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֓ཁ

ͳ͘ͳΔͱอ͍࣋ͯ͠Δ৘ใΛࣦ͕ͬڅڙϝϞϦͰ͋ΔͨΊɺిྗͷੑൃشΕ͍ͯΔϝϞϦͷଟ͘͸͞༺࢖ࡏݱ

ͯ͠·͏໰୊͕͋ΔɻҰํɺ࣓ؾ఍߅ϝϞϦͳͲͷෆੑൃشϝϞϦ͸ɺৗʹిྗͷ͕څڙແͯ͘΋৘ใΛอ࣋Ͱ

͖Δɻ࣓ؾ఍߅ϝϞϦͷҰछͷ STT-MRAM ͸ɺϝϞϦηϧαΠζΛখ͘͢͞Δͱॻ͖ࠐΈిྲྀΛখ͘͞Ͱ͖Δ

ͨΊɺେ༰ྔϝϞϦͷ࣮ظ͕ݱ଴͞Ε͍ͯΔɻ͔͠͠ϝϞϦηϧαΠζ͕খ͘͞ͳΔͱɺ೤҆ఆੑ͕อͨΕͳ͍

໰୊͕͋Δɻͦ͜Ͱ STT-MRAMʹର͠ɺDMI ʹΑΔ࣓ੑݱ৅ͷมԽʹΑ্ͬͯهͷ໰୊ΛղܾͰ͖ΔՄೳੑΛ

ɻຊ࿦จͰ͸γϛϡϨʔγϣϯΛ༻͍ɺDMIʹΑΔͨ͑ߟ STT-MRAMͷ൓సిྲྀີ౓௿ޮݮՌΛݕ౼ͨ͠ɻݚ

ͼٴ଄ߏͷ୯૚ܕͰ͸ɺैདྷڀ ECCߏ଄ʹରͯ͠ௐࠪͨ͠ɻ

·ͣ୯૚ߏ଄Ͱ DMIʹΑΔ൓సిྲྀີ౓ͷมԽΛௐࠪͨ͠ɻ֤ DMIఆ਺ʹରͯ͠೤҆ఆੑ͕อͯΔҟํੑఆ

਺஋ΛٻΊɺಘΒΕͨ஋Λ༻͍ͯγϛϡϨʔγϣϯΛͨͬߦͱ͜Ζɺ൓సిྲྀີ౓͸ύϧε෯͕୹͘ɺα͕খ͍͞

΄Ͳ௿͢ݮΔ͜ͱ͕Θ͔ͬͨɻDMIʹΑΔ൓సిྲྀີ౓ͷ௿ݮ཰͸ɺύϧε෯͕ 1ns ͷͱ͖࠷େ 33%ɺύϧε෯

͕ 10ns ͷͱ͖࠷େ 10%Ͱ͋ͬͨɻ͜ͷ݁Ռ͸ɺઌڀݚߦͰܝग़͞Εͨ൓సిྲྀ஋ͷ࣮͔ࣜݧΒղੳ͢Δ͜ͱ͕

Ͱ͖ͨɻα͕େ͖͍৔߹ɺ೤҆ఆੑΛҡ࣋͢ΔͨΊʹKuΛ૿Ճͤͨͨ͞Ίʹɺ൓సిྲྀີ౓͕૿େ͢Δ͜ͱ͕Θ

͔ͬͨɻ·ͨ α͕খ͍͞৔߹ɺDMIʹΑΔॳ࣓ظԽ֯౓ θ0 ͕૿Ճͨͨ͠Ίɺ൓సిྲྀີ౓͕ݮগ͢Δ͜ͱ͕Θ

͔ͬͨɻ

࣍ʹ ECCߏ଄Ͱ DMIʹΑΔ൓సిྲྀີ౓ͷมԽΛௐࠪͨ͠ɻ૚ؒަ݁׵߹ఆ਺ΛมԽͤ͞ͳ͍৔߹ɺ൓సి

ྲྀີ౓ͷ௿ݮ཰͸୯૚ͷ৔߹ͱಉ༷Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ૚ؒަ݁׵߹ఆ਺Λখ͘͢͞Δͱɺಛఆͷ஋·Ͱ͸

൓సిྲྀ஋͸ݮগ͢Δ͕ɺখ͘͞͠ա͗Δͱ൓సిྲྀີ౓͸૿େ͢Δ͜ͱ͕Θ͔ͬͨɻECCߏ଄Ͱ࠷దͳ૚ؒަ

଄ͷ৔߹ΑΓߏఆ਺Λ༻͍ͨ৔߹ɺશͯͷύϧε෯ɺଛࣦఆ਺ɺDMIఆ਺ʹ͓͍ͯɺ୯૚߹݁׵ 3ׂʙ4ׂ൓స

ిྲྀີ౓͕௿ͨ͠ݮɻ·ͨɺECCߏ଄Ͱ࠷దͳ૚ؒަ݁׵߹ఆ਺ͷ৔߹ɺ୯૚ߏ଄ͰD = 0.0 erg/cm2ͷ৔߹Α

Γɺύϧε෯ tp=1nsͷ࣌࠷େ໿ 72ˋɺύϧε෯ tp=10nsͷ࣌࠷େ໿ 80ˋ൓సిྲྀ஋͕௿ͨ͠ݮɻΑͬͯɺ૚

ՄೳͰ͕͋ݮͳΔ௿ߋ଄ʹൺ΂ͯ೤҆ఆੑΛอͬͨ··ɺ൓సిྲྀີ౓ͷߏఆ਺Λௐ੔͢Ε͹ɺ୯૚߹݁׵ަؒ

Δ͜ͱ͕Θ͔ͬͨɻ

Ҏ্ͷ݁ՌΑΓɺDMIޮՌͱ ECCߏ଄͸ STT-MRAMͷߴ଎ಈ࣌࡞ʹ͓͚Δ൓సిྲྀͷ௿ݮʹ༗ޮͰ͋Δ͜

ͱ͕Θ͔ͬͨɻ





5

໨ ࣍

ୈ 1ষ ͸͡Ίʹ 7

1.1 ܠͷഎڀݚ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.1 ίϯϐϡʔλͷهԱ૷ஔ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.2 ෆੑൃشϝϞϦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.3 MRAM(࣓ؾ఍ܕ߅ϥϯμϜΞΫηεϝϞϦ) . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.4 STT-MRAM(Spin Transfer Torque - Magnetoresistive Random Access Memory) . . . . . 7

1.1.5 Dzyaloshinskii - Moriya interaction(DMI) . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.1.6 Exchange଍ Coupled Composite(ECC)ߏ଄ . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2 ຊڀݚͷ໨త . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 ຊ࿦จͷߏ੒ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

ୈ 2ষ ߲ࣄຊج 11

2.1 Ϟʔϝϯτؾͱ࣓ۃ࣓ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 LLGํఔࣜ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 ࣮ޮ࣓ք . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.1 ҟํੑ࣓ք . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.2 ք࣓׵ަ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.3 ੩࣓ք . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.4 ֎෦࣓ք . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.5 εϐϯτϧΫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 ೤҆ఆੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.1 ΤωϧΪʔόϦΞ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.2 ೤༳Β͗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.3 ೤҆ఆੑࢦ਺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 Dzyaloshinskii - Moriya interaction(DMI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.6 Exchange - Coupled Composite (ECC) ଄ߏ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

ୈ 3ষ ਺ཧϞσϧ 17

3.1 γϛϡϨʔγϣϯϞσϧ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1.1 ϚΠΫϩϚάωςΟοΫϞσϧ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2 LLGํఔࣜͷ਺஋ղ๏ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.1 LLGํఔࣜ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.2 4࣍ͷ Runge-Kutta๏ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2.3 ࣮ޮ࣓ք . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.4 ք৚݅ڥ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3 ೤҆ఆੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.1 ΤωϧΪʔόϦΞ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3.2 ೤҆ఆੑࢦ਺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.4 ྉఆ਺ࡐ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25



6

ୈ 4ষ ୯૚ߏ଄ʹ͓͚Δ൓సిྲྀ஋ͷDMIґଘੑ 27

4.1 ΤωϧΪʔόϦΞͷ DMIґଘੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 Ku ͱ DMIͷ૊Έ߹Θͤͷܾఆ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.3 ൓సిྲྀͷ DMIґଘੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.3.1 ࡯ߟ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.4 ·ͱΊ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

ୈ 5ষ ECCߏ଄ʹ͓͚Δ൓సిྲྀ஋ͷDMIґଘੑ 37

5.1 ΤωϧΪʔόϦΞͷKu ൺґଘੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.2 ൓సిྲྀͷKu ൺґଘੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 ΤωϧΪʔόϦΞͷ Ainter ґଘੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.4 ൓సిྲྀͷ Ainter ґଘੑ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.5 ·ͱΊ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

ୈ 6ষ ·ͱΊ 59



7

ୈ1ষ ͸͡Ίʹ

͜ͷষͰ͸ɺڀݚͷഎܠɺຊڀݚͷ໨తɺຊ࿦จͷߏ੒ʹ͍ͭͯ͢هɻ

1.1 ܠͷഎڀݚ

1.1.1 ίϯϐϡʔλͷهԱ૷ஔ

৘ใ͕ॾݯࢿͱಉ౳ͷՁ஋Λ༗͓ͯ͠ΓɺίϯϐϡʔλʔͳͲʹΑΔ৘ใγεςϜͷར༻͕੓࣏ɺจԽɺڭҭɺ

೔ৗੜ׆ͳͲ༷ʑͳ৔໘ʹࢢ͘޿ຽੜ׆΍׆ۀاಈʹਁಁ͠ɺ৘ใͷੜ࢈ɾऩूɾ఻ୡɾॲཧΛத৺ͱͯࣾ͠ձɾ

ΑΓɺͦͷ਎ۙ͞ʹٴଳి࿩ͷීܞల͍ͯࣾ͘͠ձͷ͜ͱΛ৘ใԽࣾձͱ͍͏ɻۙ೥Ͱ͸ɺεϚϗΛؚΉൃ͕ࡁܦ

͕૿͍ͯ͠Δɻ৘ใԽࣾձʹ͓͍ͯɺίϯϐϡʔλʔͷੑೳ͸৘ใͷૢ࡞ೳྗʹ௚͓݁ͯ͠Γɺίϯϐϡʔλʔ

ͷੑೳ্޲ແͯ͘͠৘ใԽࣾձͷൃల͸͋Γಘͳ͍ɻίϯϐϡʔλ͸ɺهԱ૷ஔʹσʔλΛอ࣋͢ΔɻͦͷதͰ

΋ɺओهԱ૷ஔ͸ CPUͳͲͷϓϩηοαʔ͕௚઀ΞΫηε͢Δ͜ͱͷͰ͖ΔهԱ૷ஔͰɺࡏݱ͸൒ಋମϝϞϦ

ͷଟ͘ͷίϯϐϡʔλ͸ࡏݱΊʹɺ͍ͨߴΕ͍ͯΔɻͦͷதͰ΋ɺDRAM͸ूੵ౓͕͞༺࢖͕ DRAMΛओهԱ

૷ஔͱͯ͠ར༻͍ͯ͠Δɻ͔͠͠ͳ͕Β DRAM͸ৗʹిྗͷ͕څڙͳ͍ͱ৘ใ͕ࣦΘΕΔੑ࣭ Γɺ͕͋(ੑൃش)

ίϯϐϡʔλͷىಈ࣌ؒ΍ফඅిྗͳͲͷ໰୊఺͕ࢦఠ͞Ε͍ͯΔɻͦ͜Ͱɺ͜ΕΒͷ໰୊Λղܾ͢ΔͨΊʹɺ

MRAM(࣓ؾ఍߅ϝϞϦ)ͳͲͷෆੑൃشϝϞϦʹ͍ͭͯߦ͕ڀݚΘΕ͍ͯΔɻ

1.1.2 ෆੑൃشϝϞϦ

ෆੑൃشϝϞϦͱ͸ɺిྗͷ్͕څڙઈ͑ͯ΋಺༰Λอ࣋͠ଓ͚ΔϝϞϦͷ͜ͱͰ͋ΔɻੑൃشϝϞϦͱ͸ҟͳ

Γɺه࿥ͷಡΈॻ͖ͷ࣌ʹͷΈిྗ͕ඞཁͰ͋Δɻ࣓ؾ఍߅ϥϯμϜΞΫηεϝϞϦ (MRAM)ɺ఍߅มԽܕϥϯ

μϜΞΫηεϝϞϦ (ReRAM)ɺڧ༠ిମϥϯμϜΞΫηεϝϞϦ (FeRAM)ͳͲ͕͋Δɻຊ࿦จͰ͸ɺMRAM

Λѻ͏ɻ

1.1.3 MRAM(࣓ؾ఍ܕ߅ϥϯμϜΞΫηεϝϞϦ)

ϥϯμϜΞΫηεϝϞϦܕ߅఍ؾ࣓ (Magnetoresistive Random Access Memory)ͱ͸ɺ࣓ؾΛར༻ͨ͠ϝϞϦ

Ͱ͋Δɻ৘ใ͸࣓ੑମதͷ࣓Խߏ଄Λ༻͍ͯද͠ɺ֎෦࣓քΑΓ࣓Խߏ଄ΛมԽͤ͞Δ͜ͱͰ৘ใͷॻ͖͑׵Λ

ΑΓɺৗʹిྗΛʹੑൃشΛःஅͯ͠΋σʔλ͕อଘ͞ΕΔෆݯɻ࣓ੑମதͷ࣓Խঢ়ଶΛར༻͢Δ͜ͱͰɺి͏ߦ

ྲྀ͢ඞཁ͕ͳ͘ͳΔͨΊɺফඅిྗ͕཈͑ΒΕΔɻ͔͠͠ɺηϧΛඍࡉԽ͍ͯ͘͠ͱɺॻ͖ࠐΈʹඞཁͳిྲྀ͕

૿Ճ͢Δ໰୊͕͋Δɻ

1.1.4 STT-MRAM(Spin Transfer Torque - Magnetoresistive Random Access Mem-

ory)

ମͷεϐϯ΁ੑ࣓ڧͷ࣋ͭεϐϯ͕ྲྀΕɺͦͷεϐϯ͔ΒɺࢠిʹମʹεϐϯిྲྀΛྲྀ͢ͱɺిՙͱͱ΋ੑ࣓ڧ

εϐϯ֯ӡಈྔ͕ड͚౉͞Εɺͦͷ݁Ռճసྗ͕ੜ͡Δɻ͜ͷճసྗΛεϐϯτϧΫͱݺͿɻ͜ͷεϐϯτϧΫ

Λ༻͍࣓ͯۃͷ͖޲Λ൓సͤ͞Δ͜ͱΛεϐϯ஫ೖ࣓Խ൓సͱ͍͍ɺ͜ΕΛ༻͍ͯ৘ใͷॻ͖͑׵Λ͏ߦMRAM

Λ STT-MRAMͱ͍͏ɻSTT-MRAM͸ STT-RAM,SpinRAMͱ΋ݺ͹ΕΔɻ

ਤ 1.1ʹࣔ͢Α͏ʹɺSTT-MRAM͸MRAMͱൺ΂ɺϝϞϦαΠζΛখ͘͢͞Δͱॻ͖ࠐΈిྲྀ஋ΛԼ͛Δ͜ͱ

͕Ͱ͖ɺॻ͖ࠐΈిྲྀ஋ͷ௿Լͱه࿥ີ౓ͷ্޲ͷ྆ํΛୡ੒͢Δ͜ͱ͕Ͱ͖ΔϝϦοτ͕͋Δɻ
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ਤ 1.1: MRAMͱ STT-MRAMͷൺֱ [1]

͔͠͠ͳ͕Βɺه࿥ີ౓Λ্ͤ͞޲Δʹ͋ͨΓɺϝϞϦαΠζ͕খ͘͞ͳΔͱɺ೤҆ఆੑ͕ଛͳΘΕΔͨΊɺࣗ

༝ʹαΠζΛখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɻҰํͰϝϞϦαΠζ͕େ͖͘ͳΔͱɺ൓సిྲྀີ౓͕େ͖͍ͨΊɺ೤

҆ఆੑΛอͬͨ··൓సిྲྀີ౓Λখ͘͞Ͱ͖ͳ͍ͱ͍͏໰୊఺͕͋Δɻ

͜Ε·ͰͷڀݚͰϝϞϦαΠζͱ൓సిྲྀີ౓ͷؔ܎͸ௐ΂ΒΕ͓ͯΓɺ STT-MRAM ͷ൓సిྲྀͷେ͖͞͸

ϝϞϦαΠζΛؚΉࣜ 1.1 Ͱද͞Εͨɻ[2]

Isw =
2eMsV

µBgP

(
αγHk +

C1

tp

)
(1.1)

C1 = = [ln (1− cos(θcrit))/(1 + cos(θcrit))− ln (1− cos(θinit))/(1 + cos(θinit))] /2 (1.2)

͜ͷઌߦ࿦จͰ͸ɺ൓సిྲྀ஋͸ࣜ 1.1ͷׅހ಺ͷୈ 1߲ͱୈ 2߲ͷ࿨ʹΑͬͯද͞ΕΔ͜ͱ͕ࣔ͞Ε͍ͯΔɻ

ਤ 1.2: ઌڀݚߦʹ͓͚Δɺଛࣦఆ਺ʹΑΔ൓సిྲྀ஋ͷมԽ [2]

1.1.5 Dzyaloshinskii - Moriya interaction(DMI)

Dzyaloshinskii - Moriya interaction(ҎԼɺDMI)͸ɺྡ઀͢Δؾ࣓ࢠݪϞʔϝϯτಉ͕࢜Ͷ͡Ε΍͘͢͢Δ࡞

༻Ͱ͋ΔɻΑͬͯɺDMIʹΑΓ࣓Խߏ଄͕มԽ͢Δɻۙ೥ɺDMI͕஫໨͞ΕΔΑ͏ʹͳ͖͓ͬͯͯΓɺ͕ڀݚਐ

ΊΒΕ͍ͯΔɻ
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ਤ 1.3: DMIͷ֓೦ਤ [5]

1.1.6 Exchange Coupled Composite(ECC)ߏ଄

ECCߏ଄͸ɺه࿥૚ʹ࣓Խ൓స͠΍͍͢ೈ࣭૚ͱ൓సͮ͠Β͍࣭ߗ૚ͷೋ૚͔Βߏ੒͞ΕΔߏ଄Ͱ͋Δɻݩདྷ

HDDͷͨΊʹఏҊ͞Ε͍͕ͯͨɺۙ೥ɺSTT-MRAMʹ͓͍ͯ༗༻Ͱ͋ΔՄೳੑ͕͋Γɺ͕ڀݚਐΊΒΕ͍ͯΔɻ

[3]

1.2 ຊڀݚͷ໨త

STT-MRAMͰ͸ϝϞϦαΠζΛখ͘͢͞Δͱɺ൓సిྲྀ͸খ͘͞ͳΔ͕ɺ೤҆ఆੑ΋ଛͳΘΕΔͨΊɺ͜Ε

Λղܾ͠ͳ͍ݶΓ STT-MRAMͷ࣮ࠔ͕ݱ೉ͱ͞Ε͍ͯΔɻຊ࿦จͰ͸ DMIʹΑΔ STT-MRAMͷ൓సిྲྀີ

౓௿ݮͷՄೳੑΛγϛϡϨʔγϣϯΛ༻͍ͯௐࠪͨ͠ɻର৅ͱͨ͠ STT-MRAM͸ɺैདྷܕͷ୯૚ߏ଄ͱ ECCߏ

଄ͷೋछྨͷߏ଄ͱͨ͠ɻ

1.3 ຊ࿦จͷߏ੒

ຊ࿦จ͸ҎԼͷষʹΑͬͯߏ੒͞Ε͍ͯΔɻ

ୈ 2ষɹجຊ߲ࣄ

ຊڀݚʹ͓͚ΔγϛϡϨʔγϣϯͷجຊ͢ه͍ͯͭʹ߲ࣄɻ

ୈ 3ষɹ਺ཧϞσϧ

ຊڀݚʹ͓͚ΔγϛϡϨʔγϣϯʹ࢖༻ͨ͠਺ཧϞσϧ΍ࢉܭख๏ʹ͍ͭͯ͢هɻ

ୈ 4ষɹ୯૚ߏ଄ʹ͓͚Δ൓సిྲྀ஋ͷ DMIґଘੑ

୯૚ߏ଄ʹ͓͍ͯɺDMIޮՌΑΔ೤҆ఆੑͱ൓సిྲྀີ౓ͷมԽΛௐ΂Δɻ

ୈ 5ষɹ ECCߏ଄ʹ͓͚Δ൓సిྲྀ஋ͷ DMIґଘੑ

ECCߏ଄ʹ͓͍ͯɺDMIޮՌΑΔ೤҆ఆੑͱ൓సిྲྀີ౓ͷมԽΛௐ΂Δɻ

ୈ 6ষɹ·ͱΊ

ຊڀݚͷ·ͱΊΛ͢هɻ
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ୈ2ষ ߲ࣄຊج

͜ͷষͰ͸ɺຊ࿦จͰͷγϛϡϨʔγϣϯͷجຊ߲ࣄͱͯ͠ɺLLGํఔࣜ΍ LLGํఔࣜͰ༻͍Δؾ࣓ࢠݪϞʔ

ϝϯτͱ࣮ޮ࣓քɺ೤҆ఆੑɺDMIɺECCߏ଄ʹ͍ͭͯ͢هɻ

2.1 Ϟʔϝϯτؾͱ࣓ۃ࣓

࣓ੑମʹ͸ɺ࣓ۃ (magnetic pole)ͱݺ͹ΕΔ࣓քΛ࡞Γग़͢΋ͷ͕ଘ͢ࡏΔͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ͜ͷ࣓ۃ

͸ɺ+ͷ΋ͷͱɺ-ͷ΋ͷ͕͋Γɺ୯ಠͰ͸ଘͣͤࡏɺৗʹରͰଘ͢ࡏΔɻ͜ͷɺ࣓ۃͷରΛද͢෺ཧྔͱͯ͠ɺ࣓

Ϟʔϝϯτ͕͋Δɻؾ

ਤ 2.1: Ϟʔϝϯτؾ࣓

ਤ 2.1ͷΑ͏ʹɺڑ཭ l཭Εͨ+qͷ࣓ۃͱ-qͷ࣓͕͋ۃΔ࣌ɺ

|m⃗| = ql [emu] (2.1)

ͱͯ͠ɺ͜ͷϞʔϝϯτΛද͢ɻ

ϞʔϝϯτͷྔͰදؾ࣓ࢠݪϞʔϝϯτͰɺ௨ৗ୯Ґ໘ੵ౰ͨΓͷؾ࣓͕ͭ࣋ࢠݪϞʔϝϯτͱ͸ɺؾ࣓ࢠݪ

͞ΕΔɻ୯Ґ͸ emu/cm3 ͱͳΔɻ

2.2 LLGํఔࣜ

Landau-Lifshitz-Gilbertํఔࣜ (ҎԼɺLLGํఔࣜ)͸࣓քʹΑΔؾ࣓ࢠݪϞʔϝϯτͷӡಈΛද͢ํఔࣜͰ͋

ΔɻLLGํఔࣜ͸ 2.2ࣜͰද͞ΕΔɻ[7]

˙⃗
M = −|γ|

(
M⃗ × H⃗

)
+

α

M

(
M⃗ × ˙⃗

M
)

(2.2)

͜͜ͰɺM⃗ ͸ؾ࣓ࢠݪϞʔϝϯτɺH⃗ ͸ؾ࣓ࢠݪϞʔϝϯτʹՃΘΔ࣮ޮ࣓քɺγ͸࣓ؾճసൺɺα͸ଛࣦఆ਺ɺ

M ͸ؾ࣓ࢠݪϞʔϝϯτͷେ͖͞ (|M⃗ |)Ͱ͋Δɻ
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2.3 ࣮ޮ࣓ք

Δ͜ͱ͕ग़དྷɺͦΕʹΑͬͯ͢ࢉ׵ʹ͸ɺ࣓քڹΛड͚Δɻ͜ͷӨڹϞʔϝϯτ͸ɺ༷ʑͳӨؾ࣓ࢠݪ LLGํ

ఔࣜͰѻ͏͜ͱ͕ग़དྷΔɻຊ࿦จͰ͸ɺҟํੑ࣓քɺަ࣓׵քɺ੩࣓քɺ֎෦࣓քɺεϐϯτϧΫɺDMIΛ࣓ք

΋ͷΛର৅ͱ͢Δɻͨ͠ࢉ׵

2.3.1 ҟํੑ࣓ք

޲Ϟʔϝϯτ͕͋Δಛఆͷ࣠ํؾ࣓ࢠݪҟํੑͱ͸ɺؾ࣓ (࣓Խ༰қ࣠)ʹ͏͜޲ͱ͢Δੑ࣭Ͱ͋Δɻຊ࿦จͰ

͸ɺ࣓ੑບʹਨ௚ͳํ޲Λ࣓Խ༰қ࣠ͱ͢Δਨ௚࣓ؾҟํੑΛѻ͏ɻҟํੑ࣓ք͸ɺҟํੑΤωϧΪʔ͔ΒٻΊ

Δ͜ͱ͕Ͱ͖Δɻਨ௚࣓ؾҟํੑΤωϧΪʔ͸ɺ2.3ࣜͰද͞ΕΔɻ

ϵK = Ku(1−m2
z) (2.3)

͜͜ͰɺKu ͸ҟํੑఆ਺Ͱ͋Γɺ୯Ґ͸ emu/cm3 Ͱ͋Δɻਨ௚࣓ؾҟํੑΤωϧΪʔΛม෼͢Δ͜ͱʹΑΓɺ

ҟํੑ࣓քΛٻΊΔɻ

H⃗K = −δϵK

δM⃗

= − 1

Ms

δϵK

δm⃗
(2.4)

ࣜ 2.4Λ x, y, z੒෼͝ͱʹ෼ղ͢Δɻ

HK
x = − 1

Ms

⎛

⎝− ∂ϵK

∂mx
+

∂

∂x

(
∂ϵK

∂
(
∂mx
∂x

)
)

+
∂

∂y

⎛

⎝ ∂ϵK

∂
(

∂mx
∂y

)

⎞

⎠+
∂

∂z

(
∂ϵK

∂
(
∂mx
∂z

)
)⎞

⎠ (2.5)

HK
y = − 1

Ms

⎛

⎝− ∂ϵK

∂my
+

∂

∂x

⎛

⎝ ∂ϵK

∂
(

∂my

∂x

)

⎞

⎠+
∂

∂y

⎛

⎝ ∂ϵK

∂
(

∂my

∂y

)

⎞

⎠+
∂

∂z

⎛

⎝ ∂ϵK

∂
(

∂my

∂z

)

⎞

⎠

⎞

⎠ (2.6)

HK
z = − 1

Ms

⎛

⎝− ∂ϵK

∂mz
+

∂

∂x

(
∂ϵK

∂
(
∂mz
∂x

)
)

+
∂

∂y

⎛

⎝ ∂ϵK

∂
(

∂mz
∂y

)

⎞

⎠+
∂

∂z

(
∂ϵK

∂
(
∂mz
∂z

)
)⎞

⎠ (2.7)

ࣜ 2.5,2.6,2.7ʹࣜ 2.3Λ୅ೖ͠ɺ੔ཧ͢Δͱࣜ 2.8,2.9,2.10ͱද͞ΕΔɻ

HK
x = 0 (2.8)

HK
y = 0 (2.9)

HK
z =

2Ku

M
mz (2.10)

͜ͷࣜ 2.8,2.9,2.10ΑΓҟํੑ࣓ք͸ࣜ 2.11Ͱද͞ΕΔɻ

H⃗K =

⎡

⎢⎣
0

0
2Ku
M mz

⎤

⎥⎦ (2.11)

2.3.2 ք࣓׵ަ

࣓׵ଗ͑Α͏ͱ͢Δ࣓քͰ͋Δɻަʹ͖޲ಉ͡ʹ͍ޓϞʔϝϯτಉ͕࢜ɺ͓ؾ࣓ࢠݪքͱ͸ɺྡ઀࣓ͨ͠׵ަ

ք͸ɺަ׵ΤωϧΪʔ͔ΒٻΊΔ͜ͱ͕Ͱ͖Δɻަ׵ΤωϧΪʔ͸ɺ2.12ࣜͰද͞ΕΔɻ

ϵA = A(∇m⃗)2 = A

{(
∂mx

∂x

)2

+

(
∂my

∂y

)2

+

(
∂mz

∂z

)2
}

(2.12)
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͜͜ͰɺA͸ަ׵εςΟοϑωεఆ਺Ͱ͋Δɻ୯Ґ͸ erg/cm Ͱ͋Δɻަ׵ΤωϧΪʔΛม෼͢Δ͜ͱʹΑΓɺަ

ΊΔɻٻքΛ࣓׵

H⃗A = − δϵA

δM⃗

= − 1

Ms

δϵA

δm⃗
(2.13)

ࣜ 2.13Λ x, y, z੒෼͝ͱʹ෼ղ͢Δɻ

HA
x = − 1

Ms

⎛

⎝− ∂ϵA

∂mx
+

∂

∂x

(
∂ϵA

∂
(
∂mx
∂x

)
)

+
∂

∂y

⎛

⎝ ∂ϵA

∂
(

∂mx
∂y

)

⎞

⎠+
∂

∂z

(
∂ϵA

∂
(
∂mx
∂z

)
)⎞

⎠ (2.14)

HA
y = − 1

Ms

⎛

⎝− ∂ϵA

∂my
+

∂

∂x

⎛

⎝ ∂ϵA

∂
(

∂my

∂x

)

⎞

⎠+
∂

∂y

⎛

⎝ ∂ϵA

∂
(

∂my

∂y

)

⎞

⎠+
∂

∂z

⎛

⎝ ∂ϵA

∂
(

∂my

∂z

)

⎞

⎠

⎞

⎠ (2.15)

HA
z = − 1

Ms

⎛

⎝− ∂ϵA

∂mz
+

∂

∂x

(
∂ϵA

∂
(
∂mz
∂x

)
)

+
∂

∂y

⎛

⎝ ∂ϵA

∂
(

∂mz
∂y

)

⎞

⎠+
∂

∂z

(
∂ϵA

∂
(
∂mz
∂z

)
)⎞

⎠ (2.16)

ࣜ 2.14,2.15,2.16ʹࣜ 2.12Λ୅ೖ͠ɺ੔ཧ͢Δͱࣜ 2.17,2.18,2.19ͱද͞ΕΔɻ

HA
x =

2A

Ms

∂2mx

∂x2
+

2A

Ms

∂2mx

∂y2
+

2A

Ms

∂2mx

∂z2
(2.17)

HA
y =

2A

Ms

∂2my

∂x2
+

2A

Ms

∂2my

∂y2
+

2A

Ms

∂2my

∂z2
(2.18)

HA
z =

2A

Ms

∂2mz

∂x2
+

2A

Ms

∂2mz

∂y2
+

2A

Ms

∂2mz

∂z2
(2.19)

2.3.3 ੩࣓ք

੩࣓քͱ͸ɺ࣓ੑମʹΑͬͯ࡞ΒΕΔ࣓քͰ͋Δɻ੩࣓ք͸࣓ੑମ಺෦ͷ࣓Խߏ଄ʹΑͬͯมԽ͢ΔͨΊɺ੩

࣓ք͸Ұൠతʹ͸ղੳతʹٻΊΔ͜ͱ͕Ͱ͖ͣɺ ਺஋తʹٻΊΔඞཁ͕͋Δɻ

2.3.4 ֎෦࣓ք

֎෦࣓քͱ͸ɺ࣓ੴΛ͚ۙͮΔͳͲɺ࣓ੑମʹରͯ͠֎෦͔ΒҹՃ͞Ε࣓ͨքͷ͜ͱͰ͋Δɻ

2.3.5 εϐϯτϧΫ

ମͷεϐϯ΁εϐϯੑ࣓ڧͷ࣋ͭεϐϯ͕ྲྀΕɺͦͷεϐϯ͔ΒࢠిʹମʹిྲྀΛྲྀ͢ͱɺిՙͱͱ΋ੑ࣓ڧ

֯ӡಈྔ͕ड͚౉͞Εɺͦͷ݁Ռճసྗ͕ੜ͡Δɻ͜ͷճసྗΛεϐϯτϧΫͱݺͿɻεϐϯిྲྀʹΑͬͯް͞ d

ͷബບதͷ࣓ؾϞʔϝϯτʹՃΘΔεϐϯτϧΫ͸ 2.20ࣜͰࣔ͞ΕΔɻ[9]

−τ−1η(m⃗× (m⃗× p⃗)) (2.20)

−τ−1 =
g|µB | · 4π · Ie

2Ms · 125.6637 · |e|

͜͜Ͱɺp⃗Λεϐϯిྲྀͷํ޲ϕΫτϧɺg͸ gyromagnetic splitting factorɺµB ͸ϘʔΞ࣓ࢠɺe͸ిؾૉྔɺη

͸εϐϯ෼ۃ཰ɺIe ͸ిྲྀີ౓Ͱ͋Δɻ

2.4 ೤҆ఆੑ

ຊ࿦จͰѻ͏೤҆ఆੑͱ͸ɺϝϞϦͷ೤ʹର͢Δ৘ใอ࣋ͷ͞ڧΛ͍͏ɻ
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2.4.1 ΤωϧΪʔόϦΞ

ਤ 2.2ͷΑ͏ʹɺਨ௚࣓ؾҟํੑΛ༗͢Δ୯࣓۠ͷ࣓ੑମͰ͸ɺ࣓ؾϞʔϝϯτ͕໘಺ํ޲Λ͍ͯ޲ऩଋͨ͠

ঢ়ଶ (ΤωϧΪʔ࠷େঢ়ଶ)ͱ໘௚ํ޲Λ͍ͯ޲ऩଋͨ͠ঢ়ଶ (ΤωϧΪʔ࠷খঢ়ଶ)ͷ͕ࠩΤωϧΪʔόϦΞͰ͋

Δɻ͜ͷΤωϧΪʔ͸ɺ࣓Խ൓స͢Δࡍʹඞཁͳ࠷খݶͷΤωϧΪʔͱͳ͍ͬͯΔɻΤωϧΪʔόϦΞΑΓɺ೤҆

ఆੑΛٻΊΔ͜ͱ͕Ͱ͖Δɻ

ਤ 2.2: ਨ௚࣓ؾҟํੑͷ࣓ੑମʹ͓͚ΔΤωϧΪʔόϦΞ

2.4.2 ೤༳Β͗

೤ΤωϧΪʔʹΑΓɺ࣓ੑମதͷؾ࣓ࢠݪϞʔϝϯτ͕ৼಈͯ͠͠·͏͜ͱΛ೤༳Β͗ͱ͏ݴɻ೤ΤωϧΪʔ͕

ΤωϧΪʔόϦΞΑΓ΋େ͖͍৔߹ɺ೤༳Β͗ʹΑΓ࣓Խ͕൓సͯ͠͠·͍ɺMRAMͷ৔߹ɺ৘ใ͕ࣦΘΕͯ͠

·͏ɻ

2.4.3 ೤҆ఆੑࢦ਺

೤҆ఆੑΛɺ਺஋తʹදͨ͠΋ͷΛ೤҆ఆੑࢦ਺ͱ͍͏ɻMRAMͷ৔߹ɺ೤҆ఆੑࢦ਺͕ 60ఔ౓Ҏ্͋Δͱɺ

10೥ؒϦϑϨογϡͳ͠Ͱه࿥৘ใͷҡ͕࣋Մೳͱ͞Ε͍ͯΔ [6]ɻ

2.5 Dzyaloshinskii - Moriya interaction(DMI)

Dzyaloshinskii - Moriya interaction(ҎԼɺDMI)͸ɺྡ઀͢Δؾ࣓ࢠݪϞʔϝϯτΛɺͶ͡Ε΍͘͢͢Δ࡞༻

Ͱ͋Δ [11][12]ɻDMIʹΑͬΓ࣓Խߏ଄͕มԽ͢ΔͱɺΤωϧΪʔ͕ݮগ͢Δɻ

DMIΤωϧΪʔ͸ 2.21ࣜͰද͞ΕΔɻ

EDMI = −Dij · (Si × Sj) (2.21)

2.21͔ࣜΒΘ͔ΔΑ͏ʹɺDMIΤωϧΪʔ͸D > 0ͷͱ͖ϚΠφεͷ஋ΛͱΔɻΑͬͯɺMRAMͷ৔߹ɺਤ 2.3

ͷΑ͏ʹɺ໘಺ํ޲Λ͍͍ͯ޲Δͱ͖ͷΤωϧΪʔ͕ݮগ͢ΔͨΊΤωϧΪʔόϦΞ͕௿Լ͠ɺ೤҆ఆੑ͕௿Լ

ͯ͠͠·͏Մೳੑ͕͋Δɻ͔͠͠ɺಉ࣌ʹ൓సిྲྀ΋௿Լ͢ΔՄೳੑ͕͑ߟΒΕΔɻ
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ਤ 2.3: DMIΛྀͨ͠ߟਨ௚࣓ؾҟํੑͷ࣓ੑମʹ͓͚ΔΤωϧΪʔόϦΞ

DMI࣓ք͸ɺDMIޮՌʹΑΔΤωϧΪʔ͔ΒٻΊΔɻ2.21ࣜΑΓɺബບͷք໘ͰͷDMIΤωϧΪʔ͸ 2.22ࣜ

Ͱද͞ΕΔɻ

ϵDMI = −D

{(
mx

∂mz

∂x
−mz

∂mx

∂x

)
+

(
my

∂mz

∂y
−mz

∂my

∂y

)}
(2.22)

2.22ࣜΛม෼͢Δ͜ͱʹΑͬͯ DMI࣓քΛಘΔɻ

HDMI =
∂ϵDMI

∂M
(2.23)

=
1

Ms

∂ϵDMI

∂m
(2.24)

2.24ࣜΛ֤੒෼ʹ෼ղ͢Δͱɺ2.25ɺ2.26ɺ2.27͕ࣜಘΒΕΔɻ

HDMI
x =

1

Ms

⎡

⎣∂ϵ
DMI

∂mx
+

∂

∂x

{
∂ϵDMI

∂
(
∂mx
∂x

)
}

+
∂

∂y

⎧
⎨

⎩
∂ϵDMI

∂
(

∂mx
∂y

)

⎫
⎬

⎭+
∂

∂z

{
∂ϵDMI

∂
(
∂mx
∂z

)
}⎤

⎦ (2.25)

HDMI
y =

1

Ms

⎡

⎣∂ϵ
DMI

∂my
+

∂

∂x

⎧
⎨

⎩
∂ϵDMI

∂
(

∂my

∂x

)

⎫
⎬

⎭+
∂

∂y

⎧
⎨

⎩
∂ϵDMI

∂
(

∂my

∂y

)

⎫
⎬

⎭+
∂

∂z

⎧
⎨

⎩
∂ϵDMI

∂
(

∂my

∂z

)

⎫
⎬

⎭

⎤

⎦ (2.26)

HDMI
z =

1

Ms

⎡

⎣∂ϵ
DMI

∂mz
+

∂

∂x

{
∂ϵDMI

∂
(
∂mz
∂x

)
}

+
∂

∂y

⎧
⎨

⎩
∂ϵDMI

∂
(

∂mz
∂y

)

⎫
⎬

⎭+
∂

∂z

{
∂ϵDMI

∂
(
∂mz
∂z

)
}⎤

⎦ (2.27)

2.25ɺ2.26ɺ2.27ࣜʹ 2.22ࣜΛ୅ೖͯ͠੔ཧ͢Δͱɺ2.28ɺ2.29ɺ2.30͕ࣜಘΒΕΔɻ

HDMI
x = −2D

Ms

∂mz

∂x
(2.28)

HDMI
y = −2D

Ms

∂mz

∂y
(2.29)

HDMI
z =

2D

Ms

(
∂mx

∂x
+

∂my

∂y

)
(2.30)

2.6 Exchange - Coupled Composite (ECC) ଄ߏ

ECCߏ଄͸ɺه࿥૚ʹ࣓Խ൓స͠΍͍͢ೈ࣭૚ͱ൓సͮ͠Β͍࣭ߗ૚ͷೋ૚Ͱߏ੒͞ΕΔɻೈ࣭૚ʹ͸ҟํੑ

ఆ਺ͷ௿͍ࡐྉΛɺ࣭ߗ૚ʹ͸ҟํੑఆ਺ͷࡐ͍ߴྉΛ༻͍Δɻ΋ͱ΋ͱ͸࣓هؾ࿥ഔମͷͨΊʹఏҊ͞Εͨߏ

଄Ͱ͋Δ͕ɺSTT-MRAMͰ΋༗ޮͰ͋Δͱ͑ߟΒΕ͍ͯΔ [4]ɻ࣓Խ൓సͷࡍʹ͸ೈ࣭૚͕࣭ߗ૚ͷ൓సΛΞγ

ετ͠ɺ৘ใͷอ࣋ʹ͸࣭ߗ૚͕ೈ࣭૚ͷ൓సΛ཈͑Δ໾ׂΛ࣋ͭɻ͜ͷߏ଄Λ༻͍Δ͜ͱͰɺSTT-MRAMʹ

Ͱ͖Δͱ͞Ε͍ͯΔɻݱ೤҆ఆੑͱখ͞ͳ൓సిྲྀ͕࣮͍ߴ͍͓ͯ
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͜ͷষͰ͸ɺຊڀݚʹ͓͍ͯγϛϡϨʔγϣϯϞσϧͱͯ͠༻͍ͨϚΠΫϩϚάωςΟοΫϞσϧɺγϛϡϨʔ

γϣϯʹ͓͚Δ࣓ԽͷӡಈΛγϛϡϨʔτ͢ΔͨΊͷ LLGํఔࣜɺLLGํఔࣜΛ͢ࢉܭΔͨΊͷ਺஋ղ๏Ͱ͋Δ

4࣍ͷ Runge-Kutta๏ɺLLGํఔࣜʹ༻͍Δ࣮ޮ࣓քɺ೤҆ఆੑͷࢉܭख๏΍֤࣮ڞʹݧ௨͢Δύϥϝʔλʹͭ

ɻ͢ه͍ͯ

3.1 γϛϡϨʔγϣϯϞσϧ

ຊڀݚͰ࢖༻ͨ͠ɺϚΠΫϩϚάωςΟοΫϞσϧʹ͍ͭͯ͢هɻ

3.1.1 ϚΠΫϩϚάωςΟοΫϞσϧ

ϚΠΫϩϚάωςΟοΫϞσϧ͸ɺ࣓ੑମ಺ʹෳ਺ͷؾ࣓ࢠݪϞʔϝϯτΛ഑ஔͯ͠ɺ࣓Խߏ଄ͷมԽΛಈతʹ

ղੳ͢ΔϞσϧͰ͋ΔɻྖࢉܭҬ͸ɺਤ 3.1ͷΑ͏ʹ௚ํମͰ෼ׂ͢Δɻ͜ͷϞσϧͷ୯૚ߏ଄ͷ΋ͷ͸ਤ 3.1.1ɺ

ECC ଄ͷ΋ͷ͸ਤߏ 3.1.1ͱ͢Δɻ

(a) ୯૚ (b) ECC ଄ߏ

ਤ 3.1: ϚΠΫϩϚάωςΟοΫϞσϧ

ຊ࿦จͰ͸ɺԁܗঢ়ͷૉࢠʹ͍ͭͯγϛϡϨʔγϣϯ͢Δɻ͔͠͠ɺྖࢉܭҬΛ௚ํମঢ়ʹ෼ׂ͍ͯ͠ΔͨΊɺ

ਤ 3.2ͷΑ͏ʹɺ͖Ε͍ͳԁ͸ඳ͚ͳ͍ɻͦ͜ͰɺٙࣅతͳԁܗΛ࡞Γग़ͨ͢Ίʹɺ֤ྖҬͷத৺఺ͷɺྖࢉܭҬ

શମͷத৺͔Βͷڑ཭Λ͠ࢉܭɺͦͷڑ཭͕ԁͷ൒ܘΑΓ΋୹͍৔߹ɺͭ·Γɺਤ 3.2Ͱԁͷ಺෦ʹηϧͷத৺఺

͕͋Δηϧɺਤ 3.3Ͱͷଠઢͱͳ͍ͬͯΔྖҬͷΈ͢ࢉܭΔ͜ͱͰɺٙࣅతͳԁܗΛ࡞੒ͨ͠ɻ
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ਤ 3.2: ԁܗঢ়ͷྖࢉܭҬ ਤ 3.3: ௚ํମηϧʹΑΔྖࢉܭҬ

3.2 LLGํఔࣜͷ਺஋ղ๏

3.2.1 LLGํఔࣜ

͜͜Ͱ͸ɺLLGํఔࣜΛ਺஋తʹղͨ͘Ίͷ४උΛ͢ΔɻLLGํఔࣜ (ࣜ 2.2)Λ͢ܝ࠶Δɻ

˙⃗
M = −|γ|

(
M⃗ × H⃗

)
+

α

M

(
M⃗ × ˙⃗

M
)

(3.1)

3.1ࣜΛͯݟΈΔͱɺ྆ลʹؾ࣓ࢠݪϞʔϝϯτͷมԽྔ (
˙⃗
M)͕ଘ͢ࡏΔͨΊɺ͜ͷ··Ͱ͸ํఔࣜΛղ͘͜ͱ

͕ग़དྷͣɺ͢ࢉܭΔ͜ͱ͕ग़དྷͳ͍ɻ

Αͬͯɺ2.2ࣜͷ྆ลʹ͔ࠨΒ m⃗Λ֎ੵͰ͔͚ͯɺࣜม͢ܗΔɻ

˙⃗
M = −|γ|

(
M⃗ × H⃗

)
+

α

M

(
M⃗ × ˙⃗

M
)

M ˙⃗m = −|γ|M
(
m⃗× H⃗

)
+ αM

(
m⃗× ˙⃗m

)

˙⃗m = −|γ|
(
m⃗× H⃗

)
+ α

(
m⃗× ˙⃗m

)
(3.2)

m⃗× ˙⃗m = −|γ|m⃗×
(
m⃗× H⃗

)
+ αm⃗×

(
m⃗× ˙⃗m

)

= −|γ|
{(

m⃗ · H⃗
)
m⃗
}
+ α

{(
m⃗ · ˙⃗m

)
m⃗− (m⃗ · m⃗) ˙⃗m

}

= (m⃗ · m⃗)
(
|γ|H⃗ − α ˙⃗m

)
+
{
−|γ|

(
m⃗ · H⃗

)
+ α

(
m⃗ · ˙⃗m

)}
m⃗

= |m⃗|2|γ|H⃗ − α|m⃗|2 ˙⃗m+
{
−|γ|

(
m⃗ · H⃗

)
+ α

(
m⃗ · ˙⃗m

)}
m⃗

= |γ|H⃗ − α ˙⃗m− |γ|
(
m⃗ · H⃗

)
m⃗ (3.3)

͜͜Ͱɺ3.2ࣜʹ 3.3ࣜΛ୅ೖ͢Δͱɺ3.4͕ࣜಘΒΕΔɻ

˙⃗m = −|γ|
(
m⃗× H⃗

)
+ α|γ|H⃗ − α2 ˙⃗m− α|γ|

(
m⃗ · H⃗

)
m⃗

˙⃗m =
|γ|
{
αH⃗ − m⃗× H⃗ − α

(
m⃗ · H⃗

)
m⃗
}

α2 + 1

= − |γ|
α2 + 1

[
m⃗× H⃗ + α

{(
m⃗ · H⃗

)
m⃗− H⃗

}]
(3.4)
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͜͜Ͱɺm⃗ · H⃗ɺm⃗× H⃗ ͸ͦΕͧΕ 3.5ɺ3.6ࣜͰද͞ΕΔɻ

m⃗ · H⃗ = mxHx +myHy +mzHz (3.5)

m⃗× H⃗ =

⎛

⎜⎝
myHz −mzHy

mzHx −mxHz

mxHy −myHx

⎞

⎟⎠ (3.6)

3.6ࣜΛ 3.4ࣜʹ୅ೖ֤ͯ͠੒෼ʹ෼͚Δͱɺ3.7ɺ3.8ɺ3.9͕ࣜಘΒΕΔɻ

ṁx = − |γ|
α2 + 1

[
(myHz −mzHy) + α {(mxHx +myHy +mzHz)mx −Hx}

]
(3.7)

ṁy = − |γ|
α2 + 1

[
(mzHx −mxHz) + α {(mxHx +myHy +mzHz)my −Hy}

]
(3.8)

ṁz = − |γ|
α2 + 1

[
(mxHy −myHx) + α {(mxHx +myHy +mzHz)mz −Hz}

]
(3.9)

3.2.2 4࣍ͷRunge-Kutta๏

LLGํఔࣜΛղ͘ʹ͋ͨΓɺEuler๏ͱࢉܭਫ਼౓ͷ্޲ͷͨΊʹ༻͍Δ 4࣍ͷ Runge-Kutta๏ʹ͍ͭͯ͢هɻ

3.2.2.1 Euler๏

Euler๏ͱ͸ɺৗඍ෼ํఔࣜͷղ๏ͷҰͭͰɺ3.2.2.1ࣜͰද͞ΕΔɻ

m⃗(t+∆t) = m⃗(t) +∆t · ˙⃗m(t) (3.10)

͜͜Ͱ∆t͸࣌ؒࠁΈͰ͋Δɻ

ࣜΛ֤੒෼ʹ෼ղ͢Δͱɺ3.11ɺ3.12ɺ3.13͕ࣜಘΒΕΔɻ

mx(t+∆t) = mx(t) +∆t ṁx(t) (3.11)

my(t+∆t) = my(t) +∆t ṁy(t) (3.12)

mz(t+∆t) = mz(t) +∆t ṁz(t) (3.13)

ਫ਼౓ͱͯ͠͸े෼Ͱ͸ͳ͍ɻࢉܭਫ਼౓͸̍࣍Ͱ͋Γɺࢉܭ

3.2.2.2 4࣍ͷRunge-Kutta๏

4࣍ͷ Runge-Kutta๏ͱ͸ɺඍ෼ํఔࣜͷॳظ஋໰୊ʹରͯۙ͠ࣅղΛ༩͑Δํ๏Ͱ͋Δɻf(m⃗(t)) = ˙⃗m(t)ͱ

͢Δͱɺࣜ 3.14Ͱද͞ΕΔɻ

m⃗(t+∆t) = m⃗(t) +
1

6

(
k⃗1 + 2k⃗2 + 2k⃗3 + k⃗4

)
(3.14)

k⃗1 = ∆t · f(m⃗(t)) (3.15)

k⃗2 = ∆t · f(m⃗(t+∆t/2) + k⃗1/2) (3.16)

k⃗3 = ∆t · f(m⃗(t+∆t/2) + k⃗2/2) (3.17)

k⃗4 = ∆t · f(m⃗(t+∆t)k⃗3) (3.18)

͜͜Ͱ֤ k͸ɺt → ∆tͷ۠ؒͰͷ֤Ґஔͷޯ഑Ͱ͋Δɻࢉܭਫ਼౓͸̐࣍Ͱ͋Δɻ
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3.2.3 ࣮ޮ࣓ք

LLGํఔࣜ (2.2ࣜ)Ͱ࢖ΘΕ͍ͯΔ࣮ޮ࣓ք (H⃗)͸ɺؾ࣓ࢠݪϞʔϝϯτ͕ड͚Δ༷ʑͳӨڹΛ࣓քʹ͠ࢉ׵

ͨ΋ͷͰ͋Δɻຊ࿦จͰ͸ɺҟํੑ࣓քɺަ࣓׵քɺ੩࣓քɺ֎෦࣓քɺεϐϯτϧΫɺDMIΛ࣓քͨ͠ࢉ׵΋

ͷͱͨ͠ɻΑͬͯɺ2.2ࣜʹ͓͚Δ࣮ޮ࣓ք͸ɺ3.19ࣜͰද͞ΕΔɻ

H⃗ = H⃗K + H⃗A + H⃗D + H⃗EXT + H⃗S + H⃗DMI (3.19)

3.2.3.1 ҟํੑ࣓ք

ҟํੑ࣓քʹ͍ͭͯ͸཭ࢄԽΛ͏ߦඞཁ͕ͳ͍ͨΊɺҟํੑ࣓ք͸ 2.11 ࣜͰಘΒΕΔɻ

3.2.3.2 ք࣓׵ަ

ࣜ 2.17,2.18,2.19Λ ∂2mx
∂x2 , ∂2my

∂y2 , ∂2mz
∂z2 ʹ͍ͭͯ Taylorల։ΑΓ཭ࢄԽΛ͏ߦͱɺ3.20 3.28͕ࣜಘΒΕΔɻ

∂2mx

∂x2
≈

mxi+1,j,k − 2mxi,j,k +mxi−1,j,k

dx2
(3.20)

∂2mx

∂y2
≈

mxi,j+1,k − 2mxi,j,k +mxi,j−1,k

dy2
(3.21)

∂2mx

∂z2
≈

mxi,j,k+1 − 2mxi,j,k +mxi,j,k−1

dz2
(3.22)

∂2my

∂x2
≈

myi+1,j,k − 2myi,j,k +myi−1,j,k

dx2
(3.23)

∂2my

∂y2
≈

myi,j+1,k − 2myi,j,k +myi,j−1,k

dy2
(3.24)

∂2my

∂z2
≈

myi,j,k+1 − 2myi,j,k +myi,j,k−1

dz2
(3.25)

∂2mz

∂x2
≈

mzi+1,j,k − 2mzi,j,k +mzi−1,j,k

dx2
(3.26)

∂2mz

∂y2
≈

mzi,j+1,k − 2mzi,j,k +mzi,j−1,k

dy2
(3.27)

∂2mz

∂z2
≈

mzi,j,k+1 − 2mzi,j,k +mzi,j,k+1

dz2
(3.28)

ࣜ 3.20͔Βࣜ 3.28Λࣜ 2.17,2.18,2.19ʹ୅ೖ͢Δͱɺަ࣓׵ք͸ࣜ 3.29Ͱද͞ΕΔɻ

H⃗A = −δϵA

δM⃗

≈ 2A

Msdx2

⎡

⎢⎣
mxi−1,j,k − 2mxi,j,k +mxi+1,j,k

myi−1,j,k − 2myi,j,k +myi+1,j,k

mzi−1,j,k − 2mzi,j,k +mzi+1,j,k

⎤

⎥⎦

+
2A

Msdy2

⎡

⎢⎣
mxi,j−1,k − 2mxi,j,k +mxi,j+1,k

myi,j−1,k − 2myi,j,k +myi,j+1,k

mzi,j−1,k − 2mzi,j,k +mzi,j+1,k

⎤

⎥⎦

+
2A

Msdz2

⎡

⎢⎣
mxi,j,k−1 − 2mxi,j,k +mxi,j,k+1

myi,j,k−1 − 2myi,j,k +myi,j,k+1

mzi,j,k−1 − 2mzi,j,k +mzi,j,k+1

⎤

⎥⎦ (3.29)

3.2.3.3 ੩࣓ք

੩࣓ք͸࣓ੑମ಺෦ͷ࣓Խߏ଄ʹΑͬͯมԽ͢ΔͨΊɺ੩࣓ք͸ղੳతʹ͸ٻΊΔ͜ͱ͕Ͱ͖ͳ͘ͳΓɺ਺஋త

ΊΔํ๏ΛਤٻΊΔඞཁ͕͋Δɻ͜͜Ͱ͸਺஋తʹ੩࣓քΛٻʹ 3.4Λ༻͍ͯઆ໌͢Δɻ
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ਤ 3.4: ੩࣓քͷࢉܭ

ҰͭͷࢉܭηϧྖҬ಺ͷؾ࣓ࢠݪϞʔϝϯτ͕ηϧத৺఺Ͱͷؾ࣓ࢠݪϞʔϝϯτͱಉ͡ํ޲Λ͘޲ͱԾఆ͢

Δɻ͜ͷԾఆʹΑΓɺྖࢉܭҬ಺Ͱ͸࣓Խ͸ηϧͷද໘ʹͷΈݱΕΔɻ͕ͨͬͯ͠ɺͻͱͭͷ؍ଌ఺Ͱͷ੩࣓ք

͸ɺྖࢉܭҬ಺ͷ͢΂ͯͷ࣓ՙ͕͍·͍ͯ͑ߟΔ؍ଌ఺ʹ࡞Γग़͢੩࣓քͷ࿨ͱͯ͠ٻΊΔ͜ͱ͕Ͱ͖Δɻ

ηϧͷ֤໘͸ࢉܭ xy,yz,zxฏ໘ʹฏߦͰ͋ΓɺͦΕͧΕ໘ີ౓͕±Mzɺ±Mxɺ±My Ͱ࣓Խ͕෼෍͍ͯ͠Δ΋ͷ

ͱ͢Δɻ͜ΕΒͷ̒ͭͷ໘Λ xy໘ʹฏߦͳ໘ɺxz໘ʹฏߦͳ໘ɺyz໘ʹฏߦͳ໘ʹ෼͚ɺͦΕͧΕͷ໘ʹݱΕ

Δ࣓ՙ͕؍ଌ఺ʹ࡞Δ੩࣓քΛٻΊΔɻ

·ͣɺyz໘ʹฏߦͳӈଆͷ໘Λ͑ߟΔɻ؍ଌ఺͔Β (x1,y,z)཭Εͨ͜ͷ໘্ͷඍখྖҬ͕؍ଌ఺ʹ࡞Γग़࣓͢ք

͸ɺ3.30ࣜͰද͞ΕΔɻ
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

∆Hx = −Mx
r2

x1
r ∆y∆z

∆Hy = −My

r2
y
r∆y∆z

∆Hz = −Mz
r2

z
r∆y∆z

r =
√

x12 + y2 + z2

(3.30)

ର৅ͱ͢Δ໘্ͷ࣓ՙ͕؍ଌ఺ʹ࡞Γग़࣓͢ք͸ɺ͜ΕΒͷ࣓քΛѻ͏໘ʹΘͨΔੵ෼ʹΑΓٻΊΒΕɺ3.31ࣜ

Ͱࣔ͞ΕΔɻ

Hx =

∫ z0

z1

∫ y0

y1
∆Hx, Hy =

∫ z0

z1

∫ y0

y1
∆Hy, Hz =

∫ z0

z1

∫ y0

y1
∆Hz, (3.31)

ಉ༷ʹ yz໘ʹฏߦͳࠨଆͷ໘্ͷ࣓ՙ͕࡞Γग़࣓͢քΛٻΊɺ͜ΕΒͷࣜΛ·ͱΊΔɻಉ༷ͷૢ࡞Λ xy໘ʹฏ

ͳ໘ͱߦ xz໘ʹฏߦͳ໘ͰͦͯͬߦΕͧΕΛ·ͱΊΔͱɺࢉܭηϧ্ͷ࣓ՙ͕؍ଌ఺ʹ࡞Γग़࣓͢ք͸ɺ3.32ࣜ

Ͱද͞ΕΔɻ[13]

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Hx = qxx ·mx + qxy ·my + qxz ·mz

Hy = qyx ·mx + qyy ·my + qyz ·mz

Hz = qzx ·mx + qzy ·my + qzz ·mz

(3.32)

Γग़࡞ʹ఺ࢉܭηϧ͕ଞͷࢉܭ఺ΛࢉܭଇతʹฒΜͰ͍ΔͨΊɺ͋Δنηϧ͸ಉ͡େ͖͔ͭ͞ಉִؒ͡Ͱࢉܭ֤

͢੩࣓քΛٻΊΔͨΊʹ͏࢖੩࣓ք܎਺͸ɺ͜ΕΒͷ఺ͷִ͚ؒͩͰܾ·Δɻ͜ͷ͜ͱΑΓɺୈ (i,j)൪໨ͷࢉܭ
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఺Ͱͷ੩࣓ք͸ 3.33ʙ3.35ࣜͰද͞ΕΔɻ͜ͷͱ͖ͷ੩࣓քͷྔࢉܭ͸ O(n2)ͱͳΔɻ

Hx(i, j) =
nx∑

i′=1

ny∑

j′=1

qxx(i
′ − i, j′ − j) ·mx(i

′, j′) + qxy(i
′ − i, j′ − j) ·my(i

′, j′) + qxz(i
′ − i, j′ − j) ·mz(i

′, j′)(3.33)

Hy(i, j) =
nx∑

i′=1

ny∑

j′=1

qyx(i
′ − i, j′ − j) ·mx(i

′, j′) + qyy(i
′ − i, j′ − j) ·my(i

′, j′) + qyz(i
′ − i, j′ − j) ·mz(i

′, j′)(3.34)

Hz(i, j) =
nx∑

i′=1

ny∑

j′=1

qzx(i
′ − i, j′ − j) ·mx(i

′, j′) + qzy(i
′ − i, j′ − j) ·my(i

′, j′) + qzz(i
′ − i, j′ − j) ·mz(i

′, j′)(3.35)

convolutionԋࢉ ੩࣓քͷྔࢉܭ͸ O(n2)ͱଞͷ֤࣓քͷྔࢉܭ O(n)ʹൺ΂ͯଟ͘ɺେن໛࣌ࢉܭʹ࣌ࢉܭ

ؒͷେ෦෼Λ઎Ίͯ͠·͏ɻͦ͜Ͱɺ੩࣓քࢉܭͷߴ଎ԽͷͨΊʹɺconvolutionԋࢉʹ͓͍ͯ཭ߴࢄ଎ϑʔϦΤ

ม׵Λ༻͍ͨࢉܭΛ͏ߦɻ

A(i) =
n∑

j=1

C(j − i) ·B(j), i = 1, · · · , n (3.36)

Δɻ͑ߟ͍ͯͭʹࢉͷԋه্

͜͜ͰɺA,B͸ͦΕͧΕ௕͞ nͷϕΫτϧɺC ͸௕͞ 2n− 1ͷϕΫτϧɺn͸ 2ͷྦྷ৐ͷ਺ͱ͢Δɻ͜ͷԋࢉ͸

Convolutionԋࢉͱݺ͹ΕɺA(1), · · · , A(n)શͯΛٻΊΔͨΊʹඞཁͳྔࢉܭ͸ O(n2)ͱͳΔɻ

࣍ʹɺBٴͼ C ͕पظ nͷपؔظ਺Ͱ͋Δ৔߹Λ͑ߟΔɻपੑظΑΓɺC ͸௕͞ nͷϕΫτϧͰද͢͜ͱ͕Ͱ͖

Δɻ͜ͷ࣌ɺࣜ 3.36͸ɺ཭ࢄϑʔϦΤม׵Λ༻͍ͯɺҎԼͷखॱͰ͢ࢉܭΔ͜ͱ͕Ͱ͖Δɻ

I. B ͓Αͼ C ͷϑʔϦΤ੒෼ Br(B ͷϑʔϦΤ੒෼ͷ࣮਺෦)ɺBi(B ͷϑʔϦΤ੒෼ͷڏ਺෦)ɺCr(C ͷϑʔ

ϦΤ੒෼ͷ࣮਺෦)ɺCi(C ͷϑʔϦΤ੒෼ͷڏ਺෦)ΛٻΊΔɻ

II. ΊͨϑʔϦΤ੒෼ͷ֤੒෼Λ௚઀ֻ͚߹Θͤɺ݁ՌΛͦΕͧΕٻ Ar,Aiͱ͢Δɻ

Ar(i) = Br(i) · Cr(i)−Bi(i) · Ci(i), (3.37)

Ai(i) = Br(i) · Ci(i) +Bi(i) · Cr(i), i = 1, · · · , n (3.38)

III. Ar,AiΛٯϑʔϦΤม͢׵Δɻ͜ͷͱ͖ಘΒΕͨ΋ͷͷ࣮਺෦͕ٻΊΔ΂͖ AͰ͋Δɻ

΋ΔɻखॱੵݟΛؒ࣌ࢉܭͱ͖ͷͨͬߦΛࢉܭ͍ैʹͷखॱه্ I͓Αͼ III͸௕͞ nͷϕΫτϧͷ཭ࢄϑʔϦ

Τมٴ׵ͼٯม׵Ͱ͋ΔͨΊɺ཭ߴࢄ଎ϑʔϦΤม׵ͷख๏Λ༻͍Ε͹ɺO(n log(n))ʹͳΔɻखॱ II͸ nʹൺྫ

͢Δؒ࣌ࢉܭͰࢉܭΛ͢Δ͜ͱ͕Ͱ͖Δɺैͬͯɺશͯͷࢉܭ͸ O(n log(n))Ͱ͜͏ߦͱ͕Ͱ͖Δͱ͑ߟΒΕΔɻ

͜͜·Ͱ͸पߏظ଄Λ࣋ͭ৔߹ͷΈͷख๏Ͱ͕͋ͬͨɺҎԼʹड़΂ΔθϩύσΟϯάख๏Λ༻͍Δ͜ͱͰपظ

଄Λ࣋ͨͳ͍Ұൠͷ৔߹ʹ΋ద༻͢Δ͜ͱ͕ग़དྷΔɻߏ

·ͣɺ௕͞ nͷϕΫτϧ B ͼٴ C ΛҎԼͷΑ͏ʹ௕͞ 2nͷϕΫτϧʹ֦ு͠ɺͦΕͧΕ B′, C ′ ͱ͢Δɻ

B′ : B(1), B(2), · · · , B(n), 0, 0, · · · , 0

C ′ : 0, C(−n+ 1), C(−n+ 2), · · · , C(0), C(1), · · · , C(n− 1)

ϕΫτϧB′͸ɺBʹ͍ͨͯ͠ཁૉ͕ 0ͷ nݸͷ੒෼Λ෇͚Ճ͑ͨ΋ͷͱ͢ΔɻϕΫτϧ C ′͸Ұͭͷ 0ͷ੒෼ͱɺ

΋ͱ΋ͱͷConvolutionԋࢉʹඞཁͳ 2n− 1͜ͷཁૉ͔ΒͳΔ΋ͷͱ͢Δɻ͜ͷΑ͏ʹಘΒΕͨB′, C ′ʹରͯ͠ɺ

લઅͷखॱʹै͍ԋࢉΛ͏ߦɻಘΒΕͨϕΫτϧΛ A′ͱ͢ΔͱɺA′(n+ 1), · · · , A′(2n)ͷ੒෼͕ٻΊΔԋࢉͷղ

Ͱ͋Δɻ

଄Λ࣋ͭ৔߹͸ɺਤߏݩର৅͕̎࣍ࢉܭ 3.5ɺ3.6ͷैͬͯ΋ͱͷσʔλΛ֦ு͢ΔɻҎ߱ͷखॱ͸̍࣍ߏݩ଄ͱ

ಉ༷Ͱ͋Δɻ
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ਤ 3.5: B’ཁૉͷ֦ு ਤ 3.6: C’ཁૉͷ֦ு

ͳ͓ɺཁૉ਺ n͕ 2ͷྦྷ৐Ͱͳ͍৔߹͸ɺnΑΓେ͖͍ 2ͷྦྷ৐ͷதͰ্࠷ͷ΋ͷΛٻΊɺ͜ͷ਺Λ৽ͨʹ n

ͱͯ͠ࢉܭΛ͏ߦɻͦͷࡍʹϕΫτϧ B ͷ֦ு͞ΕͨྖҬͷཁૉ͸̌ͱ͢Δɻ

3.2.3.4 εϐϯτϧΫ

εϐϯτϧΫʹΑΔӨڹΛ͢ࢉܭΔͨΊɺεϐϯτϧΫͷ߲Λ LLGํఔࣜʹՃ͑Δɻ2.20ࣜΛ LLGํఔࣜ (3.1

ࣜ)ʹՃ͑Δͱ 3.39ࣜʹͳΔɻ

˙⃗m = −|γ|
(
m⃗× H⃗

)
+ α

(
m⃗× ˙⃗m

)
− τ−1η(m⃗× (m⃗× p⃗)) (3.39)

ਤ 3.7: ࣓Խͷӡಈͷ༷ࢠ

ਤ 3.7͸࣓Խͷӡಈͷ༷ࢠʹର͔͔ͯ͠ΔྗΛࣔͨ͠΋ͷͰ͋Δɻ3.39ࣜͷୈ߲͕̎྘ͷ໼ҹɺୈ߲̏ɺͭ·Γ

εϐϯτϧΫʹΑΔ௥Ճ͞Ε߲ͨɺ͕ᒵͷ໼ҹͰද͞ΕΔɻ·ͨɺ3.39͸ҎԼͷΑ͏ʹࣜมܗͰ͖Δɻ

˙⃗m = −|γ|
[
m⃗×

{
H⃗ +

τ−1η

|γ| (m⃗× p⃗)

}]
+ α

(
m⃗× ˙⃗m

)
(3.40)

3.40ࣜΛͯݟΈΔͱɺ࣮ޮ࣓քʹ৽ͨʹεϐϯτϧΫͷࣜΛ଍͢͜ͱͰݩʑͷ LLGํఔࣜʹεϐϯτϧΫΛՃ͑

ͨࣜ΁ಋ͘͜ͱ͕Ͱ͖Δɻຊ࿦จͰ͸ɺ3.40ࣜʹै͍ͬͯͯ͠ࢉܭΔɻ·ͨɺຊ࿦จͰ͸؆қͳ৚݅ͷͨΊɺη = 1

ͱ͍ͯ͠Δɻ

3.2.3.5 DMI࣓ք

ࣜ 2.28,2.29,2.30Λ ∂
∂xmx,

∂
∂ymy,

∂
∂xmz,

∂
∂ymzʹ͍ͭͯTaylorల։ΑΓ཭ࢄԽΛ͏ߦͱɺ3.41ɺ3.42ɺ3.43ɺ3.44

͕ࣜಘΒΕΔɻ

∂mx

∂x
≈

mxi+1,j,k −mxi−1,j,k

2dx
(3.41)

∂my

∂y
≈

myi,j+1,k −myi,j−1,k

2dy
(3.42)

∂mz

∂x
≈

mzi+1,j,k −mzi−1,j,k

2dx
(3.43)

∂mz

∂y
≈

mzi,j+1,k −mzi,j−1,k

2dy
(3.44)
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3.41ɺ3.42ɺ3.43ɺ3.44ࣜΛ 2.28ɺ2.29ɺ2.30ࣜʹ୅ೖͯ͠ɺDMI࣓ք͸ 3.45ɺ3.46ɺ3.47ࣜͰද͞ΕΔɻ

HDMI
x ≈ −2D

Ms

mzi+1,j,k −mzi−1,j,k

2dx
(3.45)

HDMI
y ≈ −2D

Ms

mzi,j+1,k −mzi,j−1,k

2dy
(3.46)

HDMI
z ≈ 2D

Ms

(
mxi+1,j,k −mxi−1,j,k

2dx
+

myi,j+1,k −myi,j−1,k

2dy

)
(3.47)

3.2.4 ք৚݅ڥ

ܭΔɻຊ࿦จͰ͸ɺ͢ࡏ΋ଘࢉܭর͢ΔΑ͏ͳࢀҬ֎ΛྖࢉܭքͳͲɺ࣓׵Ҭͷ୺ͷηϧͰ͸ɺྫ͑͹ަྖࢉܭ

ք৚݅Λ༻͍ΔɻڥҬ୺Ͱ͸ɺࣗ༝ྖࢉ

DMIޮՌ͕ଘ͢ࡏΔ৔߹ɺڥք͕ଟগ͘܏ͱ͍͏ݱ৅͕͜ىΔͨΊɺDMIΛྀࣗͨ͠ߟ༝ڥք৚݅ [14]Λ༻͍

ΔɻDMIΛྀࣗͨ͠ߟ༝ڥք৚݅ͷࣜ͸ࣜ 3.48Ͱද͞ΕΔɻ

∂m

∂n
=

D

2A
(ẑ × n)×m (3.48)

ࣜ 3.48ͷ nʹ x̂, ŷΛ୅ೖ͢Δͱɺࣜ 3.49,3.50͕ಘΒΕΔɻ

∂m

∂x̂
=

D

2A
(ẑ × x̂)×m =

D

2A

⎡

⎢⎣
mz

0

−mx

⎤

⎥⎦ (3.49)

∂m

∂ŷ
=

D

2A
(ẑ × ŷ)×m =

D

2A

⎡

⎢⎣
0

mz

−my

⎤

⎥⎦ (3.50)

ࣜ 3.49ΑΓ x࣠ํ޲ͷࣗ༝ڥք৚݅͸ 1࣍ͷࠩ෼ΑΓ 3.51ࣜͰɺ3.50ΑΓ y࣠ํ޲ͷࣗ༝ڥք৚݅͸ 1࣍ͷࠩ

෼ΑΓ 3.52ࣜͰද͞ΕΔɻྖࢉܭҬ͸ 0൪໨͔Β n− 1൪໨ͱͨ͠ɻ
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

m−1
x = m0

x − dx ·m0
z · D

2A

m−1
y = m0

y

m−1
z = m0

z + dx ·m0
x · D

2A

mn
x = mn−1

x + dx ·mn−1
z · D

2A

mn
y = mn−1

y

mn
z = mn−1

z − dx ·mn−1
x · D

2A

(3.51)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

m−1
x = m0

x

m−1
y = m0

y − dy ·m0
z · D

2A

m−1
z = m0

z + dy ·m0
x · D

2A

mn
x = mn−1

x

mn
y = mn−1

y + dy ·mn−1
z · D

2A

mn
z = mn−1

z − dy ·mn−1
x · D

2A

(3.52)

3.3 ೤҆ఆੑ

ΤωϧΪʔόϦΞͷํࢉܭ๏ͱͦΕΛ༻͍ͨ೤҆ఆੑࢦ਺ͷํࢉܭ๏Λ͢هɻ
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3.3.1 ΤωϧΪʔόϦΞ

ΤωϧΪʔόϦΞͷࢉܭʹ͋ͨΓɺ࣓ؾΤωϧΪʔͷࢉܭΛ͢Δඞཁ͕͋Δɻຊ࿦จͰ͸ɺΤωϧΪʔ͸ҟํੑ

ΤωϧΪʔɺަ׵ΤωϧΪʔɺ੩࣓ΤωϧΪʔɺDMIΤωϧΪʔͷ࿨ͱͨ͠ɻશ࣓ؾΤωϧΪʔͷࣜ͸ 3.57ࣜͱ

ͳΔɻ

ϵK = Ku(1−m2
z) (3.53)

ϵA = A(∇m⃗)2 (3.54)

ϵD = −1

2
Mm⃗ · H⃗D (3.55)

ϵDMI = −D

{(
mx

∂mz

∂x
−mz

∂mx

∂x

)
+

(
my

∂mz

∂y
−mz

∂my

∂y

)}
(3.56)

E =
(
ϵK + ϵA + ϵD + ϵDMI

)
V (3.57)

V = dx · dy · dz (3.58)

ΤωϧΪʔόϦΞͷجຊతͳࣜࢉܭ͸ɺ3.59ࣜͱͳΔɻ

EBarrier = EMax − EMin (3.59)

3.3.2 ೤҆ఆੑࢦ਺

೤҆ఆੑࢦ਺ (∆)͸ 3.60ࣜͰද͞ΕΔɻ

∆ =
∆E

kBT

(
=

KuV

kBT

)
(3.60)

͜͜Ͱɺ∆E ͸ΤωϧΪʔόϦΞɺkB ͸ϘϧπϚϯఆ਺ɺT ͸ઈରԹ౓Ͱ͋Δɻ

3.4 ྉఆ਺ࡐ

ຊ࿦จ಺ͰͷϚΠΫϩϚάωςΟοΫϞσϧʹ͓͚Δશ࣮ݧͷڞ௨ࡐྉఆ਺͸ɺࣜ 3.61ͷ௨ΓͰ͋Δɻ
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

๞࿨࣓Խ : Ms = 600.0 emu/cm3

εςΟϑωεఆ਺׵ަ : A = 1.0 µerg/cm

ճసൺؾ࣓ : γ = 1.76× 107 rad/(s ·Oe)

εϐϯํ޲ϕΫτϧ : p⃗ = {0.0, 0.0, 1.0}

gyromagnetic splitting factor : g = 2.0× 1.001159657

ϘʔΞ࣓ࢠ : µB = 9.27408× 10−21 J/T

ૉྔؾి : e = 1.602189× 10−19 C

gؔ਺ : η = 1.0

ϘϧπϚϯఆ਺ : kB = 1.380658× 10−16 erg/K

ઈରԹ౓ : T = 300 K

(3.61)

৚݅͸ɺࣜࢉܭ 3.62ͷ௨ΓͰ͋Δɻ
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ִؒࢠ֨ : dx = dy = 1.875 nm

ບް (୯૚) : dz = 2.0 nm

ບް (ECCߏ଄) : dz = 1.0 nm

఺਺ࢉܭ : nx = ny = 16

(3.62)
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ຊষͰ͸ɺ୯૚ߏ଄ STT-MRAMʹ͓͍ͯ DMIޮՌʹΑͬͯ೤҆ఆੑͱ൓సిྲྀີ౓ʹ༩͑ΔӨڹΛௐ΂Δɻ

·ͣϚΠΫϩϚάωςΟοΫϞσϧΛ༻͍ͯɺΤωϧΪʔόϦΞΛ֤ DMIఆ਺ʹ͓͍ͯௐ΂ɺΤωϧΪʔόϦΞ

ͷ DMIఆ਺มԽΛࣔ͢ɻ͞Βʹɺ֤ DMIఆ਺ʹରͯ͠೤҆ఆੑͷอͨΕΔKu Λௐࠪ͢ΔɻಘΒΕͨKu ͱD

ͷ૊Έ߹ΘͤΛ༻͍ͯεϐϯ஫ೖ࣓Խ൓సγϛϡϨʔγϣϯΛ͍ߦɺ࠷খ൓సిྲྀີ౓Λௐ΂ɺ֤ύϧε෯ʹ͓

͚Δ൓సిྲྀີ౓ͷ DMIఆ਺มԽΛࣔ͢ɻ

4.1 ΤωϧΪʔόϦΞͷDMIґଘੑ

೤҆ఆੑΛܭଌ͢ΔͨΊɺΤωϧΪʔόϦΞΛܭଌ͢ΔγϛϡϨʔγϣϯΛ͏ߦɻ

γϛϡϨʔγϣϯʹ༻͍ͨࢉܭ৚݅͸ɺҎԼͷ΋ͷͰ͋Δɻ
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

α = 1.0

m⃗ = (1.0, 0.0, 0.0)

tp = 8.0 ns

(4.1)

͜͜Ͱɺtp ͸ؒ࣌ࢉܭͰ͋Δɻ

·ͨɺҎԼͷύϥϝʔλΛ༻͍ͯγϛϡϨʔγϣϯΛͨͬߦɻ

⎧
⎨

⎩
D = 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 erg/cm2

Ku = 3.0ʙ6.0 Merg/cm3
(4.2)
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Energy(DMI=0.0 erg/cm2)
θ(DMI=0.0 erg/cm2)

Energy(DMI=1.0 erg/cm2)
θ(DMI=1.0 erg/cm2)

ਤ 4.1: ΤωϧΪʔͱ֯ۃͷ࣌ؒมԽͷྫ

DMIޮՌ͕͋Δͱ͖ʹ͸ɺਤ 4.1ͷΑ͏ʹɺ໘಺ํ͔޲Βͷฏߧঢ়ଶ͕ɺ໘௚ํ͔޲Βͷฏߧঢ়ଶʹͳΒͣɺΤ

ωϧΪʔ͕͍ߴ··ฏߧঢ়ଶʹͳͬͯ͠·͏͜ͱ͕͋Δɻͦͷ৔߹ɺΤωϧΪʔόϦΞͷࢉܭʹ͸ɺ͜ͷ̎ͭͷ

ฏߧঢ়ଶͷΤωϧΪʔͷࠩͱ͢Δɻ

ਤ 4.1ʹ͓͍ͯɺDMIʹΑͬͯΤωϧΪʔόϦΞɺ͢ͳΘͪ೤҆ఆੑࢦ਺͕มԽ͍ͯ͠Δ༷͕֬ࢠೝ͞Εͨɻ
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4.2 KuͱDMIͷ૊Έ߹Θͤͷܾఆ

࣍ʹɺKu Λม͑Δ͜ͱʹΑΓɺ೤҆ఆੑࢦ਺͕֤D஋ʹରͯ͠े෼ͳ஋ (∆ ≥60)ͱͳΔΑ͏ʹ͠ɺͦͷ૊Έ

߹ΘͤͰ൓సిྲྀີ౓ͷมԽΛγϛϡϨʔγϣϯͰௐ΂ͨɻ݁ՌΛਤ 4.2ʹࣔ͢ɻ

 20

 30

 40

 50

 60

 70

 80

 90

 100

 3.5  4  4.5  5  5.5  6

∆

Ku (Merg/cm3)

DMI=0.0 erg/cm2

DMI=0.1 erg/cm2

DMI=0.2 erg/cm2

DMI=0.4 erg/cm2

DMI=0.6 erg/cm2

DMI=0.8 erg/cm2

DMI=1.0 erg/cm2

ਤ 4.2: DMIͱKu ʹΑΔ೤҆ఆੑࢦ਺∆ͷมԽ

ਤ 4.2ΑΓٻΊͨɺ֤ DMI஋ʹ͓͚Δɺ∆͕ 60Ҏ্ͱͳΔKu Λද 4.2ʹࣔ͢ɻ

ද 4.1: ֤ DMI஋ʹ͓͚Δ∆ ≥ 60ͱͳΔ࠷খͷKu

D(erg/cm2) Ku(Merg/cm3)

0.0 3.44

0.1 3.62

0.2 3.72

0.4 3.97

0.6 4.29

0.8 4.68

1.0 5.15

4.3 ൓సిྲྀͷDMIґଘੑ

લઅʹܾͯఆͨ͠Ku ͱDͷ૊Έ߹ΘͤΛ༻͍ͯ࠷খ൓సిྲྀີ౓Λௐ΂ͨɻ

ॳ࣓ظԽߏ଄͸ɺ֎෦࣓քΛ x࣠ํ޲ʹ 1Oe͚͔͚ͩͨͱ͖ͷฏߧঢ়ଶ (ਨ௚Լ͖޲)ͱͨ͠ɻ͜ͷ࣌ͷॳ࣓ظ

Խ֯౓ θ0 Λ༻͍ͯɺ࣓Խ൓సج४֯౓ θ′ = π − θ0 Λઃఆ͠ɺύϧεҹՃޙʹ࣓Խͷ֯౓͕͜ͷ֯౓Λ௒͍͑ͯ

Δ͔Ͳ͏͔Ͱ൓సͷ༗ແΛ൑அͨ͠ɻ

݁ՌΛਤ 4.3ʹࣔ͢ɻ
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DMI=0.4(erg/cm2)
DMI=0.6(erg/cm2)
DMI=0.8(erg/cm2)
DMI=1.0(erg/cm2)

ਤ 4.3: ిྲྀີ౓ʹΑΔ࠷ऴ࣓Խ֯౓ͷมԽ (α = 0.001, tp = 1.0ns, Hx
EXT = 1.00Oe)

ਤ 4.3ͳͲ͔Βɺ࠷খ൓సిྲྀີ౓ΛٻΊͨɻҎԼͷύϥϝʔλΛมͯ͠ߋγϛϡϨʔγϣϯΛͨͬߦɻ

⎧
⎨

⎩
α = 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1.0

tp = 1.0, 3.0, 10.0 ns
(4.3)

͜ͷ࣌ͷ݁ՌͷҰྫΛਤ 4.4ʹࣔ͢ɻ

 35

 36
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 40

 41

 42
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 44

 0  0.2  0.4  0.6  0.8  1

j sw
 (
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2
)

D (erg/cm2)

ਤ 4.4: DMI ʹΑΔ jsw ͷมԽͷྫ (α = 0.003, tp = 10.0 ns, Hx
EXT = 1.00 Oe)

ਤ 4.4Ͱ͸ۃ୺ͳྫͰ͸͋Δ͕ɺάϥϑʹԜತ͕͋Γɺ݁ՌΛಡΈऔΔͷʹద੾ͳ΋ͷͱ͸͑ݴͳ͔ͬͨɻͦ͜

Ͱɺॳ࣓ظԽߏ଄Λ࡞੒͢ΔࡍʹՃ͍͑ͯΔ x࣠ํ޲ͷ֎෦࣓քͷେ͖͞Λ 0.95Oeʙ1.05Oeͷ 11௨ΓʹมԽ͞

֤ͤॳ࣓ظԽߏ଄Λ༻͍ͯ൓సిྲྀ஋ΛٻΊɺͦͷฏۉΛऔΔ͜ͱʹͨ͠ɻ

ҎԼͷύϥϝʔλΛมͯ͠ߋγϛϡϨʔγϣϯΛͨͬߦɻ

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

α = 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1.0

tp = 1.0, 3.0, 10.0 nsɹ

Hx
EXT = 0.95ʙ1.05 Oe

(4.4)

͜ͷ࣌ͷ݁ՌΛਤ 4.5,4.6ʹࣔ͢ɻ
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(g) ଛࣦఆ਺ α = 1

ਤ 4.5: DMIٴͼ αʹΑΔ൓సిྲྀͷมԽ
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(b) ύϧε෯ tp = 3 ns
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(c) ύϧε෯ tp = 10 ns

ਤ 4.6: αɺDMIɺύϧε෯ʹΑΔ൓సిྲྀີ౓ͷมԽ

α͕খ͍࣌͞ɺDMIʹΑͬͯ൓సిྲྀີ౓͕௿͢ݮΔ޲܏ʹ͋ͬͨɻٯʹ α͕େ͖͍࣌ɺDMIʹΑͬͯ൓సి

ྲྀີ౓͕૿େ͢Δ޲܏ʹ͋ͬͨɻ·ͨɺύϧε෯͕୹͍΄ͲɺDMIʹΑͬͯ൓సిྲྀີ౓͕௿͢ݮΔ αͷൣғ͕

গ཰͕େ͖͍͜ͱ͕Θ͔ͬͨɻύϧε෯ݮɻ͞Βʹɺύϧε෯͕୹͍΄ͲɺDMIʹΑΔͨͬ͋ʹ޲܏Δ͕޿ 1ns

ͼٴ 10nsͰͷ൓సిྲྀີ౓ͷ࠷େ௿ݮ཰͸ɺ33%ٴͼ 10%Ͱ͋ͬͨɻ

4.3.1 ࡯ߟ

͜͜ͰɺઌڀݚߦΛ༻͍ͯ݁Ռͷ࡯ߟΛ͏ߦɻ

ਤ 1.2ɺࣜ 1.1Λ͢ܝ࠶Δɻ
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ਤ 4.7: ઌڀݚߦʹ͓͚Δɺଛࣦఆ਺ʹΑΔ൓సిྲྀ஋ͷมԽ

Isw =
2eMsV

µBgP

(
αγHk +

C1

tp

)

=
2eMsV

µBgP

(
αγ

2Ku

Ms
+

C1

tp

)

C1 = = [ln (1− cos(θcrit))/(1 + cos(θcrit))− ln (1− cos(θinit))/(1 + cos(θinit))] /2

ઌڀݚߦͷ݁ՌͰ͸ɺ൓సిྲྀ஋͸ଛࣦఆ਺ͱύϧε෯ʹґଘ͓ͯ͠Γɺଛࣦఆ਺͕ᮢ஋ҎԼͰ͸൓సిྲྀ஋͕

ҰఆͰ͋Δ͜ͱ͕ࣔ͞Εͨɻ·ͨɺਤ 1.2ͷࠇઢʹ͋ͨΔࣜ 1.1ͷୈ 1߲ͱɺ྘ઢʹ౰ͨΔࣜ 1.1ͷୈ 2߲ͷ࿨Ͱ

൓సిྲྀ஋͕ܾ·Δɺͱ͍͏͜ͱͰ͋ͬͨɻࣜ 1.1ͷୈ 1߲͸Ku͕ൺྫ͓ͯ͠Γɺୈ 2߲͸ࣜ 1.2ΑΓॳ࣓ظԽ

֯౓ θ0 Δɻ͍ͯ͠܎͕ؔ

·ͣɺୈ Δɻද͑ߟ͍ͯͭʹ1߲ 4.2ʹ͋ΔΑ͏ʹɺDMIఆ਺͕େ͖͘ͳΔʹͭΕɺKu ΋େ͖͘͢Δඞཁ͕

͋ͬͨɻͦͷͨΊɺୈ 1߲͸૿େͯ͠͠·͏ɻ࣍ʹɺୈ Δɻ·ͣɺ֤͑ߟ͍ͯͭʹ2߲ DMIఆ਺ຖͷฏߧঢ়ଶͰ

ͷ࣓Խͷฏ֯ۉ౓ΛٻΊͨɻ݁ՌΛਤ 4.8ʹࣔ͢ɻ

ਤ 4.8: DMIఆ਺ʹΑΔฏۉॳ࣓ظԽ֯౓ͷมԽ
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ਤ 4.8͔ΒɺDMIఆ਺͕૿͑ΔʹͭΕɺθinit͸૿େ͢Δ͜ͱ͕Θ͔ͬͨɻ͜ͷ݁ՌΛࣜ 1.2ʹ୅ೖ͢ΔͱɺDMI

ఆ਺͕૿͑ΔʹͭΕɺC1 ͸ݮগ͢ΔɻΑͬͯɺDMIఆ਺͕૿͑ΔʹͭΕɺୈ 2߲͸ݮগ͢Δɻ͜ΕΒͷ݁ՌΑ

ΓɺDMI=0ʹൺ΂ɺDMI> 0ͷ৔߹ͷάϥϑ͸ਤ 4.9ͷΑ͏ʹͳΔ͜ͱ͕ਪଌ͞ΕΔɻ

ਤ 4.9: DMIʹΑΔ൓సిྲྀάϥϑͷมԽͷਪଌ

͞Βʹ۩ମతͳύϧε෯ɺଛࣦఆ਺Λ͑ߟΔͱɺਤ 4.10,4.11ͷΑ͏ʹͳΔɻ

ਤ 4.10: DMIʹΑΔ൓సిྲྀάϥϑͷมԽͷਪଌ (ଛࣦఆ਺খ)
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ਤ 4.11: DMIʹΑΔ൓సిྲྀάϥϑͷมԽͷਪଌ (ଛࣦఆ਺େ)

ύϧε෯͕୹͍৔߹ࠇઢͷάϥϑ͔Β੺ઢͷάϥϑʹɺύϧε෯͕௕͍৔߹྘ઢ͔Β੨ઢʹɺͦΕͧΕDMIʹ

ΑͬͯมԽ͢Δͱਪଌ͞ΕΔɻਤ 4.10ͷΑ͏ʹଛࣦఆ਺͕খ͍͞৔߹ɺͲͪΒͷύϧε෯ͷ৔߹΋൓సిྲྀ஋͸

গ͢ΔɻҰํɺਤݮ 4.11ͷΑ͏ʹଛࣦఆ਺͕େ͖͍৔߹ɺ୹͍ύϧε෯ͷ৔߹͸൓సిྲྀ஋͸ݮগ͢Δ͕ɺ௕͍

ύϧε෯ͷ৔߹͸൓సిྲྀ஋͕૿େ͢Δɺͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ

͜ͷ݁ՌΛ਺஋తʹٻΊΔ͜ͱ͕Ͱ͖ͳ͍͔ͨ͠࡯ߟɻͦ͜ͰɺDMIʹΑΔ࣮ޮతͳKeff
u ͱ θ0 ͷมԽΛௐ΂

ͨɻୈ 1߲ͷํ͸ҟํੑఆ਺͕Ωʔͱͳ͍ͬͯͨɻ͔͠͠ɺ࣓ؾϞʔϝϯτ͕ਨ௚ํ޲Λ͍͍ͯ޲Δ৔߹ɺ͍ͯ޲

͍Δํ޲ͱ͸ٯͷํ޲ʹ੩࣓ք͕ՃΘΔɻΑͬͯɺ࣮ޮతͳҟํੑ࣓ք͸ݮগ͢Δɻͦ͜ͰɺHeff
k =ҟํੑ࣓ք-

੩࣓քͱͨ͑ߟɻΑͬͯɺ

Heff
k = Hkz −Hdz

2Keff
u

Ms
=

2Ku

Ms
−Hdz

Keff
u = Ku − Ms

2
Hdzɹ (4.5)

ͱͨ͑ߟɻͦ͜Ͱɺ֤ฏߧঢ়ଶʢʹॳ࣓ظԽߏ଄ʣͰͷHdz Λ࢖༻ͯ͠ɺDMI=0ͷ৔߹ʹର͢Δ֤ DMI஋Ͱͷ

ׂ߹ΛٻΊͨɻ

ࣜ 4.5Ͱͷ݁ՌΛਤ 4.12,4.13ʹࣔ͢ɻ
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ਤ 4.12: DMIʹΑΔHD,Keff
u ͷมԽ (α = 1.0)
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ਤ 4.13: DMIʹΑΔKeff
u ͱ൓సిྲྀີ౓ͷมԽ (α = 1.0)

੺ઢ͸ύϧε෯ 1nsͰͷ൓సిྲྀ஋ͷׂ߹ɺ྘ઢ͸ύϧε෯ 10nsͰͷ൓సిྲྀ஋ͷׂ߹ɺࠇઢ͸֤ DMI஋ͷ

࣌ͷKu ͷׂ߹ɺԫઢ͸ࠓճͨ͠ࢉܭKeff
u ͷׂ߹Λද͍ͯ͠Δɻ

࣍ʹɺॳ࣓ظԽߏ଄͔Β θ0 Λ࣮ٻʹࡍΊɺࣜ 1.2ʹ୅ೖͯ͠ C1 ΛٻΊͨɻ

݁ՌΛਤ 4.14ʹࣔ͢ɻ



36 ୈ 4ষ ୯૚ߏ଄ʹ͓͚Δ൓సిྲྀ஋ͷ DMIґଘੑ

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  0.2  0.4  0.6  0.8  1
 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

j sw
x /

 j s
w

0

C
1x

 / 
C

10

D (erg/cm2)

jsw(1ns)
jsw(10ns)

jsw(100ns)
jsw(0.1ns)

jsw(0.01ns)
C1

ਤ 4.14: DมԽʹΑΔ C1 ͷมԽ (α = 0.0001)

ਤ 4.13ΑΓɺୈ 1߲ଆͰ͸ύϧε෯͕ແݶେʹ͚ۙͮ͹ۙͮ͘΄ͲɺDMI=0ʹରͯ͠ͷ൓సిྲྀີ౓ͷׂ߹

Keffͨ͑ߟ͕
u ʹ͍ۙͮͨɻਤ 4.14ΑΓɺୈ 2߲ଆͰ͸ύϧε෯͕ 0ʹۙͮ͘΄ͲɺDMI=0ʹରͯ͠ͷ൓సిྲྀ

ີ౓ͷׂ߹͕ C1 ͷࢉܭ஋ʹ͍ۙͮͨɻ

͜ͷ͜ͱ͔Βɺࣜ 1.1ʹਤ 4.13,4.14͔ΒಘΒΕͨ஋Λ୅ೖ͢Δ͜ͱʹΑͬͯɺۙࣅతʹ൓సిྲྀ஋͕ٻ·Δ͜ͱ

ʹͳΔɻΑͬͯɺDMIʹΑͬͯୈ 1߲ଆͰ͸Keff
u ͕૿େͨͨ͠Ί൓సిྲྀ஋͕૿େ͠ɺୈ 2߲ଆͰ͸ C1͕ݮগ

ͨͨ͠Ί൓సిྲྀ஋͕ݮগͨ͜͠ͱ͕ఆྔతʹ֬ೝͰ͖ͨɻ

4.4 ·ͱΊ

ຊষͰ͸γϛϡϨʔγϣϯΛ༻͍ͯɺDMIʹΑΔ೤҆ఆੑͱ൓సిྲྀີ౓ͷมԽΛௐ΂ͨɻ

ύϧε෯͕୹͘ɺα͕খ͍͞৔߹ɺDMIʹΑͬͯ൓సిྲྀΛ௿ݮͰ͖ͨɻDMIʹΑΔ൓సిྲྀີ౓ͷ௿ݮ཰͸ɺ

ύϧε෯͕ 1ns ͷͱ͖࠷େ 33%ɺύϧε෯͕ 10ns ͷͱ͖࠷େ 10%Ͱ͋ͬͨɻΑͬͯɺύϧε෯Λ୹͘͢Ε͹ɺ

೤҆ఆੑΛอͬͨ··ɺ൓సిྲྀີ౓ͷ௿͕ݮՄೳͰ͋Δ͜ͱ͕Θ͔ͬͨɻ͜ͷ݁Ռ͸ɺઌڀݚߦͰܝग़͞Εͨ

൓సిྲྀ஋ͷ࣮͔ࣜݧΒղੳ͢Δ͜ͱ͕Ͱ͖ͨɻ
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ຊষͰ͸ɺECCߏ଄ʹ͓͚ΔDMIޮՌͱ૚ؒަ׵ఆ਺ʹΑΔ೤҆ఆੑͱ൓సిྲྀີ౓ͷมԽΛௐ΂Δɻ୯૚ͷ

৔߹ͱಉ͘͡ɺϚΠΫϩϚάωςΟοΫϞσϧΛ༻͍ͯɺΤωϧΪʔόϦΞΛ֤ DMIఆ਺ʹ͓͍ͯௐ΂ɺΤωϧ

ΪʔόϦΞͷ DMIఆ਺มԽɺ૚ؒަ׵ఆ਺มԽΛٻΊɺͦͷ݁ՌΑΓɺ֤ DMIఆ਺ɺ૚ؒަ׵ఆ਺ʹ͓͚Δ೤

҆ఆੑͷอͨΕΔKu ΛٻΊΔɻಘΒΕͨKuɺDɺAinter ͷ૊Έ߹ΘͤΛ༻͍ͯεϐϯ஫ೖ࣓Խ൓సγϛϡϨʔ

γϣϯΛ͍ߦɺ࠷খ൓సిྲྀີ౓Λௐ΂ɺ֤ύϧε෯ʹ͓͚Δ൓సిྲྀີ౓ͷ DMIఆ਺มԽɺ૚ؒަ׵ఆ਺มԽ

Λࣔ͢ɻޙ࠷ʹɺDMIΛؚΉ૚ΛมԽͤ͞ɺͦͷӨڹΛௐࠪͨ͠ɻ

5.1 ΤωϧΪʔόϦΞͷKuൺґଘੑ

ECCߏ଄͸ɺιϑτ૚ͱϋʔυ૚͔Βߏ੒͞ΕΔɻDMI͸ɺք໘ʹදΕΔޮՌͰ͋ΔͨΊɺ2૚ߏ଄Ͱ͋Δ

ECCߏ଄Ͱ͸ย૚ͷΈʹ DMI͕͋Δ΋ͷͱ͢Δɻιϑτ૚ͱϋʔυ૚ͷ̎૚ͷ Ku Λม͑Δ͜ͱʹΑΓɺ೤҆

ఆੑࢦ਺͕֤D஋ʹରͯ͠े෼ͳ஋ (∆ ≥60)ͱͳΔΑ͏ʹ͠ɺͦͷ૊Έ߹ΘͤͰ൓సిྲྀີ౓ͷมԽΛௐ΂Δɻ

͜͜Ͱ͸ɺඞཁͱͳΔKu ͱDͷ஋ͷ૊Έ߹ΘͤΛܾఆ͢Δɻ

ΤωϧΪʔόϦΞͷܭଌͷγϛϡϨʔγϣϯʹ༻͍ͨࢉܭ৚݅ΛɺҎԼʹࣔ͢ɻ
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

α = 1.0

m⃗ = (1.0, 0.0, 0.0)

tp = 8.0 ns ɹ

Ainter = 1.0 µerg/cm

(5.1)

ҎԼͷύϥϝʔλΛมͯ͠ߋγϛϡϨʔγϣϯΛͨͬߦɻ

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

DMI = 0.0ʙ1.0 erg/cm2

Khard
u = 0.0ʙ15.0 Merg/cm3

Ksoft
u = 0.0ʙ15.0 Merg/cm3

(5.2)

݁ՌΛਤ 5.1,5.2ʹࣔ͢ɻ
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ਤ 5.1,5.2͔Βɺ೤҆ఆੑࢦ਺∆ =60ͱͳΔKhard
u ͱKsoft

u ͱDͷ஋ͷ૊Έ߹ΘͤΛܾఆ͢Δɻ

݁ՌΛਤ 5.3,5.4ʹࣔ͢ɻ
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ਤ 5.4: ೤҆ఆੑࢦ਺∆ = 60ͱͳΔ࠷খͷҟํੑఆ਺Ku ͷ૊Έ߹Θͤ (DMIιϑτ૚)

ਤ 5.3,5.4ʹ͓͍ͯɺेࣈ఺͸֤ DMIఆ਺ʹ͓͚Δ୯૚࣌ͷҟํੑఆ਺Λද͍ͯ͠Δɻਤ 5.3,5.4ΑΓɺجຊత

ʹ͸ϋʔυ૚ͱιϑτ૚ͷͦΕͧΕͷҟํੑఆ਺ͷ࿨͕ҰఆͰ͋Ε͹೤҆ఆੑ͕อͨΕ͍ͯΔ͜ͱ͕Θ͔ͬͨɻ

Αͬͯɺ೤҆ఆੑ͸ɺϋʔυ૚ͱιϑτ૚ͷҟํੑఆ਺ͷ࿨ʹൺྫ͢Δ͜ͱ͕෼͔ͬͨɻͨͩ͠ɺ྆૚ͷҟํੑ

ఆ਺͕ಉҰͳ஋෇ۙͰ͸ɺඞཁͳҟํੑఆ਺͸Լ͕Δ͜ͱ͕෼͔ͬͨɻ·ͨɺͦͷ஋͸୯૚࣌ͷҟํੑఆ਺ͱಉ

ҰͱͳΔ͜ͱ͕Θ͔ͬͨɻ

·ͨਤ 5.3,5.4ΑΓɺ֤ DMI஋ʹ͓͍ͯඞཁͳ೤҆ఆੑΛຬͨ͢Khard
u ͱKsoft

u Λද 5.1ʹࣔ͢ɻ
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ද 5.1: ֤ DMI஋ʹ͓͚Δ∆ ≥ 60ͱͳΔ࠷খͷKu (erg/cm2)

D(erg/cm2) DMIϋʔυ૚Ku ൺ 3:1 DMIϋʔυ૚Ku ൺ 1:0 DMIιϑτ૚Ku ൺ 3:1 DMIιϑτ૚Ku ൺ 1:0

0.0 5.34,1.78 7.12,0.00 5.31,1.77 7.11,0.00

0.1 5.46,1.82 7.29,0.00 5.46,1.82 7.29,0.00

0.2 5.61,1.87 7.49,0.00 5.61,1.87 7.50,0.00

0.4 6.00,2.00 8.02,0.00 6.00,2.00 8.02,0.00

0.6 6.51,2.17 8.68,0.00 6.48,2.16 8.67,0.00

0.8 7.08,2.36 9.45,0.00 7.05,2.35 9.46,0.00

1.0 7.77,2.59 10.4,0.00 7.77,2.59 10.41,0.00

5.2 ൓సిྲྀͷKuൺґଘੑ

લઅʹܾͯఆͨ͠Khard
u ͱKsoft

u ͱDͷ૊Έ߹ΘͤΛ༻͍ͯ࠷খ൓సిྲྀີ౓Λௐ΂ͨɻҎԼͷύϥϝʔλΛ

มͯ͠ߋγϛϡϨʔγϣϯΛͨͬߦɻ

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

α = 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1.0

tp = 1.0, 3.0, 10.0 nsɹ

Hx
EXT = 0.95ʙ1.05 Oe

(5.3)

݁ՌΛਤ 5.5,5.6,5.7,5.8ʹࣔ͢ɻ
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(g) ଛࣦఆ਺ α = 1

ਤ 5.5: ECCߏ଄ʹ͓͚Δ DMIٴͼ αʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIϋʔυ૚)
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(f) ଛࣦఆ਺ α = 0.3

 0

 0.5

 1

 1.5

 2

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

j sw
x/j
sw

0

D (erg/cm2)

tp=1ns, Ku0:1
tp=1ns, Ku1:3

tp=10ns, Ku0:1
tp=10ns, Ku1:3

tp=1ns,SL
tp=10ns,SL

(g) ଛࣦఆ਺ α = 1

ਤ 5.6: ECCߏ଄ʹ͓͚Δ DMIٴͼ αʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIιϑτ૚)
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(b) ύϧε෯ tp = 1 ns, Ku ൺ 1:3

 10

 100

 1000

 10000

 0.001  0.01  0.1  1

j sw
(G

A
/m

2
)

α 

DMI=0.0 erg/cm2

DMI=0.1 erg/cm2

DMI=0.2 erg/cm2

DMI=0.4 erg/cm2

DMI=0.6 erg/cm2

DMI=0.8 erg/cm2

DMI=1.0 erg/cm2

DMI=0.0 erg/cm2,SL

(c) ύϧε෯ tp = 10 ns, Ku ൺ 0:1
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ਤ 5.7: αɺDMIɺύϧε෯ɺKu ൺͰͷ൓సిྲྀີ౓ͷมԽ (DMIϋʔυ૚)
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(c) ύϧε෯ tp = 10 ns, Ku ൺ 0:1
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ਤ 5.8: αɺDMIɺύϧε෯ɺKu ൺͰͷ൓సిྲྀີ౓ͷมԽ (DMIιϑτ૚)

ਤ 5.5,5.6,5.7,5.8ʹ͓͍ͯɺϓϩοτ͞Ε͍ͯͳ͍఺͸൓సج४Λͨ͞ݟͳ͔ͬͨ৚݅Ͱ͋Δɻਤ 5.5,5.6,5.7,5.8

ΑΓɺKuൺ཰͕ 1:3ͱ 0:1Ͱ͸൓సిྲྀີ౓ʹ΄ͱΜͲ͕ࠩݟΒΕͳ͍͜ͱ͕Θ͔ͬͨɻ·ͨɺDMIΛؚΉ૚ͷ

มԽͰ΋൓సిྲྀີ౓ʹ΄ͱΜͲ͕ࠩݟΒΕͳ͍͜ͱ͕Θ͔ͬͨɻ·ͨɺα͕খ͍࣌͞ɺDMIʹΑͬͯ൓సిྲྀ

ີ౓͕௿͢ݮΔ޲܏ʹ͋ͬͨɻٯʹ α͕େ͖͍࣌ɺDMIʹΑͬͯ൓సిྲྀີ౓͕૿େ͢Δ޲܏ʹ͋ͬͨɻ·ͨɺ

ύϧε෯͕୹͍΄ͲɺDMIʹΑͬͯ൓సిྲྀີ౓͕௿͢ݮΔ αͷൣғ͕͕޿Δ޲܏ʹ͋ͬͨɻ͞Βʹɺύϧε෯

͕୹͍΄ͲɺDMIʹΑΔݮগ཰͕େ͖͍͜ͱ͕Θ͔ͬͨɻύϧε෯ 1nsٴͼ 10nsͷ࠷େ൓సిྲྀີ౓௿ݮ཰͸ɺ

ͼٴ40% 10%Ͱ͋ͬͨɻ͜͜Ͱɺ୯૚ͷ৔߹ͱ ECCߏ଄ͷ৔߹Λൺֱ͢Δɻਤ 5.5,5.6ΑΓɺECCߏ଄ʹ͓͚Δ

DMIʹΑΔ૿ݮ཰͸ɺ୯૚ߏ଄ͷ৔߹ΑΓѱ͘ͳΔ͜ͱͳ͔ͬͨɻ۩ମతʹ͸ɺ൓సిྲྀ͕௿͢ݮΔ৔߹͸͋·

ΓมΘΓͳ͘ɺ૿େ͢Δ৔߹͸୯૚ߏ଄ΑΓ΋͋·Γ૿େ͠ͳ͍޲܏ʹ͋ͬͨɻ

5.3 ΤωϧΪʔόϦΞͷAinterґଘੑ

5.2અͰ͸ɺ૚ؒަ͘ڧ͕߹݁׵୯૚ͱಉҰͷ΋ͷΛѻͬͨ͜ͱͱಉ͡Ͱ͋ͬͨɻͦͷͨΊɺ୯૚ߏ଄ͱ ECC

଄Ͱ͸ιϑτ૚ʹεϐϯΛྲྀ͠ߏ଄ʹΑΔϝϦοτ͕ແ͔ͬͨɻECCߏ଄ͷ݁Ռ͕ಉҰͱͳͬͯ͠·͍ɺECCߏ

൓సͤ͞ɺϋʔυ૚͕ιϑτ૚ʹͭΒΕͯ൓స͢Δɺͱ͍͏ྲྀΕͰ͋Δ͜ͱ͔Βɺ͋Δఔ౓͸૚ؒަ݁׵߹͕ऑ

͍΋ͷΛ࢖༻ͨ͠ํ͕ྑ͍ͱਪଌͰ͖Δɻͦ͜Ͱɺ͜ͷઅ͔Β͸૚ؒަ݁׵߹ఆ਺ Ainter Λখͨ͘͞͠΋ͷΛ࢖

༻͠ɺͦͷӨڹΛௐ΂Δɻ·ͣ೤҆ఆੑࢦ਺͕อ࣋Ͱ͖Δҟํੑఆ਺ͷ૊߹ͤΛٻΊͨɻ
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(b) ૚ؒަ݁׵߹ఆ਺ Ainter = 0.1 µerg/cm
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(c) ૚ؒަ݁׵߹ఆ਺ Ainter = 0.05 µerg/cm

ਤ 5.9: ೤҆ఆੑࢦ਺∆ = 60ͱͳΔ࠷খͷҟํੑఆ਺Ku ͷ૊Έ߹Θͤͷ Ainter มԽ (DMIϋʔυ૚)

ਤ 5.9ʹ͓͍ͯɺेࣈ఺͸֤ DMIఆ਺ʹ͓͚Δ୯૚ߏ଄࣌ͷҟํੑఆ਺Λද͍ͯ͠ΔɻAinter = 1.0 µerg/cm

ʹൺ΂ͯɺAinterΛԼ͛Δͱɺάϥϑ͕࣍ୈʹ௚ઢ͔ΒۂઢʹܗΛม͑ͨɻKuൺ཰Λۃ୺ʹ͢Δ΄ͲɺඞཁͳKu

ͷ࿨͕૿େͨ͠ɻ͔͠͠ɺेࣈ఺͸ඞͣ௨͍ͬͯͨɻ

5.4 ൓సిྲྀͷAinterґଘੑ

લઅʹܾͯఆͨ͠Khard
u ͱKsoft

u ͱDͷ૊Έ߹ΘͤΛ༻͍ͯ࠷খ൓సిྲྀີ౓Λௐ΂ͨɻҎԼͷύϥϝʔλΛ

มͯ͠ߋγϛϡϨʔγϣϯΛͨͬߦɻ

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

α = 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1.0

tp = 1.0, 10.0 nsɹ

Ainter = 1.0, 0.3, 0.1, 0.09, 0.08, 0.07, 0.06, 0.05, 0.04, 0.03, 0.02, 0.01 erg/cm

Hx
EXT = 0.95ʙ1.05 Oe

(5.4)

݁ՌΛਤ 5.10ʙ5.17ʹࣔ͢ɻ
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(b) ଛࣦఆ਺ α = 0.001,Ku ൺ 1:3
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(c) ଛࣦఆ਺ α = 0.003,Ku ൺ 0:1
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(d) ଛࣦఆ਺ α = 0.003,Ku ൺ 1:3
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(e) ଛࣦఆ਺ α = 0.01,Ku ൺ 0:1
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(f) ଛࣦఆ਺ α = 0.01,Ku ൺ 1:3

 100

 150

 200

 250

 300

 350

 400

 0  0.2  0.4  0.6  0.8  1

j sw
(G

A
/m

2
)

D (erg/cm2)

Ainter=1.0µerg/cm
Ainter=0.1µerg/cm

Ainter=0.08µerg/cm
Ainter=0.06µerg/cm
Ainter=0.04µerg/cm
Ainter=0.02µerg/cm

SL

(g) ଛࣦఆ਺ α = 0.03,Ku ൺ 0:1
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(h) ଛࣦఆ਺ α = 0.03,Ku ൺ 1:3

ਤ 5.10: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIϋʔυ૚ɺଛࣦఆ਺ α =

0.001 ʙ 0.03,ύϧε෯ tp=1 ns)
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(a) ଛࣦఆ਺ α = 0.1,Ku ൺ 0:1
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(b) ଛࣦఆ਺ α = 0.1,Ku ൺ 1:3
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(c) ଛࣦఆ਺ α = 0.3,Ku ൺ 0:1
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(d) ଛࣦఆ਺ α = 0.3,Ku ൺ 1:3
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(e) ଛࣦఆ਺ α = 1.0,Ku ൺ 0:1
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(f) ଛࣦఆ਺ α = 1.0,Ku ൺ 1:3

ਤ 5.11: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIϋʔυ૚ɺଛࣦఆ਺ α =

0.1 ʙ 1.0,ύϧε෯ tp=1 ns)
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(a) ଛࣦఆ਺ α = 0.001,Ku ൺ 0:1
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ਤ 5.12: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIϋʔυ૚ɺଛࣦఆ਺ α =

0.001 ʙ 0.03,ύϧε෯ tp=10 ns)



50 ୈ 5ষ ECCߏ଄ʹ͓͚Δ൓సిྲྀ஋ͷ DMIґଘੑ

 100

 150

 200

 250

 300

 350

 400

 450

 0  0.2  0.4  0.6  0.8  1

j sw
(G

A
/m

2
)

D (erg/cm2)

Ainter=1.0µerg/cm
Ainter=0.1µerg/cm

Ainter=0.08µerg/cm
Ainter=0.06µerg/cm
Ainter=0.04µerg/cm
Ainter=0.02µerg/cm

SL

(a) ଛࣦఆ਺ α = 0.1,Ku ൺ 0:1

 100

 150

 200

 250

 300

 350

 400

 450

 0  0.2  0.4  0.6  0.8  1

j sw
(G

A
/m

2
)

D (erg/cm2)

Ainter=1.0µerg/cm
Ainter=0.1µerg/cm

Ainter=0.08µerg/cm
Ainter=0.06µerg/cm
Ainter=0.04µerg/cm
Ainter=0.02µerg/cm

SL

(b) ଛࣦఆ਺ α = 0.1,Ku ൺ 1:3

 400

 600

 800

 1000

 1200

 1400

 0  0.2  0.4  0.6  0.8  1

j sw
(G

A
/m

2
)

D (erg/cm2)

Ainter=1.0µerg/cm
Ainter=0.1µerg/cm

Ainter=0.08µerg/cm
Ainter=0.06µerg/cm
Ainter=0.04µerg/cm
Ainter=0.02µerg/cm

SL

(c) ଛࣦఆ਺ α = 0.3,Ku ൺ 0:1

 400

 600

 800

 1000

 1200

 1400

 0  0.2  0.4  0.6  0.8  1

j sw
(G

A
/m

2
)

D (erg/cm2)

Ainter=1.0µerg/cm
Ainter=0.1µerg/cm

Ainter=0.08µerg/cm
Ainter=0.06µerg/cm
Ainter=0.04µerg/cm
Ainter=0.02µerg/cm

SL

(d) ଛࣦఆ਺ α = 0.3,Ku ൺ 1:3

 1000

 1500

 2000

 2500

 3000

 3500

 4000

 4500

 0  0.2  0.4  0.6  0.8  1

j sw
(G

A
/m

2
)

D (erg/cm2)

Ainter=1.0µerg/cm
Ainter=0.1µerg/cm

Ainter=0.08µerg/cm
Ainter=0.06µerg/cm
Ainter=0.04µerg/cm
Ainter=0.02µerg/cm

SL

(e) ଛࣦఆ਺ α = 1.0,Ku ൺ 0:1

 1000

 1500

 2000

 2500

 3000

 3500

 4000

 4500

 0  0.2  0.4  0.6  0.8  1

j sw
(G

A
/m

2
)

D (erg/cm2)

Ainter=1.0µerg/cm
Ainter=0.1µerg/cm

Ainter=0.08µerg/cm
Ainter=0.06µerg/cm
Ainter=0.04µerg/cm
Ainter=0.02µerg/cm

SL

(f) ଛࣦఆ਺ α = 1.0,Ku ൺ 1:3

ਤ 5.13: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIϋʔυ૚ɺଛࣦఆ਺ α =

0.1 ʙ 1.0,ύϧε෯ tp=10 ns)
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ਤ 5.14: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIιϑτ૚ɺଛࣦఆ਺ α =

0.001 ʙ 0.03,ύϧε෯ tp=1 ns)
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ਤ 5.15: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIιϑτ૚ɺଛࣦఆ਺ α =

0.1 ʙ 1.0,ύϧε෯ tp=1 ns)
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ਤ 5.16: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIιϑτ૚ɺଛࣦఆ਺ α =

0.001 ʙ 0.03,ύϧε෯ tp=10 ns)
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ਤ 5.17: ECCߏ଄ʹ͓͚ΔDMIɺαɺKuൺ཰ɺAinterʹΑΔ൓సిྲྀີ౓ͷมԽ (DMIιϑτ૚ɺଛࣦఆ਺ α =

0.1 ʙ 1.0,ύϧε෯ tp=10 ns)

ਤ 5.10ʙ5.17ʹ͓͍ͯɺϓϩοτ͞Ε͍ͯͳ͍఺͸൓సج४Λͨ͞ݟͳ͔ͬͨ৚݅Ͱ͋Δɻ5.2અͰ࢖༻ͨ͠

Ainter = 1.0 µerg/cmʹൺ΂ɺAinter ΛԼ͍͛ͯͬͨ৔߹ɺ൓సిྲྀ஋͸௿͍ͨͬͯ͠ݮɻ͔͠͠ɺAinter ΛԼ͛

ա͗Δͱ൓సిྲྀີ౓͕૿େ͢ΔΑ͏ʹͳΓɺ΍͕ͯ͸൓స͠ͳ͘ͳΔ޲܏ʹͳͬͨɻ

ਤ 5.10ʙ5.13ΑΓɺ࠷΋൓సిྲྀີ౓͕௿͍৔߹ͷAinterΛநग़͠ɺ୯૚ߏ଄ͷ΋ͷͱൺֱͨ͠ɻ݁ՌΛਤ 5.18
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(a) Ku ൺ 0:1, ύϧε෯ tp=1 ns
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(b) Ku ൺ 1:3, ύϧε෯ tp=1 ns
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(c) Ku ൺ 0:1, ύϧε෯ tp=10 ns
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(d) Ku ൺ 1:3, ύϧε෯ tp=10 ns

ਤ 5.18: ఆ਺Ͱͷ׵ަ߹దͳ૚ؒ݁࠷ αɺDMIɺύϧε෯ɺKu ൺͰͷ൓సిྲྀີ౓ͷมԽ (DMIϋʔυ૚)
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(a) Ku ൺ 0:1, ύϧε෯ tp=1 ns
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(b) Ku ൺ 1:3, ύϧε෯ tp=1 ns
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(c) Ku ൺ 0:1, ύϧε෯ tp=10 ns
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(d) Ku ൺ 1:3, ύϧε෯ tp=10 ns

ਤ 5.19: ఆ਺Ͱͷ׵ަ߹దͳ૚ؒ݁࠷ αɺDMIɺύϧε෯ɺKu ൺͰͷ൓సిྲྀີ౓ͷมԽ (DMIιϑτ૚)

ਤ 5.18,5.19ʹ͓͍ͯɺेࣈ఺͸൓సిྲྀີ౓Λɺ࢛֯఺͸ेࣈ఺ͱಉ͡৭ͷDMI஋ʹ͓͚Δ࠷దͳAinterΛද

͍ͯ͠Δɻେ͖͍૚ؒަ݁׵߹ఆ਺ͷ৔߹Ku ൺ཰Ͱ͋·Γҧ͍͸ͳ͍͕ɺখ͍͞૚ؒަ݁׵߹ఆ਺ͷ৔߹ɺKu

ൺ཰͕ 0:1ͷ৔߹ͷํ͕ 1:3ͷ৔߹ΑΓ൓సిྲྀີ౓͕ΑΓԼ͕͍ͬͯΔɻ͔͠͠ɺKuൺ཰͕ 1:3ͷ৔߹ͷํ͕ɺ

൓సిྲྀີ౓͕Լ͕Δ૚ؒަ݁׵߹ఆ਺ͷൣғ͕͘޿ɺͦͷ෼࠷దͳ૚ؒަ݁׵߹ఆ਺ͷ৔߹ɺKu ൺ཰ 1ɿ3ͷ

৔߹ͷํ͕൓సిྲྀີ౓͕௿͘ͳΔ͕࣌͋ͬͨɻਤ 5.10ʙ5.19ΑΓɺશͯͷύϧε෯ɺଛࣦఆ਺ɺDMIఆ਺ʹ͓

͍ͯɺECCߏ଄Ͱ࠷దͳ૚ؒަ݁׵߹ఆ਺ͷ৔߹୯૚ߏ଄ͷ৔߹ΑΓ 3ׂҎ্൓సిྲྀີ౓͕௿ͨ͠ݮɻ·ͨɺ

ECCߏ଄Ͱ࠷దͳ૚ؒަ݁׵߹ఆ਺ͷ৔߹୯૚ߏ଄ͰDMIఆ਺D = 0.0 erg/cm2ͷ৔߹ΑΓɺύϧε෯ tp=1ns

ͷ࣌࠷େ໿ 72ˋɺύϧε෯ tp=10sͷ࣌࠷େ໿ 80ˋ൓సిྲྀີ౓͕௿ͨ͠ݮɻ

5.5 ·ͱΊ

ຊষͰ͸γϛϡϨʔγϣϯΛ༻͍ͯɺECCߏ଄ʹ͓͚Δ೤҆ఆੑͱ൓సిྲྀີ౓ʹ༩͑ΔӨڹΛௐ΂ͨɻ

୯૚ߏ଄ͱಉ͘͡ɺύϧε෯͕୹͘ɺα͕খ͍͞ͱDMIޮՌʹΑͬͯ൓సిྲྀ͕௿ݮͰ͖ͨɻ೤҆ఆੑࢦ਺∆ ≥ 60

ͱͳΔ࠷খͷKuʹͨ͠ͱ͖ɺύϧε෯ 1nsٴͼ 10nsͷ࠷େ൓సిྲྀີ౓௿ݮ཰͸ɺ40%ٴͼ 10%Ͱ͋ͬͨɻΑͬ

ͯɺύϧε෯Λ୹͍৔߹ɺ൓సిྲྀີ౓ͷ௿͕ݮՄೳͰ͋Δ͜ͱ͕Θ͔ͬͨɻ·ͨɺKu ൺ཰΍ DMIΛؚΉ૚ͷ

มԽʹΑͬͯ͸൓సిྲྀີ౓͸΄ͱΜͲมΘΒͳ͔ͬͨɻ

࣍ʹɺ૚ؒަ׵ఆ਺ͷޮՌΛௐ΂ͨɻAinterΛԼ͛Δͱɺಛఆͷ஋·Ͱ͸൓సిྲྀີ౓͸ݮগ͢Δ͕ɺখ͘͞͠

͗͢Δͱ൓సిྲྀ஋͸૿େ͢Δ͜ͱ͕Θ͔ͬͨɻશͯͷύϧε෯ɺଛࣦఆ਺ɺDMIఆ਺ʹ͓͍ͯɺECCߏ଄Ͱ࠷

దͳ૚ؒަ݁׵߹ఆ਺ͷ৔߹ɺ୯૚ߏ଄ͷ৔߹ΑΓ 3ׂҎ্൓సిྲྀ஋͕௿ͨ͠ݮɻ·ͨɺECCߏ଄Ͱ࠷దͳ૚

଄Ͱߏఆ਺ͷ৔߹ɺ୯૚߹݁׵ަؒ DMIఆ਺D = 0.0 erg/cm2 ͷ৔߹ΑΓɺύϧε෯ 1nsٴͼ 10nsͷ࠷େ൓స

ిྲྀີ౓௿ݮ཰͸ɺ72%ٴͼ 80%Ͱ͋ͬͨɻύϧε෯ tp=1nsͷ࣌࠷େ໿ 72ˋɺύϧε෯ tp=10sͷ࣌࠷େ໿ 80
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ˋ൓సిྲྀ஋͕௿ͨ͠ݮɻΑͬͯɺAinterΛௐ੔͢Ε͹ɺ୯૚ߏ଄ʹൺ΂ͯ೤҆ఆੑΛอͬͨ··ɺ൓సిྲྀີ౓

ͷߋͳΔ௿͕ݮՄೳͰ͋Δ͜ͱ͕Θ͔ͬͨɻ
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ୈ6ষ ·ͱΊ

ͳ͘ͳΔͱอ͍࣋ͯ͠Δ৘ใΛࣦ͕ͬڅڙϝϞϦͰ͋ΔͨΊɺిྗͷੑൃشΕ͍ͯΔϝϞϦͷଟ͘͸͞༺࢖ࡏݱ

ͯ͠·͏໰୊͕͋ΔɻҰํɺ࣓ؾ఍߅ϝϞϦͳͲͷෆੑൃشϝϞϦ͸ɺৗʹిྗͷ͕څڙແͯ͘΋৘ใΛอ࣋Ͱ

͖Δɻ࣓ؾ఍߅ϝϞϦͷҰछͷ STT-MRAM ͸ɺϝϞϦηϧαΠζΛখ͘͢͞Δͱॻ͖ࠐΈిྲྀΛখ͘͞Ͱ͖Δ

ͨΊɺେ༰ྔϝϞϦͷ࣮ظ͕ݱ଴͞Ε͍ͯΔɻ͔͠͠ϝϞϦηϧαΠζ͕খ͘͞ͳΔͱɺ೤҆ఆੑ͕อͨΕͳ͍

໰୊͕͋Δɻͦ͜Ͱ STT-MRAMʹର͠ɺDMI ʹΑΔ࣓ੑݱ৅ͷมԽʹΑ্ͬͯهͷ໰୊ΛղܾͰ͖ΔՄೳੑΛ

ɻ͞Βʹɺຊ࿦จͰ͸γϛϡϨʔγϣϯΛ༻͍ɺDMIʹΑͬͯͨ͑ߟ STT-MRAMͷ൓సిྲྀີ౓௿ޮݮՌΛݕ

౼ͨ͠ɻڀݚͰ͸ɺैདྷܕͷ୯૚ߏ଄ٴͼ ECCߏ଄ʹରͯ͠ௐࠪͨ͠ɻ

·ͣ୯૚ߏ଄Ͱ DMIʹΑΔ൓సిྲྀີ౓ͷมԽΛௐࠪͨ͠ɻ֤ DMIఆ਺ʹରͯ͠೤҆ఆੑ͕อͯΔҟํੑఆ

਺஋ΛٻΊɺಘΒΕͨҟํੑఆ਺஋Λ༻͍ͯγϛϡϨʔγϣϯΛͨͬߦͱ͜Ζɺ൓సిྲྀີ౓͸ύϧε෯͕୹͘ɺ

α͕খ͍͞΄Ͳ௿͢ݮΔ͜ͱ͕Θ͔ͬͨɻDMIʹΑΔ൓సిྲྀີ౓ͷ௿ݮ཰͸ɺύϧε෯͕ 1ns ͷͱ͖࠷େ 33%ɺ

ύϧε෯͕ 10ns ͷͱ͖࠷େ 10%Ͱ͋ͬͨɻ͜ͷ݁Ռ͸ɺઌڀݚߦͰܝग़͞Εͨ൓సిྲྀ஋ͷ࣮͔ࣜݧΒղੳ͢Δ

͜ͱ͕Ͱ͖ͨɻα͕େ͖͍৔߹ɺ೤҆ఆੑΛҡ࣋͢ΔͨΊʹKuΛ૿Ճͤͨͨ͞Ίʹɺ൓సిྲྀີ౓͕૿େ͢Δ͜

ͱ͕Θ͔ͬͨɻα͕খ͍͞৔߹ɺDMIʹΑΔॳ࣓ظԽ֯౓ θ0͕૿Ճ͢ΔͨΊʹ൓సిྲྀີ౓͕ݮগ͢Δ͜ͱ͕Θ

͔ͬͨɻ

࣍ʹ ECCߏ଄Ͱ DMIʹΑΔ൓సిྲྀີ౓ͷมԽΛௐࠪͨ͠ɻ૚ؒަ݁׵߹ఆ਺ΛมԽͤ͞ͳ͍৔߹ɺ൓సి

ྲྀີ౓ͷ௿ݮ཰͸୯૚ͷ৔߹ͱಉ༷Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ૚ؒަ݁׵߹ఆ਺Λখ͘͢͞Δͱɺಛఆͷ஋·Ͱ͸

൓సిྲྀ஋͸ݮগ͢Δ͕ɺখ͘͞͠ա͗Δͱ൓సిྲྀີ౓͸૿େ͢Δ͜ͱ͕Θ͔ͬͨɻશͯͷύϧε෯ɺଛࣦఆ

਺ɺDMIఆ਺ʹ͓͍ͯɺECCߏ଄Ͱ࠷దͳ૚ؒަ݁׵߹ఆ਺Λ༻͍ͨ৔߹ɺ୯૚ߏ଄ͷ৔߹ΑΓ 3ׂʙ4ׂ൓స

ిྲྀ஋͕௿ͨ͠ݮɻ·ͨɺECCߏ଄Ͱ࠷దͳ૚ؒަ݁׵߹ఆ਺ͷ৔߹୯૚ߏ଄Ͱ DMIఆ਺D = 0.0 erg/cm2 ͷ

৔߹ΑΓɺύϧε෯ tp=1nsͷ࣌࠷େ໿ 72ˋɺύϧε෯ tp=10nsͷ࣌࠷େ໿ 80ˋ൓సిྲྀ஋͕௿ͨ͠ݮɻΑͬ

ͯɺ૚ؒަ݁׵߹ఆ਺Λௐ੔͢Ε͹ɺ୯૚ߏ଄ʹൺ΂ͯ೤҆ఆੑΛอͬͨ··ɺ൓సిྲྀີ౓ͷߋͳΔ௿͕ݮՄ

ೳͰ͋Δ͜ͱ͕Θ͔ͬͨɻ

Ҏ্ͷ݁ՌΑΓɺDMIޮՌͱ ECCߏ଄͸ STT-MRAMͷߴ଎ಈ࣌࡞ʹ͓͚Δ൓సిྲྀͷ௿ݮʹ༗ޮͰ͋Δ͜

ͱ͕Θ͔ͬͨɻ
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