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⤖ᬗ୰ࡢ᱁ᏊḞ㝗ࡢ⏕ᡂᾘ⁛㐣⛬ࢆࢺ࣮࣑ࣞࣗࢩࡢ┠ⓗࠊ࡚ࡋ࡜㧗㏿໬ศᏊືຊᏛィ⟬

ࢆᥦ᱌ࡈࡢᇶ♏ゎᯒ࡜㛤Ⓨ࣒ࣛࢢࣟࣉࠊ࡚࠼ࡲ㋃ࢆᯝ⤖ࡢࡑࠋࡓࡋࡲࡋࡓ࠸ㄪᰝ࡚࠸ࡘ࡟

 ࠋࡍࡲࡁࡔࡓ࠸࡚ࡏࡉ

 ࠋࡍࡲࡆୖࡋ⏦࠸㢪࠾ࠊ࠺ࡼࡍࡲ࠸ࡉࡔࡃ࿨⏝ࡈ࡟♫ᘢࡦࡐࠊ࠼࠺ࡢウ᳨ࡈ

 

 

 

㸯㸬⫼ᬒ 

㸰㸬㧗㏿໬MD࡚࠸ࡘ࡟ 

㸱㸬ࡈᥦ᱌ 

㸲㸬⣡ရ≀࣭ᕤᮇ 

 

 

 

 



 

㸯㸯㸯㸯㸬㸬㸬㸬    ⫼ᬒ⫼ᬒ⫼ᬒ⫼ᬒ    

 

⤖ᬗ୰ࡢ᱁ᏊḞ㝗ࠊࡣ✲◊ࡢᮦᩱ⛉Ꮫࡢ୰࡛㔜せ࡞఩⨨ࢆ༨ࡢࡽࢀࡑࠋࡿࡵከࡣࡃ㠀⮬

࡛᫂⯆࿡῝ࠊࡃ࡞࡛ࡅࡔ࠸ᮦᩱࡢ≉ᛶࡶ࡟┤᥋ᙳ㡪ࢆཬࠋࡍࡰ౛ࠊ࡚ࡋ࡜ཎᏊ⅔ᮦᩱࡢ↷

ᑕᦆയ㐣⛬ࡀᣲࠋࡿࢀࡽࡆ 

⤖ᬗ୰࡛ཎᏊ✵Ꮝࡀ㸦༢఩᫬㛫ᙜ࡟ࡾࡓ㸧ࡿࡍࣉࣥࣕࢪᅇᩘࠊࡣከࡢࡃሙྜࠊḟ࠺ࡼࡢ

 ࠋࡿࡅ᭩࡟

   ( )kTE
V

−expν  

νࠊ࡛ࡇࡇ ࠊࡾ࠶᣺ືᩘ࡛ࡢཎᏊ᣺ືࡣ
V
E Tࠊᐃᩘ࣐ࣥࢶࣝ࣎ࡣkࠊ࣮ࢠࣝࢿ࢚άᛶ໬ࡣ

ࡣ࣮ࢠࣝࢿ࢚άᛶ໬ࡢື⛣ࡢཎᏊ✵ᏍࡢCuࠊࡤ࠼౛ࠋࡿ࠶ᗘ࡛ ࡣ 0.7eV⛬ᗘ࡛500ࠊࡾ࠶K

ࢆ㸦νࡣ࡛
13

10 ࡟㸧㸯⛊㛫࡚ࡋ࡜
6

10 ⛬ᗘࡕࢃ࡞ࡍࠊ 1μs࡟ 1ᅇ⛬ᗘࠋࡿࡍࣉࣥࣕࢪࠊ 

 

ࠊࡀ᪉ἲ࡞௦⾲ⓗࡢࡵࡓࡿࡍ✲◊ࡽ࠿ࡽ࠿ሙ❧࡞ࣟࢡ࣑ࢆከయ⣔࡞࠺ࡼࡢࡇࠊ࡛ࢁࡇ࡜

ศᏊືຊᏛἲ㸦MD, Molecular Dynamics㸧࡛ࠋࡿ࠶MDࠊࡣከయ⣔ࡢ㐠ື᪉⛬ᘧ್ᩘࢆⓗ

࡛⟭ィࢆ㔞⌮≀ࡢ඲࡚ࡿࡍ㛵ಀࠊࡎࡲྵࢆ㏆ఝ࡞ࡲࡉࡽ࠿࠶ࠊࡾ࠶᪉ἲ࡛ࡃ࠸࡚ࡋศ✚࡟

࣑ࢼ࢖ࢲࡸᵓ㐀ࡢ࣮ࣝࢣࢫࢰ࣓ࡸࣟࢡ࣑࠸࡞࠸࡚ࡗ࠿ࢃࡀ࡜ࡇ࠸ࡋヲࠊ࡚ࡗࡀࡓࡋࠋࡿࡁ

ࠊࡵࡓࡿࡍ࡜ᚲせࢆ※ィ⟬㈨࡞ከ኱ࠊ᪉୍࡛ࠊࡀࡿࡍⓎ᥹ࢆຊ࡞ࡁ኱࡟㝿ࡿࡍ✲◊ࢆࢫࢡ

 ࠋ࠸▷࡚ࡵࢃࡁࡣ᫬㛫ࡿࡁ࡛ࢺ࣮࣑ࣞࣗࢩ

㎸ࡕᣢࢆ㏆ఝࡢ࠿ࡽఱࠕࠊࡣࡽࢀࡑࠊࡀࡿ࠸࡚ࢀࡉᥦ᱌ࡀ㧗㏿໬MDࡢ࠿ࡘࡃ࠸ࠊ࡛ࡇࡑ

ࡴ ࡿࢀࡉ㝈ᐃࡀ㇟ゎᯒᑐࠕࠖ ࡗᣢࢆ࿡⯆ࠊࡾ࠶ࡀ࡜ࡇࠖࡿࢀࡉ㝈ᐃࡀ㔞⌮≀ࡿࡁ࡛⟭ィࠕࠖ

 ࠋࡿࢀࡽࡵồࡀ࡜ࡇࡿࡍᐇ⿦ࠊࡋ㑅ᢥࢆ᪉ἲ࡞㐺ษࠊ࡚ࡋᑐ࡟㇟⌧ࡸ⣔ࡿ࠸࡚

 

 



 

㸰㸰㸰㸰㸬㸬㸬㸬    㧗㏿໬㧗㏿໬㧗㏿໬㧗㏿໬ MDMDMDMD     ࡚࠸ࡘ࡟࡚࠸ࡘ࡟࡚࠸ࡘ࡟࡚࠸ࡘ࡟

 

㧗㏿໬ࠊ࡟࠺ࡼࡓ࡭㸯㸬⫼ᬒ࡛ࠖ㏙ࠕ MD ࡟࡝࡞㇟ゎᯒᑐࠊࢀࡒࢀࡑࠊࡾ࠶࠿ࡘࡃ࠸ࡣ

ไ㝈ࠋࡿ࠶ࡀ௒⯆࿡ࢆᣢࡿ࠸࡚ࡗ⤖ᬗ୰ࡢ᱁ᏊḞ㝗ࡢ⏕ᡂᾘ⁛㐣⛬ࡢ≉ᚩࠊ࡚ࡋ࡜ 

(A) ࡞ࣟࢡ࣑ཎᏊ᣺ື࡟ẚ࠿ࡋ࡟ࢀࡲࡃࡈࠊ࡚࡭㉳࠸࡞ࡽࡇ 

 ࠊࡓࡲࠊࡾ࠶ࡀ

(B) ᱁Ꮚ᣺ື࡞࠺ࡼࡢ⤖ᬗ඲యࡿࡓࢃ࡟㞟ᅋ㐠ືࡣᑐ㇟࠸࡞ࡋ࡜㸦⇕ຊᏛ㔞ࢆṇ☜࡟ồ

 㸧࠸࡞ࡋ࡜ⓗ┠ࡣ࡜ࡇࡿࡵ

 ࠋࡿ࠼ゝ࡜

ࡿࡍ⏝฼ࢆ(A)ࠊ࡜ࡿࡍウ᳨ࢆ㧗㏿໬MDࡿ࠶ᩘࠊ࡚࠸࠾࡟ᛕ㢌ࢆ࡜ࡇࡢࡇ Voterࡢࡽ᪉

ἲ㸦Parallel-replica dynamics, Hyperdynamics, Temperature-accelerated dynamics㸧ࠊ࡜

(B)ࢆ฼⏝ࡿࡍ Feature activated molecular dynamicsࡀ㐺ษ࡞ೃ⿵ࠋࡿ࡞࡜㸦ࡢࡽࢀࡇ᪉

ἲࠊࡣ⤫ィ㔞࠿ࡋィ⟬࡛ࡢ࣮ࣝࢣࢫࢰ࣓ࡸࣟࢡ࣑ࠊࡃ࡞ࡣ࡜ࡇ࠺࠸࡜࠸࡞ࡁᵓ㐀ࢼ࢖ࢲࡸ

 㸧ࠋࡿࡁ࡛ࡀ࡜ࡇࡿ▱ࢆࢫࢡ࣑

 

௨ୗࡢࡽࢀࡇࠊ᪉ἲࡢᴫせ࡜◊✲ᐇ⦼ࢆ⤂௓ࠊࡋᮇᚅࡿࢀࡉィ⟬⬟ຊ࡚࠸ࡘ࡟㏙ࠋࡿ࡭ 

 

㸰㸰㸰㸰㸬㸬㸬㸬㸯㸯㸯㸯㸬㸬㸬㸬    VoterVoterVoterVoter     ᪉ἲ᪉ἲ᪉ἲ᪉ἲࡢࡽࡢࡽࡢࡽࡢࡽ

    

Arthur F. Voter (Los Alamos National Laboratory) ࡀࡽ㛤Ⓨ࣭ᛂ⏝ࡓࡋ Parallel replica 

dynamics [1], Hyperdynamics [2], Temperature-accelerated dynamics [3]ࡢ≉ᚩࣅࣞࠊࡣ

࣮ࣗㄽᩥ[4]࡟グ㏙ࠊࡀࡿ࠸࡚ࢀࡉ⡆༢࡜ࡿࡵ࡜ࡲ࡟ḟࠋࡿ࡞࡟࠺ࡼࡢ 

 

࣭ Parallel-replica dynamics 

࣭ Hyperdynamics 

࣭ Temperature-accelerated dynamics 

 

ࡓ࡭㏙࡛ୖࠊࡢࡢࡶࡿ࠶ࡀ࠸Ⅼ࡛㐪࠸࠿⣽ࡣ᪉ἲࡢࡽࢀࡇ (A)ࡶࡾࡼཝ࠸ࡋ TST

㸦Transitional State Theory㸧᮲௳ࢆᚲせࡢ࣮ࣝࢣࢫࢰ࣓ࠕࠊࡣࢀࡇࠋࡿࡍ࡜≧ែ㑄⛣㸦࣏

࠸࡞ࡽࡼ࡟᠈グࡢ⛣ែ㑄≦ࡢ㐣ཤࠊࡀ㸧࡜ࡇࡿ࠼㉺ࢆ㞀ቨࣝࣕࢩࣥࢸ Markov 㐣⛬࡛ࡿ࠶

ᩘ࡞඘ศࠊᚋࡓࡗࡇ㉳ࡀ⛣ែ㑄≦ࡢ࣮ࣝࢣࢫࢰ࣓ࡿ࠶ࠊࡤࢀ࠼᥮࠸ゝࠋࡿࡍព࿡ࢆࠖ࡜ࡇ

ࠋ࠸ࡼࡤࢀࡇ㉳ࡀ⛣ែ㑄≦ࡢ࣮ࣝࢣࢫࢰ࣓ࡢḟࠊࡽ࠿࡚ࡗࡇ㉳ࡀ㐠ືࡢ࣮ࣝࢣࢫࣟࢡ࣑ࡢ

 ࠋࡿ࠼ゝ࡜ࡿ࠶㛵࡛┦↓ࡣ⛣ែ㑄≦ࡢ┠㸰ᅇ࡜⛣ែ㑄≦ࡢ┠㸯ᅇࠊ᫬ࡢࡇ

 

ࡀ௳ィ⟬᮲ࠊࡣ࡛ࡇࡇࠊࡀࡿ࠶ၥ㢟࡛ࡀ࠿ࡿฟࡀ⬟ᛶࡢᗘ⛬ࡢ࡝࡚࠸⏝ࢆ᪉ἲࡢࡽࢀࡇ

 ࠊ㏆ఝⓗ࡛ࡾࡼ

 ࠋࡿ࡞ࡃ㏿ࡾࡼ



᫂♧ࠊ࡚ࡋ࡜ࡢࡶࡿ࠸࡚ࢀࡉUberuaga ࠊࡣࢀࡇࠋࡿࡍ௓⤂࡚࠸ࡘ࡟[6][5]✲◊ࡢࡽ

Parallel-replica dynamics ࡛ࡢࡶࡓࡋࢺ࣮࣑ࣞࣗࢩࢆ⛬ᡂ㐣⏕ࡢᒙḞ㝗ᅄ㠃య✚࡚࠸⏝ࢆ

 ࠊࡣ௳ィ⟬᮲ࠊࡾ࠶

࣭ ⢏Ꮚᩘ㸸 500 

࣭ ⢏Ꮚ㛫┦஫స⏝㸸 embedded atom method (EAM) 

࣭ 7.82µs ┦ᙜࡢMDࣥࣙࢩ࣮࣑ࣞࣗࢩ 

࣭ 39ಶ࡛ࢧࢵࢭࣟࣉࡢィ⟬᫬㛫ࡣ 15᪥ 

ࡽ࠿࡚ࡵጞࢆ⟭ィࠋࡿ࠶࡛ 1.69μsᚋࠊ࡟✵Ꮝࡽ࠿✚ᒙḞ㝗ᅄ㠃యࡀ⏕ᡂࠕࠊࡾ࠶࡜ࡓࡋ㸯㸬

⫼ᬒ࡛ࠖ㏙ࡓ࡭ぢ✚ࡾࡶ㸦μsࢲ࣮࢜ࡢ㸧ࡿࡍྜᩚ࡜⤖ᯝࠋࡿ࠸࡚ࡗ࡞࡜ 

 

Steinerࠊࡓࡲ ࡣ[7]ࡽ Hyperdynamics ᪉ࡢࡇࠊࡾ࠾࡚ࡋᥦ᱌ࢆ᪉ἲࡿࡆୖࢆ⋠ィ⟬ຠࡢ

ἲࢆ౑ࠊ࡜࠺㏻ᖖࡢMD࡟ᑐ࡚ࡋ
3

10 ࡽ࠿
5

10 ⛬ᗘ㏿࠺࠸࡜ࡿ࡞ࡃ⤖ᯝࡀᚓࠋࡿ࠸࡚ࢀࡽ 

 

㸰㸰㸰㸰㸬㸬㸬㸬㸰㸰㸰㸰㸬㸬㸬㸬    Feature AFeature AFeature AFeature Activatedctivatedctivatedctivated Molecular Dynamics Molecular Dynamics Molecular Dynamics Molecular Dynamics    

 

Prasad and Sinno [8] ࡚ࡗࡼ࡟ᥦ᱌ࡓࢀࡉ Feature Activated Molecular Dynamics 

(FAMD)ࠊࡣ⤖ᬗ᱁Ꮚ୰ࡢḞ㝗ࢆࢺ࣮࣑ࣞࣗࢩࡢ┠ⓗࡓࡋ࡜㧗㏿໬MD࡛ࡢࡑࠊࡾ࠶ᴫせࡣ

ḟࡢ㏻ࠋࡿ࠶࡛ࡾ 

 ࡍฟࡋ᥈࡚࡭ࡍࢆḞ㝗ࡢᬗ୰⤖ࠊࡎࡲ ࣭

ࢆࡽࢀࡑ ࣭ Stillingerࡢ㐃⤖᮲௳[9]࡟ᚑࣉ࣮ࣝࢢ࡚ࡗ໬ࡿࡍ 

 ࡿࡍᵓᡂࢆMD㡿ᇦࠊ࡚ࡵྵࡶཎᏊࡢࡾ࿘ࡢࡑࠊ࡚࠸ࡘ࡟ࣉ࣮ࣝࢢࡢࢀࡒࢀࡑ ࣭

 ࡿࡍ⾜ᐇࢆ⟭MDィ࡟❧⊃ࠊ࡚࠸ࡘ࡟MD㡿ᇦࡢࢀࡒࢀࡑ ࣭

࣭ ᅽຊࢆ࡝࡞ࢫࣥࣛࣂ⪃៖ࡢࢀࡒࢀࡑࠊ࡚ࡋMDィ⟬⤖ᯝࡿࡍྜ⤫ࢆ 

᱁Ꮚ᣺ືࡢ࡝࡞⤖ᬗ඲యࡣ㇟⌧ࡿࡓࢃ࡟ᑐ㇟እ࡛ࠊࡢࡢࡶࡿ࠶TST ᮲௳࡞࠺ࡼࡢ࡝࡞ཝࡋ

᪉ἲ࡛ࡓࢀඃ࡚ࡗࡓ࠶࡟ࡿࡍゎᯒࢆ㇟⌧ࡢ࣮ࣝࢣࢫࢰ࣓ࡸࣟࢡ࣑ࠊࡎࡏᏑᅾࡣ௳㐺⏝᮲࠸

 ࠋࡿࢀࡽ࠼⪄࡜ࡿ࠶

 

࣐ࡓࡋ⏝౑ࠋࡿ࠸࡚ࡋࢺ࣮࣑ࣞࣗࢩࢆ⛬จ㞟㐣ࡢᏍ✵ࡢ୰ࡢ㖡ࡸࣥࢥࣜࢩࠊࡣ࡛[8]⫣ᩥ

࡚ࡋᑐ࡟MDࡢ㏻ᖖࠊࡀ࠸࡞ࡀグ㏙ࡣ࡚࠸ࡘ࡟ࢡࢵ࣌ࢫ࣭ࣥࢩ
2

10 ࡽ࠿
3

10 ⛬ᗘ㧗㏿໬ࢀࡉ

 ࠊࡤ࠼౛ࠋࡿ࠶࡜ࡓ

࣭ ཎᏊᩘ㸸216,000 

࣭ ✵Ꮝᩘ㸸343 

࣭ ཎᏊ㛫┦஫స⏝㸸environment-dependent interatomic potential (EDIP), 

embedded atom method (EAM) 

 ࠋࡿ࠸࡚ࡋࢆ⟭ィࡢns⛬ᗘࠊ࡛௳᮲࠺࠸࡜

࡞ᚲせࠊࡾ࠾࡚ࡗࡤࡽᩓ࡟ᬗ඲య⤖ࡀᏍ✵ࡵࡌࡣࠊࡣࢀࡇࠊࡋࡔࡓ MD 㡿ᇦࡀᩘࡢ✵Ꮝ



FAMDࠊ࠺࠸࡜ࡿ࡞࡟ᗘ⛬ྠ࡜ᩘࡢ ⟭ィࡢ࡛௳᮲࡞୙฼࡟㠀ᖖ࡚ࡗ࡜࡟ࢫ࣐࣮࢛ࣥࣇࣃࡢ

ࡾࡼࠊࡀࡿ࠸࡚ࡋ࡜㇟ᑐࢆࢫࢡ࣑ࢼ࢖ࢲࡢḞ㝗ࡓࡗࡤࡽᩓ࡟ᬗ඲య⤖ࡣ⟭ィࡢࡇࠋࡿ࠶࡛

ᒁᡤⓗࢆ㇟⌧࡞ᑐ㇟ࡾࡼࠊࡁ࡜ࡓࡋ࡜ඃࡀࢫ࣐࣮࢛ࣥࣇࣃࡓࢀᮇᚅࠋࡿࢀࡉ 

 

㸰㸰㸰㸰㸬㸬㸬㸬㸱㸱㸱㸱㸬㸬㸬㸬    ィ⟬ィ⟬ィ⟬ィ⟬᪉ἲ᪉ἲ᪉ἲ᪉ἲࡢࡢࡢࡢẚ㍑ẚ㍑ẚ㍑ẚ㍑    

 

Voter ࠋࡿ࠶࡛࡜ࡇࡿ࠶ࡀ⦼ィ⟬ᐇࡢᒙḞ㝗ᅄ㠃య✚࡟࡛ࡍࠊࡣ฼Ⅼࡿࡍ⏝᥇ࢆ᪉ἲࡢࡽ

TSTࠊ࡟ࡁ࡜ࡿࡍ⏝㐺࡚ࡋᑐ࡟㇟⌧࠸࡞࠸࡚ࡗ࠿ࢃࡀ࡜ࡇ࠸ࡋヲࠊࡋࡔࡓ ᮲௳࡚ࡋࡓ‶ࢆ

ࣥࢩ࣐ࡢࢡࢵ࣌ࢫ㧗ࠊࡣ⟭ィࡢ[6][5]ࡓࡋ௓⤂ࡶ࡛ୖࠊࡓࡲࠋࡿ࠶ࡀᚲせࡿ࡞࡟ៅ㔜࠿ࡿ࠸

࡛ཎᏊᩘ  ࠋࡿࢀࢃᛮ࡟࠺ࡼ࠸࡞ࡾ㊊≀ࡸࡸࠊࡾ࠶MD᫬㛫μs࡛ࠊ500

୍᪉ࠊFAMD MDࠊࡾ࠶㛵ಀ࡛↓ࡰ࡯ࡣ࡜඲ཎᏊᩘࡣィ⟬᫬㛫ࠊࡣ࡛ 㡿ᇦ࡟ࡇࡑࡸᩘࡢ

MDࠊࡣ࡛⟭ィࡢ[8]ࡓࡋ௓⤂ࡶ࡛ୖࠋࡿࡍ౫Ꮡ࡟ཎᏊᩘࡿࢀࡲྵ 㡿ᇦࡿࢀࡲྵ࡟ཎᏊᩘࡣ

ࡽ࠿40,000 150,000⛬ᗘ࡛ࢆࢀࡇࠊࡾ࠶ ࡽ࠿100 1,000⛬ᗘ࡟ᢚ࡞࠺ࡼࡿࢀࡽ࠼ᒁᡤⓗ࡞

 ࠋࡿࢀࡽ࠼⪄࡜ࡿ࠶࡛⬟඘ศྍࡣ⟭ィࡢμs⛬ᗘࠊࡤࢀࡍ࡜㇟ᑐࢆ㇟⌧
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