]
(3.2.1)

͜͜ͰɼF ৼಈͷपظͰ͋Γɼγ ϘʔΞ-κϯϚʔϑΣϧτͷྔࢠԽ݅ɼ

Sn =
2πeB

h̄
(n+ γ) (3.2.2)

ʹΑΓಋ͔ΕΔɽ͜ͷ γ ͱϕϦʔҐ૬ ΦB  γ = 1
2 − ΦB

2π ͷؔʹ͋Δ [2]ɽδ  ݩ࣍3

ͷόϧΫͷ߹ 1/8ɼೋݩ࣍ͷද໘ͷ߹ 0ͱͳΔఆͰ͋ΔɽҰํͰɼεϐϯ྾

มM ྔࢠৼಈʹΑΓ؍ଌ͞ΕΔɽεϐϯ྾มྔࢠৼಈͷҐ૬෦ͱͯ͠؍ଌ

͞Εɼ࣍ͷΑ͏ʹॻ͚Δ [1]ɽ

F

B
= n+

1

2
± 1

2
M (3.2.3)
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ਤ 3.2.1 PbTeʹ SnΛࠞͥΔ͜ͱʹΑΔεϐϯ྾มM ͷมԽ [14]ɽ

͜͜Ͱ δ ແͨ͠ࢹɽ͜ͷεϐϯ྾มͱϕϦʔҐ૬ͷؔΛ͑ߟΔɽࣜ (3.2.3)Λࣜ

(3.2.1)ͷҐ૬෦ʹೖ͢Δɽ

2π

(
F

B
+

1

2
− ΦB

2π

)
= 2π

(
n+

1

2
± 1

2
M +

1

2
− ΦB

2π

)

= 2π (n+ 1)± 1

2
M − ΦB

2π

͍͓ࣜͯʹৼಈࢠྔ (3.2.2)͕ΓཱͭͷৼಈͷͰ͋ΔͷͰɼࣜ (3.2.1)ͷ cosͷத

 0ͱͳΔɽΑͬͯ࣍ͷ͕ؔΓཱͭɽ

±1

2
M − ΦB

2π
= 0 → φB = πM (3.2.4)

͜ͷΑ͏ʹɼϕϦʔҐ૬ͱεϐϯ྾มͷؒʹີͳ͕ؔ͋Δɽ·ͨɼϕϦʔҐ

૬ 0ʢࣗ໌ʣ͔ 1ʢඇࣗ໌ʣ͔Ͱஅ͞ΕΔෆ࿈ଓͳͰ͋Δͱ͑ߟΒΕ͍͕ͯͨɼε

ϐϯ྾มͱͷؔʹΑΓ࿈ଓతͳͰ͋Δ͜ͱ͕͔Δɽྫ͑ਤ 3.2.1 ͷΑ͏ͳ

Pb1−xSnxTe ʹ͓͚Δεϐϯ྾มͷใ͕͋ࠂΔɽࣗ໌ͳ࣭Ͱ͋Δ PbTe ͔Βඇࣗ

໌ͳ࣭Ͱ͋Δ SnTeͷ࿈ଓతมԽΛ͑ߟΔͱɼόϯυΪϟοϓ͕ดͨ͡߹ʹεϐϯ

྾มMZC = 1ͱͳΓɼͦͷલޙͰ࿈ଓతʹมԽ͢Δ͜ͱ͕ࣔ͞Ε͍ͯΔ [14]ɽ

3.3 τϙϩδΧϧۚଐ

͜͜ͰɼۙΜʹ͞ڀݚΕ͍ͯΔϫΠϧۚଐͳΒͼʹσΟϥοΫۚଐʹ͍ͭͯ

؆୯ʹղઆ͢ΔɽΑΓৄ͍͠༰ΛΔͨΊʹɼArmitageΒʹΑΔϨϏϡʔΛࢀর͞

Ε͍ͨ [46]ɽ1928ʹσΟϥοΫʹΑΓྔֶྗࢠͰͷಛघ૬ରੑཧͷ༥߹ΛՄʹ͠

ͨσΟϥοΫํఔ͕ࣜఏҊ͞Εͨ [28]ɽͦͷੜͱͯ͠ɼ࣭ྔͷͳཻ͍ࢠΛهड़ͨ͠ϫΠ

ϧํఔ͕ࣜੜͨ͠ [47]ɽ͜ͷσΟϥοΫํఔ͓ࣜΑͼϫΠϧํఔࣜʹΑΓهड़͞ΕΔཻ

Ͱͷͱ͜ΖɼචऀͷΔ·ࡏݱͱΑͿɽࢠͳΒͼʹϫΠϧཻࢠΛͦΕͧΕσΟϥοΫཻࢠ

ମཧʹ͓͍ͯɼݻ֬ೝ͞Ε͍ͯͳ͍ɽ͔͠͠ࡏͷଘࢠΓͰ࣭ྔͷͳ͍ϫΠϧཻݶ
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͜ͷϫΠϧཻ࣭ੑͨࣅʹࢠΛ͕ࢠిͭ࣋ଘ͢ࡏΔɽHerringΒʹΑΓόϯυ͕ॖୀ͢Δ

͕݅ௐΒΕͨ [48]ɽ͜ͷॖୀ͢ΔपลͰҰൠతʹࢄઢܗͱͳ͓ͬͯΓɼͦͷܗ

ϫΠϧํఔ͕ࣜຬ͍ͨͯ͢ࣅʹࢄΔɽ·ͨɼϫΠϧཻࢠͷಛͷҰͭͰ͋ΔΧΠϥϧ

ҟৗͳͲͱ͍ͬͨੑ࣭ɼ͜ͷݻମཧதͰͷϫΠϧཻࢠతͳ͔ࢄΒಘΒΕ͍ͯΔɽ

ΧΠϥϧҟৗ Adler ͱ Bell ΒʹΑΓٞ͞Εͨ [49, 50]ɽ͜ͷΑ͏ͳੑ࣭Λͭࢄ

ɼ2011ʹWangΒʹΑΓϫΠϧϊʔυͱ໊͚ΒΕͨɽؒ࣌ͱۭؒͷసରশੑΛ

ຬͨ͢߹ɼࣗ໌ͳઈԑମ͔Βඇࣗ໌ͳτϙϩδΧϧઈԑମมҟ͢Δ߹ɼΪϟοϓ͕

ดͨ͡ঢ়ଶΛܦ༝͢Δ͜ͱ͕ΒΕ͍ͯΔ [51]ʢ͜ͷΪϟοϓ͕ดͨ͡ঢ়ଶଟ͘ͷ߹

ͱΑΕΔɽʣɽ͜ͷΪϟοϓ͕ดͨ͡ঢ়ଶͰɼసରশੑΛഁΔ͜ࢄσΟϥοΫݩ࣍ࡾ

ͱͰॖୀ͍͕ͯͨ͠ࢄղ͚ɼϫΠϧϊʔυΛͭΪϟοϓ͕ดͨ͡ঢ়ଶͱਪҠ͢Δɽ

͜ΕΒͷࢄΛ࣭ͭ࣋ۚଐͰͳ͍ɽ͔͠͠ɼ2011ʹ X.WangΒʹΑΓϫΠϧ

ۚଐͱΑΕͨ [52]ɽ͜ΕɼԽֶϙςϯγϟϧ͕ϫΠϧϊʔυۙʹଘ͢ࡏΔ͜ͱʹ

Ҽ͢ΔɽҎԼͰɼϫΠϧۚଐฒͼʹσΟϥοΫۚଐʹ͍ͭͯৄ͘͠આ໌Λͨ͠ͷى

ͪɼ͜ΕΒͷ࣭ʹ͓͚Δ࣓தͷ༌ૹݱʹ͍ͭͯղઆ͢Δɽ

3.3.1 ϫΠϧۚଐ͓ΑͼσΟϥοΫۚଐͱରশੑ

τϙϩδΧϧۚଐ࣭ͰՁిࢠଳͱಋଳͷόϯυ͕৮͢ΔɽҰൠతʹॖୀͨ͠

όϯυಉ͕࢜৮͢Δ߹ΛσΟϥοΫۚଐͱΑͼɼॖୀͷͳ͍όϯυಉ͕࢜৮͢Δ

߹ΛϫΠϧۚଐͱΑͿɽॖୀͷ༗ແରশੑʹΑΓܾΊΒΕ͍ͯΔɽҎԼͷ̏छྨͷ

ରੑʹ͍ͭͯ͑ߟΔɽ

[1] ߹సରশੑ͓ΑͼۭؒసରশੑΛอ͍ͬͯΔؒ࣌

͜ͷ߹ඞͣೋॏʹॖୀΛ͢͜ىɽ͜Ε͕σΟϥοΫۚଐͷঢ়ଶͰ͋Δɽ

[2] ߹సରশੑͷΈΛอ͍ͬͯΔؒ࣌

͜ͷ߹ࢠ֨ٯϕΫτϧΛ๏ͱͯ͠ k ≡ −k ͱͳΔΑ͏ͳ TRIM(time-reversal

invariant momenta)ͱΑΕΔಛผͳͰͷΈॖୀΛ͢͜ىɽ͜ͷ߹ɼ͋Δ k = k0

ʹϫΠϧϊʔυ͕ଘ͢ࡏΕ k = −k0 ʹϫΠϧϊʔυ͕ଘ͢ࡏΔɽΑͬͯɼεϐϯͷ

ΞοϓͱμϯΛ͑ߟΔͱશ෦Ͱ̐ͭͷϫΠϧϊʔυ͕ଘ͢ࡏΔ͜ͱͱͳΔɽ

[3] ۭؒసରশੑͷΈΛอ͍ͬͯΔ߹

͜ͷ߹ҰൠతʹόϯυॖୀΛ͜͞ىͳ͍ɽεϐϯͷҟͳΔೋͭͷϫΠϧϊʔυ͕ଘ

Ͱೋ࠷݅Ͱ͋Δɽͭ·ΓɼϫΠϧۚଐ࣭Ͱɼ࠷ɼϫΠϧۚଐͱͳΔ͠ࡏ

ͭͷԁਲ਼ܗͷࢄΛͭ࣋ɽ

σΟϥοΫۚଐ࣭͔ରশੑʹΑΓ͋Δఔཧղ͢Δ͜ͱ͕Ͱ͖Δɽશͯͷ࣭͕

σΟϥοΫۚଐͱͳΓಘΔΘ͚Ͱͳ͘ɼೋॏ܈ͷطදݱʹΑΓσΟϥοΫۚଐͱͳ

ΓಘΔ͔͕ܾ·͍ͬͯΔ [53]ɽσΟϥοΫۚଐ࣭εϐϯʹΑΓॖୀͨ͠ಋଳόϯ

υͱՁిࢠଳόϯυ͕ަΛͭ࣋ඞཁ͕͋ΔɽަΛͨͭ࣋ΊʹɼՁిࢠଳͱಋଳͷ

ͭରশੑ͕ҟͳΔඞཁ͕͋Δɽྫ͑ɼI4/mcm ͷରশੑΛͭ࣋ਖ਼ํথ c ʹํ࣠

C2v ͷରশੑΛͭ࣋ɽC2v ͷೋॏ܈ͷطදݱҰͭͷΈͰ͋ΔɽͦͷͨΊɼશͯͷঢ়ଶ
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͕ಉ͡ରশੑΛͭ࣋ɽՁిࢠଳͱಋଳͷॖୀ͕͞ڐΕͣɼσΟϥοΫۚଐͱͳΔ͜ͱ

͕ग़དྷͳ͍ɽҰํͰ Cd3As2 ରশੑͱͯ͋͛͠ΒΕΔ͕ͭ࣋ I41/acd  C4 ͷରশੑΛ

ͪɼ͜ΕෳͷطදݱΛͭ࣋ɽͦͷͨΊɼCd3As2 σΟϥοΫۚଐ࣭ͱͳΓ

͏ΔɽҎ্ͷΑ͏ʹɼτϙϩδΧϧۚଐ࣭ରশੑͱඇৗʹີͳؔΛͭ࣋ɽτϙ

ϩδΧϧۚଐ࣭Ͱ͜ͷΑ͏ͳରশੑʹ͍ͭͯͷٞͷଞʹɼిؾӄੑͱࢠݪ൪߸

ͷൺͱόϯυΪϟοϓͷେ͖͞ͷٞߦΘΕɼ࣭୳͕ࡧΜʹߦΘΕ͍ͯΔ [53]ɽ

3.3.2 τϙϩδΧϧۚଐʹ͓͚Δྔࢠৼಈ

ɹ̍ষͰͨݟΑ͏ʹɼϘʔΞ-κϯϚʔϑΣϧτͷྔࢠԽ݅ʹΑΓϥϯμ४Ґ

ɽͭ࣋ΛͷΑ͏ͳؔ࣍

S =
2πeB

h̄
(n+ γ ± δ)

͜͜Ͱɼδ ิਖ਼߲Ͱ͋Γೋݩ࣭࣍ͷ߹ 0ɼݩ࣍ࡾ࣭ͷ߹ 1/8ͱͳΔ [1,42]ɽ

ϘʔΞ-κϯϚʔϑΣϧτͷྔࢠԽ݅ʹΑΓݱΕͨ γ ϕϦʔҐ૬ͱ͕ؔ͋Γɽલઅ

ͱಉ༷ʹ γ = 1
2 − ΦB

2π ͷؔʹ͋ΔɽσΟϥοΫిܥࢠͷ߹ɼϕϦʔҐ૬ π ͱͳΓɼ

ࣗ༝ిࢠͷ߹ 0 ͱͳΔɽ࣮ݧͰɼfan-diagram plot Λ༻͢Δ͜ͱͰϕϦʔҐ૬

ΛܾఆͰ͖Δ [54, 55]ɽτϙϩδΧϧۚଐ࣭ͷදతͳܕͰ͋Δ Cd3As2 Ͱɼਤ

3.3.1 ͷΑ͏ʹ fan-diagram plot Λ༻ͯ͠ϕϦʔҐ૬Λܾఆ࣮͕ͨ͠ݧใ͞ࠂΕ͍ͯ

ΔɽϕϦʔҐ૬͕ π ʹ͍ۙ [ย ΦB/ (2π) =0.56,0.58]Ͱ͋Δ͜ͱ͕ใ͞ࠂΕͨ [56]ɽ

ҰํͰ C.M.WangΒʹΑΓɼඇৗʹ؆қతͳ̎ϊʔυܕͰϕϦʔҐ૬͕ϑΣϧϛΤω

ϧΪʔͷมԽʹහײʹԠ͢Δ͜ͱ͕ࣔ͞Εͨ [22]ɽτϙϩδΧϧۚଐ࣭ͰɼϦ

ϑογοπΛڥʹϕϦʔҐ૬͕ δ ΛؚΊɼπ ͔Β 0ͱมΘΔ݁Ռ͕ใ͞ࠂΕ͍ͯΔɽ

͜ͷΑ͏ʹτϙϩδΧϧ࣭ʹ͓͚ΔϕϦʔҐ૬ඇৗʹෳࡶͰ͋Γɼ͞Ε͍ͯΔɽ
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ਤ 3.3.1 Cd3As2 ʹ͓͚Δྔࢠৼಈͷ࣮݁ݧՌ [56]ɽ
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ୈ 4ষ

k · pܕʹ͓͚Δ࣓தిࢠঢ়ଶ
ͱεϐϯ྾ม

ɹ࣓தͷిࢠঢ়ଶΛ͢ࢉܭΔ͜ͱࠔ͕͏.લষͰͨݟΑ͏ʹɼk · pཧΛ༻͍
Δ͜ͱͰɼ࣓தޮՌΛີݫʹಋೖͰ͖Δ͕ɼඇՄͳԋࢠࢉ π ͷଘࡏʹΑΓखͰղ͚

Δൣғ·ͰܕΛখ͘͢͞Δඞཁ͕͋ͬͨɽͦͷͨΊɼ࣭͝ͱʹݸผͷରԠΛ͖ͯͬߦ

ͨ [57–62]ɽྫ͑σΟϥοΫిܥࢠ࣭ͷද࣭Ͱ͋Δ BiͰɼ2όϯυσΟϥοΫ

ܕϧϑܕΛ༻࣓ͯ͠தిࢠঢ়ଶʹΞϓϩʔν͖ͯͨ͠ [63]ɽ͔͠͠ɼBi

PbTeͷεϐϯيಓ݁߹ޮՌ͕͍ڧ࣭Ͱͷҟৗͳ gҼࢠΛઆ໌͢ΔͨΊʹɼଟόϯ

υͷޮՌΛྀߟʹೖΕΔඞཁ͕͋ͬͨɽ͜ͷʹରͯ͠ɼҰछͷઁಈͰ͋Δ Löwdin

partitioning Λ༻͢Δ͜ͱͰɼଟόϯυޮՌΛؚΜͩҟৗͳ g ҼࢠͷࢉܭΛՄͱ͠

ͨ [10]ɽ͜ͷख๏ʹΑΓ Bi  PbTe Ͱҟৗͳ g Ҽࢠͷߦ͕ࢉܭΘΕͨ [10, 14]ɽࠓষͰ

 Löwdin partitioningΛ༻ͨ͠ํ๏ΛؚΊɼk ·pཧΛ༻͍࣓ͨதిࢠঢ়ଶͷࢉܭ
ํ๏Λ͢هɽ

4.1 σΟϥοΫిܥࢠ࣭ͷ༗ޮܕ

σΟϥοΫిܥࢠ࣭ͷ࠷େͷಛ͕ઢܗͳΤωϧΪʔࢄΛͭ࣋͜ͱͰ͋Δɽ͜ͷઢ

ɽ͏ߦͷಋग़Λܕճ͜ͷσΟϥοΫࠓΑΓٞ͞ΕΔɽʹܕσΟϥοΫࢄͳܗ

4.1.1 σΟϥοΫܕ

σΟϥοΫిܥࢠͷදతͳ࣭͕ BiͰ͋ΔɽCohenͱ BlountʹΑΓ k ·pܕΛ
༻ͨ̎͠όϯυ࡞͕ܕ͞Εͨ [11]ɽ͜ͷܕεϐϯيಓ݁߹ͷޮՌΛؚΜͰ͓Γɼ

Bi ͷ L ۙΛेʹ͢ݱ࠶Δ͜ͱ͕͔͍ͬͯΔɽCohen-Blount ܕ࣍ͷΑ͏ʹ
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ද͞ΕΔɽ

H =





∆ 0 h̄k · t h̄k · u
0 ∆ −h̄k · u∗ h̄k · t∗

h̄k · t∗ −h̄k · u −∆ 0
h̄k · u∗ h̄k · t 0 −∆



 (4.1.1)

͜͜Ͱɼ∆όϯυΪϟοϓͷͷେ͖͞Ͱ͋Δɽ͜͜Ͱɼt, uରশੑ͔Βྻߦ

 vi,j Λ༻͍ͯҎԼͷΑ͏ʹఆٛ͞ΕΔɽ

t ≡ v1,3 = v4,2

u ≡ v1,4 = −v3,2

ϧϑ͜ͷܕʹదͳมΛ͜͏ߦͱͰɼRe(t) = 0ͱͨ͠ [12]ɽϋϛϧτχΞϯ

Ͱॻ͚ΔɽܗͷΑ͏ͳඇৗʹ؆қతͳ࣍

H = ∆β + ih̄k ·
[

3∑

µ=1

W (µ)βαµ

]
(4.1.2)

͜͜Ͱɼ

W (1) = Im (u)

W (2) = Re (u)

W (3) = Im (t)

Ͱ͋Δɽ͜ͷࣜ (4.1.2)ΛϧϑϋϛϧτχΞϯͱݺͿɽ͜ͷϋϛϧτχΞϯͷߏΛཧ

ղ͢ΔͨΊɼ࣍ͷΑ͏ͳ߹Λ͑ߟΔɽ

W (1) = (γ, 0, 0)

W (2) = (0, γ, 0)

W (3) = (0, 0, γ)

͢Δͱࣜ (4.1.2)ɼ

H =

(
∆ ih̄γk · σ

−ih̄γk · σ −∆

)
(4.1.3)

ͱͳΔɽࣜ (4.1.3)σΟϥοΫϋϛϧτχΞϯɼ

HDirac =

(
m p · σ

p · σ −m

)

ͱՁͰ͋ΓɼํతσΟϥοΫܕͱΑͿ [8, 63]ɽํతσΟϥοΫܕͷݻ༗ E

ΔɽA,B,C,D͑ߟ͍ͯͭʹ Λྻߦͱͨ͠ͱ͖ɼ

det

[
A B
C D

]
= detA det

[
D − CA−1B

]
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ͰදͤΔ͜ͱ͔Β [64, 65]ɼݻ༗ E ΛٻΊΔʹ࣍ͷํఔࣜΛղ͚Α͍ɽ

det

[
∆−E ih̄γk · σ

−ih̄γk · σ −∆−E

]

= det [∆−E] det
[
(−∆−E)− (−ih̄γk · σ) (∆−E)−1 (ih̄γk · σ)

]
= 0

(4.1.4)

͜͜Ͱ I ୯ҐྻߦͰɼ∆ = ∆I ͓Αͼ E = EI Ͱ͋Δɽk± = (kx ± iky) /
√
2,γ′ =

√
2γ ͱͯ͠ɼ

(−ih̄γ′k · σ) (∆−E)−1 (ih̄γ′k · σ) = h̄2γ′2

∆− E

(
kz k−
k+ −kz

)(
kz k−
k+ −kz

)

=
h̄2γ′2

∆− E

(
k2x + k2y + k2z

)
I

Ͱ͋ΔͷͰɼࣜ (4.1.4)࣍ͷΑ͏ʹղ͚Δɽ

−∆2 + E2 − h̄2γ2
(
k2z + k−k+

)
= 0

→ E = ±
√

∆2 + h̄2γ2 (k2z + k−k+) (4.1.5)

ਤ 4.1.1ʹͦͷόϯυࢄΛࣔ͢ɽ͜ͷԁਲ਼ঢ়ͷ͕ࢄσΟϥοΫίʔϯͱݺΕΔɽ࣓

தͷݻ༗ʹ͍ͭͯ͑ߟΔɽ࣓தͰɼࣜ (4.1.3)ʹ͓͍ͯ h̄k → π ͷมΛ͑ߦ

ྑ͍ɽ

H =

(
∆ ih̄γπ · σ

−ih̄γπ · σ −∆

)
(4.1.6)

͜͜Ͱɼݻ༗Λ E ͱͯ͠ݻ༗ํఔࣜ Hψ = Eψ ͷ྆ลͷೋΛ͑ߟΔͱɼ

H2 =

(
∆ ih̄γπ · σ

−ih̄γπ · σ −∆

)(
∆E iγπ · σ

−iγπ · σ −∆

)

=

(
∆2 + γ2 (π · σ) (π · σ) 0

0 ∆2 + γ2 (π · σ) (π · σ)

)
(4.1.7)

ͱͳΓɼϒϩοΫର֯Խ͞ΕΔɽ

(π · σ) (π · σ) =
(

h̄2k2z + 2π−π+ 0
0 h̄2k2z + 2π+π−

)

͓Αͼɼ

2π+π− = π2
x + π2

y + i (π × π)z
= (2n+ 1) eh̄B + eh̄B

2π−π+ = π2
x + π2

y − i (π × π)z
= (2n+ 1) eh̄B − eh̄B
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ਤ 4.1.1 2όϯυσΟϥοΫܕͷΤωϧΪʔࢄɽ∆ = 0.1,γ = 1ͱͨ͠ɽ

ͳͷͰɼݻ༗࣍ͷΑ͏ʹͳΔɽ

∆2 + (2n+ 1± 1) eh̄Bγ2 + h̄2k2zγ
2 − E2 = 0 (4.1.8)

→ E = ±

√

∆2 + 2γ2
(
n+

1

2
± 1

2

)
eh̄B + h̄2k2zγ

2 (4.1.9)

Δɽj͑ߟϥϯμ४ҐΛ࠷ = n + 1/2 ± 1/2ͱ͢Δͱɼj = 0ͷ߹͕࠷ϥϯμ

४ҐͰ͋Δɽ͜ͷ߹ɼ࠷ϥϯμ४Ґ͕࣓ʹґଘ͠ͳ͍͜ͱ͕͔Δɽ͜Ε͕σΟ

ϥοΫిܥࢠͷಛͰ͋Δɽ

σΟϥοΫܕʹ͓͚Δεϐϯ྾มʹ͍ͭͯ͑ߟΔɽࣜ (4.1.8)ΑΓɼθʔϚϯ
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྾͓ΑͼαΠΫϩτϩϯΤωϧΪʔ࣍ͷΑ͏ʹॻ͚Δɽ

Ez = En,+ − En,−

=

√

∆2 + 2γ2
(
n+

1

2
+

1

2

)
h̄eB + h̄2k2zγ

2 −

√

∆2 + 2γ2
(
n+

1

2
− 1

2

)
h̄eB + h̄2k2zγ

2

(4.1.10)

EC = En,+ − En−1,+

=

√

∆2 + 2γ2
(
n+

1

2
+

1

2

)
eh̄B + h̄2k2zγ

2 −

√

∆2 + 2γ2
(
n+

1

2
− 1

2

)
eh̄B + h̄2k2zγ

2

(4.1.11)

ΑͬͯɼEZ ͱ Ec ͷൺ͔Βఆٛ͞ΕΔMZC ɼ

MZC = 1 (4.1.12)

Ͱ͋Δɽ͜ͷ͜ͱ͔ΒɼσΟϥοΫిܥࢠͰ͋Εεϐϯ྾ม͕̍Ͱ͋Δͱ͑ݴɼ1

͔ΒͲͷఔΕ͍ͯΔ͔ΛݟΔ͜ͱͰɼσΟϥοΫిܥࢠΒ͠͞Λஅ͢Δ͜ͱ͕ग़

དྷΔɽ

4.1.2 ֦ுσΟϥοΫܕ

ZhuΒʹΑΓɼ࣮ ఏҊ͞Ε͕ͨܕͱ߹͏Α͏ͳ֦ுσΟϥοΫݧ [13]ɽBiͷిࢠঢ়ଶ

ʹવσΟϥοΫܕʹө͞ΕΔ̎όϯυҎ֎ʹόϯυ͕ଘ͢ࡏΔɽ͜ΕΒͷόϯ

υͷޮՌΛݱతʹྀͨ͠ߟ֦͕ܕுσΟϥοΫܕͰ͋Δɽ͜ΕΒଟόϯυͷޮՌ

࣓ͷҰ࣍·ͰͰेͰ͋Γɼ࣍ͷΑ͏ͳ߲ΛՃ͑Δ͜ͱͰઁಈతʹද͞ΕΔ [66–69]ɽ

σ

2
g′µBB

͜͜Ͱ g′ Ճ gҼࢠͱΑΕɼ࣮ݧʹΑΓݱతʹܾఆ͞Ε͖ͯͨ [13, 33, 70]ɽ࠷

ऴతʹɼ֦ுσΟϥοΫܕʹ͓͚Δ࣓தͷΤωϧΪʔݻ༗࣍ͷΑ͏ʹॻ͚Δɽ

EEx−Dirac
n,σ =

√

∆2 + 2∆h̄ωc

(
n+

1

2
+
σ

2

)
+

h̄2kz2

2mz
+
σ

2
g′µBB (4.1.13)

εϐϯ྾มʹ͍ͭͯ͑ߟΔɽαΠΫϩτϩϯΤωϧΪʔσΟϥοΫܕͷ߹ͱ

ಉ༷Ͱ͋ΔɽθʔϚϯΤωϧΪʔσΟϥοΫܕͷ߹ͷθʔϚϯ྾ EDirac
Z Λ༻͍

ͯɼEZ = EDirac
Z + g′µBB ͱදͤΔɽΑͬͯɼ

MZC =
EZ

EC
= 1 +

g′µBB

EDirac
n,+ − EDirac

n−1,+

(4.1.14)

ͱͳΔɽ
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4.2 ଟόϯυ k · pܕ
͜͜·Ͱɼ༗ޮܕͷࢉܭΛ͖ͨͯͬߦɽ͔͜͜ΒΑΓҰൠੑΛߴΊΔͨΊɼଟό

ϯυ k · pܕͷࢉܭʹ͍ͭͯղઆ͢Δɽલड़ͷͱ͓Γ࣓தͰྗֶతӡಈྔ π ͷଘࡏ

ʹΑΓɼଟόϯυ k · pܕΛղ͘͜ͱࠔͰ͋Δɽ͜ͷʹର༷ͯ͠ʑͳख๏ʹ
ΑΓΞϓϩʔν͕ՄͰ͋ΔɽҎԼͰɼଟόϯυ k · pܕͷղ͖ํʹ͍ͭͯٞ͢Δɽ
݁থதͷεϐϯيಓ݁߹ͷޮՌΛؚΉҰిܥࢠͷϋϛϧτχΞϯ࣍ͷΑ͏ʹॻ͚Δɽ

H =
p2

2m
+ V (r) +

h̄

4m2c2
σ · ∇V (r)× p (4.2.1)

࣓தͷޮՌΛಋೖ͢ΔͨΊʹ Luttinger-KohnͷཧΛద༻͢Δ [6]ɽ͜ͷ k · pཧͷ
ͷΑ͏ʹॻ͚Δ࣍༗ํఔࣜݻ [71, 72]ɽ

∑

n′

[(
En +

h̄2k2

2m

)
δnn′δσσ′ + h̄k · vσσ′

nn′

]
cn′σ′ (k) = Ecnσ (k) (4.2.2)

nόϯυͷܥΛ͑ߟΔɽϋϛϧτχΞϯόϯυͷࢦඪΛجఈͱͯ࣍͠ͷΑ͏ͳ 2n× 2n

ͷྻߦͰදݱͰ͖Δɽ

H =
h̄2k2

2m
+





E1 0 h̄k · t1 h̄k · u1 h̄k · t2 h̄k · u2 · · ·
0 E1 −h̄k · u∗

1 h̄k · t∗1 −h̄k · u∗
2 h̄k · t∗2 · · ·

h̄k · t∗1 −h̄k · u1 E3 0 h̄k · s1 h̄k · w1 · · ·
h̄k · u∗

1 h̄k · t1 0 E3 −h̄k · w∗
1 h̄k · s∗1 · · ·

h̄k · t∗2 −h̄k · u2 h̄k · s∗1 −h̄k · w1 E4 0 · · ·
h̄k · u∗

2 h̄k · t2 h̄k · w∗
1 h̄k · s1 0 E4 · · ·

...
...

...
...

...
...

. . .





(4.2.3)

͜͜Ͱɼ࣍ͷΑ͏ͳରশੑΛྀͨ͠ߟɽ

v↑↑mn = 〈ψm↑|vψn↑〉 = 〈Cvψm↑|Cψm↑〉 = 〈ψn↓|vψm↓〉 = v↓↓nm (4.2.4)

v↑↓mn = 〈ψm↑|vψn↓〉 = 〈ψm↑|vCψn↑〉 = 〈CvCψn↑|Cψm↑〉 = −v↑↓nm (4.2.5)

C = JKɼCψn↑ = ψn↓,〈φ|ψ〉 = 〈Cψ|Cφ〉,C2 = −1 ͱ͍͏ؔࣜΛ༻͍ͨɽJ ͕ۭؒ

సɼK Ͱ͋Δɽ͜ͷ͜ͱΛ౿·͑ɼࣜࢠࢉసͷԋ͕ؒ࣌ (4.2.3) όϯυࢦඪ͝ͱʹ

tn = v↑↑0n,un = v↑↓0n ͱఆٛ͠ɼE2n = E2n−1 ͱͨ͠ɽࣜ (4.2.4),ࣜ (4.2.5)ͷؔ

Ͱ͋ΔɽࣜΔνΣοΫʹ༗༻ͳ͚͓ؔʹࢉܭ

4.3 Löwdin partitioningʹΑΔղੳతख๏

k · pཧͷΈʹ͓͍ͯɼඇՄͳԋࢠࢉ π Λ༻͍Δ͜ͱͰີݫʹ࣓தޮՌΛಋ

ೖͰ͖Δɼπ ͷଘࡏʹΑΓଟόϯυܕͷαΠζʢྻߦαΠζʣΛखͰղ͚Δൣғ·Ͱখ
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͘͢͞Δඞཁ͕͋ΔɽࠓઅͰɼଟόϯυޮՌΛؚΜͩ··࣓தͷݻ༗ํఔࣜΛղ͘

ͨΊʹɼண͢Δ̍όϯυʹରͯ͠ҰछͷઁಈͰ͋Δ Löwdin partitioningΛ༻͍ͯଟ

όϯυޮՌΛՃ͑ͨ̍όϯυܕʢ2× ʣΛಋग़͢ΔɽLöwdinྻߦ2 partitioningΛ༻͍

Δ͜ͱͰɼࣜ (4.2.3)࣍ͷΑ͏ʹॻ͚Δ [10, 71]ɽ

H = H(0) +H(1) +H(2) + · · · (4.3.1)

H(0)
mm′ = H0

mm′ (4.3.2)

H(1)
mm′ = H′

mm′ (4.3.3)

H(2)
mm′ =

1

2

∑

l

H′
mlH′

lm′

(
1

Em − El
+

1

Em′ − El

)
(4.3.4)

۩ମతʹɼ࣍ͷΑ͏ʹͳΔɽ

H(2)
11 =

H13H31

E1 − E3
+

H14H41

E1 − E3
+ · · ·

=
(π · t1) (π · t∗1)

E1 − E3
+

(π · u1) (π · u∗
1)

E1 − E3
+ · · ·

=
∑

n $=1

1

E1 − E2n−1
[(π · tn) (π · t∗n) + (π · un) (π · u∗

n)]

=
∑

n $=1

[
π · αn · π

2
+

(−i) eh̄

2c
An · B

]
(4.3.5)

αn,i,j =
1

E1 − E2n−1

(
tnit

∗
nj + tnjt

∗
ni + uniu

∗
nj + unju

∗
ni

)
(4.3.6)

An =
1

E1 − E2n−1
(tn × t∗n + un × u∗

n) (4.3.7)

͜͜Ͱɼ࣍ͷΑ͏ͳؔࣜΛ༻͍ͨɽ

(t · π) (t∗ · π) = π · α · π
2

+
(−i) eh̄

2
(t× t∗) ·B (4.3.8)

ಉ༷ʹͯ͠ɼ

H(2)
12 =

∑

n $=1

1

E1 − E2n−1
[− (π · tn) (π · un) + (π · un) (π · tn)] (4.3.9)

=
∑

n $=1

ieh̄

E1 − E2n−1
(tn × un) ·B (4.3.10)

H(2)
21 =

∑

n $=1

1

E1 − E2n−1
[− (π · u∗

n) (π · t∗n) + (π · t∗n) (π · u∗
n)] (4.3.11)

=
∑

n $=1

−ieh̄

E1 − E2n−1
(t∗n × u∗

n) ·B (4.3.12)
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H(2)
22 =

∑

n $=1

1

E1 − E2n−1
[(π · t∗n) (π · tn) + (π · u∗

n) (π · un)]

=
∑

n $=1

[
π · αn · π

2
− (−i) eh̄

2
An · B

]
(4.3.13)

Αͬͯɼղ͖͘༗ޮϋϛϧτχΞϯ࣍ͷΑ͏ʹͳΔɽ

Heff =
π · α · π

2

+
∑

n $=1

[
imµB

E1 − E2n−1

(
− (tn × t∗n + un × u∗

n) 2tn × un

−2t∗n × u∗ tn × t∗n + un × u∗
n

)
·B
]

(4.3.14)

͜͜Ͱɼαٯ༗ޮ࣭ྔͰɼ

αij =
δij
m

+
∑

n $=1

tnit∗nj + tnjt∗ni + uniu∗
nj + unju∗

ni

E1 − E2n−1
(4.3.15)

Ͱ͋ΔɽµB = eh̄/2mϘʔΞ࣓ࢠͰ͋Δɽ·ͨࣜ (4.3.5)Ҏ߱ɼ࣓தޮՌΛಋೖ͢Δ

ͨΊ h̄k → −ih̄∇ + eA ≡ π ͷมΛͨͬߦɽࣜ (4.3.15)ͷୈҰ߲ڧεϐϯيಓ݁

Δɽࣜ͢ࢹͰඇৗʹখ͍͞ɽͦͷͨΊɼҎԼͰ͜ͷ߲ແܥ߹ (4.3.14)ͷୈҰ߲Α

ΓɼαΠΫϩτϩϯΤωϧΪʔ h̄ωc ΛಘΔ͜ͱ͕ՄͰ͋Δɽ

h̄ωc = eh̄B
√

detα (α−1)ii (4.3.16)

͜͜Ͱɼ࣓ํΛ iͱͨ͠ɽୈೋ߲θʔϚϯΤωϧΪʔ Ez ࣍ͷΑ͏ʹٻ·Δɽ

E2
z = m2µ2

B



4

∣∣∣∣∣∣

∑

n $=1

(tn × un) ·B
E1 − E2n−1

∣∣∣∣∣∣

2

−
{
∑

n $=1

(tn × t∗n + un × u∗
n) ·B

E1 − E2n−1

}2




= m2µ2
BB ·G ·B (4.3.17)

Gij = 4




∑

n $=1

tn × un

E1 − E2n−1





i




∑

n $=1

t∗n × u∗
n

E1 − E2n−1





j

−




∑

n $=1

tn × t∗n + un × u∗
n

E1 − E2n−1





i




∑

n $=1

tn × t∗n + un × u∗
n

E1 − E2n−1





j

(4.3.18)

࣓ํΛ iͱ͢Δͱ Ez = ± (g/2)µBB Ͱ͋Γɼ༗ޮ gҼࢠ 2m
√
Gii Ͱ༩͑ΒΕΔɽ

Ҏ্ΑΓɼ࣓ํΛ z ͱ͢ΔͱθʔϚϯʵαΠΫϩτϩϯൺMZCํ ࣍ͷΑ͏ʹද

ͤΔɽ

MZC =
∆Ez

h̄ωc
=

√
Gzz

αxxαyy − α2
xy

(4.3.19)
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ಛʹɼ2όϯυܕʹ͍ͭͯɼόϯυΪϟοϓΛ ∆ͱ͢Δͱɼ

Gzz =
1

∆2

[
4
(
|tix|2 |uiy|2 + |tiy|2 |uix|2

)
+ 2

(
|tix|2 |tiy|2 + |uiy|2 |uix|2

)

−
(
t21xt

∗2
1y + t21yt

∗2
1x + u2

1xu
∗2
1y + u2

1yu
∗2
1x

)

− 2
(
t1xt

∗
1yu1yu

∗
1x + t1yt

∗
1xu1xu

∗
1y − t1xt

∗
1yu1xu

∗
1y + t1yt

∗
1xu1yu

∗
1x

) ]

= αxxαyy − α2
xy (4.3.20)

ͱͳΓɼ̎όϯυܕͰ MZC ͷ̍ͱͳΔɽ͜ͷ݁Ռ·ͨɼࢉܭͷ֬ೝʹ

༗༻Ͱ͋Δɽ࣮ࡍͷ࣭ͰࢉܭΛ͏ߦͱɼBiͷϗʔϧʢtrigonalํʣͰMZC = 2.08ɼ

PbTeͰMZC = 0.801ʢࣜ (4.3.15)ͷୈҰ߲Λྀ͢ߟΔͱ 0.834 [14]ʣͰ͋Δɽ

4.3.1 2όϯυʴଟόϯυޮՌʢର߲֯ͷΈʣ

ۙ͞Ε͍ͯΔϫΠϧిܥࢠόϯυΪϟοϓ͕ 0Ͱ͋Δɽ༌ૹݱʹ͓͍ͯɼ

ϑΣϧϛ४Ґۙͷ̎ຊͷόϯυ͕େ͖͘د༩͢ΔɽલઅͰ̍όϯυʹରͯ͠ઁಈΛՃ

͑Δ͜ͱͰଟόϯυޮՌΛؚΉΑΓਫ਼៛ͳϋϛϧτχΞϯΛಋग़ͨ͠ɽͦͷͨΊɼόϯυ

Ϊϟοϓ͕ 0Ͱ͋ΔϫΠϧిܥࢠͷํ๏ͷద༻ෆదͰ͋Δͱ͑ߟΒΕΔɽ̎όϯυ

ͷσΟϥοΫܕʹ͓͍ͯɼεϐϯ྾ม (MZC)࠷େͰ̍ͱ͔͠ͳΒͳ͍͜ͱ͕

ࣔ͞Ε͍ͯΔɽ͔͠͠ɼ݁থதͷεϐϯيಓ݁߹ޮՌ͕͍ڧ Bi2Se3 ʹ͓͍ͯɼMZC ͕

̎ఔͱେ͖͘ͳΔ͜ͱ͕ΒΕ͍ͯΔ [10,15,16]ɽ͜ͷʹରͯ͠ɼݱతͳ̐ʷ

̐ܕΛ༻͍Δ͜ͱ͕ఏҊ͞Ε͍ͯΔ [17]ɽͦ͜ͰຊઅͰɼଟόϯυͷ k · pཧʹج
͖ͮɼϑΣϧϛ४Ґۙͷ̎όϯυʹՃ͑ͯɼΑΓ͍ߴΤωϧΪʔΛͭଞͷόϯυͷد

༩ΛઁಈతʹՃ͑Δ͜ͱͰɼඍࢹతͳ̐ʷ̐ྻߦΛಋग़ͨ͠ɽΑΓਫ਼៛ͳ͜ͷྻߦΛ༻͍

ͯɼθʔϚϯ྾ͱαΠΫϩτϩϯΤωϧΪʔͷࣜΛಋग़͠ɼMZC ͷදࣜΛಘͨɽ

Δɽ2n×2n͑ߟ༩ΛՃ͑Δ͜ͱΛدॳʹɼ؆୯ͷͨΊʹର߲֯ʹͷΈଞόϯυͷ࠷ͣ·

ͷྻߦͷϋϛϧτχΞϯΛ͑ߟΔɽࣜ (4.2.3)ͱಉ࣍͘͡ͷΑ͏ͳϋϛϧτχΞϯͱͳΔɽ

H =





E1 0 h̄k · t1 h̄k · u1 h̄k · t2 h̄k · u2 · · ·
0 E2 −h̄k · u∗

1 h̄k · t∗1 −h̄k · u∗
2 h̄k · t∗2 · · ·

h̄k · t∗1 −h̄k · u1 E3 0 h̄k · s1 h̄k · w1 · · ·
h̄k · u∗

1 h̄k · t1 0 E4 −h̄k · w∗
1 h̄k · s∗1 · · ·

h̄k · t∗2 −h̄k · u2 h̄k · s∗1 −h̄k · w1 E5 0 · · ·
h̄k · u∗

2 h̄k · t2 h̄k · w∗
1 h̄k · s1 0 E6 · · ·

...
...

...
...

...
...

. . .
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લઅͱಉ༷ʹ Löwdin partitioningΛ༻͍ͯɼ4× ༩ΛՃ͑Δɽدଟόϯυͷʹྻߦ4

H11 =
∑

l

H1lHl1

E1 − El

=
H15H51

E1 − E5
+

H16H61

E1 − E6
+ · · ·

=
(h̄k · t2) (h̄k · t∗2)

E1 − E5
+

(h̄k · u2) (h̄k · u∗
2)

E1 − E5
+ · · ·

=
∑

n $=0,1

1

E1 − E2n+1
[(π · tn) (π · t∗n) + (π · un) (π · u∗

n)]

=
∑

n $=0,1

[
π · αtu

n · π
2

+
(−i) eh̄

2c
Atu

n · B
]

(4.3.21)

͜͜Ͱɼ

αtu
n,ij =

tnit∗nj + tnjt∗ni + uniu∗
nj + unju∗

ni

E1 − E2n+1
(4.3.22)

Atu
n =

tn × t∗n + un × u∗
n

E0 − E2n+1
(4.3.23)

ͱఆٛͨ͠ɽಉ༷ʹɼ

H22 =
∑

n $=0,1

[
π ·αtu

n · π
2

+
(−i) eh̄

2c
Atu

n ·B
]

= H11 (4.3.24)

H33 =
∑

n $=0,1

[
π ·αsw

n · π
2

+
(−i) eh̄

2
Asw

n ·B
]

= H44 (4.3.25)

Ͱ͋Δɽઌ΄Ͳ·Ͱͱಉ༷ʹ αʹ͍ͭͯ࣍ͷΑ͏ʹఆٛͨ͠ɽ

αsw
n,ij =

sn−1is∗n−1j + sn−1js∗n−1i + wn−1iw∗
n−1j + wn−1jw∗

n−1i

E3 − En
(4.3.26)

Ҏ্͔Βɼର߲֯ʹͷΈઁಈΛՃ͑ͨ 4× ͷΑ͏ʹͳΔɽ࣍ͷϋϛϧτχΞϯྻߦ4

H =





E1 +H11 0 h̄k · t1 h̄k · u1

0 E1 +H11 −h̄k · u∗
1 h̄k · t∗1

h̄k · t∗1 −h̄k · u1 E3 +H33 0
h̄k · u∗

1 h̄k · t1 0 E3 +H33





=





∆+Hd 0 h̄k · t1 h̄k · u1

0 ∆+Hd −h̄k · u∗
1 h̄k · t∗1

h̄k · t∗1 −h̄k · u1 − (∆+Hd) 0
h̄k · u∗

1 h̄k · t1 0 − (∆+Hd)



 (4.3.27)
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͜͜Ͱɼ

∆ = E1 − E3 (4.3.28)

Hd = H11 −H33 (4.3.29)

ͱͨ͠ɽ͜ͷͱ͖ɼRe (t) = 0ͱ͢Δͱɼ࣍ͷΑ͏ͳ୯७ͳܗʹॻ͖ͤΔɽʢϧϑϋ

ϛϧτχΞϯ [12]ʣ

H = ∆β + ih̄k ·
[

3∑

µ=1

W (µ)βαµ

]
(4.3.30)

͜͜Ͱɼ

W (1) = Im (u)

W (2) = Re (u)

W (3) = Im (t)

͜ΕΛσΟϥοΫϋϛϧτχΞϯͱಉ༷ͷܗʹཧ͢Δͱɼ

H =

[
∆+Hd iπ · Λ
−iπ · Λ − (∆+Hd)

]
(4.3.31)

ͱͳΔɽ͜ͷͱ͖ɼ

iπ · Λ =

[
h̄π · t1 h̄π · u1

h̄π · u∗
1 h̄π · t∗1

]
(4.3.32)

ͱஔ͍ͨɽݻ༗ΛٻΊΔͨΊʹɼ྆ลΛೋ͢Δɽ

H2ψ =

[
(∆+Hd)

2 + (π · Λ)2 0
0 (π · Λ)2 + (∆+Hd)

2

]
ψ

=

[
∆2 + 2∆H∗ 0

0 ∆2 + 2∆H∗

]
ψ

= E2ψ (4.3.33)

༗ޮ࣭ྔ؆୯ʹ limk→0

(
∂2E/∂k2

)−1
ͰٻΊΔ͜ͱ͕ग़དྷΔɽޙ࠷ʹ kͷθϩݶۃ

ͱશମͷٯΛऔΔ͜ͱΛ͑ߟΔͱɼ༗ޮ࣭ྔΛٻΊΔʹͨΓ k3 Ҏ্ͷ߲ 0ͱͳΔɽ

Hd  k2 ͷΦʔμʔͰ͋ΔͷͰH2
d ແࢹͰ͖ΔɽΑͬͯɼ

(∆+Hd)
2 = ∆2 + 2∆Hd +H2

d

/ ∆2 + 2∆Hd (4.3.34)

Ͱ͋Δɽ͜ͷ͜ͱΛ౿·͑Δͱɼ

H∗ = Hd +
(π ·Λ)2

2∆

=
∑

n $=0,1

[
π ·αtu

n · π
2

+
(−i) eh̄

2
Atu

n ·B
]
−
∑

n $=0,1

[
π ·αsw

n · π
2

+
(−i) eh̄

2
Asw

n ·B
]

+
π ·αtu

1 · π
2

+
(−i) eh̄

2
Atu

1 ·B

=
π ·α · π

2
+ (−i)mµBA ·B (4.3.35)
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͜ͷͱ͖ɼ

α =
∑

n $=0

αtu
n −

∑

n $=0,1

αsw
n (4.3.36)

A =
∑

n $=0

Atu
n −

∑

n $=0,1

Asw
n (4.3.37)

Ͱ͋Δɽࣜ (4.3.35) ୈҰ߲ʹ͍ͭͯ͑ߟΔ.͜ͷݻ༗࣍ͷΑ͏ͳܗͰ༩͑ΒΕΔɽ

hω∗
c

(
n+

1

2

)
+

h̄2k2h
2mh

(4.3.38)

kh ࣓ํͷϕΫτϧͰ͋ΔɽαΠΫϩτϩϯप ω∗
c ࣍ͷΑ͏ʹ༩͑Β

ΕΔɽ

ω∗
c =

eB

m∗
c

(4.3.39)

αΠΫϩτϩϯ࣭ྔm∗
c ࣍ͷΑ͏ʹ༩͑ΒΕΔɽ

m∗
c =

√
det m̂

mh
(4.3.40)

m̂ = α−1

mh = h · m̂ · h

ҎԼɼ࣓͕ z࣠ํʹ͔͚ΒΕ͍ͯΔͱ͑ߟΔͱɼ

m∗
c =

√
det m̂

mz
(4.3.41)

=

√
1

αxxαyy − α2
xy

(4.3.42)

ࣜ (4.3.39),(4.3.41)ΑΓɼαΠΫϩτϩϯΤωϧΪʔ h̄ω∗
c ࣍ͷΑ͏ʹͳΔɽ

h̄ω∗
c = h̄

eB

m∗
cc

= 2mµB

√
αxxαyy − α2

xy (4.3.43)

ࣜ (4.3.35)ୈೋ߲ʹ͍ͭͯ͑ߟΔɽ͜ͷࣜͷݻ༗θʔϚϯΤωϧΪʔ EZ Ͱ͋Δɽ

E2
Z = ((−i)mµBA · B)2

= m2µ2
BB · Ĝ · B (4.3.44)
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͜͜Ͱɼ

Ĝij = −AiAj

= −




∑

n $=0

Atu
n −

∑

n $=0,1

Asw
n





i




∑

n $=0

Atu
n −

∑

n $=0,1

Asw
n





j

ͱͨ͠ɽ༗ޮ gҼࢠ ĝ = 2m
√
Gzz Ͱ༩͑ΒΕΔɽ·ͨɼEZ = ĝµBBz Ͱ͋ΔͷͰ

EZ = 2mµB

√
Gzz (4.3.45)

Ҏ্͔ΒɼθʔϚϯ྾ͱαΠΫϩτϩϯपͷൺMZC ࣜ (4.3.43)͓Αͼࣜ (4.3.45)

ΑΓɼ

M =
∆EZ

h̄ωc
=

√
Gzz

αxxαyy − α2
xy

(4.3.46)

ͱͳΓɼதͦ͜ҧ͑Ͳࣜ (4.3.19)ͱಉ༷ͳܗͱͳΔɽ



4.3 Löwdin partitioningʹΑΔղੳతख๏ 45

4.3.2 ඇର߲֯ͷઁಈΛࢉܭͨ͑ߟ

લઅͰର֯ʹೖΔઁಈͷΈΛྀ͍ͨͯ͠ߟɽ͔͠͠ɼ࣮ࡍʹඇର߲֯ʹઁಈ

͕ೖΔɽLöwdin partitioningΛ༻͍ͯಘΒΕΔઁಈ߲࣍ͷΑ͏ʹͳΔɽ

H11 =
∑

n $=0,1

ε−1
n11

[
π ·
(
αtt∗

n +αuu∗

n

)
· π

2
+ (−i)mµB

(
Att∗

n +Auu∗

n

)
·B
]

(4.3.47)

H12 =
∑

n $=0,1

ε−1
n112 (i)mµBA

tu
n ·B (4.3.48)

H13 =
∑

n $=0,1

ε−1
n13

[
π ·
(
αts∗

n +αuw∗

n

)
· π

2
+ (−i)mµB

(
Ats∗

n +Auw∗

n

)
·B
]

(4.3.49)

H14 =
∑

n $=0,1

ε−1
n13

[
π · (−αtw

n +αus
n ) · π

2
+ (−i)mµB

(
−Atw

n +Aus
n

)
·B
]

(4.3.50)

H22 =
∑

n $=0,1

ε−1
n11

[
π ·
(
αuu∗

n +αtt∗
n

)
· π

2
− (−i)mµB

(
Auu∗

n +Att∗

n

)
·B
]

(4.3.51)

H23 =
∑

n $=0,1

ε−1
n13

[
π ·
(
−αu∗s∗

n +αt∗w∗

n

)
· π

2
+ (−i)mµB

(
−Au∗s∗

n +At∗w∗

n

)
·B
]

(4.3.52)

H24 =
∑

n $=0,1

ε−1
n13

[
π ·
(
αu∗w

n +αt∗s
n

)
· π

2
+ (−i)mµB

(
Au∗w

n +At∗s
n

)
·B
]

(4.3.53)

H33 =
∑

n $=0,1

ε−1
n33

[
π ·
(
αss∗

n +αww∗

n

)
· π

2
+ (−i)mµB

(
Ass∗

n +Aww∗

n

)
·B
]

(4.3.54)

H34 =
∑

n $=0,1

ε−1
n332 (−i)mµBA

sw
n ·B (4.3.55)

H44 =
∑

n $=0,1

ε−1
n33

[
π ·
(
αww∗

n +αss∗
n

)
· π

2
− (−i)mµB

(
Aww∗

n +Ass∗

n

)
·B
]

(4.3.56)

͜͜Ͱɼ࣍ͷΑ͏ʹఆٛͨ͠ɽ

1

εnij
=

1

2

(
1

Ei − E2n+1
− 1

Ej − E2n+1

)
(4.3.57)

αab
n,ij = anibnj + anjbni (4.3.58)

Aab = (a× b) (4.3.59)

Hij = − (Hji)
∗ (4.3.60)

(
Aab

)∗
= Aa∗b∗ (4.3.61)
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Αͬͯɼ4× ྻߦ4 H ࣍ͷΑ͏ʹͳΔɽ

H =





∆+H11 H12 π · t1 +H13 π · u1 +H14

H21 ∆+H22 −π · u∗
1 +H23 π · t∗1 +H24

π · t∗1 +H31 −π · u1 +H32 −∆+H33 H34

π · u∗
1 +H41 π · t1 +H42 H43 −∆+H44





(4.3.62)

όϯυ͕ରশతͰ͋Δͱ͑ߟΔͱɼ͜ͷྻߦ࣍ͷΑ͏ʹॻ͖ͤΔɽ

H =

[
Hu Λ
Λ† −Hu

]
(4.3.63)

Hu =

[
E1 − E3 +H11 −H33 H12 −H34

H21 −H43 E1 − E3 +H11 −H33

]
(4.3.64)

=

[
∆+Hd HD

H∗
D ∆+Hd

]
(4.3.65)

Λ =

[
π · t1 +H13 π · u1 +H14

−π · u∗
1 +H23 π · t∗1 +H14

]
(4.3.66)

ࣜ (4.3.62) ͷݻ༗Λ͢ࢉܭΔɽ࣓ͷҰ࣍·ͰΛ͑ߟΔͱɼΛ ͷ࣓Ұ࣍ͷ߲ݻ༗

ͷͱ͖ʹೋ࣍ͰೖΔɽͦ͜Ͱɼ؆୯ͷͨΊʹ࣓Ұ࣍ͷ߲Λམͱͨ͠ࢉܭΛ͏ߦɽͭ

·Γɼ

Λ /
[

π · t1 π · u1

−π · u∗
1 π · t∗1

]
(4.3.67)

ͱͨ͠߹ʹ͍ͭͯ͑ߟΔɽ∆+Hd = ∆′ɼݻ༗Λ E ͱ͢Δͱɼ࣍ͷΑ͏ͳࣜͱͳΔɽ

(H − E)ψ =





∆′ − E HD π · t1 π · u1

−H∗
D ∆′ − E −π · u∗

1 π · t∗1
π · t∗1 −π · u1 −∆′ − E −HD

π · u∗
1 π · t1 H∗

D −∆′ − E



ψ (4.3.68)

ҎԼɼ͜ͷݻ༗ํఔࣜΛղ͖ɽݻ༗ E ͷΛٻΊΔɽdet (H − EI) = 0 Λ E ʹͭ

͍ͯղ͚ྑ͍ɽ

det (H − E) =

∣∣∣∣∣∣∣∣

∆′ − E HD π · t1 π · u1

−H∗
D ∆′ − E −π · u∗

1 π · t∗1
π · t∗1 −π · u1 −∆′ − E −HD

π · u∗
1 π · t1 H∗

D −∆′ − E

∣∣∣∣∣∣∣∣
= 0

(4.3.69)

ର߲֯ͷΈʹઁಈΛՃ͑ͨղੳࢉܭʹ͍ͭͯ H12, H21 ͓Αͼ H34, H43 ͕̌Ͱ

͋ͬͨͨΊɼ؆୯ʹղੳࢉܭΛ͕ࣄ͏ߦग़དྷͨɽ͔͠͠ɼࠓճͷํ๏Ͱઁಈ߲͕৽ͨʹ

Ճ͑ΒΕ͓ͯΓ͜ͷ··खࢉܭΛࣄ͏ߦࠔͰ͋Δɽ
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4.4 ࣓தԋࢠࢉͷݻ༗ؔͷԋࢉ

લઅ·Ͱ̍όϯυɼ̎͘͠όϯυʹઁಈΛՃ͑Δ͜ͱͰΑΓਫ਼៛ͳϋϛϧτχΞ

ϯΛಋग़͍ͯͨ͠ɽ͔͜͠͠ͷํ๏લষͰड़ͨΑ͏ʹɼ͍͔ͭ͘ͷࠔ͕ଘ͠ࡏ

ͨɽ͜ͷࠔʹ͓͚Δ࠷େͷඇՄͳԋࢠࢉ π ͷଘࡏͰ͋ΔɽҎԼͰ͜ͷԋ

ࢠࢉ πΛઌʹԋ͠ࢉɼݻ༗ࢉܭΛ͜͏ߦͱΛ͑ߟΔɽ͜ͷํ๏ϥοςΟϯδϟʔܕ

Ͱ࣮ߦʹࡍΘΕ͍ͯΔख๏Ͱ͋Δ [61, 62, 73,74]ɽ

4.4.1 σΟϥοΫܕʴݻ༗ԋࢉ

̎όϯυͷσΟϥοΫϋϛϧτχΞϯ࣍ͷΑ͏ͳ̐ Ͱ͋Δɽྻߦ̐×

Hiso =

[
∆ iγπ · σ

−iγπ · σ −∆

]
(4.4.1)

π · σ ʹ͍ͭͯண͢Δɽ

π · σ =

[
h̄kz πx − iπy

πx + iπy −h̄kz

]

=

[
h̄kz π−
π+ −h̄kz

]
(4.4.2)

Αͬͯɼ2όϯυσΟϥοΫܕͷϋϛϧτχΞϯ࣍ͷΑ͏ʹͳΔʢkz = 0ͱͨ͠ʣɽ

Hiso =





∆ 0 0 iγ
√
2π−

0 ∆ iγ
√
2π+ 0

0 −iγ
√
2π− −∆ 0

−iγ
√
2π+ 0 0 −∆



 (4.4.3)

͜͜Ͱɼ࣍ͷΑ͏ͳಈؔΛ͑ߟΔɽ

ψ =





c1Ga

c2Gb

c3Gc

c4Gd



 (4.4.4)

a,b,c,dͦΕͧΕϥϯμ४ҐΛ͍ࣔͯ͠ΔɽGa,Gb,Gc,Gd ͦΕͧΕʹରͯ͠ɼπ+,π−

ͦΕͧΕͭ͗ͷΑ͏ʹԋ͢ࢉΔɽ

π+Ga =
√

eh̄B (a+ 1)Ga+1 (4.4.5)

π−Ga =
√

eh̄B (a)Ga−1 (4.4.6)
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Hisoψ = Eψ ͱ͍͏ಈํఔࣜΛ͑ߟΔɽ

Hisoψ =





∆ 0 0 iγ
√
2π−

0 ∆ iγ
√
2π+ 0

0 −iγ
√
2π− −∆ 0

−iγ
√
2π+ 0 0 −∆









c1Ga

c2Gb

c3Gc

c4Gd





=





c1∆Ga + ic4γ
√
2π−Gd

c2∆Gb + ic3γ
√
2π+Gc

−ic2γ
√
2π−Gb − c3∆Gc

−ic1γ
√
2π+Ga − c4∆Gd





=





c1∆Ga + ic4
√

2eh̄B (d)Gd−1

c2∆Gb + ic3
√

2eh̄B (c+ 1)Gc+1

−ic2
√
2eh̄B (b)Gb−1 − c3∆Gc

−ic1
√

2eh̄B (a+ 1)Ga+1 − c4∆Gd



 =





Eac1Ga

Ebc2Gb

Ecc3Gc

Edc4Gd



 (4.4.7)

Δඞ͢ࡏ༗͕ؔଘݻʹࡍͨ͠ࢉΔͨΊʹɼϋϛϧτχΞϯʹؔΛԋ͢ࡏ༗͕ଘݻ

ཁ͕͋Δɽࠓճͷ߹ʹ͓͍ͯɼԋࢉͷલޙͰಈؔͷࢦඪ͕มԽ͠ͳ͚Εྑ͍ɽ

Αͬͯɼ

a = d− 1

b = c+ 1

Λຬͨ͢͜ͱͰɼݻ༗Λͭ࣋͜ͱ͕ՄͰ͋Δɽ

4.4.2 ଟόϯυ k · pܕʴݻ༗ԋࢉ

؆୯ͷͨΊɼ·ͣ Cohen-Blountͷ Δɽ͑ߟΛྻߦ4×4

H =





E1 0 h̄k · t1 h̄k · u1

0 E1 −h̄k · u∗
1 h̄k · t∗1

h̄k · t∗1 −h̄k · u1 E2 0
h̄k · u∗

1 h̄k · t1 0 E2



 (4.4.8)

ରশతͳόϯυΛఆ͠ɽೋͭͷόϯυͷΪϟοϓΛ 2∆ͱ͢Δɽ࣓தޮՌΛͯ͑ߟɼ

ϋϛϧτχΞϯΛॻ͖͢ɽ

H =





∆ 0 π · t1 π · u1

0 ∆ −π · u∗
1 π · t∗1

π · t∗1 −π · u1 −∆ 0
π · u∗

1 π · t1 0 −∆



 (4.4.9)

࣓ͷํΛ zํͱఆΊΔͱɼπz = h̄kz Ͱ͋ΔɽҎԼɼkz = 0ͷ߹Λ͑ߟΔɽt1, u1

ԋࢠࢉͰ͋Δɽt1, u1 ΛҰൠతͳ v Ͱද͠ɼࣜ (4.4.9) Λ π+,π− Ͱද͢͜ͱΛߟ

͑Δɽ

π · v = πxvx + πyvy (4.4.10)



4.4 ࣓தԋࢠࢉͷݻ༗ؔͷԋࢉ 49

͜͜Ͱɼ

π+ =
1√
2
(πx + iπy)

π− =
1√
2
(πx − iπy)

⇔ πx =
1√
2
(π+ + π−)

πy =
−i√
2
(π+ − π−)

Ͱ͋Δ͜ͱΛ͑ߟΔͱɼ

π · v =
1√
2
(π+ + π−) vx − i√

2
(π+ − π−) vy

=
1√
2
(vx − ivy)π+ +

1√
2
(vx + ivy)π− (4.4.11)

Ͱ͋ΔɽΑͬͯɼv+ = (vx + ivy) /
√
2, v− = (vx − ivy) /

√
2 ͱॻ͖ද͢ͱࣜ (4.4.9) 

ͷΑ͏ʹॻ͖ͤΔɽ࣍

H =




∆ 0 1

2
t1−π+ + 1

2
t1+π−

1
2
u1−π+ + 1

2
u1+π−

0 ∆ −
(
1
2
u∗
1−π+ + 1

2
u∗
1+π−

)
1
2
t∗1−π+ + 1

2
t∗1+π−

1
2
t∗1−π+ + 1

2
t∗1+π− −

(
1
2
u1−π+ + 1

2
u1+π−

)
−∆ 0

1
2
u∗
1−π+ + 1

2
u∗
1+π− −

(
1
2
t1−π+ + 1

2
t1+π−

)
0 −∆





(4.4.12)

͜͜ͰɼσΟϥοΫͷ߹ͱಉ༷ʹ࣍ͷΑ͏ͳಈؔΛ͑ߟΔɽ

ψ =





c1Ga

c2Gb

c3Gc

c4Gd



 (4.4.13)

a,b,c,dͦΕͧΕϥϯμ४ҐΛ͍ࣔͯ͠ΔɽGa,Gb,Gc,Gd ͦΕͧΕʹରͯ͠ɼπ+,π−

ͦΕͧΕҎԼͷΑ͏ʹԋ͢ࢉΔɽ

π+Ga =
√

eh̄B (a+ 1)Ga+1 (4.4.14)

π−Ga =
√

eh̄B (a)Ga−1 (4.4.15)

Hisoψ = Eψ ͱ͍͏ݻ༗ํఔࣜΛ͑ߟΔɽσΟϥοΫͷ߹ͱಉ༷ɼݻ༗Λͨͭ࣋Ί

ʹԋ݁ͨ͠ࢉՌͷಈؔͷͷࢦඪ͕ԋࢉલͱ͘͠ͳΕྑ͍ɽࣜ (4.4.9)Ͱද

͞ΕΔϋϛϧτχΞϯΛಈؔʹԋͨ͠ࢉͱ͖ɼπ · vGa ͱ͍͏߲͕ඞͣଘ͢ࡏΔɽ͜

Εͱࣜ (4.4.11)ʹண͢Δͱɼ

π · vGa =

[
1

2
v1−
√
eh̄B (a+ 1)Ga+1 +

1

2
v1+
√

eh̄B (a+ 1)Ga

]
(4.4.16)

ͱͳΔɽಈؔ Ga+1 ͱ Ga−1 ͷಈؔݩΓɼ͓ͯ͠ࡏ͕ࠞ Ga ʹΔ͜ͱग़དྷ

ͳ͍ɽΑͬͯɼ͜ͷΈʹ͓͚Δɼଟόϯυ k · pܕͷಈํఔࣜݻ༗Λͭ࣋͜
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ͱ͕ग़དྷͳ͍ɽσΟϥοΫܕͰɼπ+,π− ͕ϋϛϧτχΞϯͷಉ͡ྻߦཁૉʹೖΔ͜

ͱͳ͔ͬͨɽͦͷͨΊɼϋϛϧτχΞϯΛಈؔʹԋ݁ͨ͠ࢉՌɼGa−1 ͱ Ga+1 ͱ

͍ͬͨಉ͡จࣈͰҟͳΔϥϯμ४ҐΛࣔ͢ಈ͕ؔࠞ͢ࡏΔ͜ͱͳ͔ͬͨɽ͜Εʹ

ର͠ଟόϯυ k · pܕͰɼϋϛϧτχΞϯͷಉ͡ྻߦཁૉʹ π+,π− Δɽ͍ͯ͠ࡏ͕ࠞ

ͦͷͨΊɼϋϛϧτχΞϯΛಈؔʹԋ݁ͨ͠ࢉՌɼGa−1 ͱ Ga+1 ͱ͍ͬͨಉ͡จࣈ

ͰҟͳΔϥϯμ४ҐΛࣔ͢ಈ͕ؔࠞͯ͠͠ࡏ·͏ɽҎ্ͷ͜ͱ͔ΒɼҰൠੑΛอͬ

ͨ··ʮ७ਮʹ࣓தԋࢠࢉ π Λԋ͠ࢉɼ࣓தݻ༗ΛٻʹີݫΊΔʯ͜ͱग़དྷͳ͍

ͱ͑ߟΒΕΔɽ࣭͝ͱͷରԠͱͯ͠ɼϥϯμ४ҐͷجఈΛ૿͢ (Ga−1 ͱ Ga+1

جఈͱͯ͠औΔ)͜ͱͰରԠ͍ͯ͠Δ [75]ɽ

4.5 Fan-diagram plotʹΑΔεϐϯ྾มͷධՁ

͜͜·Ͱɼ֤࣓ʹରԠ͢ΔθʔϚϯΤωϧΪʔͱαΠΫϩτϩϯΤωϧΪʔΛࢉܭ

͢Δ͜ͱʹΑΓɼεϐϯ྾มͷࢉܭΛํ͏ߦ๏Λղઆ͖ͯͨ͠ɽ͔͠͠ɼྔࢠৼಈΛ

Ͱಛఆͷ࣓ʹର͢ΔΤωϧΪʔΛಘΔ͜ͱ͍͠ɽͦ͜Ͱεϐϯ྾มݧ࣮͍ͨ༺

ΛධՁ͢Δผͷํ๏ͱͯ͠ɼfan-diagram plotΛ༻͢Δํ๏͕͋Δ [1]ɽҎ߱ɼಛ

ఆͷ࣓ͰͷθʔϚϯΤωϧΪʔͱαΠΫϩτϩϯΤωϧΪʔͷൺΛऔΔධՁํ๏ʹΑΔ

εϐϯ྾มͷΛMZCɼfan-diagram plotΛ༻͍ͯ͞ࢉܭΕͨεϐϯ྾มͷ

ΛMfan ͱͯ۠͠ผ͢Δɽࠓճεϐϯ྾มMfan ͷධՁํ๏ʹ͍ͭͯղઆ͢Δɽ

4.5.1 ࣗ༝ిࢠͷ߹

ɹ·ͣ࠷ॳʹࣗ༝ిࢠͷ߹Λ͑ߟΔɽθʔϚϯ߲Λྀ͢ߟΔͱɼࣗ༝ిࢠͷ࣓தి

ঢ়ଶҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δɽࢠ

Efree
n,σ = (n+ γ) h̄ωc +

σ

2
gµBB (4.5.1)

͜͜ͰɼΓ ϘʔΞ-κϯϚʔϑΣϧτͷྔࢠԽ݅ͰݱΕΔҐ૬߲Ͱ͋Δɽີݫʹ

γ = 1/2Ͱ͋Δ͕ɼ࣮ࡍʹ 1/2͔ΒͣΕΔ͜ͱ͕͋Δ (ྫ͑ɼ[18, 27])ɽԽֶϙ

ςϯγϟϧΛ µͱ͢ΔɽԽֶϙςϯγϟϧʹϥϯμ४Ґ͕Ұக͢Δ߹Λ͑ߟΔͱɼҎ

ԼͷΑ͏ʹͳΔɽ

µ = (n+ γ)
eh̄Bn

mc
+
σ

2
gµBB

→ 1

Bn
=

1

µ

[
eh̄

mc
(n+ γ) +

σ

2
gµB

]
(4.5.2)

͜͜ͰɼBn  n ൪ͷϥϯμ४Ґ͕ԽֶϙςϯγϟϧͱͿ͔ͭΔࡍͷ࣓ͷͰ͋

Δɽ͜ͷ 1/Bn Λॎ࣠ʹɼϥϯμ४Ґ nΛԣ࣠ʹऔͬͨਤ͕ fan-diagram plotͰ͋Δɽ
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͜͜Ͱɼxยʹ͍ͭͯ͑ߟΔɽxยΛεϐϯ͝ͱʹ x± ͱ͢Δͱɼ

1

µ

[
eh̄

mc
(xσ + γ) +

σ

2
gµB

]
= 0

→ xσ = −γ − σ

2

gµBmc

eh̄
(4.5.3)

(4.5.4)

ͱͳΔɽ྆ลͷฏۉΛऔΔͱɼ

γ = −x+ + x−
2

(4.5.5)

ͱͳΓɼγ ͷΛಘΔ͜ͱ͕Ͱ͖Δɽ·ͨɼยಉ࢜ͷࠩΛऔΔͱɼ

Mfan = x− − x+ =
gµBmc

eh̄

=
gmc

2me
(4.5.6)

͜͜ͰɼµB = eh̄/ (2me)Ͱ͋Δ͜ͱΛ༻͍ͨɽ·ͨɼ

MZC =
EZ

EC
=

gµBB

h̄ωc
=

gmc

2me
(4.5.7)

ͳͷͰɼࣗ༝ిࢠͷ߹Mfan = MZC ͷཱ͕ؔ͢Δɽ

4.5.2 σΟϥοΫిࢠͷ߹

ಉ༷ʹσΟϥοΫిࢠͷ߹͑ߟΔɽσΟϥοΫిࢠͷ߹ͷΤωϧΪʔݻ༗࣍

ͷΑ͏ʹͳΔɽ

EDirac
n,σ =

√

∆2 + 2∆h̄ωc

(
n+

1

2
+
σ

2

)
(4.5.8)

ࣗ༝ిࢠͷ߹ͱಉ༷ʹɼԽֶϙςϯγϟϧ µͱ n൪ͷϥϯμ४Ґ͕Ұக͢Δ߹

Λ͑ߟΔɽ

µ2 = ∆2 + 2∆h̄ωc

(
n+

1

2
+
σ

2

)

→ 1

Bn
=

2∆

µ2 −∆2

eh̄

mc

(
n+

1

2
+
σ

2

)
(4.5.9)

Αͬͯɼxยɼ

xσ = −1

2
(σ + 1) (4.5.10)

ͱͳΔɽҎ্ΑΓɼσΟϥοΫిࢠͷ߹ͷMfan ࣍ͷΑ͏ʹٻΊΒΕΔɽ

Mfan = x− − x+ = 1 (4.5.11)

σΟϥοΫిࢠͷMZC  1Ͱ͋ΔͷͰ [11,12,63]ɼσΟϥοΫిࢠͷ߹Mfan = MZC

ͷཱ͕ؔ͢Δ.
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4.5.3 ֦ுσΟϥοΫܕͷ߹

֦ுσΟϥοΫܕͷ߹ͷΤωϧΪʔݻ༗ͭ͗ͷ௨ΓͰ͋Δɽ

EEx−Dirac
n,σ =

√

∆2 + 2∆h̄ωc

(
n+

1

2
+
σ

2

)
+
σ

2
g′µBB (4.5.12)

͜͜Ͱɼg′ Ճ gҼࢠͰ͋Δɽ྆ลೋͯ͠ཧ͢Δɽ͍··Ͱͱಉ༷ʹɼԽֶϙςϯ

γϟϧ µͱϥϯμ४Ґ nͷόϯυ͕Ϳ͔ͭΔ߹Λ͑ߟΔͱɼxยΛ༻͍ͯɼ

(
µ− σ

2
g′µBB

)2
= ∆2 + 2∆h̄ωc

(
xσ +

1

2
+
σ

2

)

→ xσ =

[(
µ− σ

2
g′µBB

)2
−∆2

]
1

∆h̄ωc
+
σ

2
+

1

2
(4.5.13)

ͱදͤΔɽMfan ɼ

Mfan = x− − x+ = 1 +
µg′µBB

∆h̄ωc

= 1 +
µg′mc

2∆me
(4.5.14)

ͱͳΓɼMfan Խֶϙςϯγϟϧʹґଘ͢ΔɽҰํͰɼMZC ʹ͍ͭͯɼ

MZC =
EDirac

n.+ − EDirac
n.− + g′µBB

EDirac
n.+ − EDirac

n−1.+

= 1 +
g′µBB

EDirac
n.+ − EDirac

n−1.+

(4.5.15)

Ͱ͋ΓɽMZC ࣓ʹґଘ͢Δ͜ͱ͕͔ΔɽҎ্ͷΑ͏ʹɼ֦ுσΟϥοΫܕͷ

߹ Mfan ͱ MZC Ұக͠ͳ͍ɽ͔ࣜ͠͠ (4.5.16) ʹ͍ͭͯԽֶϙςϯγϟϧऑݶۃ

µ / ∆ΛͱΔͱɼ

Mfan / 1 +
g′mc

2me
(4.5.16)

ͱͳΔɽ·ͨɼMZC ʹ͍ͭͯऑ࣓ݶۃΛͱΔͱɼ

EDirac
n.+ = ∆

[
1 +

2h̄ωc

∆

(
n+

1

2
+
σ

2

)]1/2

/ ∆+ h̄ωc

(
n+

1

2
+
σ

2

)

Ͱ͋Δ͔Βɼ

MZC= / 1 +
g′µB

h̄ωc
= 1 +

g′mc

2m

ͱͳΔɽΑͬͯɼ֦ுσΟϥοΫܕͷ߹ɼMZC ͷऑ࣓ݶۃͱMfan ͷऑԽֶϙς

ϯγϟϧݶۃΛऔͬͨ߹ͷΈMfan = MZC ͷཱ͕ؔ͢Δɽ
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ɹάϦʔϯؔͱ࣓தిࢠঢ়ଶΛ߹ΘͤΔ͜ͱͰɼଟ͘ͷཧྔΛࢉܭՄͱͳΔɽ

͔͠͠ɼલষͰ͖ͨͯݟΑ͏ʹ࣓தిࢠঢ়ଶΛਫ਼៛ʹ͢ࢉܭΔ͜ͱʹࠔ͕͋ͬͨɽ

Luttinger-KohnͷཧΛ༻͍Δ͜ͱͰ݁থதͰ࣓தޮՌΛີݫʹಋೖͰ͖Δ [6].͠

͔͠ɼͦͷෳ͔͞ࡶΒࣗ༝ిࢠ 2όϯυσΟϥοΫܕɼඇৗʹ؆୯ͳ߹Ͱ͔࣓͠

தͷిࢠঢ়ଶΛ͢ࢉܭΔ͜ͱ͕ग़དྷͳ͔ͬͨɽࡏݱ·Ͱଟ͘ͷڀݚͰɼ࣓தిࢠঢ়

ଶͷղੳʹϘʔΞ-κϯϚʔϑΣϧτͷྔࢠԽ݅ͷݹయతཧ͕ΘΕ͍ͯΔ [46]ɽ

͔͜͠͠ͷΈͰɼελʔτͷୈҰݪཧ͕ࢉܭʮྔࢠʯͰ͋Γΰʔϧͷྔࢠৼಈ

ʮྔࢠʯͰ͋Δͷʹରͯ͠ɽؒʹڬΉϘʔΞʔκϯϚʔϑΣϧτͷྔࢠԽ݅ʮݹ

యʯͰ͋Δɽ࣮ࡍɼBiʹ͓͚Δҟৗͳ gҼࢠͷઆ໌Λ͜ͷΈͰग़དྷͳ͔ͬͨɽ͜

ͷɼྔࢠͰ͋Δ k · pཧͱଟόϯυޮՌΛՃ͑ΔઁಈΛ༻͍Δ͜ͱͰղܾ͞
Εͨ [10]ɽࠓճɼզʑ৽ͨʹ π-matrixͱݺͿख๏Λ։ൃͨ͠ [23]ɽπ-matrix๏ྻߦ

ྗֶͷख๏ʹश͏͜ͱͰɼk · pཧͷΈͰີݫʹଟόϯυͷ࣓தిࢠঢ়ଶͷࢉܭ
ΛՄͱ͢Δख๏Ͱ͋Δɽ͜ͷख๏Λ༻͍Δ͜ͱͰελʔτ͔Βΰʔϧ·Ͱɼશͯྔࢠ

ͷΈͰઆ໌ՄͰ͋ΔɽࠓষͰ͜ͷ π-matrix๏ͷղઆΛ͏ߦɽ

5.1 ಠࣗͷख๏ɼπ-matrix

ɹ࣓ͱฒߦͳํΛ z ͱఆٛ͢ΔɽϋϛϧτχΞϯͰํ h̄k → π ͷมߦ͕Θ

ΕΔɽ͜ͷྗֶతӡಈྔ͕ͭؔࣜ ͷΑ͏ʹॻ͖࣍Δɽ͜ͷࣜ͑ߟ͍ͯͭʹ(2.1.4)

ΒΕΔɽ͑

[πx,πy] = (πxπy − πyπx)

= (πx + iπy) (πx − iπy)− (πx − iπy) (πx + iπy)

= π+π− − π−π+ (5.1.1)
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͜͜Ͱɼπ± = (πx ± iπy) /
√
2Ͱ͋Δɽ·ͨɼπx = (π+ + π−) /

√
2,πy = (π+ − π−) /

√
2i

Ͱ͋Δɽπ± ࣍ͷΑ͏ͳੑ࣭Λͭ࣋ɽ

π+ |n〉 =
√

eh̄B (n+ 1) |n+ 1〉 (5.1.2)

π− |n〉 =
√

eh̄B (n) |n− 1〉 (5.1.3)

͜͜Ͱɼ|n〉ϥϯμ४Ґ n൪ͷݻ༗ؔͰ͋Δɽ͜ͷؔΛ༻͍ͯվΊͯࣜ (5.1.1)

Λ͢ࢉܭΔͱ࣍ͷΑ͏ʹͳΔɽ

[πx,πy] |n〉 = i (π+π− − π−π+) |n〉

= i
(
π+
√

eh̄B (n) |n− 1〉 − π−
√
eh̄B (n+ 1) |n+ 1〉

)

= i [eh̄B (n)− 2eh̄B (n+ 1)] |n〉
= −ih̄eB |n〉 (5.1.4)

݁Ռࣜ (2.1.4)ͱҰகͨ͠ɽࣜ (5.1.2)ͷؔࣜͱֶྗྻߦͷख๏ʹश͍ɼྗֶతӡಈྔ

π± Λྻߦදࣔ͢Δͱɼ

π+ =
√
eh̄B





0 0 0 0 · · ·
1 0 0 0 · · ·
0

√
2 0 0 · · ·

0 0
√
3 0 · · ·

...
...

...
...

. . .




, (5.1.5)

π− =
√
eh̄B





0 1 0 0 · · ·
0 0

√
2 0 · · ·

0 0 0
√
3 · · ·

0 0 0 0 · · ·
...

...
...

...
. . .




, (5.1.6)

ͱͳΔɽͯݟΘ͔ΔΑ͏ʹɼπ-matrix๏ͰϕΫτϧϙςϯγϟϧ͕͋ΒΘʹݱΕͯ͜

ͳ͍ɽͦͷͨΊɼήʔδෆมੑΛอͬͨ··ٞͰ͖Δɽ͜Ε Löwdin partitioningΛ

༻͍ͨख๏Ͱಉ༷Ͱ͋Δɽ·ͨɼLöwdin partitioningΛ༻ͨ͠ख๏͕࣓ͷҰ࣍Ͱ

ͰऔΔ͜ͱ͕ՄͰ·࣍ݶΊΔ͜ͱʹ͍֘ͯͨ͠ͷʹରͯ͠ɼπ-matrix࣓Λແࢭ

͋Δɽ

5.2 π-matrixͷԠ༻ྫ -ࣗ༝ిࢠͷ߹-

ࣗ༝ిࢠͷ߹Λ͑ߟΔɽࣗ༝ిࢠͷ߹࣓தͷిࢠঢ়ଶࣜ (2.1.12) ͷΑ͏ʹ

ͳΔɽπ-matrixΛ༻ͯ͠ղ͍ͨ߹Ͳ͏ͳΔ͔ͯݟΈΔɽkz = 0ͱ͢Δͱग़ൃͷϋ

ϛϧτχΞϯ࣍ͷΑ͏ͳܗͰ͋Δɽ

H =
π2

2me
=

1

2me
(πxπx + πyπy)
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͜͜Ͱɼ

πx · πx =
(π+ + π−) (π+ + π−)

2

=
π+π+ + π+π− + π−π+ + π−π−

2

πy · πy =
− (π+ − π−) (π+ − π−)

2

=
− (π+π+ − π+π− − π−π+ + π−π−)

2

Ͱ͋ΔͷͰɼ࠷ऴతʹ࣍ͷΑ͏ʹॻ͚Δɽ

H =
1

2me
(π+π− + π−π+) (5.2.1)

π+ ͓Αͼ π− Λྻߦͱͯ͢͠ࢉܭΔͱɼπ+π− ͓Αͼ π+π− ͦΕͧΕɼ

π+π− = eh̄B





0 0 0 0 · · ·
0 1 0 0 · · ·
0 0 2 0 · · ·
0 0 0 3 · · ·
...

...
...

...
. . .




, (5.2.2)

π−π+ = eh̄B





1 0 0 0 · · ·
0 2 0 0 · · ·
0 0 3 0 · · ·
0 0 0 4 · · ·
...

...
...

...
. . .




. (5.2.3)

ͱॻ͚ɼϋϛϧτχΞϯࣗಈతʹର֯Խ͞ΕΔɽ

H =
h̄ωc

2





1 0 0 0 · · ·
0 3 0 0 · · ·
0 0 5 0 · · ·
0 0 0 7 · · ·
...

...
...

...
. . .




(5.2.4)

π-matrixΛ༻ͯ͠ղ͍ͯࣜ (2.1.12)ͱಉ͡ܗʹͳΔɽ࣮ࡍͷ࣌ࢉܭʹɼπ-matrix

ͷྻߦαΠζΛ༗ݶʹݶΔඞཁ͕͋Δɽྫ͑ π-matrix ͷجఈΛ 4 ͱͨ͠߹ɼπ±

 4× ͳΔɽʹܗͷΑ͏ͳ࣍Ͱॻ͘͜ͱ͕ग़དྷɼ݁Ռͱͯ͠ϋϛϧτχΞϯྻߦ4

H =
h̄ωc

2





1 0 0 0
0 3 0 0
0 0 5 0
0 0 0 3



 . (5.2.5)

ࣜ (5.2.4)ͱൺֱ͢Δͱɼྻߦ (4,4)ͷ͕ 7Ͱ͋Δ͖ͱ͜Ζ͕̏ʹมΘ͍ͬͯΔɽ

͜Εϥϯμ४ҐΛ༗ݶʹͨ͠ӨڹͰ͋ΔɽຊจͰɼ४ҐΛ༗ݶʹͨ͜͠ͱͰ͕

มΘͬͯ͠·͏४ҐΛΰʔετ४ҐͱݺͿɽͦͷͨΊɼπ-matrixΛࢉܭͨ͠༺Λ͏ߦ

ͨΊʹेͳϥϯμ४ҐΛجఈͱͯ͠औΔඞཁ͕͋Δɽ
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5.3 π-matrixͷԠ༻ྫ -σΟϥοΫిࢠͷ߹-

ɹ 2όϯυͷσΟϥοΫܕҎԼͷΑ͏ͳܗͰ͋Δ [12, 63]ɽ

HDirac =

[
∆ iπ · σγ

−iπ · σγ −∆

]
(5.3.1)

͜͜Ͱɼ

π · σ =

[
h̄kz πx − iπy

πx + iπy −h̄kz

]

=

[
h̄kz

√
2π−√

2π+ −h̄kz

]

Ͱ͋Γɼ2∆όϯυΪϟοϓΛࣔ͠ɼγ ిࢠͷͰ͋Δɽ͜Εʹࣜ (5.1.5)͓Αͼࣜ

(5.1.6)Λೖ͢Δɽઌఔ·Ͱͱಉ༷ʹ kz = 0ɼϥϯμ४Ґ̐ͱ͢Δͱɼπ ·σ ࣍ͷ

Α͏ʹॻ͚Δɽ

π · σ =





0 0 0 0 0
√
eh̄B 0 0

0 0 0 0 0 0
√
2eh̄B 0

0 0 0 0 0 0 0
√
3eh̄B

0 0 0 0 0 0 0 0√
eh̄B 0 0 0 0 0 0 0
0

√
2eh̄B 0 0 0 0 0 0

0 0
√
3eh̄B 0 0 0 0 0





(5.3.2)

͜ΕΛ౿·͑ͯࣜ (5.3.1)Λղ͘ͱɼݻ༗࣍ͷΑ͏ʹͳΔɽ

En = ±∆,±
√
∆2 + eh̄Bγ2,±

√
∆2 + 2eh̄Bγ2,±

√
∆2 + 3eh̄Bγ2 (5.3.3)

͜Εࣜ (4.1.8) ͱҰக͢ΔɽҎ্ͷΑ͏ʹɼखͰղ͚Δൣғͷܕʹ π-matrix Λద༻

͠ɼͦͷ݁ՌΛൺֱ͢Δ͜ͱͰ π-matrixͷਖ਼ੑ͕ࣔ͞Εͨɽ

5.4 π-matrixͷԠ༻ྫ -ଟόϯυ k · pܕͷ߹-

ɹεϐϯيಓ݁߹Λྀͨ͠ߟϋϛϧτχΞϯ͔Βग़ൃ͢Δɽ

H =
p2

2me
+ V (r) +

h̄

4m2
e

σ ·∇V (r)× p (5.4.1)

͜ͷࣜҰൠతͳγϡϨσΟϯΨʔํఔࣜͰ͋Γɼಛघͳ͜ͱԿԾఆ͍ͯ͠ͳ͍ɽp

ӡಈྔԋࢠࢉɼme ిྔ࣭ࢠɼV (r)पظϙςϯγϟϧɼh̄σΟϥοΫఆɼσ 

ύϦྻߦͰ͋ΔɼLuttinger-KohnͷཧΛ༻͍Δ͜ͱͰɼϋϛϧτχΞϯ࣍ͷܗʹ

ॻ͚Δɽ

∑

n′

[(
El +

h̄2k2

2me

)
δll′δσσ′ + h̄k · vσσ′

l′l

]
cl′σ′ (k) = Eclσ (k) (5.4.2)
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ਤ 5.4.1 Liuͱ AllenʹΑΔڧଋറܕ [76]ͷిࢠঢ়ଶͱ LपลͰ࡞ͨ͠ k · p
ܕͷిࢠঢ়ଶͷൺֱɽӈਤࠨਤΛ֦େͨ͠ͷͰ͋Δɽ࣮ફ͕ڧଋറܕͷࢉܭ

݁Ռɼઢ͕ k · pܕͷ݁ࢉܭՌͰ͋Δɽߴʑ 16όϯυ͔͠औ͍ͬͯͳ͍͕ɼk · p
ܕΛ࡞ͨ͠ LपลͰඇৗʹྑ͍ҰகΛ͍ͯͤݟΔ͜ͱ͕Θ͔Δɽ

͜͜Ͱɼ

vσσ
′

ll′ =
(2π)3

Ω

∫

cell
drc∗lσ (r)

[
pme +

h̄

4m2
e

σ ×∇V (r)

]
cl′σ′ (r)

Ͱ͋ΓɼEn ରশ k = k0 ʹ͓͚Δ l൪ͷΤωϧΪʔݻ༗Ͱ͋ΔɼΩ୯Ґ๔ͷମ

ੵͰ͋Δɽࣜ (5.4.2)جఈΛແݶʹͱΕີݫͳํఔࣜͰ͋Δɽಋମͷۭؒͷ

ʹ߹ఈͰेͰ͋Δɽྫ͑ɼBiͷجతͳ࣭Ͱɼগͳ͍ࢧғͰͷੑ࣭͕ൣ͍ڱ

ͱܕଋറڧ k · pܕͷࢄΛൺֱͨ݁͠Ռ (ਤ 5.4.1)ɼൣ͍ڱғͰेʹҰகͯ͠

͍ΔɽLόϯυܕͷ߹ɼϋϛϧτχΞϯ࣍ͷΑ͏ͳ 2L× 2LͷྻߦͰॻ͚Δɽ

H =
h̄2k2

2me
+





E0 0 h̄k · v↑↑
01 h̄k · v↑↓

01 h̄k · v↑↑
02 h̄k · v↑↓

02 · · ·
0 E0 h̄k · v↓↑

01 h̄k · v↓↓
01 h̄k · v↓↑

02 h̄k · v↓↓
02 · · ·

h̄k · v↑↑
10 h̄k · v↑↓

10 E10 0 h̄k · v↑↑
12 h̄k · v↑↓

02 · · ·
h̄k · v↓↑

10 h̄k · v↓↓
10 0 E1 h̄k · v↓↑

12 h̄k · v↓↓
12 · · ·

h̄k · v↑↑
20 h̄k · v↑↓

20 h̄k · v↑↑
21 h̄k · v↑↓

21 E2 0 · · ·
h̄k · v↓↑

20 h̄k · v↓↓
20 h̄k · v↓↑

21 h̄k · v↓↓
21 0 E2 · · ·

...
...

...
...

...
...

. . .





(5.4.3)

ଟ͘ͷ߹ɼεϐϯيಓ݁߹ޮՌઁಈͱͯ͠ೖΕΒΕΔ͕ [71]ɼࣜ (5.4.3)Ͱجఈʹ

εϐϯيಓ݁߹ؚ͕·Ε͍ͯΔɽͦͷͨΊεϐϯيಓ݁߹ޮՌΛີݫʹಋೖ͢Δ͜ͱ͕ग़

དྷΔɽ·ͨɼҰൠʹεϐϯيಓ݁߹ޮՌ͕͍ڧ࣭Ͱɼࣜ (5.4.3)ͷୈҰ߲ʢࣗ༝ి

Ͱ͖Δɽਤࢹʣແ߲ࢠ 5.4.2ʹ Biʹ͓͚Δ k · pܕͰͷࣗ༝ి߲ࢠͷ༗ແʹΑΔมԽ
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ਤ 5.4.2 Liu ͱ Allen ʹΑΔڧଋറܕ [76] ͷిࢠঢ়ଶ͔Β L पลͰ࡞ͨ͠

k ·pܕʹ͓͚Δɼࣜ (5.4.3)ͷୈҰ߲ͷ༗ແʹΑΔมԽɽ࣮ઢ͕ୈҰ߲Λൈ͍ͨ

߹ɽઢ͕ୈҰ߲ΛೖΕͨ߹ɽଟগͷมԽ͋ΔͷͷɼLपลͰେ͖ͳม

Խͳ͍͜ͱ͕͔Δɽ

Λࣔ͢ɽࣗ༝ి߲ࢠͷ༗ແʹΑΔมԽ΄ͱΜͲͳ͍͜ͱ͕͔ΔɽPbTe͓Αͼ Biͷ

Δɽ͜ͷଟόϯυ͢ࢹΛແ߲ࢠͰ͜ͷࣗ༝ిࢉܭ k · p ܕʹ࣓தޮՌΛಋೖ͢Δɽ

Luttinger-KohnͷཧʹΑΓɼh̄kΛྗֶతӡಈྔ π Ͱॻ͖͑Εྑ͍ɽ͜ͷ π ߦʹ

ྻදࣔΛೖ͢Δ͜ͱͰɼ୯ʹֶతʹର֯Խ͢Δ͚ͩͰΤωϧΪʔݻ༗Λ͢ࢉܭΔ͜

ͱ͕ՄͱͳΔ (π-matrix๏)ɽ
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ɹ π-matrix๏Λ༻ͯ͠ɼσΟϥοΫిܥࢠ࣭ʹ͓͚Δ࣓தిࢠঢ়ଶͷࢉܭΛߦ

͏ɽPbTe͓Αͼ Biʹ͓͚Δ࣓தిࢠঢ়ଶʹ͍ͭͯ͠ࢉܭɼεϐϯ྾มͷ࣮݁ݧ

ՌͱͷൺֱΛ͏ߦɽ

ਤ 6.1.1 PbTeͷ݁থߏɽVESTAʹΑ

Γ࡞ͨ͠ [77]ɽ
W Q L X

-6

-4

-2

0

2

4

6

E
n

e
rg

y 
(e

V
)

ਤ 6.1.2 Lent ΒͷڧଋറܕʹΑΔ

PbTe ͷόϯυࢄ [78]ɽL ʹόϯυ

ΪϟοϓΛͭ࣋͜ͱ͕͔Δɽ
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6.1 PbTeʹ͓͚ΔҟৗͳθʔϚϯޮՌ

ɹ PbTe  NaCl ͭ࣋Λߏͷඇৗʹ୯७ͳ݁থܕ (ਤ 6.1.1)ɽL ʹભҠͷ

όϯυΪϟοϓΛͭ࣋ (ਤ 6.1)ɽτϙϩδΧϧ࣭ి࣭ͱͯ͠ΛूΊ͍ͯ

Δ [79–83]ɽຊষͰ LnetΒʹΑΔڧଋറܕ [78]ฒͼʹ Lach-habΒʹΑΔڧଋറ

ܕ [84]ͷೋͭΛٞͯͬ͢ΔɽPbTeʹ͓͚ΔྔࢠৼಈଌఆͰɼεϐϯ྾มͷ

 0.52Ͱ͋ͬͨ [18]ɽ͜ͷ࣮ݧ 55T·Ͱ࣓Λ͔͚͍ͯΔɽҰํͰɼ̍όϯυʹର͠

ͯ Löwdin partitioningʹΑΓଟόϯυޮՌΛՃ͑ͨख๏Ͱɼεϐϯ྾ม࣓ʹ

ରͯ͠ҰఆͰ͋Γɼ0.83 [14]Ͱ͋Δɽ͜ͷΑ͏ʹຊڀݚҎલͰطଘͷ࣮ݧͱཧͷؒʹ

େ͖ͳ͕ࠩ͋ͬͨɽπ-matrix๏Λ༻ͯ͠ɼ࣓தͷిࢠঢ়ଶΛΑΓਫ਼៛ʹࢉܭΛ͏ߦ

͜ͱͰ͜ͷʹऔΓΉɽ

6.1.1 Lentܕ

ɹ Lent ΒʹΑΔܕΞχΦϯͱΧνΦϯͦΕͧΕͷ s,p,d ಓʹεϐϯͷي

up ͱ down ΛؚΊͨ 36×36 ܗ͞ΕΔɽϗοϐϯάୈҰۙͷΈͰߏͰྻߦ

͞Ε͍ͯΔɽL ʹ͓͚ΔόϯυΪϟοϓ 0.182eV ͱ࣮ݧͷ 0.18eV [85] ͱ

Α͘Ұக͍ͯ͠ΔɽLent ΒͷܕͰɼύϥϝʔλΛม͑Δ͚ͩͰ̒छྨͷ࣭

(PbTe,PbSe,PbS,SnTe,GeTe ೋछྨ) ͷిࢠঢ়ଶΛύϥϝʔλΛม͑Δ͚ͩͰࢉܭՄ

Ͱ͋ΔɽPbTe ͚ͩͰͳ͘ SnTe ʹ π-matrix ๏Λద༻͢Δɽπ-matrix ͷجఈͱͯ͠ɼ

ϥϯμ४ҐΛ 41 ঢ়ଶ (n=0...40) ͱΔ߹Λ͑ߟΔɽ͜ͷ߹ɼs,p ಓͷي 16 όϯυ

ͷΈΛऔΔͱɼ656 × 656ͷྻߦΛతʹղ͘͜ͱʹͳΔɽ݁Ռਤ 6.1.3ͷΑ͏ʹͳ

Δɽࣗ༝ిࢠͷ߹Ͱड़͍ͯΔΑ͏ʹ π-matrix๏Ͱϥϯμ४ҐΛ༗ݶʹऔΔ͜ͱ

Ͱɼཧతʹҙຯͷͳ͍ݻ༗͕ݱΕΔɽ͜ΕΛզʑΰʔετ४ҐͱݺͿɽ͜ͷΰʔ

ετ४Ґ π-matrixͷجఈΛม͑ͯɼ݁ࢉܭՌΛൺֱ͢Δ͜ͱʹΑΓ༰қʹऔΓআ͘

͜ͱ͕ग़དྷΔɽਤ 6.1.3Ͱϥϯμ४Ґ͕ 41ঢ়ଶͷ߹ͱ 120ঢ়ଶͷ߹Λൺֱ͠

͍ͯΔɽ͜ΕΛݟΕ໌Β͔ʹ͔ΔΑ͏ʹɼϥϯμ४Ґ 41 ͷ݁ࢉܭՌͷ 50T Ͱ

Լ͔Β 4 ൪ͷόϯυ͕جఈͷมԽʹΑΓಈ͍͍ͯΔɽ·ͨ π-matrix ๏Ͱϥϯμ

४ҐΛ༗ݶʹऔΔ͜ͱͰ͍ߴϥϯμ४ҐͰࢉܭਫ਼͕མ͍ͪͯΔ. π-matrix ๏ͷ݁

Ռ͚ͩͰϥϯμ४ҐͷࢦඪΛܾఆ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽͦ͜Ͱ Löwdin partitioning

ͷ݁ՌΛࢀর͢Δɽεϐϯ྾มਤ 6.1.4 ʹࣔ͢Α͏ʹεϐϯ྾ม͕ 1 Λ͑

Δ͔Ͱϥϯμ४ҐͷೖΕସ͑ͷ༗ແΛ֬ೝͰ͖ΔɽLöwdin partitioning Λ༻ͨ͠

ํ๏θϩ࣓ݶۃΛऔΔ͜ͱʹ֘͢ΔɽLent ܕͰͷ Löwdin partitionig Λ༻

ՌͰɼεϐϯ྾ม݁ࢉܭͨ͠ MZC ͕ 0.80 Ͱ͋Δ [14]ʢࣗ༝ి߲ࢠΛೖΕΔͱ

MZC = 0.83 ͱͳΔʣɽΑͬͯɼPbTe ͷϥϯμࢦඪૉʹԼ͔ΒऔΕྑ͍͜ͱ͕

͔Δɽ͜ͷ͜ͱ͔ΒɼθʔϚϯΤωϧΪʔ EZ = En,+ − En,− ฒͼʹαΠΫϩτϩϯ

ΤωϧΪʔ EC = En,+ − En−1,+ Ͱ͖ɼਤࢉܭ͕ ͷΑ͏ʹͳΔɽਤࠨ6.1.5 6.1.5͔Βɼ
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ਤ 6.1.3 PbTe ͷϥϯμ४Ґͷਤɽs,p ಓͷي 16 × 16 ͷ֤߲ʹ͋Δྻߦ π ʹ π-

matrix ๏Λద༻ͨ͠. ϥϯμ४ҐΛ 0 ͔Β 40 ·Ͱͱͬͨ߹ (ɼ࣮ઢࢵ) ͱ 0 ͔

Β 120·Ͱऔͬͨ߹ (ԫ৭ɼઢ)ΛॏͶ͍ͯΔɽϥϯμ ४Ґ 20ຊग़ྗͯ͠

͍Δɽ

SOC��

Ez<latexit sha1_base64="f0d4/VpGq+FGm0Ibd/L9HchBPYk="></latexit>

Ec<latexit sha1_base64="6L5/ybDccnBncGnYyjhreAAD7bQ="></latexit>

SOC��

n

n+1

n+1,+

n+1,-

n,+

n,-

E

Ec<latexit sha1_base64="6L5/ybDccnBncGnYyjhreAAD7bQ="></latexit>

Ez<latexit sha1_base64="f0d4/VpGq+FGm0Ibd/L9HchBPYk="></latexit>

n-1

n-1,+

n-1,-

=

��	��

ਤ 6.1.4 ϥϯμ४Ґͷࣜਤɽεϐϯيಓ݁߹ޮՌ͕ͳ͍߹ɼ࣓தͰΤωϧ

Ϊʔ४Ґϥϯμ४Ґʹ྾͢Δɽ͜ͷϥϯμ४Ґ͕εϐϯيಓ݁߹ޮՌʹΑΓ

ϓϥεͱϚΠφεͷೋͭͷ४Ґʹ྾͢ΔɽσΟϥοΫిܥࢠͰɼϓϥεͷ४Ґ͕ͻ

ͱ্ͭͷྔࢠͷϚΠφεͷ४Ґͱॖୀ͢Δಛघͳঢ়ଶͱͳΔɽ

θʔϚϯΤωϧΪʔ͓ΑͼαΠΫϩτϩϯΤωϧΪʔ͕࣓ʹରͯ͠ґଘ͍ͯ͠Δ͜ͱ͕

͔Δɽεϐϯ྾ม MZC ʹ͍ͭͯ͑ߟΔɽશͳσΟϥοΫిࢠͷ߹ɼεϐ

ϯ྾ม͕ 1 ͱͳΔඞཁ͕͋ΔɽEZ = En,+ − En,− ʹରԠ͢Δͷɼਤ 6.1.4 ͔Β

EC = En+1,− − En,− ͓Αͼ EC = En,+ − En−1,+ Ͱ͋Δ͜ͱ͕͔ΔɽຊڀݚͰɼ

εϐϯ྾มMZC ࣍ͷදࣜͰ͢ࢉܭΔɽ

MZC =
EZ

EC
=

En,+ − En,−
En,+ − En−1,+

(6.1.1)

ՌΛਤ݁ࢉܭ 6.1.5 ʹࣔ͢ɽπ-matrix Λ݁ࢉܭͨ͠༺ՌͰਤ 6.1.5 ʹࣔ͞ΕͨΑ͏

ʹεϐϯ྾ม͕࣓ʹରͯ͠େ͖͘ґଘ͢Δ͜ͱ͕͔ͬͨɽࡏݱ·ͰͷڀݚͰɼ

θʔϚϯΤωϧΪʔ͕࣓ͷҰ࣍ɼαΠΫϩτϩϯΤωϧΪʔ͕࣓ͷҰ࣍Ͱ͋Δ͜ͱ͔
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ਤ 6.1.5 π-matrix๏ʹΑΔθʔϚϯΤωϧΪʔ͓ΑͼαΠΫϩτϩϯΤωϧΪʔ(ࠨ)

ͷ݁ࢉܭՌɽ(ӈ) εϐϯ྾มMZCͨ͠ࢉܭͯ͠༺ͷ݁ՌΛ(ࠨ) ͷ݁Ռɽ࣓

ʹେ͖͘ґଘ͍ͯ͠Δ͜ͱ͕͔Δɽ

Βɼͦ ͷൺΛͱΔεϐϯ྾ม࣓ʹରͯ͠ఆͰ͋Δͱ͑ߟΒΕ͍ͯͨ [10,14,17]ɽ

͜Εɼऑ࣓ݶۃΛԾఆ͍ͯ͠ΔͨΊͰ͋Δɽ࣮ࡍ π-matrixͷ݁ࢉܭՌͰɼ࣓͕

খ͍͞߹ʹਤ Ε͍ͯΔΑ͏ʹɼθʔϚϯΤωϧΪʔ͓ΑͼαΠΫϩࣔ͞ʹ(ࠨ)6.1.5

τϩϯΤωϧΪʔ͕࣓ʹରͯ͠ઢܗͳ্ཱ͕ͪΓΛ͍ͯͤݟΔɽθϩ࣓ۙΛ͑ߟΔ

ͱɼઌڀݚߦͷཧͱಉ͘͡εϐϯ྾ม͕ 0.80ΛऔΔͷʹରͯ͠ɼ40TपลͰ

Ͱ͋Δݧ࣮ 0.53ۙ·Ͱݮগ͢Δ͜ͱ͕Θ͔ͬͨɽҎ্ͷ݁Ռ͔Βɼπ-matrix๏Λ

༻ͨ͜͠ͱʹΑΓࠓ·Ͱଘݧ࣮ͨ͠ࡏͱཧͷෆҰகΛղফ͢Δ͜ͱ͕ग़དྷͨɽ

π-matrix ๏Λํࢉܭͨ͠༺๏ີݫͰ͋Δ͕ɼͦΕΏ͑ʹղੳੑ͕ࣦΘΕ͍ͯΔɽ

π-matrix๏ʹΑΔ݁ࢉܭՌΛղੳ͢ΔͨΊʹ༗ޮܕΛ༻ͯ͠ɼൺֱΛ͏ߦɽਤ 6.1.3

ΛΈΔͱɼPbTe ͷ࣓தΤωϧΪʔ४Ґ࣓ͷ
√
B Λ͍ͯ͠Δ͜ͱ͕͔ܗ͍ۙʹ

Δɽ͜ͷ͜ͱ͔ΒɼσΟϥοΫిࢠతͳܕΛ༻͢Δͱྑ͍͜ͱ͕͔ΔɽσΟϥο

ΫܕͷಛͷҰͭʹ࠷ϥϯμ४Ґ͕࣓ʹґଘ͠ͳ͍͜ͱ͕͛ڍΒΕΔɽ͔͠͠

ਤ 6.1.3 ʹࣔ͞Εͨ π-matrix ๏ʹΑΓ͞ࢉܭΕͨిࢠঢ়ଶͷ࠷ϥϯμ४Ґ࣓

ͷҰ࣍ʹൺྫ͍ͯ͠ΔΑ͏ʹΈ͑Δɽͦͷ͜ͱ͔ΒɼσΟϥοΫܕʹରͯ͠ଟόϯυ

ͷิਖ਼ΛՃ֦͑ͨுσΟϥοΫܕΛ༻͢Δɽࣜ (4.1.13) ͔Β֦ுσΟϥοΫͷ࠷

ϥϯμ४Ґͷ͕͖ additional g Ҽࢠ g′ ʹΑΓܾఆ͞Ε͍ͯΔ͜ͱ͕͔Δɽઌߦ

Ͱɼ͜ͷڀݚ additional g Ҽࢠ࣮݁ݧՌͱ߹͏Α͏ʹݱతͳܾఆ͕ͳ͞Ε͖ͯ

ͨ [13, 33, 86]ɽ͔͠͠ɼπ-matrix ๏Λ༻ͨ͜͠ͱͰɼ࠷ϥϯμ४Ґͷ͔͖Βɼ

ʹతࢹΊͯඍ࢝ additional gҼࢠΛܾఆ͢Δ͜ͱ͕ग़དྷΔɽͦͷ݁Ռɼg′ = −10.4ͱఆ

ΊΒΕΔɽ֦ுσΟϥοΫܕͰͷ݁ࢉܭՌͱ π-matrixͷ݁ࢉܭՌΛൺֱͨ݁͠Ռਤ

6.1.6ʹࣔ͢ɽ ਤ 6.1.6ʹࣔ͞ΕΔΑ͏ʹɼ60Tۙ·Ͱ π-matrixͱ֦ுσΟϥοΫ

ܕͷ݁ࢉܭՌΑ͘Ұக͍ͯ͠ΔΑ͏ʹΈ͑Δɽಉ༷ʹɼθʔϚϯΤωϧΪʔ͓Αͼα

ΠΫϩτϩϯΤωϧΪʔʹ͍ͭͯٞ͢Δɽਤ 6.1.7ʹࣔ͞ΕͨΑ͏ʹθʔϚϯΤωϧ
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ਤ 6.1.6 π-matrix ๏ʹΑΔ࣓தΤωϧΪʔ४Ґʢ࣮ઢʣͱ֦ுσΟϥοΫܕ

ʹΑΔ࣓தΤωϧΪʔ४Ґʢ੨ઢʣͷൺֱɽπ-matrix๏ʹΑΔີݫͳࢉܭͷ݁Ռɼ

ॳΊͯཧͷΈͰ additional g-factorΛܾఆ͢Δ͜ͱ͕ग़དྷͨɽ
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ਤ 6.1.7 π-matrix ๏ʹΑΔ݁ࢉܭՌʢ࣮ઢʣͱ֦ுσΟϥοΫܕʹΑΔ݁ࢉܭՌ

ʢઢʣͷൺֱɽ(ࠨ)θʔϚϯΤωϧΪʔ͓ΑͼαΠΫϩτϩϯΤωϧΪʔͷ݁ࢉܭՌɽ

(ӈ) εϐϯ྾มMZCͨ͠ࢉܭͯ͠༺ͷ݁ՌΛ(ࠨ) ͷ݁Ռɽ࣓͕େ͖͘ͳ

ΔʹͭΕͯɼ͕ࠩେ͖͘ͳ͍ͬͯΔɽ

ΪʔͱαΠΫϩτϩϯΤωϧΪʔ࣓͕͘ڧͳΔ͜ͱͰɼπ-matrix๏ͱ֦ுσΟϥο

Ϋܕͷ݁Ռʹ͕ࠩେ͖͋͘ΒΘΕ͍ͯΔɽ͜Εɼπ-matrix๏Ͱؚ·Ε͍ͯΔ࣍ߴͷ

࣓ͷ߲͕ޮ͍͍ͯΔূ͠Ͱ͋Δɽεϐϯ྾มͷ࣓ґଘੑʹ͍ͭͯɼ֦ுσΟ

ϥοΫ͔ΒेʹཧղͰ͖Δɽ֦ுσΟϥοΫܕͰͷεϐϯ྾มࣜ (4.5.15) ͷ

Α͏ʹද͞ΕΔ͜ͱ͔ΒɼՃ gҼࢠ g′ ͷූ߸ʹΑΓɼ૿ܾ͕ݮ·͍ͬͯΔ͜ͱ͕͔

ΔɽPbTeͷΑ͏ʹ g′ < 0 ͷ߹ɼεϐϯ྾ม 1 ΑΓখ͘͞ͳΓ࣓ʹର͠

গ͢ΔؔͱͳΔɽҰํͰݮͯ g′ > 0ͷ߹ɼεϐϯ྾ม 1Λ࣓͑ͯʹର

ͯ͠૿Ճ͢ΔؔͱͳΔɽ͜ͷ͜ͱΛ͔֬ΊΔͨΊʹɼPbTe ͷ Pb Λ Sn Ͱஔ͢Δɽ

Pb1−xSnxTe  x = 0.4 ۙͰόϯυ͕ಋଳͱՁిࢠଳͷόϯυ͕స͢Δ͜ͱ͕

ΒΕ͍ͯΔ [85, 87](ਤ 6.1.8)ɽ͜ͷόϯυͷసʹ͍ɼεϐϯ྾มόϯυసલ
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ਤ 6.1.8 Pb1−xSnxTeͷ xʹΑΔΪϟοϓͷมԽɽx = 0.38ۙͰΪϟοϓ͕ด͡ɼ

όϯυ͕స͢Δ͜ͱ͕͔Δɽ
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ਤ 6.1.9 π-matrix๏ʹΑΓ͞ࢉܭΕͨ Pb1−xSnxTeʹ͓͚Δ x͝ͱͷεϐϯ྾ม

ͷ࣓ґଘੑɽ

Ͱ 1ΑΓখ͘͞ɼόϯυసޙ 1ΑΓେ͖͘ͳΔ͜ͱ͕͔͍ͬͯΔ [14]ɽҎ্ͷ͜

ͱ͔ΒɼόϯυసલͰɼεϐϯ྾ม͕̍ҎԼͳͷͰɼՃ gҼ͕ࢠෛͱͳΓɼε

ϐϯ྾มݮগؔͱͳΔ͜ͱ͕༧͞ΕΔɽҰํͰόϯυసޙεϐϯ྾ม

͕̍Ҏ্Ͱ͋Δ͜ͱ͔Β additional g Ҽ͕ࢠਖ਼ͱͳΓɼεϐϯ྾ม૿Ճؔͱͳ

Δ͜ͱ͕༧͞ΕΔɽLentʹΑΔڧଋറܕͷ PbTeͱ SnTeͷύϥϝʔλΛ༻͍ͯԾ

݁থۙࣅʹΑΓ Pb1−xSnxTeͷܕΛ࡞͠ɼπ-matrix๏Λ༻͢Δ͜ͱͰεϐϯ

྾มͷมԽΛ֬ೝ͢Δɽ݁Ռਤ 6.1.9 ͷ௨ΓͰ͋Δɽਤ 6.1.9 ʹࣔ͢Α͏ʹ Sn ͷؚ

༗ xΛม͑ͯεϐϯ྾มͷ࣓ґଘੑͷมԽΛΈΔͱɼόϯυస͕͜ىΔલޙͰ

࣓ʹର͢Δ૿͕ݮมΘ͍ͬͯΔ͜ͱ͕͔Δɽόϯυసલ࠷ϥϯμ४Ґͷ͖

͕ෛͰ͋Γɼεϐϯ྾ม͕࣓ʹରͯ͠ݮগ͢ΔɽҰํͰɼόϯυసޙ࠷ϥϯ

μ४Ґͷ͕͖ਖ਼Ͱ͋Γɼεϐϯ྾ม͕࣓ʹରͯ͠૿Ճ͢Δɽ͜Ε·͞ʹ֦ு

σΟϥοΫ͔ܕΒ༧͞ΕΔ݁Ռͱಉ༷Ͱ͋Δɽ
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ਤ 6.1.10 ɽ੨͍ઢ͕࣮ΔϗʔϧີͱԽֶϙςϯγϟϧͷ͚͓ؔʹܕLent(ࠨ)

ͷϗʔϧີݧ 3.7× 1024m3 Ͱ͋Δɽ(ӈ)ࠨͷ݁Ռ͔Βܾఆͨ͠Խֶϙςϯγϟϧ

(µ = 92meV)Λ༻ͨ͠ fan-diagram plotͷ݁Ռɽ

εϐϯ྾มͷ͏ҰͭͷධՁ๏ͱͯ͠ɼfan diagram plot Λ༻ͨ͠ͷʹ͍ͭ

ͯ͑ߟΔɽԽֶϙςϯγϟϧΛઃఆ͠ɼͦͷΤωϧΪʔʹϥϯμ४Ґ͕͔͔ͬͨ࣌ͷ

1/B ͷΛه͍ͯ͘͠ɽ·ͣɼԽֶϙςϯγϟϧͷܾఆํ๏ʹ͍ͭͯ͑ߟΔɼ࣮ݧͱ

ͷൺֱΛͨ͏ߦΊʹϗʔϧີΛ͑ߟΔɽ࣮ݧͰɼ3.7 × 1024m3 ͕ϗʔϧີͱͯ͠

༩͑ΒΕ͍ͯΔ [18]ɽͦ͜ͰɼԽֶϙςϯγϟϧΛม͑Δ͜ͱͰϗʔϧີ͕ͲͷΑ͏ʹ

มԽ͢Δͷ͔Λ֬ೝͨ͠ʢਤ ଳͷࢠͰɼՁిࢉܭͨ͠༺ΛܕʣɽLent(ࠨ)6.1.10

͔Β 92meVΕͨͱ͜ΖʹԽֶϙςϯγϟϧΛઃఆ͢Δ͜ͱͰϗʔϧີ͕࣮ݧͱ

Ұக͢Δ͜ͱ͕͔ͬͨɽԽֶϙςϯγϟϧ −92meVͰͨ͠ࢉܭ fan diagram plotਤ

6.1.10(ӈ)ͷΑ͏ʹͳΔɽਤ 6.1.10(ӈ)Ͱɼϥϯμ४Ґ n = 1, 2ͷϓϩοτ͕͔͚ͯ

͍Δɽ͜Εൣͨ͠ࢉܭғͷ࣓ͰԽֶϙςϯγϟϧͱͷަ͕͖ࠩىͳ͔ͬͨͨΊͰ

͋ΔɽΑΓ͍४Ґ΄Ͳಉ͡ΤωϧΪʔʹୡ͢Δ·Ͱʹ࣓͍ڧ͕ඞཁͱͱͳΔɽ͜Ε

࣮ݧͰಉ༷Ͱ͋Δɽ࠷খೋ๏ʹΑΓɼϓϥεͱϚΠφεͦΕͧΕΛઢʹۙ͠ࣅɼ

xยΛ͢ࢉܭΔɽࣜ (4.5.3)ʹࣔͨ͠Α͏ʹɼxย͔Βεϐϯ྾มͷࢉܭΛ͏ߦɽ

ճͷ߹ɼMfanࠓ = |x+ − x−| = 0.63 Ͱ͋ͬͨɽ·ͨ γ = − (x− + x+) /2 = 0.50 Ͱ

͋ΓɼκϯϚʔϑΣϧτͷҐ૬ͱҰக͍ͯ͠Δɽ࣍ʹԽֶϙςϯγϟϧͷมԽʹΑΔ

εϐϯ྾มMfan ͷมԽΛௐͨɽਤ 6.1.11ʹࣔ͢Α͏ʹɼԽֶϙςϯγϟϧΛม͑

͍ͯ͘͜ͱͰεϐϯ྾มͦΕʹൺྫͨ͠ܗͰมԽ͍ͯ͘͜͠ͱ͕͔ͬͨɽεϐϯ

྾มͷೋͭͷධՁํ๏MZC ͱMfan ಉͩ͡ͱ৴͡ΒΕ͍ͯͨɽ͔͠͠MZC ͕࣓

ʹґଘ͢Δͷʹର͠Mfan ͕Խֶϙςϯγϟϧʹґଘ͢Δ͜ͱ͔Βɼ͜ͷೋͭҰൠత

ʹҰக͠ͳ͍ɽͨͩ͠ɽµ ͷθϩݶۃΛ͑ߟΔͱ Mfan ஸ 0.80 ఔͱθϩ࣓Ͱͷ

MZC ͱҰக͢Δɽ
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ਤ 6.1.11 εϐϯ྾มMfan ͷԽֶϙςϯγϟϧ µґଘੑ

6.1.2 Lach-habܕ

ɹ Lach-habܕઢܗԽิڧฏ໘๏ (LAPW)Λ༻͍ͨୈҰݪཧ͔ࢉܭΒ PbTeͷ

ͳ͍ͬͯΔߦΛࢉܭঢ়ଶͷࢠి [84]ɽୈҰݪཧࢉܭͰಘͨόϯυߏʹ͓͚Δ L ͷό

ϯυΪϟοϓ 0.64eVͰ͋ΔɽҰํͰ࣮ݧͰ؍ଌ͞ΕΔόϯυΪϟοϓ 0.18eV [85]ͱɼ

ೋͭͷؒʹେ͖͕ࠩ͋ͬͨ͘ɽLach-habΒୈҰݪཧࢉܭͷόϯυ݁ࢉܭՌΛ༻͠

ͯ s,pيಓͷΈΛڧͨ͠༺ଋറܕΛ࡞ͨ͠ɽ͜ͷܕͷύϥϝʔλΛมԽͤ͞Δ͜

ͱͰɼLͰͷόϯυΪϟοϓΛมԽͤ͞ 0.19eVͱ͍ͯ͠Δɽθϩ࣓Ͱͷిࢠঢ়ଶ

ਤ 6.1.12ͷ௨ΓͰ͋ΔɽLભҠͷόϯυΪϟοϓΛ͍ͯͬ࣋ΔɽLach-habܕͷ

ঢ়ଶࢠి (ਤ 6.1.12) ͱ Lent ܕͷిࢠঢ়ଶ (ਤ 6.1) Λൺֱ͢ΔͱɼX − Γ ؒʹ͋Δ Σ

ͱݺΕΔҐஔͰͷϐʔΫʹҧ͍͕͋Δ͜ͱ͕͔ΔɽLentܕͰ LՁిࢠ

ଳͷϐʔΫʹରͯ͠ ΣՁిࢠଳͷϐʔΫ͍Ґஔʹ͋Δ͕ɼLach-habܕͰ L

ՁిࢠଳͷϐʔΫͱ ΣՁిࢠଳͷϐʔΫ΄ͱΜͲಉ͡Ґஔʹ͋ΔɽLach-habܕʹ

π-matrix๏Λ݁ͨ͠ࢉܭͯ͠༺Ռ͕ਤ 6.1.13Ͱ͋Δɽਤ 6.1.13ʹ͋ΔΑ͏ʹɼ࠷ϥ

ϯμ४Ґ͕ઢܗʹ্ཱ͕͍ͪͬͯΔ͜ͱ͕͔ΔɽLentͷ߹ͱಉ͡Α͏ʹɼϥϯμ

४ҐͷࢦඪΛܾఆ͢Δɽ͜ͷ݁ՌΛ༻͍ͯθʔϚϯΤωϧΪʔͱαΠΫϩτϩϯΤωϧ

Ϊʔ͓ΑͼͦͷൺͰ͋Δεϐϯ྾มΛ݁ͨ͠ࢉܭՌ͕ਤ 6.1.14Ͱ͋Δɽਤ (ࠨ)6.1.14

ΛΈΔͱɼθʔϚϯΤωϧΪʔฒͼʹαΠΫϩτϩϯΤωϧΪʔ͕ B = 2T ఔ·Ͱͷ

ऑ࣓Ͱ࣓ʹରͯ͠ઢܗͳ্ཱ͕ͪΓΛ͍ͯͤݟΔ͕ɼ࣓ڧͰ࣓ͷ࣍ߴͷ߲͕

ޮ͍͍ͯΔ͜ͱ͕͔Δɽਤ 6.1.14(ӈ)ʹࣔ͞ΕͨΑ͏ʹɼεϐϯ྾ม͕࣓ʹର͠

ͯେ͖͘ґଘ͍ͯ͠Δ͜ͱ͕͔Δɽθϩ࣓ۙͰεϐϯ྾ม͕ 0.7ఔͰ͋Δ

ͷʹରͯ͠ɼ15TఔͰ 0.5ΛԼճ͍ͬͯΔɽޙ࠷ʹਤ 6.1.15ʹ fan-diagram plotΛࣔ

͢ɽϗʔϧີ͕࣮ݧʹ͍ۙ 3.5× 1024m−3 ͱͳΔԽֶϙςϯγϟϧ µ = −74meVͱ

ɽ͜ͷ݁ՌMfanͨͬߦΛࢉܭͯ͠ = |x+ − x−| = 0.40Ͱ͋Δɽ
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ਤ 6.1.12 (a)Lach-habΒʹΑΔ PbTeʹର͢Δڧଋറܕ [84]ͷిࢠঢ়ଶ
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ਤ 6.1.13 Lach-habܕʹ͓͚Δϥϯμ४Ґͷਤɽs,pيಓͷ 16× ͷ֤߲ྻߦ16

ʹ͋Δ π ʹ π-matrix๏Λద༻ͨ͠. ఈͷϥϯμ४Ґج 0͔Β 40 ·Ͱͷ 41 ݸ

ͱͨ͠ɽ

6.1.3 PbTeͷ·ͱΊ

ɹࠓ·Ͱ͖ͨͯݟΑ͏ʹ Lent ܕͱ Lach-hab ܕͷ݁ࢉܭՌʹେ͖ͳࠩͳ͍͕ɼ

ҧ͍͕ݟΒΕ͍ͯΔՕॴ͕͋Δɽ·ͣɼθʔϚϯΤωϧΪʔ͓ΑͼαΠΫϩτϩϯ

ΤωϧΪʔʹ͍ͭͯൺֱΛ͏ߦɽLentܕ [ਤ ͷ߹ɼθʔϚϯΤωϧΪʔ͓[(ࠨ)6.1.5

ΑͼαΠΫϩτϩϯΤωϧΪʔ࣓ʹରͯ͠૿Ճ͢Δݟ͕ΒΕΔɽҰํ Lach-hab

ܕ [ਤ Ͱ[(ࠨ)6.1.14 10Tۙ·Ͱ࣓ʹରͯ͠૿Ճ͢Δ༷ݟ͕ࢠΒΕΔ͕ɽͦΕ
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ਤ 6.1.14 π-matrix(ࠨ) ๏ʹΑΔθʔϚϯΤωϧΪʔ͓ΑͼαΠΫϩτϩϯΤωϧ

Ϊʔͷ݁ࢉܭՌɽ(ӈ) εϐϯ྾มMZCͨ͠ࢉܭͯ͠༺ͷ݁ՌΛ(ࠨ) ͷ݁Ռɽ

Lentܕͷ߹ͱಉ࣓͘͡ʹେ͖͘ґଘ͍ͯ͠Δ͜ͱ͕͔Δɽ
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ਤ 6.1.15 Lach-hab ܕͰͷԽֶϙςϯγϟϧ (µ = 74meV) Λ༻ͨ͠ fan-

diagram plotͷ݁Ռɽ

Ҏ࣓߱ʹରͯ͠ݮগ͍ͯ͘͠ৼΔ͍͕֬ೝͰ͖Δɽ·ͨɼ͜ͷ݁ՌΛөͯ͠ε

ϐϯ྾มʹҧ͍͕ݱΕ͍ͯΔɽਤ 6.1.5(ӈ) ʹࣔ͞ΕΔΑ͏ʹ Lent ܕͰͷεϐ

ϯ྾ม MZC ɼθϩ࣓ۙͰ͕ 0.80 Ͱ͋Δͷʹରͯ͠ɼ55T Ͱ 0.46 ·Ͱ

গ͍ͯ͠ΔɽҰํͰਤݮ 6.1.14(ӈ)ʹࣔ͢ Lach-habܕʹ͓͚Δεϐϯ྾มMZC

ɼθϩ࣓ۙͰ 0.72Ͱ͋Δͷʹରͯ͠ɼ55TͰ 0.098·Ͱݮগ͢ΔɽLentܕʹ

͓͚Δεϐϯ྾มͷݮগ෯ 0-55T ͷؒͰ 42.5% Ͱ͋Δͷʹରͯ͠ɼLach-hab 

Ͱܕ 86.4%ͱೋͭͷؒʹେ͖ͳ͕ࠩ͋ΔɽMfan ʹ͍ͭͯɼLentܕͷ߹͕ 0.63

Ͱ͋Δͷʹରͯ͠ Lach-hab ܕ 0.40 Ͱ͋Δɽ·ͨɼ࣮݁ݧՌ [18] ͔Βզʑ͕ࢉܭ

ͨ݁͠ՌMfan = 0.56 Ͱ͋ͬͨɽಉ͡ PbTe ͷࢉܭΛ͍ͯͯͬߦ͜ͷΑ͏ʹҧ͍͕

ग़ΔɽLent ܕͱ Lach-hab ܕͷ࠷େͷҧ͍ͦͷόϯυͰ͋ΔɽLent ܕͰ

Lach-habܕͰؚ·Ε͍ͯͳ͍ dيಓͷد༩ؚ·Ε͍ͯΔɽ͜ΕΒͷόϯυ L

ͷόϯυΪϟοϓ͔Β 1eVҎ্Εͨͱ͜Ζʹଘ͢ࡏΔ͕ɼ࣮εϐϯ྾มʹେ



6.2 Biʹ͓͚ΔҟৗͳθʔϚϯޮՌ 69

ਤ 6.2.1 Bi ͷ݁থߏ [76]ɽϥϕϧ 1,2

ୈҰۙͱୈೋۙͷࢠݪҐஔɼC1 ͕

BisectrixɼC2 ͕ BinaryɼC3 ͕ Trigonal

,Λࣔ͢ɽ(a1ํ a2, a3)جຊฒਐϕΫτ

ϧͰ͋Δɽ

ਤ 6.2.2 Bi ͷϑΣϧϛ໘ [13]ɽҰͭͷ

ϗʔϧ໘ (h) ͱ̏ͭͷిࢠ໘ (e1, e2, e3)

Λͭɽ

͖ͳӨڹΛ༩͍͑ͯΔ͜ͱ͕͔ΔɽҎ্ͷΑ͏ʹɼ࣓தʹ͓͍࣮ͯଟόϯυͷޮՌ

͕ඇৗʹେ͖ͳد༩Λ༩͍͑ͯΔ͜ͱ͕͔ͬͨɽ

6.2 Biʹ͓͚ΔҟৗͳθʔϚϯޮՌ

ɹ BiσΟϥοΫిܥࢠΛද͢Δ࣭Ͱ͋Δɽࠓ·Ͱଟ͘ͷ͕ڀݚͳ͞Εɼੑ

ཧֶͷྺ࢙ʹ͓͍ͯॏཁͳ࣭Ͱ͋Δ [32,63,88–92]ɽBiͷ݁থߏ໘৺ཱํ֨ࢠʹ

Θ͔ͣʹΈ͕ੜͨ͡ඛ໘ମߏͰ͋Δ (ਤ 6.2.1)ɽεϐϯيಓ݁߹ޮՌ͕͍ڧ࣭ͱ͠

ͯΒΕɼͦͷ 1.8eVͱେ͖ͳΛͭ࣋ [93]ɽBiͷϑΣϧϛ໘̍ͭͷϗʔϧ໘

ͱ̏ͭͷిࢠ໘Λͭ࣋ (ਤ 6.2.2)ɽ3ͭిࢠ໘ͷ͏ͪ Bisectrixํʹฏߦͳͷཱ͕͠ݽ

͓ͯΓɼΓ 2͕ͭॖୀ͍ͯ͠ΔɽҎԼͰɼ̏ͭͷ Lͷ͏ͪɼॖୀͨ͠ͷΛ L1 

ͱ L2 ɼΓͷҰͭΛ L3 ͱݺͿɽLͰখ͞ͳόϯυΪϟοϓΛͪ࣋ɼσΟϥοΫ

ίʔϯͱݺΕΔԁਲ਼ܗͷࢄΛͭɽ·ͨ T ʹϗʔϧΛͪ࣋ɼલड़ͷΑ͏ʹεϐ

ϯ྾ม͕̎Λ͑Δಛҟͳੑ࣭Λͭ࣋ɽLiuͱ Allenͷܕ [76]ͱ π-matrix๏Λ

༻ͯ͠εϐϯ྾มʢMZCʣͷࢉܭΛ͏ߦɽਤ 6.2.3ʹ Liu-Allenܕʹ͓͚Δ Biͷ

ΛͰඍ͠ɼଟόϯυܕՌΛࣔ͢ɽ͜ͷ݁ࢉܭ k · pܕΛ࡞͢Δʢਤ 5.4.1,ਤ

6.2.4ʣɽ͜ͷܕதͷ π Λ π-matrix๏ʹΑΓྻߦදࣔ͠ɼ࣓தిࢠঢ়ଶͷࢉܭΛ͏ߦɽ
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ਤ 6.2.3 Liuͱ AllenʹΑΔڧଋറܕ [76]ͷόϯυਤ

E
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gy

(e
V
)

W L
U

Λ

ਤ 6.2.4 Liuͱ AllenʹΑΔڧଋറܕ [76]ͷόϯυਤͱ TपลͰ࡞ͨ͠ k · p
ܕͷόϯυਤͷൺֱɽb) (a)Λ֦େͨ͠ਤͰ͋Δɽ࣮ફ͕ڧଋറܕͷ݁ࢉܭՌɼ

ઢ͕ k · pܕͷ݁ࢉܭՌͰ͋Δɽߴʑ 16όϯυ͔͠औ͍ͬͯͳ͍͕ɼk · pܕΛ
ͨ͠࡞ TपลͰඇৗʹྑ͍ҰகΛ͍ͯͤݟΔ͜ͱ͕Θ͔Δɽ

6.2.1 Trigonalํ

ॳʹɼ࣓Λ࠷ͣ· Trigonalํʹ͔͚Δ߹Λ͑ߟΔɽTrigonalํʹ࣓Λ͔͚

ͨ߹ʹɼ̏ͭͷ Lॖୀ͍ͯ͠Δɽਤ 6.2.5ʹ π-matrix๏Λ͞ࢉܭͯ͠༺Εͨ

࣓தΤωϧΪʔΛࣔ͢ɽϥϯμ४Ґʢθϩ࣓ͷΤωϧΪʔ͔ΒͷΤωϧΪʔม

Խ͕খ͍͞४ҐʣͰ π-matrix๏ͰͱͬͨجఈͷʹΑΔมԽͳ͍͕ɼߴϥϯμ४

Ґʢθϩ࣓ΤωϧΪʔ͔ΒͷΤωϧΪʔมԽ͕େ͖͍४ҐʣͰجఈʹΑΔζϨ͕
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ਤ 6.2.5 π-matrix๏ʹΑΓ͞ࢉܭΕͨ Tʹ͓͚Δ࣓தΤωϧΪʔ४ҐɽͦΕͧ

Ε 30ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ(ࠨ)Tͷ࣓தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ४

ҐΛ 0-100·Ͱͷ औͬͨ߹ɽઢ͕ϥϯμ४ҐΛݸ101 0-120·Ͱͷ औͬݸ121

ͨ߹ͷ݁Ռ (ӈ)L ͷ࣓தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ४ҐΛ 0-200 ·Ͱͷ

201 औͬͨ߹ɼઢ͕ϥϯμ४ҐΛݸ 0-220 ·Ͱͷ 221 औͬͨ߹ͷ݁Ռɽ࣓ݸ

Λ Trigonalํʹ͔͚ͨ߹ɼ̏ͭͷ Lॖୀ͍ͯ͠Δɽ

େ͖͘ͳΔɽ͜Εϥϯμ४ҐΛ༗ݶʹͱͬͨ͜ͱʹΑΔӨڹͰ͋ΔɽT ͓Αͼ L

ͲͪΒͷ߹Ͱ४ҐͰ࣓ʹରͯ͠ઢܗʹ͍ۙࢄΛͭͷʹରͯ͠ɼߴ४Ґ

Ͱϧʔτʹ͍ۙࢄʹͳ͍ͬͯΔɽਤ 6.2.6ʹ π-matrix๏ʹΑΓಘͨ݁Ռ͔Β͠ࢉܭ

ͨMZC ͷ݁ࢉܭՌΛࣔ͢ɽਤ ΒɼTʹ͓͚Δεϐϯ྾ม࣓ʹґ͔(ࠨ)6.2.6

ଘ͓ͯ͠Γɼ΄ͱΜͲઢܗͰ͋Δ͜ͱ͕͔Δɽθϩ࣓ۙͰMZC ͷ 2.08ͱ

Löwdin partitionig Λ༻ͨ݁͠ՌͱશʹҰக͍ͯ͠Δ [63]ɽ͔͠͠ɼ20T Ͱ͓Α

ͦ 2.7ۙ·Ͱ্ঢ͓ͯ͠Γɼ30%ఔͷมԽ͕ݟΒΕΔɽਤ 6.2.6(ӈ) Lʹ͓͚Δ

εϐϯ྾มΛ͍ࣔͯ͠Δɽͪ͜Βθϩ࣓Ͱεϐϯ྾ม͕ 0.96ͱઌڀݚߦ

ͷ݁ՌͱҰக͍ͯ͠Δɽͪ͜Β࣓ʹେ͖͘ґଘ͠ɼ20TͰ 0.5ఔͱ 50%ఔͷ

ΒΕ͍ͯͨMZC͑ߟͰఆͰ͋ΔͱڀݚߦΒΕͨɽҎ্ͷΑ͏ʹɼઌݟগ͕ݮ ͕࣮

࣓ʹରͯ͠େ͖͘ґଘ͍ͯ͠Δ͜ͱ͕Θ͔ͬͨɽ

6.2.2 Bisectrixํ

ʹ࣍ Bisectrixํʹ࣓Λ͔͚ͨ߹Λ͑ߟΔɽπ-matrix๏ʹΑΓ͞ࢉܭΕͨ L1 

(L2 )͓Αͼ L3 ͷ࣓தΤωϧΪʔΛਤ 6.2.7ʹࣔ͢ɽશମͷ࣓ґଘੑͷܗ L1

ͱ L3 Ͱͷ݁Ռ͍ͯࣅΔɽ͔࣓͠͠ʹର͢Δ͖ L3 ͷ݁Ռͷํ͕େ͖͍ɽ

͜ͷΛɼ࠷ϥϯμ४Ґͷ͔͖Βఆྔతʹ֬ೝ͢Δɽ࠷ϥϯμ४Ґ E0 ͷ

Β͔͖ࣜ (4.1.13) Ͱ༩͑ΒΕΔ g′ Λܾఆ͢ΔɽL1 Ͱ g′ = 6.47 Ͱ͋Δͷʹର͠

ͯɼL3 Ͱ g′ = 16.18 Ͱ͋ΔɽL1 ΑΓ L3 ͷํ͕ 2.5 ഒ΄Ͳ͕͖େ͖͍͜

ͱ͕͔Δɽ࣮ݧͰɼL1 Ͱ g′ = 0.545ɼL3 Ͱ g′ = 24.0 ͱݱతʹܾఆ͞Ε

͍ͯΔ [13]ɽπ-matrix๏Λ༻͍ͨ݁Ռͱ࣮ݧͷ݁ՌͱҟͳΔ͕ɼೋͭͷ Lͷେ
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B(T) B(T)

ਤ 6.2.6 (a)Tʹ͓͚ΔθʔϚϯαΠΫϩτϩϯൺɽ(b)Lʹ͓͚ΔθʔϚϯαΠ

Ϋϩτϩϯൺɽ

খؔҰக͍ͯ͠Δɽਤ 6.2.8ʹ π-matrix๏Λ༻͍ͨ݁ࢉܭՌ͔Βࢉग़ͨ͠εϐϯ

྾ม MZC ͷৼΔ͍Λࣔ͢ɽB = 0.01T Ͱ ML1
ZC = 1.01,ML3

ZC = 1.02 ͱ Löwdin

partitionigΛ༻͍ͨ݁ՌͱҰக͍ͯ͠Δɽऑ࣓ۙͰɼL1 ͱ L3 ͷεϐϯ྾

มͷʹେ͖ͳࠩͳ͍ɽ͔͠͠ɼL1 Ͱ 20T Ͱ ML1
ZC = 1.33 ͱ 30% ఔͷ૿

ՃͰ͋Δͷʹରͯ͠ L3 Ͱ 20T ͰML3
ZC = 1.54 ͱ 50% ͍ۙ૿Ճ͕ΈΒΕɼL1 ͱ

L3 Ͱͷ࣓ґଘੑʹେ͖͕ࠩ͋͘Δɽ͜ͷ࣓ґଘੑͷେখؔ g′ ͷେখؔͱҰ

க͍ͯ͠Δɽ֦ுσΟϥοΫܕʹ͓͚Δ MZC ͷ࣓ґଘੑ g′ ʹґଘ͓ͯ͠Γɼ͜

ͷ͕େ͖͚Ε࣓ґଘੑେ͖͘ͳΔɽਤ (ࠨ)6.2.9 ͔Β T ͰΑΓઢܗͳ࣓

ґଘੑΛͭ࣋ɽ࣓Λ Trigonalํʹ͔͚ͨ߹ͱҟͳΓɼθʔϚϯ྾͕ඇৗʹখ

͘͞ɼEn,+ ͱ En,− ͕΄ͱΜͲॖୀ͍ͯ͠ΔΑ͏ʹΈ͑Δɽਤ 6.2.9(ӈ)ʹࣔ͢Α͏ʹɼ

B = 0.01 T Ͱεϐϯ྾ม͕ Löwdin partitionig ͷ݁Ռͱಉ͘͡ͰθϩͰ͋Γɼ

20TͰ 0.05ͱඇৗʹখ͍͞ɽ

6.2.3 Binaryํ

ɹ࣓Λ Binaryํʹ͔͚ͨ߹ʹ͍ͭͯٞ͢ΔɽTͷ݁Ռ Bisectrixํ

ͷ݁Ռͱಉ͡Ͱ͋ΔɽL1 ͱ L3 ͷ݁ՌΛਤ 6.2.10 ʹࣔ͢ɽBisectrix ͷ߹ͱํ

ٯͰɼL1 ͷ݁Ռͷํ͕ L3 ͷ݁ՌΑΓ࣓ʹର͢Δ͕͖େ͖͘ͳ͍ͬͯΔɽࣜ

(4.1.13)Ͱ༩͑ΒΕΔ g′  L1 Ͱ g′ = 13.2ɼL2 Ͱ g′ = −2.26Ͱ͋Δɽେ͖͞

͕ 5.8ഒఔ L1 ͷํ͕େ͖͍ɽઌڀݚߦͰɼL1 Ͱ g′ = 16.2ɼL3 Ͱ g′ = −7.26

ͱݱతʹܾఆ͞Ε͍ͯΔ [13]ɽ͜ͷ݁ՌͱఆੑతʹҰக͍ͯ͠Δɽਤ 6.2.11 ͷ݁

Ռ͔Β L1 Ͱεϐϯ྾ม͕࣓ʹରͯ͠૿Ճ͓ͯ͠Γɼ20TͰ 48%૿Ճ͍ͯ͠

ΔɽҰํͰ L3 Ͱεϐϯ྾ม͕࣓ʹରͯ͠ݮগ͓ͯ͠Γɼ20TͰ গݮ90%

͍ͯ͠ΔɽPbTeͷ߹ͱಉ༷ʹ࠷ϥϯμ४Ґͷ͔͖Βɼεϐϯ྾ม͕࣓ʹ

ରͯ͠૿Ճ͔ؔݮগ͔͔ؔΔɽ
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ਤ 6.2.7 π-matrix ๏ʹΑΓ͞ࢉܭΕ࣓ͨதΤωϧΪʔ४Ґɽ࣓ Bisectrix ํ

Ͱ͋ΔɽͦΕͧΕ 32ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ(ࠨ)L1 ͷ࣓தΤωϧΪʔ४Ґɽ

࣮ઢ͕ϥϯμ४ҐΛ 0-40·Ͱͷ औͬͨ߹ɽઢ͕ϥϯμ४ҐΛݸ41 0-60·Ͱ

ͷ 61 औͬͨ߹ͷ݁Ռݸ (ӈ)L3 ͷ࣓தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ४ҐΛ

0-20 ·Ͱͷ 21 औͬͨ߹ɼઢ͕ϥϯμ४ҐΛݸ 0-40 ·Ͱͷ 41 औͬͨ߹ͷݸ

݁Ռɽ

B(T)

M
Z
C

B(T)

M
Z
C

ਤ 6.2.8 (a)L1 ʹ͓͚Δεϐϯ྾มML1
ZCɽ(b)L3 ʹ͓͚Δεϐϯ྾มML3

ZCɽ

6.2.4 Biͷ·ͱΊ

ɹ π-matrix ๏ʹΑΓɼ࠷ϥϯμ४Ґͷ͖ΛॳΊͯඍࢹతʹࢉܭՄͱͳͬͨɽ

ද 6.2.4 ʹ֤࣓ํͷ π-matrix ๏ʹΑΓ͞ࢉܭΕͨ g′ ͷΛࣔ͢ɽ͜ͷ݁Ռ Zhu

ΒʹΑΓݱతʹܾఆ͞Εͨ [13]ͱఆੑతʹҰக͍ͯ͠ΔɽBiʹ͓͚Δ࠷ϥϯμ

४ҐʹɼಋଳͱՁిࢠଳͷ࠷ϥϯμ४Ґͷόϯυൃͷ༗ແ͕ٞ͞Ε͍ͯ

Δ [68]ɽ͜Εʹରͯ͠ Vecchi Βݱతʹόϯυൃ͕༗Δ݁ՌΛ͍ࣔͯ͠Δ [67]ɽ

·ͨ Pb1−xSnxSe ͷ࣮ݧͰ࠷ϥϯμ४Ґͷόϯυൃ͕ࣔࠦ͞Ε͍ͯΔ [94]ɽਤ

6.2.12ʹࣔ͢ π-matrix๏ʹΑΔ݁ࢉܭՌͰ࠷ϥϯμ४Ґͷόϯυൃ͕ͳ͍ɽਤ

6.2.12ʢࠨʣͰ࣓ํΛ࠷ϥϯμ४Ґͷަ͕͍࣓ࠩͰൃੜ͢Δ Binaryํ
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ਤ 6.2.9 π-matrix(ࠨ) ๏ʹΑΓ͞ࢉܭΕͨ T ʹ͓͚Δ࣓தΤωϧΪʔ४Ґɽ30

ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ࣮ઢ͕ϥϯμ४ҐΛ 0-40 ·Ͱͷ 41 औͬͨ߹ɽઢݸ

͕ϥϯμ४ҐΛ 0-60·Ͱͷ औͬͨ߹ͷ݁Ռݸ31 (ӈ)Tʹ͓͚Δεϐϯ྾ม

MT
ZC

ɽ
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ਤ 6.2.10 π-matrix๏ʹΑΓ͞ࢉܭΕͨ Lʹ͓͚Δ࣓தΤωϧΪʔ४Ґɽ࣓

Binary L1(ࠨ)Ͱ͋Δɽํ ͷ࣓தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ४ҐΛ 0-40

·Ͱͷ औͬͨ߹ɽઢ͕ϥϯμ४ҐΛݸ41 0-60·Ͱͷ औͬͨ߹ͷ݁Ռɽݸ61

ͦΕͧΕ 32ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ(ӈ)L3 ͷ࣓தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯ

μ४ҐΛ 0-100·Ͱͷ औͬͨ߹ɼઢ͕ϥϯμ४ҐΛݸ101 0-120·Ͱͷ 121

औͬͨ߹ͷ݁ՌɽͦΕͧΕݸ 30ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ

ͱͨ͠ɽ࠷ϥϯμ४Ґͷൃͷ༗ແ͕ٞͱͳΔͷɼ࠷ϥϯμ४Ґͷ͕͖

ෛ (g′ ͕ਖ਼) ͷ߹ͷΈͰ͋Δɽ60T ۙ·Ͱ࣓Λେ͖͘͢Δ͜ͱͰɼTrigonal ํ

ͷ T ɼBisectrix Ͱͷೋͭͷํ L Ͱόϯυൃͷͳ͍݁Ռ͕ಘΒΕͨɽ͜Ε

Vecchi Βͷ݁Ռͱໃ६͍ͯ͠Δɽ͜ͷໃ६Λղফ͢ΔͨΊʹɼ؆୯ʹෆ७ޮՌΛߟ

͑ΔɽLuttinger-KohnܕͰҰൠతʹಉ͡ྔࢠΛͪɼεϐϯ͕ҟͳΔ߲ [ྫ͑ɼ

ࣜ (5.4.3)ͷ H(2,1)ͳͲ]͕θϩͰ͋Δɽ͜͜ʹෆ७ޮՌͰ͕ೖΔ͜ͱΛఆ͢

Δɽࠓճ؆୯ʹٞΛͨ͏ߦΊɼಉ͡ྔࢠΛͪεϐϯ͕ҟͳΔ߲ʹఆ̍ΛೖΕ
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ਤ 6.2.11 (a)L1 ʹ͓͚Δεϐϯ྾มML1
ZCɽ(b)L3 ʹ͓͚Δεϐϯ྾มML3

ZCɽ

ද 6.2.1 π-matrix๏ʹΑΔ g′ ͷ݁ࢉܭՌ

 Trigonal Bisectrix Binary

L1 -6.70 6.47 13.2

L3 -6.70 16.18 - 2.26

T 28.9 -8.71 -8.71
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ਤ 6.2.12 Binary Λ͔͚࣓ͨʹํ L1 ͷ࠷ϥϯμ४Ґɽ(a) ७ਮʹଟόϯ

υ k · pܕΛ༻ͨ݁͠Ռ (b)ෆ७ޮՌΛఆͨ͠ଟόϯυ k · pܕΛ༻ͨ͠
݁Ռ

ͨɽ͜ͷ߹ਤ 6.2.12(ӈ) ʹࣔ͢Α͏ʹόϯυൃΛ͜͢͜ىͱ͕Θ͔ͬͨɽBaraff 

VecchiΒઁಈΛ༻͍࣓ͯதͷిࢠঢ়ଶͷࢉܭΛ͍ͯͬߦΔ [67, 68]ɽઁಈΛ༻͍Δ͜

ͱͰɼݩʑθϩͰ͋ͬͨಉ͡ྔࢠΛͪεϐϯ͕ҟͳΔ߲ʹ͕ೖ͍ͬͯΔɽҰํ

Ͱɼπ-matrix๏ඇઁಈͳཧͰ͋ΔͨΊɼݩʑθϩͰ͋ͬͨಉ͡ྔࢠΛͪεϐϯ

͕ҟͳΔ߲θϩͷ··Ͱ͋Δɽ͜ͷҧ͍ʹΑΓόϯυൃͷ༗ແ͕ҟͳ͍ͬͯͨͱ͑ߟ

ΒΕΔɽ

અͰࠓ π-matrix ๏Λ༻͍ͯ Bi ͷ࣓தిࢠঢ়ଶͷࢉܭΛͨͬߦɽ·ͨɼͦͷ૿ݮ
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ͱ૿ݮ෯࠷ϥϯμ४Ґͷ͔͖Β͔Δ͜ͱ໌Β͔ʹͳͬͨɽπ-matrix๏ʹΑ

Γܾఆ͞Εͨ࠷ϥϯμ४ҐઌڀݚߦͰݱతʹܾఆ͞Εͨ g′ ͷͱఆੑతʹҰ

க͍ͯ͠Δɽ·ͨɼઌڀݚߦʹ͓͚ΔઁಈΛ༻͍ͨཧ࣮ݧͰɼ࠷ϥϯμ४Ґͷ

όϯυൃ͕ࣔࠦ͞Ε͍ͯͨɽ͜Εʹରͯ͠ɼπ-matrix๏ͷ݁Ռ࠷ϥϯμ४Ґͷ

όϯυൃ͕ͳ͔ͬͨɽ͜ΕΒͷ݁Ռͱ؆୯ͳ͔ٞΒɼόϯυൃͷ༗ແઁಈෆ७

ޮՌʹΑΓݱΕͨͷͰ͋Δ͜ͱΛఏҊͨ͠ɽ
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Cd3As2ʹ͓͚Δεϐϯ྾มͷ
ඇઁಈཧ

2006ʹτϙϩδΧϧઈԑମͷఏҊ͕͞ΕͯҎ߱ɼਫ਼ྗతʹτϙϩδΧϧ࣭ͷڀݚ

ݚΘΕ͖ͯͨɽτϙϩδʔʹΑΔྨֶతଆ໘ख़ͭͭ͋͠Γɽ۩ମతͳ࣭Ͱͷߦ͕

ଌ͢Δ͜ͱ؍εϐϯͷԠΛࢠ͞ΕΔɽ࣓Λ͔͚Δ͜ͱʹΑΓిظਐΉ͜ͱ͕͕ڀ

ɼτϙϩδΧϧ࣭ͷੑΛΔ্Ͱ༗༻ͳํ๏ͷҰͭͰ͋ΔɽσΟϥοΫۚଐ࣭

ϫΠϧۚଐτϙϩδΧϧಋମͷ૬సҠ͕Մͳ࣭Ͱ͋ΓɼτϙϩδΧϧ૬

సҠͷڀݚରͱͯ͠ΛूΊ͍ͯΔɽτϙϩδΧϧۚଐ࣭ʢಛʹσΟϥοΫ

ۚଐϫΠϧۚଐʣͷද࣭͕ Cd3As2 Ͱ͋Δɽ݁থͷରশ্࣠ʹτϙϩδΧϧ

ۚଐ࣭ͷಛͰ͋Δԁਲ਼ঢ়ͷίʔϯ͕ଘ͢ࡏΔͨΊ҆ఆͰ͋Δ͜ͱ͔ΒɼCd3As2 

τϙϩδΧϧۚଐ࣭ͷඪ४త࣭ͱͯ͠ଟ͘ͷ͕ڀݚͳ͞Ε͍ͯΔ [20, 21, 46, 95]ɽ

Cd3As2  1930ʹ࠷ॳͷߦ͕ڀݚΘΕ [96]ɼ1960͔Β 70Ͱരൃతʹڀݚ

͕͞Ε࣭ͨͰ͋Δ [97]ɽ͍ߴқಈΛ࣭ͭ࣋ͱͯ͠ΒΕ͓ͯΓɼͦͷࣨԹͰ

104cm2/ (Vs) Λ͑Δ [98]ɽࠓͰԹͰҠಈ͕ 106cm2/ (Vs) Λ͑Δ͜ͱ͕ใ

Ε͍ͯΔ͞ࠂ [99]ɽ·ͨɼۙ࠷ͷڀݚͰɼΤωϧΪʔ͕ઢܗͷࢄΛͭ࣋͜ͱ͕ࣔࠦ͞

Ε͓ͯΓΛूΊ͍ͯΔɽCd3As2 ͷిࢠঢ়ଶΛཧղ͢ΔͨΊɼ༷ʑͳ͕ܕ༻͍ΒΕ

͖ͯͨɽ࠷ॳͷஈ֊Ͱɼ୯७ͳܕͱͯ͠ KaneλΠϓͷ͕ܕ༻͞Εͨ [100,101]ɽ

͜ΕΒͷܕͰɼόϯυͷॱ൪ߴΤωϧΪʔଳʹ͓͚Δಋଳόϯυͷଘࡏʹ͍ͭͯ

ҙݟͷෆҰக͕ଘͨ͠ࡏɽۙͰୈҰݪཧࢉܭΛࢠిͨ͠༺ঢ়ଶղੳʹΑΓɼରশੑ

ʹΑΓकΒΕͨσΟϥοΫίʔϯͷଘ͕ࠦࣔ͞ࡏΕ͍ͯΔ [102]ɽ͜ͷԁਲ਼ܗόϯυɼ

σΟϥοΫํఔࣜʹै͏࣭ྔͷͳ͍ిࢠͰද͞ݱΕɼεϐϯʹΑΓೋॏʹॖୀ͢Δɽ͜ͷ

Α͏ͳੑ࣭Λ࣭ͭ࣋ۙͰσΟϥοΫۚଐͱͯ͠ΛूΊ͍ͯΔɽ·ͨɼ͜Ε

Βͷ࣭ͰۭؒసରশੑΛഁΔ͜ͱʹΑΓɼॖୀͨ͠ԁਲ਼ܗόϯυ͕྾͢Δɽ͜ͷ

߹ͷԁਲ਼ܗόϯυɼσΟϥοΫίʔϯͰͳ͘ϫΠϧίʔϯͱݺΕΔɽࡏݱ·Ͱͷ

ͱ͜ΖɼCd3As2 ʹ͓͚ΔۭؒసରশੑͷഁΕʹ͍͕ͭͯٞଓ͍͍ͯΔ [103,104]ɽ

WangΒͷڀݚ [102]ʹΑΔͱɼਤ 7.1.2ʹࣔ͢Α͏ʹ z ্࣠ʹೋͭͷԁਲ਼ܗόϯυΛ࣋

ͪɼC4 ͷճసରশੑΛͭ࣋ɽೋͭͷԁਲ਼ܗόϯυ ΓΛத৺ͱͨ͠ೋؔ࣍తͳೋͭ
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ͷόϯυͷަͱͳ͍ͬͯΔɽ·ͨ Cd3As2 ࠷ॳʹड़͍ͨߴқಈΛͭ࣋͜ͱʹՃ

͑ɼ͍ڧઢؾ࣓ܗ߅ҟৗωϧϯετޮՌྔࢠϗʔϧޮՌɼΧΠϥϧҟৗͷൃੜද

໘ঢ়ଶͳͲɼଟذʹΘͨͬͯΛूΊ͍ͯΔ࣭Ͱ͋ΔɽࠓষͰɼπ-matrix๏Λ༻

͍ͯ Cd3As2 ͷ࣓தిࢠঢ়ଶΛ໌Β͔ʹͨ݁͠ՌΛใ͢ࠂΔɽ

7.1 ݁থߏ

Cd3As2 ୯Ґ๔ʹ ͳ͍ͨ࣋த৺ରশੑΛ܈ɽۭؒͭ࣋Λࢠݪͷݸ160 I41/cd͕ఏ

Ҋ͞Ε͍͕ͯͨɼۙͰத৺ରশੑΛͭ࣋ I41/acd͕࣋͞ࢧΕ͍ͯΔɽ݁থߏࣨԹ

Ͱਖ਼ํথͰ͋Δɽͦͷ֨ࢠఆ a࣠ͱ b࣠ํʹ 1.26nm, c࣠ํʹ 2.54nmͰ͋Δɽ

͜ͷ֨ࢠఆ 2a = 2b / cͷ͕ؔ͋Δ͜ͱ͔Βɼ΄ͱΜͲཱํথͷΑ͏ͳܗΛ͍ͯ͠

ΔɽͦͷͨΊ୯७ͳํ๏ͱͯ͠ɼೋͭͷ Cd͕ܽམཱͨ͠ํମΛॏͶΔ͜ͱͰେ͖ͳ୯Ґ

๔͕༻͍ΒΕΔ (ਤ 7.1.1)ɽCdͷܽམͷॱংʹΑΓɼ2× 2× 4ͷ֨ࢠΛॏͶΔඞཁ͕͋

Δɽ͜ͷ୯Ґ๔ʹΑΓɼୈҰݪཧࢉܭͷߦ͕ࢉܭΘΕΔɽCd2As3 ࣨԹΛ͑ͨঢ়ଶ

ͰߏΛมҐͤ͞Δ͜ͱ͕Θ͔͍ͬͯΔɽಉ͡ਖ਼ํথͰ͋ͬͯɼ220Ͱ P42/nbcͷର

শੑΛͭ࣋ͷʹରͯ͠ɼ470Ͱ P42/nmcͷରশੑΛͭ࣋ [105,106]ɽ·ͨɼ600Ҏ

্ͰཱํথͱͳΔ͜ͱใ͞ࠂΕ͍ͯΔ [103]ɽ͜ΕΒΛ౿·͑ɼCrasseeΒ Cd3As2

ͷ݁থΛ࡞͢Δࡍʹ 425Ҏ্Ͱͷ݁থ͕ߦΘΕ͍ͯΔͨΊɼ͜ͷԹͷҧ͍ʹ

ΑΔ݁থߏͷมԽ͔Β Cd3As2 ͷిࢠঢ়ଶͷ͕ٞੜ·Ε͍ͯΔՄੑΛࢦఠ͍ͯ͠

Δ [95]ɽ

7.2 ܕ

ɹલઅͰड़ͨΑ͏ʹ Cd3As2 ͷిࢠঢ়ଶඇৗʹෳࡶͰ͋ΔɽͦͷͨΊɼͦͷిࢠঢ়

ଶͷཧతͳΞϓϩʔν͕ٞ͋ͬͨɽ࠷ॳͷ؆୯ͳ༗ޮܕ k · pཧͷΈ
Ͱ GaAs ͔Βͷྨਪͱͯ͠࡞͞Εͨ [107]ɽ͜ͷܕͰɼΧνΦϯͱͯ͠ Cd ͷ s

ಓɼΞχΦϯͱͯ͠ي Asͷ pيಓ͕ϑΣϧϛ໘ۙͷిࢠঢ়ଶΛߏ͍ͯͨ͠ɽॳظͷ

ܕͰɼરѥԖߏΛఆͨ͠ैདྷܕͷέʔϯ͕ܕ༻͞Εͨ [100,108,109]ɽͨͩɼ

͜ΕΒͷόϯυΛܾఆ͢ΔύϥϝʔλʹҰக͕ݟΒΕͳ͔ͬͨɽಛʹ Γ ʹ͓͚Δό

ϯυΪϟοϓͷେ͖͞ʹ͕ٞ͋ͬͨɽ͜ͷέʔϯܕͰɼൃۮతʹԁਲ਼ܗͷόϯ

υ͕ଘ͢ࡏΔɽ͜ͷԁਲ਼ܗόϯυରশੑʹΑΓอ͞ޢΕ͓ͯΒͣɼσΟϥοΫܕͱ

໌Β͔ʹҟͳΔܕͰهड़͞ΕΔ͜ͱ͔Βɼ3DσΟϥοΫίʔϯͱ໌Β͔ʹผͰ͋

ΔɽͦͷͨΊɼैདྷܕͷέʔϯܕͰ Cd3As2 ͷ 3DσΟϥοΫίʔϯΛ͢ݱ࠶Δ͜ͱ

Ͱ͖ͳ͍ɽͦͷޙ BodnarʹΑΓɼैདྷܕͷέʔϯྀ͍ͯ͠ߟ͕ܕͳ͔ͬͨਖ਼ํথͷ

ޮՌΛؚΜͩ༗ޮܕΛ։ൃͨ͠ [101]ɽ͜ͷܕͰɼਖ਼ํথ্࣠ͰରশੑʹΑΓॖୀ

͢Δ͕ೋͭଘ͠ࡏɼ3D σΟϥοΫίʔϯͱͷؔ࿈͕͑ߟΒΕΔɽ͜ͷ Kane/Bodnar

ܕ̎όϯυܕͰ͋Γɼѻ͏όϯυ੍͕͞ݶΕ͍ͯΔɽ·ͨɼύϥϝʔλͷ͕গ

ͳ͘୯७Ͱ͋Δ͕ɼಉ࣌ʹ୯७͞Ώ͑ʹిࢠঢ়ଶΛৄ͢ݱ࠶ʹࡉΔ͜ͱ͔ͬͨ͠ɽͦ
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ਤ 7.1.1 Cd3As2 ͷ݁থߏ [95]. ͜ͷ୯

Ґ๔ʹ ͱࢠݪͷΧυϛϜݸ96 ͷݸ64

ώૉؚ͕ࢠݪ·ΕΔɽ ਤ 7.1.2 Cd3As2 ͷిࢠঢ়ଶͷ֓೦ਤ

[95].kz ্࣠ͷ k = ±kd Ͱೋͭͷԁਲ਼ܗ

ͷόϯυ͕ଘ͢ࡏΔɽ͜ΕΒͷԁਲ਼ܗόϯ

υͷΤωϧΪʔεέʔϧ Γ ʹ͓͚Δ

Ϊϟοϓ ED ʹΑΓܾఆ͚ͮΒΕΔɽ͜ͷ

ΓͷϦϑγοπͱݺΕΔɽ

ͷͨΊ͜ͷΑ͏ͳ༗ޮܕͰɼଞͷཧతΞϓϩʔνΛ༻͍ͯௐ͢Δඞཁ͕͋Δɽྫ

͑ɼୈҰݪཧࢉܭʹΑΔΞϓϩʔν͕ଟ͘ͳ͞Ε͍ͯΔɽୈҰݪཧࢉܭͰɼCd3As2

͕ۚଐͰ͋Δ͜ͱɼೋͭͷ 3D σΟϥοΫίʔϯΛͪ࣋ɼͦͷσΟϥοΫίʔϯൺ

ֱత͍ΤωϧΪʔଳͰݱΕΔ͜ͱ͕ड़ΒΕ͍ͯΔɽҎ্ͷΑ͏ʹɼCd3As2 ͷෳࡶͳ

ͱࢉܭཧݪΒΕ͖ͯͨɽҎԼͰɼୈҰ࡞͕ܕঢ়ଶΛղ໌͢ΔͨΊʹଟ͘ͷࢠి k · p
ܕΛ࡞ͯ͠༺ΒΕͨ Z.Wang ΒʹΑΔܕ [102] ͱɼͦΕʹݱతͳ߲ΛՃ͑ͨ

Jeonܕ [20]Λհ͢Δɽ·ͨɼඇৗʹ؆қతͳܕͰ͋Δ C.M.Wangܕ [22]߹

Θͤͯհ͢Δɽ

7.2.1 Z.WangϞσϧ

WangΒʹΑΓɼୈҰݪཧࢉܭʹΑΔిࢠঢ়ଶΛͨ͠ࢉܭͷͪɼ4όϯυܕΛߏங͞

Εͨ [102]ɽ̐όϯυܕʹमਖ਼͞ΕͨέʔϯܕͱݺΕͯͨܕ (8× ͕(ྻߦ8
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ද 7.2.1 ̐όϯυWangܕͷϑΟοςΠϯάύϥϝʔλʔ [102]

Es (eV) Ep(eV) δ(eV) d(eV) ∆SOC(eV)

ʵ 0.610367 ʵ 0.069191 0.072439 0.027 0.16

P (eV Å) A′ (eV Å2) L (eV Å2) M (eV Å2) N (eV Å2)

6.302242 8.013873 ʵ 5.675600 ʵ 7.957689 ʵ 10.757965

༻͞ΕͨɽͦͷϋϛϧτχΞϯεϐϯيಓ݁߹͕ͳ͍߹ɼ࣍ͷΑ͏ʹॻ͚Δ [102]ɽ

H4 (k) =





E1 ikxP ikyP ikzP + d
−kxP E2 Nkxky Nkxky
−ikyP Nkxky E3 Nkykz

−ikyP + d Nkxkz Nkykz E4 − δ





(7.2.1)

͜͜ͰɼE1 = A′k2 + Es, E2 = Lk2x +M
(
k2y + k2z

)
+ Ep, E3 = Lk2y +M

(
k2x + k2z

)
+

Ep, E4 = Lk2z +M
(
k2x + k2y

)
+ Ep Ͱ͋Δɽδ  Bodner [101]ʹΑΓಋೖ͞Εͨ݁থ

྾มͰ͋Γɼ͜ΕʹΑΓҟํతͳਖ਼ํথͷରশੑΛಋೖ͍ͯ͠Δɽdۭؒͷసର

শੑΛഁΔύϥϝʔλͰ͋Γɼ͜ͷܕ I41cdͷରশੑΛͭ࣋ (structure2)ɽҰํɼd

Λθϩʹ͢Δ͜ͱͰɼ͜ͷܕ P42/nmcͱͳΔ (structure1)ɽࣜ (7.2.1)ʹεϐϯي

ಓ݁߹ΛՃ͑Δ͜ͱͰɼWangܕ 8× 8ͷྻߦʹͳΔɽ

H8 (k) = I ⊗H4 (k) +Hsoc

Hsoc =
∆SOC

2





0 0 0 0 0 0 0 0
0 0 −i 0 0 0 0 1
0 i 0 0 0 0 0 −i
0 0 0 0 0 −1 i 0
0 0 0 0 0 0 0 0
0 0 0 −1 0 0 i 0
0 0 0 −i 0 −i 0 0
0 1 i 0 0 0 0 0





(7.2.2)

͜ͷϋϛϧτχΞϯΛ݁ͨ͠ࢉܭՌͷόϯυਤਤ 7.2.1ͱͳΔɽୈҰݪཧࢉܭͷ݁Ռ͔

Β Cdͷ 5sيಓͱ Asͷ 4pيಓ͕ϑΣϧϛ໘ۙΛΊ͍ͯΔ͜ͱ͕Θ͔Δɽ·ͨ͜ͷ

݁Ռ͔Βද 7.2.1ʹࣔ͢Α͏ͳύϥϝʔλ͕ܾఆ͞Ε͍ͯΔɽ

ఈͱͯ͠ج
∣∣∣S 1

2
, 1
2

〉
,
∣∣∣P 3

2
, 3
2

〉
,
∣∣∣S 1

2
,− 1

2

〉
,
∣∣∣P 3

2
,− 3

2

〉
ͱऔΔ͜ͱͰɼ3DσΟϥοΫཻࢠ

Λද͢ݱΔ̎όϯυͷ࠷খܕ HΓ (k)Λ࡞͢Δ͜ͱ͕Ͱ͖Δ [102]ɽ

HΓ (k) = ε0 (k) +





M (k) Ak+ Dk− B∗ (k)
Ak− −M (k) B∗ (k) 0
Dk+ B (k) M (k) −Ak−
B (k) 0 −Ak+ −M (k)



 (7.2.3)

͜͜Ͱɼε0 (k) = C0+C1k2z+C2

(
k2x + k2y

)
Ͱ͋ΓɼM (k) = M0−M1k2z−M2

(
k2x + k2y

)

Ͱ͋Δɽ·ͨɼόϯυసΛ͢ݱ࠶ΔͨΊM0,M1,M2 < 0Λຬͨ͢ඞཁ͕͋Δɽਖ਼ํথ
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ਤ 7.2.1 (a)structure1,(b)structure2 ͷ݁ࢉܭՌɽύϥϝʔλ d ΛೖΕͨ struc-

ture2Ͱɼ(011)ํ (Γ-Z͓ؒΑͼ Γ-Xؒ)ͷॖୀ͕ղ͚͍ͯΔɽͨͩ͠ (001)ํ

ͷॖୀղ͚ͳ͍ɽ

ਤ 7.2.2 Lifshitz-Onsager ͷྔࢠԽ͔݅Βղੳͨ͠ (112) ͷ༗ޮόϯυํ

ࢄ [20]ɽ16ݸͷϥϯμ४Ґ͕ϓϩοτ͞Ε͍ͯΔɽ͍ࠇઢϑΣϧϛ४ҐͰͷ

ͷ֎ૠͰ͋Δɽ

ͷରশੑͷͱͰɼ(αkz + βD) k2+ ࣜ࣍ߴͰ͋ΓɼO
(
k2
)
·ͰΛͨ͑ߟ߹ɼແ͢ࢹ

Δ͜ͱ͕Ͱ͖ΔɽD ۭؒసରশͷഁΕΛ͜͠ىɼstructure1 ͰθϩͱͳΔɽ͜ͷ

߹ΤωϧΪʔ,

E (k) = ε0 (k)±
√

M (k)2 +A2k+k− (7.2.4)

ͱͳΓɼkc =
(
0, 0,±

√
M0/M1

)
Ͱॖୀ͢Δɽ

7.2.2 Jeonܕ

Jeonܕࣜ (7.2.3)ͱಉ༷ͷܗͷϋϛϧτχΞϯ H4 ͔Βग़ൃ͢ΔɽJeonΒθʔ

Ϛϯ߲Λ͍ͯ͑ߟΔɽ

Hjeon = H4 +HZeeman (7.2.5)
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ද 7.2.2 jeonܕͷϑΟοςΠϯάύϥϝʔλʔ [20]

C0 (eV) C1(eV Å2) C2(eVÅ2) A (eV Å) gs

-0.219 ʵ 30 -16 2.75 18.6

M0(eV) M1 (eV2 Å2) M2 (eV Å2) M3 (eV) gp

-0,060 96 18 0.050 2

͜͜Ͱɼ

HZeeman =
µB

2
(σ ·B)⊗

(
gs 0
0 gp

)

Ͱ͋Δɽgs,gp  sيಓͱ pيಓͦΕͧΕͷ༗ޮ gҼࢠͰ͋Δɽਤ 7.2.2ͷΑ͏ͳݹయ

తͳϥϯμྔࢠԽͷղੳ͔Βɼ(112)ํͰ-100mV͔Β 300mV·Ͱಋଳόϯυ

͕ઢܗͷࢄΛͭ࣋ [20]ɽ͜ΕΛຬͨͨ͢ΊʹɼH4 ͷ ε0 (k)͓ΑͼM (k)ͷॻ͖͑Λ

ɽ͏ߦ

εjeon (k) = C0 + C1k
2
z + C2

(
k2x + k2y

)
(7.2.6)

Mjeon (k) = M0 +
√

M2
3 +M1k2z +M2

(
k2x + k2y

)
(7.2.7)

|kz| - M3/
√
M1 ͷ߹Λ͑ߟΔͱɼ

Mjeon (k) / M ′
0 +M ′

1k
2
z +M2

(
k2x + k2y

)
(7.2.8)

Ͱॻ͘͜ͱ͕Ͱ͖ɼ͜Εݩʑͷ 2όϯυWangܕͷ߹ͱಉ༷ͷܗͰ͋Δ (ූ߸͕ҟ

ͳΔ͕ɼ͜Εද 7.2.2ʹ͋ΔΑ͏ʹύϥϝʔλͷූ߸ͷҧ͍ʹΑΔͷͰ͋Δɽ)ɽ͜͜

ͰɼM ′
0 = M0 + |M3|Ͱ͋ΓɼM1 = 1/2M1/ |M3|Ͱ͋Δɽ·ͨɼ|kz| , M3/

√
M1 ͷ

߹Λ͑ߟΔͱɼ

Mjeon (k) / M0 +
√

M1 |kz|+M2

(
k2x + k2y

)
(7.2.9)

ͱͳΓɼkz ͷ߹ͱಉ༷ͷٞͰܕͱ͕Θ͔ΔɽWangͭ࣋͜Λࢄͷܗઢʹํ D

͓Αͼ B (k)ͷ߲ΛແࢹͰ͖ΔͨΊɼ࠷ऴతʹ JeonܕͷܗҎԼͷΑ͏ʹͳΔɽ

Hjeon (k) = εjeon (k) +





Mjeon (k) Ak+ 0 0
Ak− −Mjeon (k) 0 0
0 0 Mjeon (k) −Ak−
0 0 −Ak+ −Mjeon (k)





+HZeeman (7.2.10)

·ͨɼύϥϝʔλද 7.2.2 ͷΑ͏ʹͳΔɽ͔͜͜Βɼ࣓தޮՌΛಋೖ͢Δɽࣜ

(7.2.10) ʹ͓͍ͯ k → π/h̄ ͷมΛ͑ߦྑ͍ɽࣗવ n , 1 ͷͱ͖ɼجఈؔ
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ψ = (φn,φn−1,φn,φn+1)ͱͱΔɽ͢Δͱݻ༗ En ҎԼͷΑ͏ͳӬํఔࣜΛղ͘͜

ͱͰࢉܭͰ͖Δɽ
∣∣∣∣∣∣∣∣∣∣∣

(εn +Mn − E)
√
2niA
lB

0 0

−
√
2niA
lB

(εn−1 −Mn−1 − E) 0 0

0 0 (εn +Mn − E)
√

2(n+1)iA

lB

0 0 −
√

(n+1)iA

lB
(εn+1 −Mn+1 − E)

∣∣∣∣∣∣∣∣∣∣∣

= 0

(7.2.11)

͜͜Ͱɼ

εn = C0 + C1k
2
z +

C2

l2B
(2n+ 1)

Mn = M0 +
√

M2
3 +M1k2z +

M2

l2B
(2n+ 1)

Ͱ͋Δɽ·ͨɼlB ࣓ؾͱݺΕɼlB =
√

h̄/ (eB)Ͱ͋Δɽ·ͨɼn = 0ͷͱ͖ಛ

ผʹجఈؔ ψ = (φ0,φ1)ΛͱΔɽ͜ͷ߹ҎԼͷӬํఔࣜΛղ͘͜ͱʹͳΔɽ
∣∣∣∣∣
(ε0 +M0 − E)

√
2iA
lB

−
√
2iA
lB

(ε1 −M1 − E)

∣∣∣∣∣ = 0

(7.2.12)

ࣜ (7.2.11)͓Αͼࣜ (7.2.12)Ͱ؆୯ͷͨΊθʔϚϯ߲Λແͨ͠ࢹɽ

7.2.3 2ϊʔυϞσϧ

ɹ Cd3As2 ͳͲͷɼϫΠϧۚଐ࣭ͳΒͼʹσΟϥοΫۚଐ࣭Ͱɼ؆қతͳ̎

ϊʔυ͕ܕΑ͘ΘΕΔ [19,21,22]ɽϋϛϧτχΞϯ࣍ͷܗͰॻ͖ද͞ΕΔ [21,22]ɽ

H2node = A (kxσx + kyσy) +M
(
k2w − k2

)
σz

=

[
Mk Ak−
Ak+ −Mk

]
(7.2.13)

͜͜ͰɼA,M, kw όϯυͷύϥϝʔλͰ͋ΓɼMk = M
(
k2w − k2

)
ͱͨ͠ɽ͜ΕΛղ

͘ͱҎԼͷΑ͏ͳΤωϧΪʔݻ༗ΛಘΔɽ

E = ±
√[

M2 (k2w − k2) +A2
(
k2x + k2y

)]
(7.2.14)

্ͷදࣜϫΠϧۚଐͱΑΕΔঢ়ଶͰ͋Δɽؒ࣌సରশੑΛอ͍ͬͯΔ߹ɼσΟ

ϥοΫۚଐͱΑΕΔঢ়ଶʹͳΔɽ͜ͷ߹ɼࣜ (7.2.14) ҎԼͷΑ͏ʹॻ͖Θ

Δ [21]ɽ

HDirac =

[
H2node 0

0 H2node

]
(7.2.15)
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Δɽϥϯμήʔδ͑ߟঢ়ଶΛࢠதͷి࣓ʹ࣍ (−yB,0,0)Λ࠾༻͠ʢ࣓ z ʣɼํ

ɽ͏ߦΛͷΑ͏ͳม࣍

k →
(
kx − eB

h̄
y,−i∂y, kz

)

͜ͷͱ͖ɼ

a ≡ −
[(

y − l2Bkx
)

lB
+ lB∂y

]

a† ≡ −
[(

y − l2Bkx
)

lB
− lB∂y

]

ͱఆٛ͢ΔɽωHai = 2M1/l2b , η =
√
2A/lB ͱఆٛ͢ΔͱɼϋϛϧτχΞϯ࣍ͷΑ͏ʹ

ม͞ΕΔɽ

H2node =

[
Mk Ak−
Ak+ −Mk

]
→
[

Ma ηa
ηa† −Ma

]

ఈͱͯ͠ج |n− 1〉 , |n〉ΛͱΔͱɼ࣍ͷӬํఔࣜΛղ͘͜ͱͱͳΔɽ

det

[
Mn + ωHai − E η

√
n

η
√
n −Mn + ωHai − E

]
= 0 (7.2.16)

͜͜ͰɼMn = M2
0 −M1k2z − nωHai Ͱ͋ΔɽΑͬͯɼΤωϧΪʔݻ༗ɼ

E = ωHai/2±
√
M2

n + nη2 (7.2.17)

ͱͳΔɽͨͩ͠ɼn = 0ͷͱ͖ಛผʹɼ

E = ωHai/2−M0 +M1k
2
z (7.2.18)

ͱͳΔɽ͜ͷ 2ϊʔυܕͰՁిࢠଳͱಋଳͷ࠷ϥϯμ४Ґ͕ॖୀͨ͠Α͏ͳܗ

ʹͳΔɽ࣓தΤωϧΪʔਤ 7.2.3ͷΑ͏ʹͳΔɽ

7.3 ଟόϯυܕʹ͓͚Δ࣓தిࢠঢ়ଶ

લઅͰͨݟΑ͏ʹɼCd2As3 ͷ࣓தిࢠঢ়ଶ̎όϯυྻߦαΠζ͕খ͍͞ܕͰ

తͰ͋Δ͜ͱ͕༧ؔ࣍͞ঢ়ଶ͕̐ࢠͰɼ࣓தͷిܕΕ͖ͯͨɽ͜ΕΒͷ͞ࢉܭ

Ε͍ͯΔɽҰํͰ PbTe BiͰɼଟόϯυͷϋϛϧτχΞϯΛղ͘͜ͱʹΑΓɼେ

ঢ়ଶ͕มΘΔ͜ͱ͕͔͍ͬͯΔࢠి͖͘ [10, 14, 23]ɽࠓઅͰɼπ-matrix๏Λ༻͍Δ

͜ͱͰଟόϯυܕͰ͋ΔWangܕͷ࣓தిࢠঢ়ଶͷࢉܭΛ݁ͨͬߦՌΛใ͢ࠂΔɽ

ਤ 7.3.1ʹWangܕͷθϩ࣓ΤωϧΪʔࢄΛࣔ͢ɽJeonܕ 2ϊʔυܕ

ͷ؆қతͳܕͷ߹ɼՁిࢠଳͱಋଳͷରশతͳܗΛ͍ͯͨ͠ɽ͔͠͠ɼWang

ܕͰඇରশͳܗͱͳ͍ͬͯΔ͜ͱ͕͔ΔɽϦϑγοπͷΤωϧΪʔࠩଞͷ
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E
n
er
gy

(e
V
)

ਤ 7.2.3 ̎ϊʔυܕͷ࣓தΤωϧΪʔ४Ґɽύϥϝʔλ A = 0.5eVnm,M =

5eVnm2,kw = 0.1nm−1 ͱͨ͠ɽ

kz
(

1/Å
)

E
n
er
gy

(e
V
)

ਤ 7.3.1 Wangܕͷθϩ࣓ΤωϧΪʔ४Ґͷਤɽ

ͱಉ͘͡ܕ 40meVͰ͋Δɽ͔͠͠ՁిࢠଳଆͷϦϑγοπ͕-30meVͰ͋Δͷʹର͠

ͯɼಋଳଆͷϦϑγοπ͕ 10meVͱ͕ࠩେ͖͍ɽ·ͨɼkz ʹεϐϯͯؔ͠ʹํ

ରͯ͠ॖୀ͍ͯ͠Δɽ

π-matrix๏ʹΑΓ͞ࢉܭΕͨ 1Tʹ͓͚Δ࣓தΤωϧΪʔ४ҐΛਤ 7.3.2ʹࣔ͢ɽ࣮

ઢ͕ π-matrixͷجఈͱͯ͠ 0-40ͷ ͷϥϯμ४ҐΛͱͬͨ߹ɼઢ͕ݸ41 0-120ͷ

ͷϥϯμ४ҐΛͱͬͨ߹ͷ݁ՌͰ͋Δɽ໌Β͔ʹೋͭͷ݁Ռ͕͍͋ͬͯͳ͍෦ݸ121

͕͋Δɽ͜Εجఈͱͯ͠ϥϯμ४ҐΛ༗ݶʹͱͬͨӨڹͰ͋Γɼΰʔετ४Ґͱݺ

Ϳɽجఈ ఈجͷ߹ʹϦϑγοπͷଆ·Ͱ߱Γ͖͍ͯͯΔ͕ݸ41 ͷݸ121

߹Ͱಋଳଆਤ 7.3.2 ͷΤωϧΪʔεέʔϧͰ؍ଌ͞Εͳ͍΄Ͳ্ʹಈ͍͓ͯΓɼ

Ձిࢠଳ͕-0.01eVۙ·ͰԼ͕͍ͬͯΔɽPbTeͷ߹ͱಉ༷ʹ༰қʹΰʔετ

४ҐΛ۠ผͰ͖Δɽ·ͨجఈ 41Ͱɼΰʔετ४ҐΛআ͚ेͰ͋Δɽܕͷඇର

শੑ͔ΒՁిࢠଳͱಋଳͰ࣓ʹର͢ΔԠ͕ҟͳΔɽͦ͜Ͱɼ͔͜͜Βಋଳ

ͱՁిࢠଳʹ͚ͯٞΛ͏ߦɽ
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kz
(

1/Å
)

E
n
er
gy

(e
V
)

E
n
er
gy

(e
V
)

B(T)

ਤ 7.3.2 π-matrix ๏ʹΑΓ͞ࢉܭΕͨ Wang ܕͷ࣓தΤωϧΪʔࢄͷਤɽ

ɿkz(ࠨ) ґଘੑɼ(ӈ)ɿB ґଘੑɽࢵͷ࣮ઢ͕ϥϯμ४Ґ 41,ԫ৭ͷઢ͕ϥϯμ

४Ґ 121ͷ݁ࢉܭՌɽ

kz
(

1/Å
)

E
n
er
gy

(e
V
)

kz
(

1/Å
)

E
n
er
gy

(e
V
)

ਤ 7.3.3 ಋଳͷ࣓தΤωϧΪʔ४Ґͷ kz ґଘੑɽ(ࠨ)B = 1T,(ӈ)B = 10Tͷ

ఈجՌɽπ-matrixͷ݁ࢉܭ औ͍ͬͯΔɽݸ121

7.3.1 ಋଳʹ͍ͭͯ

ਤ 7.3.3ʹಋଳͷ࣓தΤωϧΪʔͷ kz ґଘੑΛࣔ͢ɽB =1Tͷ߹ʹɼՁిࢠ

ଳͱಋଳͷަࠩ͢Δ (k = ±kD)͓ۙΑͼ ΓͰϐʔΫߏΛ͓ͯͬ࣋Γɼ̐࣍

ؔతͳੑ࣭͕ݱ͘ڧΕ͍ͯΔɽ·ͨɼϦϑγοπͱՁిࢠଳͱͷަࠩͷΤωϧΪʔ

ࠩͷ̎ഒఔ্ͷΤωϧΪʔଳͰ k = ±kD Γଓ͚͍ͯΔɽҰߏΕΔϐʔΫݱʹ

ํ B = 10Tͷ߹Ͱɼk = ±kD ʹϐʔΫߏͳ͘ɼΓͰͷΈϐʔΫߏΛͭ࣋ɽ

B = 10Tͷ४ҐͰฏΒͳܗΛ͓ͯ͠Γ̐ؔ࣍తͳੑ࣭͕Θ͔ͣʹ͍ͯͬΔ

͕ɼ্ͷ४ҐͰΑΓ̎ؔ࣍తͳܗΛ͍ͯ͠Δɽ͜Εɼ࠷ϥϯμ४ҐΛআ͘શͯ

ͷόϯυ͕ϦϑγοπΑΓ্ʹ͖ͨ͜ͱʹΑΓɼΓ͔Βൃੜ͢Δϥϯμ४Ґ͕ࢧ

తʹͳͬͨͱ͑ߟΒΕΔɽͭ·Γɼ࣓͕େ͖͘ͳΔʹͭΕͯɼτϙϩδΧϧۚଐ
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ਤ 7.3.4 π-matrix๏ʹΑΓ͞ࢉܭΕͨWangܕͷ࣓ిࢠঢ়ଶͷ࣓ґଘੑͷਤɽ

ͷ࣮ઢ͕ϥϯμ४Ґࢵ 41,ԫ৭ͷઢ͕ϥϯμ४Ґ 121ͷ݁ࢉܭՌɽ

kz
(

1/Å
)

E
n
er
gy

(e
V
)

ਤ 7.3.5 B = 10T ʹ͓͚Δεϐϯيಓ݁߹ͷมԽʹΑΔϥϯμ४ҐͷมԽɽԫ৭

ͷ࣮ઢ͕εϐϯيಓ݁߹ޮՌʹΑΔϥϯμ४ҐͷมԽΛࣔ͢ɽ100% ͕ Wang ܕ

ͱͯ͠༩͑ΒΕͨύϥϝʔλ∆SOC ͷͰ͋Δʢද ͷ࣮ઢࢵরʣɽࢀ7.2.1 B = 10T

ʹ͓͚Δ kz ґଘੑͷਤɽೋͭͷਤΛॏͶΔ͜ͱͰϥϯμ४ҐͷࢦඪΛܾఆͰ͖Δɽ

࣭ͷಛͰ͋Δೋͭͷίʔϯ͔ΒͷӨ͕ڹऑ·ΓɼΑΓࣗ༝ిࢠతͳৼΔ͍ʹมΘͬͯ

͍Δɽਤ 7.3.4ʹ Γʹ͓͚Δ࣓ґଘੑͷਤΛࣔ͢ɽ࠷ϥϯμ४Ґ͕࣓ʹରͯ͠

Λऔͬͯߏɼඇৗʹ୯७ͳ͑ݟʹগ͢Δɽೋͭͷ४Ґ͕ηοτͱͳΓಈ͍͍ͯΔΑ͏ݮ

͍Δɽਤ 7.3.4ͷΤωϧΪʔεέʔϧͰిࢠঢ়ଶ͕ઢܗͳ࣓ґଘੑΛͭΑ͏ʹΈ͑

Δ͕ɼਤ 7.3.2(ӈ)ʹࣔ͞ΕΔΑ͏ʹɼ࣮ࡍʹ
√
B Λ͍ͯ͠Δɽϥϯμ४Ґܗ͍ۙʹ

ͷࢦඪΛܾఆ͢Δ͜ͱΛ͑ߟΔɽWangܕͰɼύϥϝʔλΛม͑Δ͜ͱͰεϐϯيಓ

݁߹ޮՌͷେখΛมԽͤ͞ΒΕΔɽεϐϯيಓ݁߹͕ͳ͍߹Ͱͷϥϯμ४ҐΛج४ʹ

ඪΛܾఆ͠ɼࣜࢦ (7.2.2)ͷ ∆SOC Λ࿈ଓతʹมԽͤ͞Δ͜ͱͰɼεϐϯيಓ݁߹͕͋Δ
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ਤ 7.3.6 ঢ়ଶີͷ݁ࢉܭՌɽnσ
D ͕ k = ±kD ༝དྷͷϐʔΫɼnσ

Γ ͕ Γ༝དྷͷϐʔΫɽ

߹ͷϥϯμ४ҐͷࢦඪΛҰҙʹܾఆͰ͖Δɽਤ 7.3.5 ʹ Wang ܕͷ ∆SOC Λม͑

Δ͜ͱͰɼϥϯμ४Ґ͕ͲͷΑ͏ʹมԽ͢Δ͔Λࣔ͢ɽεϐϯيಓ݁߹ޮՌͷมԽʹΑ

Γɼϥϯμ४Ґͷస͕͍ͯͬ͜ىͳ͍͜ͱ͕͔Δɽ͜ΕʹΑΓɼϥϯμ४Ґͷࢦ

ඪΛܾఆͨ͠ɽ

ɽਤͨͬߦΛࢉܭͱͷൺֱͷͨΊɼঢ়ଶີͷݧৼಈͷ࣮ࢠྔ 7.3.6ʹঢ়ଶີͷࢉܭ

݁ՌΛࣔ͢ɽϑΣϧϛΤωϧΪʔ EF = 0.018eVͱ͠ɼࣜ (2.2.4)Ͱఆٛ͞ΕΔάϦʔ

ϯؔͷແݶখྔ δ  δ = EF /500 ʹઃఆͨ͠ɽεϐϯ྾ͨ͠ϐʔΫߏ͕ηοτͱ

ͳΓৼಈͱͯ͠ݱΕ͍ͯΔΑ͏ʹ͑ݟΔɽϐʔΫߏ͕ݱΕ࣓ͨͷ kz ґଘੑΛ֬ೝ͢

Δ͜ͱͰɼϐʔΫߏͷ༝དྷͱͳΔόϯυΛಛఆͰ͖Δɽઌ΄Ͳͱಉ༷ʹεϐϯيಓ݁

߹ޮՌͷมԽ͔ΒϐʔΫߏͷࢦͭ࣋ඪΛܾఆ͢Δɽͦͷ݁Ռ EF = 0.18Ͱ Γʹ༝

དྷΛͭ࣋ϐʔΫߏͱ k = ±kD ʹ༝དྷΛͭ࣋ϐʔΫߏ͕͋Δ͜ͱ͕͔ͬͨɽ͜ͷ݁

ՌΛݩʹɼfan diagram plot Λ࡞͢Δɽ݁Ռɼਤ 7.3.7 ʹࣔ͢Α͏ʹͳΔɽk = kD

༝དྷͷϐʔΫ͔Βͨͬ࡞ fan diagram plotͷ xยΛ xσ
Dɼk = 0(Γ)༝དྷͷϐʔΫ͔

Βͨͬ࡞ fan diagram plot ͷ x ยΛ xσ
Γ ͱ͢ΔɽMD

fan = 0.60ɼMΓ
fan = 0.57 ͱͳͬ

ͨɽ·ͨ x ยͷฏۉ xD
ave = 0.50ɼxΓ

ave = 0.48 ͱͳΓɼx ยͷฏۉ 0.5 ۙʹ

ऩ·͍ͬͯΔɽEF = 0.018eVͷ߹ɼೋͭͷ fan diagram plotʹେ͖͕ࠩ͘ͳ͍͜

ͱ͕͔Δɽ࣍ʹɼMfan ͷϑΣϧϛΤωϧΪʔʹΑΔมԽΛ֬ೝ͢Δɽਤ 7.3.8 ʹεϐ

ϯ྾มMfan ͷϑΣϧϛΤωϧΪʔґଘੑʹ͍ͭͯࣔ͢ɽલड़ͷ௨ΓɼCd3As2 ͷঢ়

ଶີͷϐʔΫʹɼΓ ʹ༝དྷͷͷͱɼE = ±kD ༝དྷͷͷͷೋछྨ͕͋Δɽθ

ϩ࣓ͷిࢠঢ়ଶ͔ΒɼΓ ͷӨڹΛ͘ڧड͚ͨ߹্ತͳࢄΛͪɼE = ±kD
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ਤ 7.3.7 7.3.6 ͷ݁Ռ͔Βࢉग़ͨ͠ fan diagram plot ͷ݁ՌɽEF = 0.018eVɽ

k(ࠨ) = kD ༝དྷͷϐʔΫ͔Βͨͬ࡞ fan diagram plot,(ӈ)Γ༝དྷͷϐʔΫ͔Βͬ࡞

ͨ fan diagram plot
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ਤ 7.3.8 Mfan ͷ EF ґଘੑɽ

ͷӨڹΛ͘ڧड͚ͨ߹ԼತͳࢄΛͭ࣋ɽ͜ΕʹΑΓશମͰ̐ؔ࣍తͳࢄΛ

ɽEFͭ࣋ = 0.01eV ͰϑΣϧϛΤωϧΪʔ͕Ϧϑγοπʹ͔͔Δɽ͜͜Λڥʹͯ͠ɼ

EF < 0.01eVͰ Γ༝དྷͷϐʔΫ͕ݱΕͳ͍ɽҰํͰɼEF > 0.01eVͰ k = ±kD

༝དྷͷϐʔΫ͕Γଓ͚ΔɽEF ͕૿Ճ͢Δʹ͍ɼঢ়ଶີͷ k = ±kD ༝དྷͷϐʔ

Ϋͷग़͕ݱ࣓ଆʹͣΕ͍͖ͯɼEF = 0.02eV Ͱ k = ±kD ༝དྷͷϐʔΫ֬ೝͰ

͖ͳ͔ͬͨɽ·ͨɼϦϑγοπΛ͙͑ͯ͢ͷൣғͰɼMD
fan ͱMΓ

fan ͷ͕ࠩେ͖͍

͕ɼঃʑʹ͕ࠩখ͘͞ͳ͍ͬͯ͘͜ͱ͕͔ΔɽϦϑγοπपลͰɼk = ±kD ͷӨ

ड͚ΔͨΊɼk͘ڧΛڹ = ±kD ʹ͓͚ΔԼತ͕ਂ͘ݱΕɼಉ͡ࢦඪΛͭόϯυͰ

k = ±kDʹ͓͚ΔԼತͳۃͱ ΓͰͷ্ತͳۃͷΤωϧΪʔ͕ࠩେ͖͘ͳΔɽͦͷ

ͨΊϑΣϧϛΤωϧΪʔͱҰக͢ΔλΠϛϯά͕ҟͳΓɼঢ়ଶີͰೋͭͷϐʔΫͷग़

ΔλΠϛϯά͕ҟͳΔɽϦϑγοπ͔ΒΕΔͱɼk͢ݱ = ±kD ʹ͓͚ΔԼತ͕ઙ͘

ͳ͍ͬͯͨ͘Ίɼk = ±kD ͱ ΓͰͷΤωϧΪʔ͕ࠩখ͘͞ͳΓɼk = ±kD ͱ Γʹ

͓͚ΔϐʔΫ͕ݱΕΔλΠϛϯά͕ۙ͘ͳΔɽ࠷ऴతʹɼk = ±kD ͱ ΓͰͷΤωϧ

Ϊʔ͕ࠩͳ͘ͳΓϑϥοτͳόϯυΛܗͨ͠ͷͪɼ͞ΒʹΕΔͱ k = ±kD ʹ͋Δԁ
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ਤ 7.3.9 ʢࠨʣ̎ϊʔυܕʹ͓͚ΔϕϦʔҐ૬ͷϑΣϧϛΤωϧΪʔґଘੑ [22]ɽ

ʢӈʣϦϑγοπͰMD
fan ͔ΒMΓ

fan ʹҙਤతʹΓସ͑ͨਤɽ

ਲ਼ܗόϯυͷޮՌΛड͚ͳ͘ͳΓɼೋؔ࣍తͳόϯυͱͳΔͱ͑ߟΒΕΔɽҎ্ͷ͜ͱ

͔Βɼೋͭͷεϐϯ྾มͷ͕ࠩͳ͘ͳΓɽ࠷ऴతʹMΓ
fan ͷΈ͕Δͱ͑ߟΒΕΔɽ

Mfan ͷϑΣϧϛΤωϧΪʔ͕Ձిࢠଳͱಋଳͷަʹۙͮ͘ʹͭΕɼ1ʹ͍ۙͮ

͍ͯΔɽσΟϥοΫిࢠͷ߹Mfan = 1ͳͷͰɼϑΣϧϛΤωϧΪʔΛަʹ͚ۙͮΔ

͜ͱͰσΟϥοΫిࢠతʹͳ͍ͬͯΔ͜ͱ͕͔ΔɽҰํͰɼϑΣϧϛΤωϧΪʔΛՁి

ଳͱಋଳͷަ͔Βԕ͚͍ͯ͘͟͜ͱͰɼMfanࢠ ݮগ͍ͯ͘͜͠ͱ͕͔Δɽࣗ༝

ͷ߹Mfanࢠి = 0ͱͳΔ͜ͱ͔ΒɼϑΣϧϛΤωϧΪʔΛަ͔Βԕ͚͍ͯ͘͟ͱࣗ

༝ిࢠతʹͳΔ͜ͱ͕͔ͬͨɽ2ϊʔυܕͰਤ ͷΑ͏ʹϦϑγοπͰɼ(ࠨ)7.3.9

ϕϦʔҐ૬ Φʹඈͼ͕ݱΕΔ͜ͱ͕ใ͞ࠂΕ͍ͯΔɽϕϦʔҐ૬ͱεϐϯ྾มʹ

Φ = πMfan ͷ͕ؔ͋ΔɽͦͷͨΊɼಉ༷ͷ݁Ռ͕ಘΒΕΔ͜ͱ͕༧͞Εͨɽ͔͠͠ɼ

ʹܹٸҟͳΓɼϦϑγοπʹΑΓ͕ݯىՌͰͦͦεϐϯ྾มͷ݁ࢉܭճͷࠓ

มԽ͢ΔΘ͚Ͱͳ͘ɼϦϑγοπҎ߱ͰผʑͷݯىΛͭ࣋ϐʔΫ͕ॏͳ͍ͬͯ͘͜ͱ͕

͔ͬͨɽ2ϊʔυܕͱಉ༷ͳඈͼϦϑγοπ·ͰMD
fanɼϦϑγοπҎ߱

MΓ
fan ͱ͢Δ͜ͱͰදݱՄͰ͋Δ [ਤ 7.3.9(ӈ)]ɽ

7.3.2 Ձిࢠଳʹ͍ͭͯ

ਤ 7.3.10 ʹՁిࢠଳͷ࣓தΤωϧΪʔ४Ґͷ kz ґଘੑΛࣔ͢ɽΓ Ͱ-0.01eV 

ۙʹϐʔΫΛ্ͭ࣋ತͷόϯυجఈΛ༗ݶʹऔͬͨͨΊݱΕͨΰʔετ४ҐͰ͋Δɽ

B = 1TͰɼk = ±kD ʹ্ತͳೋͭͷϐʔΫͱ Γʹͨ͠ತͷϐʔΫΛҰͭͭ̐ؔ࣍

తͳৼΔ͍Λ͍ͯ͠ΔɽB = 10TͰ४ҐͰ k = ±kD ʹ্ತͳೋͭͷϐʔΫ

Λ͕ͭ࣋ɼߴ४Ґʹ͏͔ʹͭΕϑϥοτͳόϯυͱͳ͍ͬͯ͘ɽ·ͨಛతͳݱͱ͠

ͯɼϥϯμ४Ґ͕ෳࡶʹަ͍ࠩͯ͠Δ༷ݟ͕ࢠΒΕΔɽ͜Εɼ2ϊʔυܕͰݟΒ

Εͳ͍ಛҟతͳిࢠঢ়ଶͰ͋Δɽਤ 7.3.11ʹ Γʹ͓͚Δ࣓ґଘੑͷਤΛࣔ͢ɽͪ͜

Βಉ༷ʹɼ४ҐͰϥϯμ४Ґͷܹ͍͠ೖΕସΘΓ͕͍ͯͬ͜ىΔɽ·ͨɼಋ

ଳͱൺ࣓ʹର͢ΔԠ͕খ͍͞ɽ࠷ϥϯμ४Ґ࣓ʹରͯ͠ઢܗʹ্ঢͯ͠
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ਤ 7.3.10 Ձిࢠଳͷ࣓தΤωϧΪʔ४Ґͷ kz ґଘੑɽ(ࠨ)B = 1T,(ӈ)B = 10T

ͷ݁ࢉܭՌɽπ-matrixͷجఈ औ͍ͬͯΔɽݸ121

E
n
er
gy

(e
V
)

ਤ 7.3.11 π-matrix๏ʹΑΓ͞ࢉܭΕͨWangܕͷՁిࢠଳ࣓ిࢠঢ়ଶͷ࣓ґ

ଘੑͷਤɽࢵͷ࣮ઢ͕ϥϯμ४Ґ 41,ԫ৭ͷઢ͕ϥϯμ४Ґ 121ͷ݁ࢉܭՌɽ

͍Δɽ

ϥϯμ४ҐͷࢦඪΛܾఆ͢Δ͜ͱΛ͑ߟΔɽਤ 7.3.12 ʹεϐϯيಓ݁߹ͷେ͖͞Λ

ม͑Δ͜ͱͰɼͲͷΑ͏ʹϥϯμ४Ґ͕มԽ͢Δ͔Λࣔ͢ɽ͜ΕʹΑΓϥϯμ४ҐΛ

ҰҙʹܾఆͰ͖ΔɽҎ্ͷΑ͏ʹϥϯμ४ҐΛܾఆͨ݁͠Ռɼঢ়ଶີਤ 7.3.13 ʹ

ࣔ͢Α͏ͳ݁ՌͱͳΔɽ ਤ 7.3.13ΛΈΕ͔ΔΑ͏ʹɼՁిࢠଳͷϥϯμ४Ґඇ

ৗʹܹ͘͠ೖΕସΘ͓ͬͯΓɼϥϯμ४ҐͷࢦඪΛܾఆ͢Δʹҙ͕ඞཁͰ͋Δɽ
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ਤ 7.3.12 B = 30Tʹ͓͚Δεϐϯيಓ݁߹ͷมԽʹΑΔϥϯμ४ҐͷมԽɽԫ৭

ͷ࣮ઢ͕εϐϯيಓ݁߹ޮՌʹΑΔϥϯμ४ҐͷมԽΛࣔ͢ɽࢵͷ࣮ઢ B = 30T

ʹ͓͚Δ kz ґଘੑͷਤɽೋͭͷਤΛॏͶΔ͜ͱͰϥϯμ४ҐͷࢦඪΛܾఆ͢Δ͜ͱ
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ਤ 7.3.13 ঢ়ଶີͷ݁ࢉܭՌɽnσ
D ͕ k = ±kD ༝དྷͷϐʔΫɼnσ

Γ ͕ Γ༝དྷͷϐʔΫɽ
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ୈ 8ষ

·ͱΊ

ຊจͰɼ࣓தͷిࢠঢ়ଶʹ͍ͭͯѻͬͨɽྔࢠͷΈʹ͓͍࣓ͯதిࢠঢ়

ଶΛ͢ࢉܭΔʹࠔ͕ͬͨɽඇՄͳԋࢠࢉ π ͷଘࡏʹΑΓ୯७ͳର֯Խ͕ڐ

͞Εͣɼࡏݱ·ͰͷڀݚͰඇৗʹ؆қతͳܕɼ࣭ʹԠͨ͡ݸผͳख๏͕༻͍ΒΕ

͓ͯΓɼҰൠతʹ࣓தిࢠঢ়ଶΛ͢ࢉܭΔख๏͕ଘ͠ࡏͳ͔ͬͨɽͦ͜Ͱɼզʑྻߦ

ྗֶͷख๏ʹश͍ π ΛྻߦͰද͢ݱΔ͜ͱͰҰൠੑΛอͬͨ··࣓தిࢠঢ়ଶͷࢉܭ

ΛՄʹͨ͠ɽ͜ͷख๏Λ༻͍Δ͜ͱͰɼͷҟͳΔσΟϥοΫిܥࢠ࣭ͳΒͼʹτ

ϙϩδΧϧۚଐ࣭ͷ࣓தిࢠঢ়ଶͷࢉܭΛͨͬߦɽ

σΟϥοΫిࢠ࣭Ͱɼ͍··ͰఆͰ͋Δͱ৴͡ΒΕ͍࣓ͯͨதΤωϧΪʔ४Ґ

͕࣮࣓ʹେ͖͘ґଘ͢Δ͜ͱΛ໌Β͔ʹͨ͠ɽ·ͨɼ࠷ϥϯμ४Ґͷ͖ʹண

͢Δ͜ͱͰɼࠓ·ͰݱతʹఆΊΒΕ͍֦ͯͨுσΟϥοΫܕΛॳΊͯɼඍࢹతʹܾ

ఆ͢Δ͜ͱ͕Ͱ͖ͨɼ͜ͷ֦ுσΟϥοΫܕΛ༻͢Δ͜ͱͰɼMZC গ͢ΔϝΧݮ͕

χζϜΛղ໌ͨ͠ɽ·ͨͦͷ݁Ռ͔Β༧͞ΕΔMZC ͷ࣓ʹର͢Δ૿ՃɼPbTeͷ

PbΛ Snʹஔͨ͠ܕΛ༻͢Δ͜ͱͰͦͷଘࡏΛ໌Β͔ʹͨ͠ɽࠓ·ͰಉҰͰ͋Δ

ͱ৴͡ΒΕ͍ͯͨೋͭͷεϐϯ྾มͷධՁํ๏͕࣮ҟͳΔ͜ͱ໌Β͔ʹͨ͠ɽ·

ͨඍࢹతʹ࠷ϥϯμ४ҐΛ͢ࢉܭΔ͜ͱʹΑΓɼόϯυൃͷ༗ແΛ֬ೝͨ͠ɽ͜Ε

ʹΑΓɼόϯυൃͷ͕ݯىෆ७ޮՌઁಈʹΑΔͷͰ͋Δ͜ͱΛࣔࠦͨ͠ɽ

τϙϩδΧϧۚଐ࣭ͰɼଟόϯυޮՌΛؚΜ࣓ͩதΤωϧΪʔ४ҐΛ͢ࢉܭΔ

͜ͱʹΑΓɼࠓ·Ͱͷ؆қతͳܕͰಘΒΕͳ͔ͬͨɼෳࡶͳ࣓தిࢠঢ়ଶΛ໌Β͔

ʹͨ͠ɽεϐϯيಓ݁߹ޮՌͷେ͖͞Λม͑Δ͜ͱʹΑΓɼϥϯμ४Ґͷܾఆ͕Ͱ͖Δ

͜ͱΛࣔͨ͠ɽঢ়ଶີͷࢉܭʹΑΔྔࢠৼಈղੳʹΑΓɼ࣮ݧʹ͓͚Δϥϯμ४Ґͷ

ඪͷܾఆʹҙ͕ඞཁͰ͋Δ͜ͱΛࣔͨ͠ɽεϐϯࢦɼϥϯμ४Ґͷ͠ݱ࠶Λํ͑ݟ

྾มͷϑΣϧϛΤωϧΪʔґଘੑʹؔͯ͠ɼઌڀݚߦͷ݁ՌͱҟͳΔੑ࣭͕͋Δ

͜ͱΛࣔͨ͠ɽ

Ҏ্ͷΑ͏ʹɼಠࣗͷख๏Ͱ͋Δ π-matrix๏ʹΑΓɼطଘͷཧղΛ෴͢Α͏ͳ݁ՌΛ

ಘͨɽπ-matrix๏ͷ࠷େͷಛͦͷ͍ߴҰൠੑʹ͋Δɽޙࠓ͜ͷख๏ʹΑΓଟ͘ͷ

ྖҬͰ࣓தిࢠঢ়ଶͷղ໌͕ظ͞ΕΔɽ
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ँࣙ

·ͣɼࢦಋڭһͰ͋Δ෬༤ل।ڭतʹް͘ྱޚਃ্͛͠·͢ɽཧڀݚͷਐΊํߟ

͑ํΛҰ͔Β͖͍ͩͨͯ͑ڭ·ͨ͠ɽ6ؒʹΘͨΓஸೡͳࢦಋΛ͍͖ͯͨͩ͠·ͨ͠ɽ

π-matrix๏ͷ։ൃஈ֊Ͱɼ͓͍͠தύϦ͔ΒٞΛ͍͖ͯͨͩ͠·ͨ͠ɽཧ͚ͩ

Ͱͳ͘ɼਃॻֶձͷཁࢫɼຊจͳͲɼଟ͘ͷจষΛఴ͖͍ͩͨͯ͠·ͨ͠ɽຊ

จΛॻ্͖͛ΒΕͨͷɼ෬ઌੜͷ͝ࢦಋͷ͓͔͛Ͱ͢ɽ৺ΑΓɼँײਃ্͛͠·͢ɽ

෭ࢦಋڭһΛ͓ड͚͍ͩ͘͞·ͨ͠େହ࢘।ڭतʹँײਃ্͛͠·͢ɽത࢜લظ՝ఔ

͔Βͷ̑ؒ͝ࢦಋ͍͖ͨͩ·ͨ͠ɽಛʹɼम࢜จΛࣥචͷࡍʹࢲͷ͍จষΛஸೡ

ʹఴ͖͍ͩͨͯ͠·ͨ͠ɽँײਃ্͛͠·͢ɽ·ͨɼ͓͍͠த৹ࠪҕһΛҾ͖ड͚ͯ

͍ͩ͘͞·ͨ͠ɼதଜ३ڭतɼࠤʑ࿕ڭतɼদྛ।ڭतʹँײਃ্͛͠·͢ɽ

େֶळ༿ࢁतɼԬڭ।࢙ॴಙӬকڀݚେֶੑژ౦ͨ͠·͖͍ͩͨڙσʔλΛఏݧ࣮

ਓॿڭतʹँײਃ্͛͠·͢ɽ·ͨɼୈҰݪཧࢉܭख๏ʹ͍ͭͯ͝ॿ͖͍ͩͨݴ·ͨ͠

໋ཱؗେֶాߒষڭतʹँײਃ্͛͠·͢ɽ

෬ࣨڀݚͷօ༷ʹँײਃ্͛͠·͢ɽాத೭ࢯɼࢯ໌ɼେాޫ໌ࢯɼૣ

՝ఔͷֶੜͱͯ͠ԿΛ͖͔͢ͷظޙ࢜ਃ্͛͠·͢ɽതँײʹͷ̐ਓͷઌഐํࢯࢤଠࡔ

ಓΛ͍ࣔͯͩ͘͠͞·ͨ͠ɽಛʹେాޫ໌ࢯɼૣࡔଠࢯࢤͷ͓ೋਓʹɼڀݚग़ுɼ

ॻྨ࡞͍Ζ͍Ζͳͱ͜ΖͰΞυόΠεΛ͍͖ͨͩ·ͨ͠ɽ͜ͷΛआΓͯɼँײਃ͠

্͛·͢ɽ෦ଠฏࢯɼ௰ଜণࢯرɼ୩ܓ༎ࢯʹँײਃ্͛͠·͢ɽྠߨڀݚ༰

ͷٞʹ͓͖߹͍͍͖ͨͩ·ͨ͠ɽ̐ਓͷ͓͔͛ͰڀݚͷϖʔεɼϞνϕʔγϣϯΛ

ɼ҄ࢯ࠸ɼઙ߳༤ࢯᏻ֜ాࢁɼࢯޗਃ্͛͠·͢ɽՏଜলྱޚΊΔ͜ͱ͕ग़དྷ·ͨ͠ɽߴ

ౡ༟େࢯʹँײਃ্͛͠·͢ɽٛߨϊʔτࣥචͷࡍʹٞͨ͠จষͷॻ͖ํ Tex ͷ

ܭ࣌ɼग़ுͯؔ͠ʹࢯɼຊจΛॻ্͘Ͱඇৗʹʹཱͪ·ͨ͠ɽ҄ౡ༟େํ͍

੶ͯ͠ࡏࡏݱɼํͨ͠ۀਃ্͛͠·͢ɽଔྱޚཧͷ໘Ͱ͓ੈʹͳΓ·ͨ͠ɽػࢉ

͍Δ෬ࣨڀݚͷօ༷ʹँײਃ্͛͠·͢ɽ

ਃ্͛͠·͢ɽँײੜͷօ͞·ʹݱੜ͓Αͼۀ௨৴େֶମҭձαοΧʔ෦ͷଔؾి

ؾͰͷΈਐֶͷ૬ஊ͍͖ͤͯͨͩ͞·ͨ͠ɽ·ͨɼαοΧʔ෦ͷ͓͔͛Ͱڀݚ

సଉൈ͖͕ग़དྷ·ͨ͠ɽ͜ͷΛ͔Γͯɼँײਃ্͛͠·͢ɽ

ਃँײՈʹɼ৺ΑΓͨ͠·͍ͩͯ͑͘͞ࢧ՝ఔ·ͰͷਐֶΛԠԉ͠ظޙ࢜ɼതʹޙ࠷

্͛͠·͢ɽ
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