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1908 ǳӒH. Kamerlingh Onnes \J�¨h�I˽ŃGȳķ4B̩гb˂ã̅GTCěŏ6^ȹ˗
bȑ<[1]ӔͶ�I−ǖI˂ã̅G'.^Ҩ˟ÝǍbПQB$,Ѣ͵CӒˠѾIҨ˟Ʉɀ) 4.2 KÖ
яCȞ̓G~«GяA,0Db 1911 ǳG“Є4<[2]ӔˠѾ=.CF,Ӓƛ,I−ǖYţ−J̅ǻ
bµ/B$,DзÝǍDF]ӒҨ˟Ʉɀ)˼ơ6^ӔҨ˟Ʉɀ)˼ơ6^D*I̅ǻbзÝǍт

ͳ̅ǻӎCritical TemperatureӜTcӏDŭcC']Ӓ“ЄĨʠCJ TcJӅ,DX 20 K ͵ǻC#?<
)Ӓ1986 ǳIӅ̅зÝǍåI“ЄØʩӒ˽å;Ρ̅ǻ[]XӅ$ Tcbɍ@̩г)ˎ�D҉“2_

B*B$^Ӕ 
зÝǍJѷƪĶưbǥІ͊GͣКC*^̳ЪI±@C#]ӒҨ˟ɄɀI˼̋ØƚGXƛ,I̫

’Fȟгbͧ6Ӕ:_\Iȟгbī̹4<ț̹҉“)ўW\_B']Ӓ̫G−ǖΜIã̅зÝǍ

åG@$BJƛ,IĤѶCƺ̹Ń2_B$^ӔзÝǍåbț̹6^GJӒ˔EIƎţJγʥYϮ

ϒIȆ̮Gĸǣ6^ȘЂ)#^ӔTable1.1 G0_\IʥɶI×Ϲ͊Fț̹ĤѶYț̹ˌŹ¯ϼξb
TDW<ӔзÝǍγʥ(\è\_^�°���JӒӅͤƎbī̹6^ˌŹCJ¶ŜˍFXIC#

]Ӓ:Iț̹ΑſJΘƪĸћŹY NMRϼξI[%FͮưĤѶ(\зÝǍ¨�e¡°�°m°I[
%F̸ˁ¯шѕĤѶӒņ̹ͅ MRI FEDҬǮGǯǶ$ӔT<ӒзÝǍug©b̹$<ҨĶЭϫϼ
ξӎSuperconducting Magnetic Energy StorageӜSMESӏJӒǣƎҨĶI͗üǇ΋̹G±∇Ǎč2_<
[3])ӒҨĶΜΫIƲƸŃYЫϡǲ̉ŃPIț̹XʠȌ2_B$^Ӕ2\GӒѕҨ±°�©YƘƄ
ŹFEIҨĶˌŹJӒj�©p°IĽ̲͊Fī̹G[^Ɔ̴̅ʓŃǇ΋D4BIǀ·)T6T6

ʠȌ2_ӒӅ̅зÝǍåb̹$<҉“)҉ƨ2_B$^Ӕ 
�  
 
 
 

Table 1.1ӛзÝǍʥɶIȆ̮D¾Fț̹ë[4]Ӕ�ӛƺ̹Ń́UӒ�ӛƺД͞ͻ˗ҘӔ 

Ȇ̮ ț̹ĤѶ ˌŹ¯ϼξ ã̅зÝǍå(LTS) Ӆ̅зÝǍå(HTS) 

γʥ j�©p° ƘƄŹ (ug©)  � 

ҨĶЭϫӜSMES (ug©) � � 

ѕҨ±°�©  � 

̸ˁ¯шѕ зÝǍ¨�e¡°�°m° (�°���) � � 

ņͅ¯Гɹ ͤ˟đӈg °z­°ӜMRI (�°���) �  

ͮư ΘƪĸћŹ (�°���) �  

ʸͤ˟đӈӜNMR (�°���) �  

Ϯϒ ̸ˁ¯шѕ ЀŰ¯˄ќ̩Ҭ͠Ɩˀʵϼξ (SQUID)  � 

ҨƄˆ̉ �  

ņͅ¯Гɹ ϐͤЎӜMEG (SQUID) �  

ȗͤЎӜMCG (SQUID) � � 

ȥƍ¯њô �f©�°  � 

u­�¤°�° (SFQ) �  

ͮư Ҩͤ˰ˀģŹ �  

зÝǍѷƪ��� � � 

�©q ̸ˁ¯шѕ ͤ˟Ĥңϼξ (�°���)  � 

 ͮư ΘƪĸћŹ (ͼ˳đɑŹ) �  
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1-2. зÝǍI̫ȕ[5] 

0IΐCJӒзÝǍåIƌʤ͊FȟгG@$BђQ^Ӕ 
 

1-2-1. ƳĎҨ˟ÝǍȟ 

зÝǍI̫ȕ͊F΄±IȟгJҨ˟ɄɀI˼ơC#]ӒƺҜĞƸ4<зÝǍåIҨ˟Ʉɀ)

Fig.1-2 C#^ӔҨ˟Ʉɀ)#^̅ǻØµC~«GF?B$^0D)ЄBD_^ӔTc G@$BJƸ

ρY˧Ƹɻˮ)ƛ˅C#^)Ӓ±ϛ͊GҨ˟Ʉɀ)µ)]ƨW<D*I̅ǻb Tc
onsetӒҨ˟Ʉɀ)

ƳĎG~«GF?<D*I̅ǻb Tc
zero DϹ̳6^ӔзÝǍ̮ȭIҨ˟Ʉɀ)EI͵ǻ~«FI(

ͣ(W^GJӒњǮĬƸȹˮCJƄù͊GȬǻ)й\F$Ӕ:I<WӒзÝǍåI¨­°b˶

_^Ҩ˶ĨϺb̆Ƹ6^D$%ȹˮ)D\_^Ӕ:IΩʰӒ̃ϺIʊҊ{±°©JƱƷIǳӌ

[]X҆,F^D$%Ωʰ)ȑ\_B']Ӓ0IȪŬCзÝǍIҨ˟ɄɀJ~«C#^Dσ&B

Ǧ4ɬ&F$Ӕ 

 
њǮIǍåG'$BJӒҨ˶ǁǻ jDҨƎ EIҊGJ OhmIˮĮ)ȳ]Ϳ@Ӕ6Fa>Ӓ 

 

 

 
C#^Ӕ00CӒs JҨ˟ÝǍ̲C#^ӔҨ˟Ʉɀ̲r Js IїɳCƸρ2_^<WӒr . 0 D
F^D*s . �D#^ӔҨ˶ǁǻ j)±ƸC#^<WGJӒзÝǍåIĔ∇G'$BӒ 
 

 

 
GF\F._KF\F$ӔҨͤЛǍbАђ6^Maxwellɻ͵ǽG×č6^DӒ 

 

 

 

)ȑ\_^Ӕ4<)?BӒśēҨͤ˟ưG'$BзÝǍåbr = 0 C#^ƳĎǍåDЄF6DӒз
ÝǍåJĔ∇Iͤʧ)ʊҊ͊GƘŃ4F$̮ȭC#^D$%ΩТ)Ǎ(_^Ӕ 

j = σE

E = 0

∂B
∂t

= − ∇ × E = 0

Fig.1-2ӛзÝǍåIҨ˟ɄɀIɑ^ϙ$Ӕ 
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4(4F)\ӒƳĎǍåJзÝǍDťρCJF$Ӕ̴̮IƳĎǍåGͤƎbōĸ4<D*Iɑ

^ϙ$G@$Bσ&^ӔҧͤƎC TcØµGěŏ4Bƚ∇ͤƎbōĸ6^ӎZero Field CoolingӜZFCӏ
DӒзÝǍåIϹҭGҨ˶)Лж2_BͤƎbѨϬ4ӒзÝǍåĔ∇JҧͤƎ̮ȭ)ó<_^Ӕ

±ɻӒзÝǍåGͤƎbōĸ4B(\ TcØµGěŏ6^ӎField CoolingӜFCӏDӒзÝǍåĔ∇G
JтͳįGЬ$B$<ͤʧ):ITTίɍ2_^0DGF^Ӕ0I̮ȭCͤƎb~«G6^Dз

ÝǍåĔ∇Iͤʧǁǻbίɍ6^[%GҨ˶)Лж2_Bˢ¿ͤ͜DF^Ӕ0I[%GƳĎǍå

G'$BJӒͤƎōĸD̅ǻƘŃIɪèIҲ͂C’F?<̮ȭGF^D$%ΩТGF^ӎFig.1-3ӏӔ
4(4F)\ƺҜIзÝǍåCJ:I[%GJF\F$Ӕ0_JˎΐCђQ^X% 1 @IҸϨF
ȟгG[?BМʃ2_^Ӕ 

 
 

1-2-2. ƳĎŖͤȟ 
1933ǳӒF. W. MeissnerD R. OchsenfeldJ TcØµIͤƎ»G#^зÝǍåIū]IͤʧĤǩbЙ

ΤĞƸ4BӒзÝǍå)ƳĎҨ˟ÝǍåD4BǍ(_<̮ȭJƺ̳87ӒзÝǍåĔ∇Iͤʧ

JǮG~«C#^Éƺb“Є4<[6]Ӕ0_)зÝǍåIX% 1 @IϨ4$ȟгC#^ƳĎŖͤȟ
C#]Ӓ“ЄτIŦbę4BMeissnerĽʰDXŭK_B$^ӔMeissnerĽʰIϨ4$̫ȕJӒZFC
Ѣ͵CͤƎIïčbВ2F$ӎflux exclusionӏ=.CF,ӒFCѢ͵CXͤʧIɗғӎflux expulsionӏ
)ж0^D$%̜C#^ӎFig.1-4ӏӔƺҜĞƸ4<зÝǍåIͤŃ̲b Fig.1-5Gͧ6Ӕ 

MeissnerĽʰJ 1-2-1ұCǍģ4<ƳĎǍåIʨÚC#^ B = (Ƹ�q�©)G'$BӒ 
 

 

 
D$%Ӓ[]Œ4$ʨÚḃ<2F._KF\F$Ӕ0I[%GӒƳĎǍåJзÝǍåIŇĤʨ

ÚCJF,ӒƳĎҨ˟ÝǍȟDMeissnerĽʰJ̯ͿIȟгC#^0D)Ĥ(^ӔT<ӒMeissnerĽ
ʰI“ЄG[?BӒзÝǍJ̅ǻ T DͤƎ H C±ρ͊G˧Ƹ2_^XIC#]Ӓ:IѢœIǘ˓
GJ̝ҋñC#^0D)ʃ\(GF?<Ӕ0_J�зÝǍ̮ȭ)̣ĶưCI 1 @I͑C#^0D
bȪŬ4ӒǮÝǍ̮ȭ(\зÝǍ̮ȭPIͳ]Ƙa]J͑тͳD4Bɓ&\_^Ӕ0_J6Fa

B = 0

Fig.1-3ӛƳĎǍåIͤƎµCIɑ^ϙ$ӔěŏDͤƎōĸIҲǸG[?B’F^̮ȭGѤ6^Ӕ 

H = H0 H = H0

FC

H = 0

ZFC

H = 0 H = 0 H = H0 H = 0
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>ӒзÝǍI̳ЪТG̣Ķư)ѧțŜόC#^0Dbͧų4B']ӒƺҜG Meissner Ľʰ“Є…
įI 1932 ǳGзÝǍ̮ȭJ̣Ķư͊͑C#^D˳Ǆ4< EhrenfestӒRutgersӒGorter \)зÝǍI
̳ЪТbɟŴ4B$^[7]Ӕ 
 
 

 

 

 
 
 
  

-1.5

-1.0

-0.5

0.0

1 2 3 4 5 6 7 8

4p
c

Temperature [K]

Pb

H = H0

FC

ZFC

H = 0

H = 0 H = H0

Fig.1-4ӛзÝǍåIͤƎµCIɑ^ϙ$ӔěŏDͤƎōĸIǘ˓G[\7зÝǍåĔ∇GͤʧJï
č4F$Ӕ 

Fig.1-5ӛPbIͤŃ̲I̅ǻíƬȟӔZFC'[M FCI:_;_IѢ͵G'$BЫIͤŃ̲)ƺ̳4
B$^Ӕ 

 

ZFC 
 

FC 
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1-2-3. ϔ̿Ҩ˶ǁǻDϔ̿ͤƎ 
� зÝǍI̫ȕC#^~«Ʉɀ'[M MeissnerĽʰG@$B 1-2-1'[M 1-2-2ұCђQ<Ӕ0_
\J˅�FĤѶGț̹C*^≠Ķ͊F̫ȟC#^)Ӓ±ƸØ´IҨ˶b˶4<]ͤƎbōĸ6^

DзÝǍ̮ȭJ͠Ɩ2_^ӔзÝǍ)͠Ɩ2_^D*IҨ˶YͤƎb:_;_ϔ̿Ҩ˶ IcӒϔ̿ͤ

Ǝ Hc DŭOӔϔ̿Ҩ˶Gҋ4BJӒ±ϛ͊GJзÝǍåIҨ˶ΨлIɹҭ͸Cғ4<ϔ̿Ҩ˶ǁ

ǻ JcD4BϹ2_^I)±ϛ͊C#^ӔJcY HcJзÝǍåIĆΡΧȳG[?BƁʜG˧T^ûC

#]ӒзÝǍbī̹4<ЀŰIӅȟόŃGJѵЂF�dq�°I 1@DF^Ӕ 
� ͤƎGǇ6^зÝǍIƖ_ɻG[?BӒзÝǍåJ 2 ͶҹGĤ(_^Ӕ1 @͏JӒͤƎ) Hcb

з&<D*͗ʊGǮÝǍ̮ȭGтͳ6^΄±ͶзÝǍåC#^Ӕ2 @͏JӒͤƎbȃWB$?<D
*G#^ͤƎbз&<D0`(\ȏ�GзÝǍ)͠Ɩ2_B$,΄ÊͶзÝǍåC#]ӒзÝǍ

)Ɩ_ƨW^ͤƎbµ∇ϔ̿ͤƎ Hc1ӒзÝǍ)ƳĎG͠Ɩ2_^D*I´∇ϔ̿ͤƎ Hc2D4B

:_;_ŅĪ6^ӔFig.1-6 G΄±ͶзÝǍå'[M΄ÊͶзÝǍåI̫ȟIѥ$bͧ4<Ӕ΄±
ͶзÝǍåJ¾GŊåĆΡCƛ,Є\_^�g�C#]ӒHcJ 102 Oe ͵ǻC#^Ӕ΄ÊͶзÝǍ
åJŊåĆΡCI��zh�Y�l�Gĸ&BӒţ−ΜYѲŃ̩ΜFEGЄ\_^Ӕ0_\JӒ

ͤƎIƜ*2) Hc1bз&<D*GƳĎŖͤȟ)͠_BзÝǍåĔ∇Gͤʧ)ïč4ƨWBзÝǍ

̮ȭDǮÝǍ̮ȭ)˿3?<̮ȭӎ˿ţ̮ȭӏDF^)ӒзÝǍ̮ȭ)ƳĎG͠Ɩ2_^ Hc2TC

J�©qD4BI~«ɄɀJƺ̳4B$^Ӕ΄ÊͶзÝǍåI Hc2J̩гG[?BJ 104 ~ 106 Oe
REGŕMӒ΄±ͶзÝǍåI Hc []Xʺ˗GƜ*$Ӕ:I<WӒț̹ЀŰG̹$\_^зÝǍ

åJRDcE)΄ÊͶзÝǍåC#^Ӕ 

 
 
 
1-2-4. JosephsonĽʰ 
� ҨƪJ Fermi ΘƪD4BIȟгbɍ@<W Pauli IɗÕő̵G[^ĭΝbř.Ӓ−ǖ»IҨƪJ
Fermi ιє4B$^Ӕ1-3-3 ұCЙ4,ђQ^)ӒзÝǍ̮ȭCJ 2 @IҨƪ)ǇbΧcCҨƪǇ
)Ȇȳ2_B$^ӔҨƪǇJ BoseΘƪD4Bɑ^ϙ%<WӒPauliIɗÕő̵G[^ĭΝbř.F
$ӔзÝǍbѷƪĶư͊GЄ_KӒĎBIҨƪǇI˰ĿҋɳIâ͑)ɝ?<̮ȭC#^Ӕ 

Type-I Superconductor

Magnetic Field
H

Superconducting
Magnetization signal

M

Hc

Magnetic Flux Density
in Superconductor

B

Magnetic Field
H

Superconducting
Magnetization signal

M

Hc2

Magnetic Flux Density
in Superconductor

B

Hc1

Type-II Superconductor

Fig.1-6ӛͤƎHbōĸ4<D*I΄±ͶзÝǍå'[M΄ÊͶзÝǍåIĔ∇bЬ,ͤʧǁǻ BD
зÝǍG[^ŖͤȟͤŃMIƘŃӔ 
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� Josephson ĽʰJӒ1962 ǳG B. D. Josephson G[?B̵Т͊GǍ(_[8]ӒBell ͞ͻȸI P. W. 
AndersonD J. M. RowellG[?Bƺӂ͊GˀД2_<̳ЪC#^[9]ӔT7J 2@IƯͿ4<зÝǍ
åbσ&^Ӕȅ̟F)\ 2@IзÝǍåĔ∇G'$BҨƪǇIâ͑J±ϗ4B$F$Ӕ2@IзÝ
ǍåbƳĎGɛ↑28^DӒ2@IзÝǍåIâ͑)ɝ&\_B 1@IзÝǍåD4Bɑ^ϙ%Ӕ
2 @IзÝǍåIҊGέηåbɐcCɛţ28^ƎţGJӒέηåIŐU)ŇĤGϮ._KӒзÝ
ǍåIҨƪǇI˰ĿJέηåbͽ*ɂ.BÕɻIзÝǍåGTCʲUģ6Ӕ0IʲUģ4<Ҩƪ

ǇI˰ĿIâ͑bɝ&[%DӒâ͑ǦGț5<зÝǍҨ˶)έηåbњ]ɂ.B˶_^ӎFig.1-7ӏӔ
6Fa>Ӓ 
 

 

 
CϹ2_^зÝǍҨ˶ I)έηåbһMи&B˶_^Ӕ00C IcJϔ̿Ҩ˶Ӓq 1, q 2J:_;_I
зÝǍåIâ͑C#^Ӕ0_JҨƪǇ)�­�©ĽʰG[]έηåbһMи&<DXɓ&^0D

)C*^)Ӓ0IзÝǍҨ˶JҨƄbȘЂD6^0DF,˶_^<WӒњǮI�­�©ĽʰDJ

ȟг)’F^зÝǍ̫ʜI̳ЪC#^Ӕ0_J…˶ JosephsonĽʰDŭK_^Ӕ 

� …˶ JosephsonĽʰ)̷5B$^ɛţҊGʊҊ͊G±ƸFҨƄǦ Vb·&^DӒ±ɻIзÝǍå
IÝǍbɆ%ҨƪǇI˰Ŀ)ҨƄG[?BȈҮbř.^Ӕ0I[%F˰Ŀȟ)’F^ҨƪǇҊC

â͑bţa8[%D6^DӒзÝǍҨ˶G VIƜ*2G[?Būʠ͊GƘŃ6^ȳĤ)ĸa]Ӓ 
 

 

 
CϹ2_^зÝǍҨ˶)ɛţҊG˶_^Ӕ00CӒe JҨ˟ΡѷӒћ JɠΎ�§­qƸɳC#^Ӕ
0_JÎ˶ JosephsonĽʰDŭK_^ӔJosephsonĽʰJѷƪĶưCǍč2_<˰ĿҋɳIâ͑D$
%�q«Fѷ)�q«F̵̩̳ЪD4BЉ̆C*^<WӒзÝǍIȟгD4B±ϛ͊G#T]Ӏ

ʲU)̝$XIIзÝǍI̫ȕbʚX΁͊GϹ4B$^D→&^ӔJosephson ĽʰJҨƄˆ̉Yͤ
˟}­w°Ӓѷƪu­�¤°�G̹$\_^ѷƪ���FEGț̹2_B$^ӔJosephson Ľʰb
“̳28^зÝǍåҊIҝƕD4BJŐ2 2 nm͵ǻIέηåYŐ2 10 nm͵ǻIǮÝǍ−ǖbɐ
V�­�©ɛţĸ&BӒзÝǍåI±∇ĤbΤ,ĸǣ6^�gq«�¨�zӒѹ̮Gĸǣ4<з

ÝǍåC̜ɛ↑28^�g­�u­�q�FED$?<зÝǍå:IXIbĸǣ4BҝƕD6^

ȁΩţ)#]Ӓ0_\bα5B JosephsonɛţDŭO0D)#^Ӕ 
  

I = Ic sin (θ1 − θ2)

I = Ic sin {(θ1 − θ2) + 2e
ℏ V}

Electron pair�

Superconductor� Superconductor�Insulator�

Fig.1-7ӛJosephsonĽʰI˃ȜƀӔ 
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1-3. зÝǍI̵Т͊Ћѳ 

� 0IΐCJӒзÝǍI̵ТG@$BђQ^ӔĨWG̳ЪТ͊FЋѳb·&< London ̵Т'[M
:_bϾй4< Pippard̵ТG@$B→ŕ4ӒˎGĪIІ̜(\ģ“4B̳ЪbМʃ4< Ginzburg 
-Landau̵ТG@$BђQ^Ӕ:4BӒȔІ͊FЉ̜(\зÝǍˌ˄bМʃ4<BCS̵ТG@$B
ђQ^Ӕ00CJЁҢFǽƘȆbɍ>ģ27Ӓj�}­{bΓ̏GђQ^IUG̀W^0DG6

^Ӕ 
 
 
1-3-1. London̵ТD Pippard̵Т[5] 
� 1935ǳG F. W. LondonD H. LondonIćǿJӒҨͤ˟ưIЄƆ(\зÝǍbσǄ4<[10]ӔҨƄ
)“̷4F$зÝǍåG'$BJзÝǍҨ˶JҨƎCJF,ͤƎG[?BӁĿ2_B$^Dσ&Ӓ

Meissner Ľʰ)ƺ̳6^ÉƺbКW<´CӒзÝǍåIͤ˟͊Fɑ^ϙ$bАђ4< London ɻ͵
ǽbАђ4<Ӕ 
 

 

 
00C j JзÝǍҨ˶ǁǻӒc JċћǻӒB JͤʧǁǻC#^ӔlLJ London IͤƎïč҆DŭK
_Ӓn JзÝǍҨƪǁǻӒe*JзÝǍҨƪIҨϡӒm*JзÝǍҨƪIгѷC#^Ӕ0I London ɻ
͵ǽDMaxwellɻ͵ǽӎAmpèreIˮĮӏbΧUţa8_KӒ 

 

              

 

D$%ҋñ)ȑ\_^Ӕx уɻŧGŧ(?BͤƎ B )((?B$BӒx = 0 )зÝǍåϹҭC#^
D4<ƎţӒͤƎJзÝǍåĔ∇CȞ̓G̃Ϻ6^ӔІ̜bƘ&_KӒзÝǍåIϹҭGJ˾2

lL ͵ǻTCJͤƎ)ʲUьcC']Ӓ:I˾2G'$BͤƎIïčbɇV[%GзÝǍҨ˶)˶

_BïčͤƎbѨϬ4B$^D$%ΩТ)Ǎ(_^Ӕ lL IƜ*2J̩гG[^XIIӒ10 ~ 100 
nm͵ǻC#^ӔlLJ̅ǻ) TcGяÖ,RE“ɲ͊GßMB$*ӒTcCͤƎJƳĎGзÝǍåĔ∇

Gïč4B4T%0DXĤ(?<Ӕ0I London ̵ТJӒ−ǖG'.^Ϲ͍ĽʰGзÝǍåI~«
Ʉɀbѧ̹4<XIDσ&^0D)C*^Ӕ1-2-3 ұCђQ<њ]Ӓ΄ÊͶзÝǍåG@$BJµ
∇ϔ̿ͤƎ Hc1bз&^ͤƎµCJͤʧ)Λ̮GзÝǍåbЬ,[%GF^Ӕ 
� 1953ǳӒA. B. PippardJ SnG Inb¶Ξ̩D4B̀ĸ4B$?<D*I Londonïč҆lLb�g

q«˰G[^Ϲҭg­�°�­{̆ƸG[]Є͸X?<[11]ӔIn ÌĸѷDDXGǲƇϕ̻ϵ͵ l
J͛,F^)ӒlLJΞΗF SnD˜х4BϨ4,҆,ƘŃ4B$^0D)ĩʃ4<ӔLondonɻ͵ǽ
G[_KӒlL)ƘŃ6^GJ n)ƘŃ4B$^J7C#^)ӒnG͑ҋ6^J7C#^ TcY HcG

Ɯ*FƘŃJЄ\_B'\7Ӓ0_J London ̵ТCJМʃ)@(F$Ӕ:0C Pippard JӒu�
°ª­{҆x D$%�§ °�bǍč4<ҬǓȸТbɟŴ4<Ӕ6Fa>Ӓâξ r G#^зÝǍҨ
ƪJ rCI�q�©��­y¢©A(r)Gĸ&BӒ:I̜(\x IҳƊG#^ÛȪI̜ r' CI�q�
©��­y¢© A(r')IȈҮb͑Ǉкң r GIUíƬ6^ɎɳҋɳIȆCř.^Dσ&<Ӕ:I<
WӒLondon ɻ͵ǽJx )lL D˜х4BŇĤGǎ2$ƎţGIUȳͿ4Ӓ:_ØƚIƎţbØµI

∇ × j = − c
4π

1
λ2L

B , λL = m*c2

4π ne*2

∇2 B = B
λ2L

∴ B(x) = B(0) exp (− x
λL )
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[%Gõː4<Ӕ 
 

 

 
0IǽJ Pippard ɻ͵ǽDŭK_^Ӕ¶Ξ̩)#^ƎţӒзÝǍҨƪIǲƇϕ̻ϵ͵ l )͛,F]
͑ҋкңx X͛,F^Dσ&\_Ӓ�q�©��­y¢©PI l Iǀ·bx IƎţDť˅GɎɳҋ
ɳIȆCϹ8^DÙƸ6_KӒ 
 

 

 
I[%Gu�°ª­{҆)õː2_^Ӕ00Cx0 J¶Ξ̩)ŨT_F$ΞΗFзÝǍåCIu�

°ª­{҆C#^Ӕ¶Ξ̩̕ǻ)ƔƜ4BӒlL ≫	x DF?<D*Ӓňȋ x ĔI�q�©��­y
¢©JRS±Ƹӎ ӏDЄF8^[%GF^Ӕ0IƎţG Pippard ɻ͵ǽbƘȆ4B$
,DӒ 
 

 

 
D$%ҋñǽ)ȑ\_Ӓ0_J London ɻ͵ǽGÕF\F$Ӕ00Cl J¶Ξ̩)#^ƎţIͤƎ
ïč҆C#]Ӓ¶Ξ̩I̕ǻG[?Bl )ƔƜ6^0D)ͧ2_ӒPippard )ϵF?<ƺӂΩʰ)
МʃC*<Ӕ0IϾːG[?B¶Ξ̩Ľʰ)Мʃ2_Ӓ[]±ϛ͊FзÝǍ̳ЪIАђGϖ?<Ӕ

T<Ӓ00CƸρ2_< 2 @I�§ °�l '[Mx JӒͤƎbɗģ6^j�©p°ɤ'[MзÝ
Ǎ̮ȭbƲƸŃ6^j�©p°ɤG:_;_Ǉț4Ӓ0_\IIƜǎҋñG[?B:IзÝǍå

IͤƎGǇ6^țΊ)Ƙa]Ӓ΄±ͶзÝǍåӎl >	x ӏ'[M΄ÊͶзÝǍåӎx >	l ӏGŅĪ2
_^Ӕ 
 
 
1-3-2. Ginzburg-Landau̵Т[5] 
� зÝǍJ̣Ķư͊GJ 1 @I͑C#]ӒзÝǍ̮ȭPIͳϵJÊˎ͑тͳG͑ȅ6^D$%0
D)Ĥ(?B$<Ӕ1950ǳG V. L. GinzburgD L. D. LandauJӒ͑тͳI±ϛТD4BǕ҉4<̵
ТåΜbзÝǍтͳGѧ̹28BзÝǍI̳ЪТbАђ4<[12]Ӕ͑тͳJӒ̩гI̅ǻbµ/B
<D*G̩гb˄ȳ6^ΘƪỊѡĿ)ǎ2,F]Ӓ͑Ǉ͊GΘƪҊI͑Ëè̹)ɬѰ͊DF^

0DG[]Ӓ#^̅ǻӎтͳ̅ǻӏØµGF^DͱǸŃ4<͑)ģ̳6^Ӕ͑тͳGҋ6^

LandauI±ϛТCJӒͱǸŃI͵ǻD4BӒтͳ̅ǻØ´I̝ͱǸ̮ȭCJY  = 0Ӓтͳ̅ǻʢ̇
IͱǸ̮ȭCJY � 0DF^ͱǸƘɳӎorder parameterӏY )Ǎč2_^Ӕ 
� зÝǍG͑тͳТbѧ̹28^G#<?BӒͱǸƘɳbEI[%GƸρ6^()ŵҷDF^Ӕ

London ̵ТG[_KӒзÝǍ̮ȭJѷƪĶư͊˰Ŀҋɳ)æ\(IőżCƘŃ4G,,F?<̮
ȭC#^Dͧų2_B']ӒGinzburgD LandauJѷƪĶư͊˰ĿҋɳGҹá4<ЁΡҋɳy  
 

j(r) = − 3
4πξ0cλL ∫ d r′� ρ ⋅ A(r′�)

ρ4 ρ exp (− ρ
ξ ) , ρ = r − r′�

1
ξ

= 1
ξ0

+ 1
l

A(r′�) ≃ A(r)

j(r) = − c
4π

1
λ2L ( ξ

ξ0 ) A(r)

∇ × j = − c
4π

1
λ2 B , λ ≡ λL

ξ0
ξ

= λL 1 + ξ0
l
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bǥІ͊˰ĿҋɳD4BƸρ4ӒзÝǍͱǸƘɳD4Bə̹4<Ӕ0ID*Ӓ JзÝǍҨƪI

ɳǁǻ nsG͑ȅ6^Ӕ0IͱǸƘɳ b̹$B Helmholtzϕ̻j�©p°G@$Bσ&^ӔзÝǍ
̮ȭCIϕ̻j�©p°b FSӒǮÝĿ̮ȭCIϕ̻j�©p°b FND6_KӒ 
 

 

 
I[%GϹ60D)C*^ӎLandau ̵ТӏӔ00CӒa, b JƸɳC#^Ӕƚ∇ͤƎ H0 (< Hc) G[
] )ͼҊ͊GεY(FƘŃb4B$^ƎţӒ Iұ)ĸa^Ӕ2\GӒͤʧbɗғ6^Ľʰ

Xĸa^<WӒϕ̻j�©p°JӒ 
 

 

 
JѷƪĶưG'.^ΘƪIѡĿj�©p°C#^Dσ&Ӓ�q�©��­y¢© A b̹$BӒ 

 

 

 
D$%ȆGʗ.^Ӕ00CӒm*, e*J:_;_зÝǍҨƪIгѷӒҨϡC#^ӔFS)˂ǎDF^ʨ

ÚbˣW^<WGӒY, Y *'[M AGҋ4BƘĤbD?Bñɳb~«Dξ.KӒ 
 

 

 

 
I 2@Iǽ)ȑ\_^Ӕ00CӒ 
 

 

 
C#^Ӕ0_\IʨÚǽb Ginzburg-Landauɻ͵ǽӎGLɻ͵ǽӏDŭcC$^Ӕ 
� ƚ∇ͤƎ)F$ƎţӎA = 0ӏG@$Bσ&^Ӕ0ID*IͱǸƘɳbY0 D6_KӒ C

#]ӒGLɻ͵ǽ(\Ӓ 
 

 

 

Ψ (r) = f (r) eiθ(r)

Ψ 2

Ψ

FS = FN + α Ψ 2 + β
2 Ψ 4

Ψ ∇Ψ 2

FS = FN + α Ψ 2 + β
2 Ψ 4 + ∇Ψ 2 + ∫

0

H0

M dH

∇Ψ 2

FS = FN + α Ψ 2 + β
2 Ψ 4 + 1

2m* (−iℏ∇ − e*
c

A) Ψ
2

+ H 2
0

8π

rotrotA = 4π
c

JS

[ 1
2m* (−iℏ∇ − e*

c
A)

2
+ α + β Ψ 2] Ψ = 0

JS = ie*ℏ
2m* {Ψ* (∇Ψ ) + (∇Ψ*) Ψ } − e*2

mc
Ψ 2 A

∇Ψ0 = 0

αΨ0 + βΨ 3
0 = 0
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)ȑ\_^ӔT > TcCY0 = 0ӒT < TcCY0 ≠ 0DF^ͱǸƘɳD4BIƸρḃ<4ӒF'(@ҋɳ
Iѝήȟ(\ӒT = TcCY0 = 0DF^ȘЂ)#^Ӕ a b TcIū]C±ˎұTC TaylorǕ҉4Ӓ:_
ØƚIǕ҉ñɳI̅ǻíƬȟb̝І4<¡�©ӎLandau¡�©ӏCσ&^DӒ 
 

 

 
 

 
DF^0D)Ĥ(^Ӕ6Fa>Ӓ 
 

 

 
DF^ӔGLɻ͵ǽbY0Cʗ*Ϲ6<WGY = Y0 fDξ.KӒ  
 

 
 

 
DF^Ӕ0Iǽ(\ӒͱǸƘɳ)Y0(\Ă(GƘŃ4<D*GͱǸƘɳIͼҊ͊ƘŃJӒ 
 

 

 
D$%҆2IˎĆbɍ?<ұx G[?B˧Ƹ2_^Ӕ0_JӒY0 CϹ2_^ǲϸ̮ȭG#^зÝ

ǍåG∇Ĥ͊FƘŃ)̷5<D4BXx ͵ǻIкңTC4(ĬѤ4F$ӔT<Ӓx J̅ǻíƬ4B
̅ǻ´ʁDDXG҆,F]ӒT = TcG'$B“ɲ6^Ӕ0Ix J T ≪ TcID*G Pippardɻ͵ǽC
Ǎč2_<u�°ª­{҆x0G͑ȅ6^Ӕ 
� T<ӒͱǸƘɳIƘŃ)ŇĤǎ2,�Y =�Y * = 0DUF8^D*ӒGLɻ͵ǽIҨ˶ǁǻIǽ
JӒ 
 

   
 

 

Ψ 2
0 = 0, − α

β

α(T ) ≃ α′�(Tc)(T − Tc) = α′�(Tc)Tc ( T − Tc
Tc )

≡ α0 ( T − Tc
Tc )

β(T ) ≃ β > 0 ; const .

Ψ 2
0 =

0 (T > Tc)
− α(T )

β = − α0
β ( T − Tc

Tc ) (T < Tc)

Ψ0 (− ℏ2

2m*α(T ) ∇2f + f − f 3) = 0

ξ2(T ) ≡ ℏ2

2m* α(T )
= ℏ2

2m*α0 ( Tc
Tc − T )

JS = − e*2nS

m*c
A = − c

4π
1

λ 2L (T ) A
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DF]Ӓ0IǽI rot bD^D London ɻ͵ǽ)ȑ\_^Ӕ lLJ London ïč҆C#]Ӓ:I̅ǻ
íƬȟJӒ 
 

 

 
DF^Ӕ 
� ͑тͳТD$%’F^ģ“̜(\e�«°�4< GL̵ТG'$BXӒ1-3-1ұCђQ< London
̵Т'[M Pippard ̵ТCǍč4< London ïč҆lLDu�°ª­�҆x0I 2 @I̫ȟ҆2I˃Ȝ
)ȑ\_<Ӕ0I 2@I̫ȟ҆2JE>\X̅ǻ T)ã̅ý(\ TcGяA,DDXG҆,F]ӒT 
= TcC“ɲ6^Ӕ4(4F)\Ӓ:_\I˜J̅ǻGíƬ4F$̩гƁʜIûDF^Ӕ0I˜k bӒ 
 

 

 
I[%GƸρ6^Ӕ0Ik JGL�§ °�DŭK_ӒGLɻ͵ǽJk IUbƘɳD4B̝ˎĆŃ6
^0D)C*^Ӕk IûG[?BͤƎGǇ6^țΊ)Ƙa^0D)Ǎ(_^Ӕ 
 
 
1-3-3. BCS̵Т[5] 
� ʚĨG“Є2_<зÝǍåC#^ HgGJƲƸťâå)ЁɳƬƅ4Ӓ:_\IťâåCJ:_;
_ Tc)a7(GƘŃ4B$^0D) 1950 ǳG E. Maxwell Y C. A. Reynolds \G[]ƍŪ2_<
[13,14]ӔťâåЖɶҊG'$BJҨƪ˄ќJť±C#^)ʺƪɑĿ{×q�©IU)’F^<WӒ
0IťâåĽʰӎIsotope effectӏI͞ͻG[]ӒзÝǍ“̳GJʺƪɑĿ)ҋñ4B$^0D)ͧ
ų2_<Ӕ 
� ҨƪDʺƪɑĿDI͑Ëè̹JӒ…Ȭ͊GJҨƪ)ūſI−ǖgl­IЅĮѰħb˒T8^D

$%ɞĄCɓ&\_^ӔʺƪɑĿbѷƪŃ4<XI)�k�­C#]ӒҨƪʺƪ͑Ëè̹JҨƪ

G[^�k�­Iɮģ#^$JũŗDɓ&^0D)C*^Ӕ0I�k�­bƩÓD4BӒҨƪ A
(\ɮģ4<�k�­bҨƪ B )ũŗ6^D$%Ѣ͵bσ&^Ӕ2 ÷IҨƪ A,B Ij�©p°)
Fermi ̉âяþG#?BӒ�k�­IɮģȎIҨƪDũŗȎIҨƪIj�©p°Ǧ)�k�­Ij
�©p°G˜QBŇĤGǎ2$ƎţӒ2@IҨƪADҨƪBIҊGJǾĶ)ă,Ӕ:_DťʊGӒ
ЫIҨϡbɍ@ҨƪҊGJ Coulomb ɸĶXă,Ӕ0_\ 2 @I͑Ëè̹IƜ*2JʨÚG[?B
ť͵ǻGF]ȑ^<WӒ2@IҨƪҊGă,Ķ)ǾĶGF^(ɸĶGF^(JȔƥC#^Ӕ 
� ҨƪJ Fermi ΘƪC#^<WӒЁɳIΘƪ)ť±Iѷƪ̮ȭbŌʜC*F$D$% Pauli ɗÕȍ
G[^ĭΝbř.^Ӕϕ̻Ҩƪ¡�©CJӒҨƪIj�©p°ĤǩJ FermiĤǩҋɳGȐ$ӒέǇ
ҧǻCJ FermỉâeFØµI̮ȭ)ƳĎGŌʜ2_ӒeFØ´I̮ȭJƳĎGͼ$B']Ӓ0_)Ǯ

ÝǍ−ǖIƌǹ̮ȭC#^Ӕ0I̮ȭCeF яþIҨƪҊG�k�­bƩÓD4<ǾĶ͑Ëè̹)

ă,ƎţӒFermi ҭ)¶ƲƸDF]ǾĶ͑Ëè̹IÏř)j�©p°͊Fīȑ[]XąĊ2_ӒҨ
ƪIŌʜ̮ȭ)Ƙa^Ӕ0IƎţӒeFØ´Ỉâ)±∇Ōʜ2_^DDXGӒeFØµI±∇Ĥ)Ҭ

ŌʜDF^Ӕ0IʊӒҨƪJǾĶbȬ5B$^ÕIҨƪD×ebΧcC±åDF?Bѩͳ6^Ӕ

0I×eb Cooper ǇDŭcC$^ӔҨƪ) Cooper ǇD4Bɑ^ϙ%DӒFermi ΘƪD4BIȟг
bơ?B Bose ΘƪDF]ӒЁɳI Cooper Ǉ)ť˅Gʚãj�©p°̮ȭbŘ^0DӎBose-
Einstein ğιӏ)C*^[%GF^Ӕ6Fa>ӒέǇҧǻG'$BX Fermi ĤǩҋɳGȐ?BӅ$
j�©p°̉âG˖\3^bȑF(?<Ҩƪ)Ӓ×ebΧV0DC Bose ΘƪDF?B6QBI

λ 2
L (T ) = m*c2

4πe*2nS(T ) = m*c2β
4πe*2α0 ( Tc

Tc − T )

κ = λ (T )
ξ (T ) = m*c

e*ℏ
β

2π
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Cooper Ǉ)ʚãj�©p°̮ȭPͳ?B$*Ӓj�©p
°͊Fȑ)C*^Ӕ 
� ˎGĻж̮ȭbσ&<ƎţӒǮÝǍ−ǖCJ̝ґǎI

j�©p°CĻж2_^)ӒҨƪҊGǾĶ)ă$B

Cooper ǇD4Bɑ^ϙ%D*IŌʜ̮ȭCJĻжGʚã
CX 2Dk(T)Ij�©p°)ȘЂDF^ӔFig.1-8JзÝǍ̮
ȭCI̮ȭǁǻC#^ӔFermi ̉âIū]Gj�©p°p
¢��D (T))҉*ӒǮÝǍ̮ȭC:I∇ĤG#?<̮ȭ
)j�©p°D(T)=.Ҋb҉.<…´'[M…µG͸U´
)?<[%GF?B$^Ӕ0IзÝǍp¢��D (T)J T = 
0 CIûD (0)(\̅ǻI´ʁDDXG̃Ǐ4B$*ӒT = 
TcC˼ơ6^ӔCooperǇbƖ4B 2÷IҨƪGĤң6^G
JӒ2DØ´Ij�©p°)ȘЂC#]Ӓ̅ǻ) kBT ~ 2D(0)
͵ǻGF_KƜ∇ĤI Cooper Ǉ)Ɩ_^ӔCooper ǇĨ
ǏG[?BD)̃Ǐ4Ӓ:_G[?ḄĻжG[^ Cooper
ǇI͠Ɩ)Ɣ&BDĨǏ)ĸћ6^Ӕ4<)?BӒp¢
��I̅ǻíƬȟJ TcяþCȞ̓G̃Ǐ4B$,Ӕ 
� 0I[%FӒҨƪ�k�­͑Ëè̹CҨƪ)×ebè

^0DCğҡ̮ȭbè^D$%ȔІ͊ɞĄCӒ1957ǳӒJ. Bardeen, L. Cooper, J. R. SchriefferI 3Ñ
JзÝǍb̵Т͊GМʃ4<[15]Ӕ0I̵ТJӒ0I 3 ÑIҴɵƫbŘ?B BCS ̵ТDŭK_B
$^ӔBCS̵ТG[?B TcY HcӒ˜̣D$?<̣Ķư͊ȟгbМʃ6^0D)C*Ӓ2\GJį

ұCђQ<GL̵Т6\XǍ,0D)C*<IC#^ӔBCS̵ТG[?BĬѤŜόC#^Dσ&\
_^ TcI´ґJ8$9$ 40 K͵ǻC#^Dσ&\_B$^Ӕ4(4F)\ӒЙΤJˎΐCђQ^
)Ӓ̳ƅTCGJ Tc) 50 Kbз&^[%FзÝǍåYӒ�k�­bƩÓG4<ҨƪҊIǾĶ͑Ë
è̹[]Xʺ˗Gȃ$ɸĶ͑Ëè̹bX?<̩гCIзÝǍ“̳D$?<ӒBCS ̵ТCJМʃ)
žҤFзÝǍåIƍŪë)ƛ,#^ӔҨƪ)æ\(Iˌ˄C Cooper Ǉbè?B$^Dσ&\_B
']ǾĶ͑Ëè̹IӝG@$BJУМ#^XIIӒ:_\IзÝǍåG@$BĒå͊GМʃ6

^̵ТJʢ=ͣͿ2_B$F$Ӕ  

 

  

Fig.1-8ӛǮÝǍ̮ȭӎβӏ'[MзÝ
Ǎ̮ȭӎˋӏI̮ȭǁǻӔ 

E

N(E)/N(0)

D

-D

eF
1
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1-4. зÝǍå҉“I˓Ş 

0IΐCJӒзÝǍåI“Є(\̳ƅGϖ^TCI̫Ά6Q*зÝǍåb“Є2_<ǳ×Y:

_\IΩʐ˄ќDDXG℃Ó6^ӔFig.1-9 JзÝǍå)“Є2_<ǳ×D TcIҋñb�«��4

<ƀC#^ӔŊåĆΡYţ−Μ(\ƨT]ӒҀѲŃ̩ΜYѻΜD$?<Ӆ̅зÝǍåDŭK_^

̩г)“Є2_B$^ӔʈÒCJӅƄĶµC 200 K bз&^ Tc)ˠΡŃ̩G'$BƍŪ2_B'

]Ӓ͕ƺG Tc)ƻ̅GяA$B*B$^Ӕ 

 
1-4-1. ŊåĆΡ'[Mţ−Μ 
ĨWGЄ@(?<зÝǍåJ 1911ǳG H. Kamerlingh OnnesG[]“Є2_< HgӎTcӛ4.2 Kӏ
C#]Ӓ:IȎXŊå−ǖb»ȗG˅�FзÝǍå)ƍŪ2_<ӔŊåCзÝǍbͧ6ĆΡb

Fig.1-10 GTDW<ӔӅƄĶµYϮϒ̮ȭFEIʨÚbŨW_KӒ˂ã̅Gěŏ6^0DG[?B
50ͶØ´IŊåĆΡG'$BзÝǍ)“̳4B$^0D)Ĥ(^Ӕ 

0

50

100

1900 1920 1940 1960 1980 2000 2020

T c [K
]

Year

Hg
Pb NbC

NbN Nb
3
Sn Nb

3
Ge

(La,Ba)
2
CuO

4

(La,Sr)
2
CuO

4 MgB
2

Y 123

Bi 1112

Tl 2223

Hg 1223

LaFePO

LaFeAs(O,F)

NdFeAs(O,F)
(Gd.Th)FeAsO

SmFeAs(O,F)

Bi
4
O

4
S

3

La(O,F)BiS
2

200

250

300

H
3
S

LaH
x

Liquid Nitrogen

Liquid Helium

Dry Ice

Iced Water

Fig.1-9ӛзÝǍåI̩гŦ'[M:I Tc b“Є2_<ǳC�«��4<XIӔ×Ϲ͊FǃİD4
BӒ˽å�¨h�ӎ4.2 KӏӒ˽å;Ρӎ77 KӏӒ�§geg{ӎ195 KӏӒˡˠӎ273 KӏI
̅ǻbͧ4<Ӕ 

Fig.1-10ӛã̅CзÝǍbͧ6ŊåĆΡ±ЈӔˋϝJã̅IUӒβϝJӅƄĶµYϮϒ̮ȭFE̫
ƸI̶ƓµCIUзÝǍтͳ)ͣК2_B$^ĆΡC#^Ӕ 



14 

ŊåĆΡ)˃HПQǑ,2_<ȎӒ1930 ǳ1`(\JӒ¾GзÝǍGF^−ǖbΧUţa8<
ÊĆΜţ−)ţȳ2_<Ӕ̫GŊåĆΡI»CʚX Tc)Ӆ$ NbӎTcӛ9.3 Kӏb»ȗD4B̩гţ
ȳ)F2_ӒNb3SnG'$B 10 Kbз&^ȅʊD4BJӅ$ TcbX@̩г)ƍŪ2_Ӓ1970ǳ×
GJ Nb3GeϮϒӎTcӛ23 Kӏ)ƍŪ2_<Ӕ0_\I Nb3XӎXӛSn, GeӏD$%Χȳbɍ@̩гJ
A15 ƉDŭK_^Ωʐ˄ќbD?B']ӒFig.1-11 Gͧ6[%GͿɻʐCőƪѰξIǇͲȟ)Ӆ$
˄ќC#^ӔA15ƉΩʐ˄ќbX@̩гJ B. T. MatthiasG[?BΚĶ͊G͞ͻ)F2_<[16]Ӕ 

ţ−ΜI»C̳ƅCXƛ,ī̹2_B$^ţ−) Nb-Ti C#^ӔNbTi I TcJ 9.5 K D:_RE
Ӆ,JF$XIIӒ4.2 K G'.^ Hc2J'[: 11.5 T DӅ,ӒγʥŃ6^ҜIĸǣȟYЀќu{
�Gą_B$^<WӒ“̷ͤƎ 10 T ʢ̇IзÝǍ�°���Iug©ʥD4B¸̿CʚXʎŕ4
B$^ʥɶC#^Ӕ10TØ´IзÝǍ�°���GJNb3Sn)̹$\_^ӔNb3SnJTc) 18 KCӒ
4.2 KCI Hc2) 28 TREC Nb-Ti[]XϜƤF̫ȟbX@±ɻCӒĸǣȟ)#T]Ϝ,F$<W
Ѐќu{�)Ӆ,Ӓ̳ƅCXЀŰĸǣI͞ͻ)ϵa_B$^Ӕ 
 
 
 
1-4-2. ҀѲŃ̩Μ[18] 
� 1986 ǳӒ(La,Ba)2CuO4 G'$B 30 K D$%ȅʊD4BJʚXӅ$ Tc bА҃4<0D) J. G. 
BednorzD K. A. MüllerG[]ƍŪ2_<[19]Ӕ:_TCзÝǍåɚ΢IϙŝJ−ǖC#?<)Ӓ0
I“ЄG[?BňǍåYέηåGXзÝǍтͳIŜόȟ)#^0D)ͧ2_<Ӕ̫G“Є2_<

(La, Ba)2CuO4Dť˅IҀѲŃ̩ CuO2ǗbŨc=ÊˎĆ͊FΩʐ˄ќbɍ@̩гbǇЪD4BӒ¸

̿»I͞ͻτ)̩гɚ΢bΚĶ͊GϵF$Ӓɳ®ʛIҊG Tc IʚӅА҃)ˎ�DƏ]ʙ&\_<Ӓ

$aZ^΄±IзÝǍ�f°�°DF?<Ӕ 
� ҀѲŃ̩ΜJÝǍǗDέηǗ)ÎËG͸Ǘ4<Ǘ̮˄ќb4B']ӒÝǍҭI CuD OJ Fig.1-
12 Gͧ6[%FӒ(a)ďҭåĐѰâӒ(b)�§���ÌѰâӒ(c)ǲҭźѰâI 3 @I��°­IѰâ
bD^ӔʚĨG“Є2_< RE2CuO4ӎREӛǫƃҹĆΡӏΜJӒT ˄ќӎK2NiF4 Ɖ˄ќӏӒT
˄ќ
ӎNd2CuO4Ɖ˄ќӏӒT*Ɖ˄ќI 3 ͶҹI˄ќbŘ]%^ӔCuӓO IѰâJӒT ˄ќCJďҭåĐ
ѰâӒT
˄ќCJǲҭźѰâӒT*˄ќCJ�§���ÌѰâC#^Ӕ 

Fig.1-11ӛA15ƉΩʐ˄ќbɍ@ Nb3SnIΩʐ˄ќӔ 
� � � �  Ωʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 

：Nb�

：Sn�
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T ˄ќD T
˄ќIѥ$JӒRE2O2 ǗGŨT_^ǫƃҹgl­Igl­ňȋIƜ*2C#]ӒT
˄ќCJ NaCl ƉӒT
˄ќCJ CaF2ƉI˄ќbD^ӔǫƃҹĆΡI»CʚXgl­ňȋIƜ*F

La3+IƎţGJӒˆ̉͊Fţȳ̶ƓCJ T˄ќ)ƲƸC#^ӔT*˄ќJgl­ňȋIƜ*,’F^

2@Iǫƃҹgl­bƁ̊28BͱǸŃbж04<ƎţGƲƸŃ6^Ӕ×Ϲ͊F T˄ќbɍ@Ńţ
̩G(La,Sr)2CuO4)#^Ӕ0IŃţ̩CJ La3+b Sr2+Cξɠ4<D*Iξɠѷ x G[?BŖȃͤȟ
MottέηǗӎx = 0ӏ(\e­�°�°�ҳƊIзÝǍ͑ӎ0.05 < x < 0.15ӏӒʚѧ�°�IзÝǍ͑
ӎx = 0.15 ~ 0.16ӏӒl°�°�°�IзÝǍ͑ӎ0.16 < x < 0.30ӏӒ2\GJзÝǍ)˼̋4<�°
�©−ǖ͑ӎ0.30 < xӏTCӒ�°©̕ǻI’F^˅�F͑IЖɶ)ȑ\_^<WӒӅ̅зÝǍI
“̳ˌ˄IЋʃb͏Ɏ4<̩ȟ͞ͻ)͎cGϵa_B*<[20,21]ӔT*˄ќbX@̩гJӒ(Nd,Ce, 
Sr)2CuO4[22]Y(La,Sm,Sr)2CuO4[23]CЄ\_^ӔT
˄ќbX@̩гJӒ̳ƅTCG Nd2CuO4 ˄ќ

[24]D̝ґǗ˄ќ[25])͚\_B']Ӓ0I 2@IΜJҨƪ�°�G[]зÝǍ)“̳6^Ӕ 
YBa2Cu3O7-dӎY-123ӏΜзÝǍåJӒ1987 ǳGĨWB˽å;Ρ̅ǻbз&^ Tc bX@̩гD4

B M. K. Wu \G[]ƍŪ2_<[26]Ӕ:IΩʐ˄ќJӒÕIҀѲŃ̩ΜDť5,Ǘ̮Ńţ̩C#
]ӒY ǗӒCuO2 ǗӒCuO ∞ӎBa-Cu-OӏǗ(\˄ȳ2_^ӎFig.1-13ӏӔ00C0IΜIƜ*F̫

Fig.1-12ӛҀѲŃ̩зÝǍåIÝǍҭ.� (a)ďҭåĐѰâӔ(b)�§���ÌѰâӔ(c)ǲҭźѰâӔ 
         Ωʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 

(a)� (b)� (c)�

Fig.1-13ӛ(a) (La,Ba)2CuO4 '[M (b) ɷɻʐ YBa2Cu3O7-d IΩʐ˄ќӔΩʐ˄ќɞ̾���
VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 

 

(a) (b) 
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ȕJӒѲΡѷ)¶Ƹ˜ȟbͧ4ӎ0 ≤ d ≤ 1ӒdӛѲΡˍɤѷӏӒѲΡѷG[]̫ȟ)Ɯ*,Ƙa^0
DC#^ӔѲΡˍɤѷ)ǏF$ƎţGJɷɻʐ˄ќDF]тͳ̅ǻ 90 K ΟIзÝǍbͧ6Ӕ±ɻӒ
ѲΡˍɤѷ)ƛ$Ǝţӎd > 0.6ӏGJːɻʐ˄ќGтͳ4BέηåDF]ӒзÝǍJ˼ơ6^Ӕ0
I<WӒΞϜFзÝǍåY-123IţȳGJӒ˜х͊ã̅(@ӅѲΡĤƄD$%ʨÚµG'$BѲΡ
ǍčĠ̵b6^0D)Ľʰ͊C#^0D)Ĥ(?B$^ӔY bÕI§­��g�ĆΡGξɠ28
<ΜXţȳ2_B']Ӓ:_\IRDcE) Y-123 Dť˅IΩʐ˄ќbD]Ӓť5, 90 K įȎC
зÝǍтͳ6^0D)ͣ(W\_B$^Ӕ 
� BiΜзÝǍåJӒBi2Sr2Ca(n-1)CunOyӎn = 1, 2, 3,�ӏD$%ŃưǽCϹ2_Ӓ0_\J Bi22(n-1)n
͑DŭK_^ӔFig.1-14G n = 1 ~ 3IΩʐ˄ќbͧ6ӔBiΜзÝǍåJӒY-123I“ЄDť5 1987
ǳG Bi-2201 D4B�§­{ӒɾʤC:_;_̯ͿG“Є2_<[27,28]Ӕ4(4Ӓ0I͑Iтͳ̅
ǻ TcJ 20 K ͵ǻDã(?<<WӒ“ЄȅĨJ#T]˱͏2_F(?<ӔD0`)Ӓ1988 ǳG H. 
Maeda\J 2ͶҹIe©m¨ƃҹ−ǖ)Ī�Iwg�bŌW< Bi-2212ӎTcӛ75 KӏӒBi-2223ӎTcӛ

105 KӏIзÝǍb“Є4<[29]Ӕ0_\I TcJӅ,Ӓ̫G Bi-2223 CJĨWB 100 K bз&<0
D(\Ɯ*,˱͏2_<Ӕ 

� ɾʤC BiΜҀѲŃ̩Ӆ̅зÝǍå)“Ϲ2_<IDťɾGӒe ¨mCť͵ǻI Tcbɍ?< Tl
ΜҀѲŃ̩Ӆ̅зÝǍå)“Ϲ2_<[30]ӔTl ΜGJӒҨϡìΪǗĔG Tl-O Ǘb 1 Ǘ=.ŨV
TlBa2Can-1CunOyӎTl-12(n-1)nӏD Tl-OǗb 2ǗŨV Tl2Ba2Can-1CunOyӎTl-22(n-1)nӏI 2ͶҹGĤҹ
2_^ӔTl-1223 '[M Tl-2223 IΩʐ˄ќb Fig.1-15(a)Gͧ6ӔTl JŖțȟGǂcC']ӒCaӒ
BaӒCu I͑ËξɠFEIȈҮG[]ΧμĭȒ)Ҥ4,ӒRE2CuO4ΜY Y-123 ΜD˜QBŃưѷТ
˜њ]Im�l­˜Cţȳ6^0D)Ҥ4$Ӕ2\G Tl+D Tl3+IҊIîɳƘŃIŜόȟX#^<

WӒCu IîɳYѲΡѷI˧ƸJƿʄCF,ӒѲΡI¶Ƹ˜ȟTCσȮGč_<̩ȟIƍŪJÕI
ҀѲŃ̩ΜG˜QBǏF$Ӕ 
 HgbŨVҀѲŃ̩ΜзÝǍåJӒ1993ǳI S. N. Putilin\G[^ HgBa2CuO4+dӎHg-1201ӒTc = 95 
Kӏ[31]'[M A. Schilling\G[^ HgBa2Ca2Cu3O8+dӎHg-1223ӒTc = 135 Kӏ[32]IƍŪJƜƘ˱͏
bҡW<ӔHgΜҀѲŃ̩I≠ĶJ TcIӅ2=.CF,ӒTcIӅ2Dҋѝ6^Dσ&\_^˜х͊

ŊΞFǗ̮IΩʐ˄ќC#]ӎFig.1-15(b)ӏӒǯǶ$o¢¨e̕ǻĭȒD˅�FĆΡξɠ)ŜόC
#^0DC#^ӔҨϡìΪIПɴJ HgҭĔѲΡI¶Ƹ˜ȟd )Ɇ?B']Ӓd J nGXíƬ6^
)Ӓ'[: 0.05 ~ 0.25IΑſCƘŃ6^Ӕ  

Fig.1-14ӛBiΜҀѲŃ̩зÝǍå Bi2Sr2Ca(n-1)CunOyӎn = 1, 2, 3ӏIΩʐ˄ќӔΩʐ˄ќɞ̾���
VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 

 

n = 1 

BiO layer�
�

CuO2 layer�
�

BiO layer�

n = 2 

BiO layer�
�

CuO2 layer�
�

CuO2 layer�
�

BiO layer�

n = 3 

BiO layer�
 

CuO2 layer� 
CuO2 layer� 
CuO2 layer� 
BiO layer�
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1-4-3. Ê�hŃ�°�yh�[18] 
� Ê�hŃ�°�yh�ӎMgB2ӏJ 1950 ǳ×(\[,͚\_B$<Ńţ̩C#^)Ӓ2001 ǳG
−ǖΜIŃţ̩D4BJҬǮGӅ$ 39 KD$% Tcbʜ6^D$%0D) Akimitsu°©°�G[]
“Є2_<[33]ӔMgB2CIзÝǍJӒ�k�­)ƩÓ6^ȐʩƉI BCS ̵ТG[^XIDσ&\
_<)ӒȅĨÈ→2_B$< BCSˌ˄G[^ TcI´ґbз&B$<<WGӒ:IзÝǍˌ˄Gҋ

6^ƌͦ͞ͻ)ΚĶ͊GF2_<Ӕ:_=.CF,Ӓ˜х͊Ӆ$ Tc G͑T?B˄ȳĆΡ)фѷC

őɶu{�)Ʋ$D$%̫ȕbɍ?B$^<WӒγʥYϮϒPĸǣ4<ț̹ʥɶD4BI͞ͻG

XҋȗbҡWB$^. 
� MgB2J Mg ǗD B Ǘ)ÎËGѵF]ţ?<ĐɻʐIΩʐ˄ќbF4B']ӎFig.1-16ӏӒB ǗJ
��m�˄ќbȆȳ4ӒMgőƪJ BIĐЊȆI»ȗ´GѰξ4B$^ӔMgőƪD BőƪDIҊ
GJҨϡIͳĿ)#]Ӓ:_;_ Mg2+D BӓGF?B$^Dσ&\_^ӔBӓgl­J 6 ÷IҨƪ
bɍ>ӒCőƪDť5ҨƪѰξG#^Ӕ:0CӒBӓI 2sрѣҨƪI 1÷Ib 2pрѣGͳĿ28^
D 2pрѣGJ 3÷IҨƪ)č^)Ӓ2sрѣӒ2pxрѣӒ2pyрѣI 3@IрѣC sp˿ȳрѣbȆȳ
4Ӓ3 @Is ΩţDF^Ӕ0_\IрѣJË$G 120�7_<ɻŧGßMB']ӒҞ]ţ?<рѣ
)Ωţ4Bs �­�bȆȳ6^[34]Ӕ0Is ΩţG[^ BI��m�˄ќIȆȳJӒ°§�dg�
Dť5C#^Ӕ0I Bӓgl­Is �­�JӒ0ITTCJ�­�έηåDF^J7C#^)Ӓ
Mg2+gl­D Bӓgl­Is рѣDIкң)p рѣ[]XѦ$<WGӒҨƪJs рѣG$^[]X
p рѣG$^R%)j�©p°͊Gã$Ӕ:I<W±∇IҨƪ)s �­�(\p �­�PͳĿ4B
s �­�G�°©)Ǎč2_ӒҭĔIҨ˟ÝǍbɆ%o¢¨eDF^ӔҭĔG'.^ B őƪIʺ
ƪɑĿD�°©Jȃ,Ωţ4B']Ӓ0_G[?BӅ$зÝǍтͳ̅ǻ)ƺ̳4B$^Dσ&\

_B$^[35]Ӕs �­�CIҨ˟ÝǍJ’ɻȟ)Ɯ*,Ӓab ҭĔIҨ˟ÝǍGJƜ*,ǀ·6^
±ɻCǗҊIÝǍGJ˔Eǀ·4F$ӔBӓI 2pzрѣJ��m�ҭGǇ4Bƈ…ɻŧG#]ӒҞɛ

6^ BӓI 2pzрѣDΩţ4Bp рѣbȆȳ6^Ӕ0Ip рѣJ´µIs рѣDXΩţb6^<W
GӒp ҨƪJΩʐĎåGǶ)?B']Ӓs ҨƪD˜х6^DJ^(G³ˎĆ͊C#^Dσ&\_
^Ӕ4<)?BӒab ҭĔIҨ˟ÝǍJs ҨƪDp ҨƪI¹ɻ)Ɇ%)ӒǗҊIÝǍJ¾D4Bp 
Ҩƪ)Ɇ?B$^Dσ&\_^Ӕ0I[%GӒMgB2IҨ˟ÝǍGJ 2 ͶҹI�­�)ҋñ4B'
]Ӓ̫GÊˎĆ͊Fs �­�D B őƪIÊˎĆҭĔCIʺƪɑĿI¡°�)ȃ,m��¨­°4
B$^̜)̫ȕC#]Ӓ0_)Ӆ$ TcIӝC#^Dσ&\_B$^Ӕ  

Tl-1223�

TlO layer�
CuO2 layer�
TlO layer �

Tl-2223�

CuO2 layer�
TlO layer�
CuO2 layer�
TlO layer�
CuO2 layer �

(a)�

Hg-1201�

CuO2 layer�
HgOd layer�

Hg-1223�

CuO2 layer 
�

HgOd layer�

(b)�

Fig.1-15ӛ(a) TlΜҀѲŃ̩зÝǍå'[M(b) HgΜҀѲŃ̩зÝǍåIΩʐ˄ќӔΩʐ˄ќɞ̾�
�� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 
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1-4-4. ѻΜ 
� Hosono °©°�CJӒLaTMPnOӎTMӛѩͳ−ǖӒPnӛP, AsӏCϹ2_^ͤȟňǍåIţȳDҨ
˟Ʉɀ̆Ƹbν]ѐ6»CӒ2006 ǳG LaFePO ) 4 K ÖяCзÝǍтͳ6^0D)ƍŪ2_<)
[36]ӒTc)ã(?<<WGȅĨJ:_RE˱͏2_F(?<ӔD0`)Ӓ2008ǳGJ Owg�G F
b�°�4< LaFeAs(O,F)G'$BзÝǍ)“̳4Ӓ:ID*IҨ˟ɄɀCIтͳ҉ƨ̜ Tc

onset )

30 K bз&<0D(\±о˱͏2_^0DGF?<[37]Ӕ:IȎI͞ͻCJӅƄĶµC Tc) 40 K
bз&^0DXƍŪ2_B$^[38]Ӕ0I̩г)˱͏2_B$^IJ TcIӅ2=.CF,ӒēƉ͊

FȃͤȟĆΡC#^ Fe bŨcC$^̜C#^ӔҨƪ)ͱǸ̮ȭbè?B$^ȃͤȟG'$BJҨ
ƪťƗ)ȃ,͑Ëè̹bŕS4ţ?B']ӒзÝǍåI˄ȳĆΡD4BJ¶īC#^Dσ&\_

B$<IC#^ӔѻΜзÝǍåI“ЄJ0IƁƸЉȜbȺ>͠]ӒзÝǍåɚ΢I�f°©�b

Ƕ/<Ӕ 
 0_TCG“Є2_B$^ѻΜзÝǍåIΩʐ˄ќb Fig.1-17 Gͧ4<ӔѻΜзÝǍåJ¾G0
I 4@I�g�GĤҹ2_Ӓ�©qFзÝǍåD4BʚӅ TcbX@̩гJ SmFeAs(O,F)C#^[39]Ӕ
ʚяCJӒSTOƌʬ´Gȳ҆28< FeSeŊǗϒG'$BӒ100 Kbз&^ TcbА҃4<DIƍŪ

XF2_B$^[40]Ӕ  

(a)� (b)�

Fig.1-16ӛMgB2IΩʐ˄ќӔ(a) MgǗD BǗ) cуɻŧG͸Ǘ4B$^˅ƪӔ(b) abҭĔI˅ƪӔ
Bőƪ)ĐЊȆʺƪbȳ4B']ӒBőƪIĐЊȆI»ȗGMgőƪ)Ѱξ4³Њʺƪb
ȳ4B$^ӔΩʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 

 

1111-type�
RE FeAs(O,F)�

111-type�
A FeAs�

122-type 
A Fe2Se2�

11-type�
FeSe�

Fig.1-17ӛ0_TCGƍŪ2_B$^×Ϲ͊FѻΜзÝǍåIΩʐ˄ќӔΩʐ˄ќɞ̾���
VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 
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1-4-5. ˠΡŃ̩Μ 
� Ӆ̅зÝǍIƺ̳GV.B˅�F̩гɚ΢)F2_B$^)Ӓʅ(\ˠΡJ:ILD@D4B

σ&\_B*<ӔˠΡb−ǖΩʐŃ28^0D)C*_KӒ:IӅ$�k�­ɑĿɳDҨƪʺƪ

͑Ëè̹G[?BӅ̅зÝǍåDF^D Ashcroft )̵ТÈ̆4B$<[41]Ӕ4(4Ӓ:I̷ȳG
ȘЂFзӅƄĶӎ400 GPa Ø´ӏb“̷28^ƺӂȼ϶JÒɾʢ=ͣͿ2_B$F$Ӕ:cF»Ӓ
2014ǳʣG H2Sn{GǇ4BӅƄĶbōĸ4B$?<D0`Ӓ180 GPaIƄĶµC 190 KG'$B
~«ɄɀIЉ̆)ƍŪ2_ӒƜ*FЗҷbŭc=[42]ӔͤŃ̆ƸG[?B Tc = 203.5 K G'$Bͤ
ŃIȞ̓F̃Ǐ)Є\_ӒзÝǍтͳG[^MeissnerĽʰ)ͣК2_<[43]Ӕ0_G[]ӒҀѲŃ
̩ΜзÝǍåIА҃ӎTc = 164 KӜӅƄĶµӏbз&^зÝǍåD4BК͚2_@@#^ӔFig.1-18
GӒƄĶbōĸ4B H2S )ƁŃ4<D*IΩʐ˄ќIƘŃbͧ4<Ӕȏ�GǁFΩʐ˄ќGƘŃ
4B$*ӒͿɻʐGTCƄι4<D*G H3S D$%ΧȳGƘŃ4BзÝǍ)̳_B$^Dσ&\
_B$^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
� AshcroftG[^̵Т͊ÈȨGƌA.KӒ[]ˠΡǁǻ)Ӆ$ˠΡŃ̩CJ2\GӅ$ Tc)ƺ̳ 
6^Dσ&\_^[41]Ӕ2018 ǳGJӒЁɳI͞ͻ°©°�)̯ͿGˠΡŃ§­�­ LaH10�xGǇ4

B 200 GPaGXŕOӅƄĶbōĸ4<D0`Ӓ215 KӒ260 KI TcbА҃4<[44,45]ӔзÝǍbͧ
4< LaH10�xJƄĶG[?Bɳ�I˄ќ͑тͳbÞ$F)\ӒʚΦ͊GJ Fig.1-19 Gͧ6[%FӒ
Lagl­b 32÷IˠΡCŘ]ſcC$^[%Fq§{ª°�Ɖ˄ќG'$BзÝǍ)“̳4B$
^Dσ&\_B$^Ӕ0IΩʐ͑CJˠΡҊкң)'[: 1.1 ÅDF?B']Ӓť·ƄĶƊCÈ̆
2_B$^−ǖˠΡIкңGя$ûGF?B$^[46]Ӕ  

Cccm�R3m�P1� Im3m�37 GPa� 111 GPa� 180 GPa�

Fig.1-18ӛH2SIΩʐ˄ќӔΩʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 
 

Fig.1-19ӛLaHxIΩʐ˄ќӔΩʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 
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1-4-6. :IÕIΜ[47] 
 
îɳ{o��ĆΡӎvalence-skipperӏbŨVзÝǍå 
� PӒAsӒSbӒBiӒSnӒInӒTl FEIĆΡJӒŃţ̩bè^ҜG̫ƸIîɳbŘ\F$0D)#^Ӕ
ë&KӒBiY SbJ 3îD 5îCJƬƅ6^)Ӓ4îI̮ȭJD\F$Ӕ0I[%F̳ЪJîɳ{
o��ӎvalence-skipperӏDŭK_B$^Ӕ0I̵̻)Ĥ(?B'\7Ӓ̩гͮưG'.^±@I
ФDF?B$^Ӕîɳ{o��ĆΡIҨϡ)ɣ\-D*JҨƪ) 2÷ťʊGĿ,0DGF^ICӒ
ʜĽ͊GǾĶ)ă$B$^DЄ^0DXC*^Ӕ:I<WӒ0_\Iîɳ{o��ĆΡbŨVŃ

ţ̩CJӅ$ Tc)ʠȌC*^Ӕ 
� ×Ϲ͊Fîɳ{o��̩гD4BӒBaBiO3 G@$BђQ^ӔBaBiO3 Jƻ̅CŊɷʐI×«�{

mg�Ɖ˄ќbȳ4B']Ӓ³ˎĆ͊F˄ќbɍ@ѲŃ̩C Bi gl­IȆǽîɳJӑ4 îC#]Ӓ
ÝǍGǀ·6^ҨƪJ 6s рѣC#^Ӕ�­�ЎΎCJ−ǖ͊C#^D$%Ωʰ)ȑ\_B$^)Ӓ
ƺҜGJέηåC#]ӒBi+3 D Bi+5 )ÎËGºc=Ҩϡǁǻ˰ӎCDWӏ̮ȭC#^0D)ƍŪ2
_B$^[48]ӔBaBiO3I Ba wg�G K b�°�4B$,DӒgl­ňȋIѥ$(\Ωʐ˄ќ) x 
∼	0.10CɷɻʐPӒx ~ 0.37CͿɻʐPDƘŃ4B$,ӎFig.1-20ӏӔ2\GӒ2îIҗgl­b 1î
Iҗgl­Cξɠ4B$^<W�°©�°�G͑ȅ4B']Ӓx >	0.25C CDW̮ȭ(\зÝǍP
I͑тͳ) 1988ǳG L. F. Mattheiss\Y R. J. Cava\G[?BƍŪ2_<[49,50]Ӕ(Ba,K)BiO3G'

$BJӒ·ɻ͊p¢��bɍ@ BCS ƉзÝǍåC#]ӒҨƪӓ�k�­͑Ëè̹G[^XIC#
^Dσ&\_B$^GXҋa\7Ӓ30 KΟD$%Ӆ$ Tc bɍ@̩гD4B˱͏2_<Ӕ 

 
u�©�ѲŃ̩ 
� Øį[]͚\_B$< LiCoO2J CoO6ďҭå) cуɻŧG͸Ǘ4B']ӒǗҊG Li)Ѱξ4<
˄ќb4B$^ӔCo gl­IîɳƘŃG[] Li gl­IϏң
ɒč)ŜόC#]Ӓ:Iȟгbī
̹4<¨�h�gl­���¨°ː˂ʥD4B͞ͻ2_B$<[51]Ӕ±ɻӒǗҊIe©m¨−ǖb
Li(\ NaGξ*ɠ&< NaxCoO2JƜ*F̣жҨĶDã$Ҩ˟Ʉɀbͧ4B$<<WӒ̣ҨƘɠʥ

D4BIӅȟόŃGҋ6^͞ͻ)ϵa_B$<[52]Ӕ:IѢ͵CӒˠů̩Ń28< NaxCoO2
yH2O
ӎx ~ 0.35Ӓy ~ 1.3ӏG'$BӒ4.6 KCзÝǍтͳ6^0D) 2003ǳG Takada\G[?B“Є2
_<[53]ӔFig.1-21GΩʐ˄ќbͧ4<Ӕ˚̩г NaxCoO2GǇ4B H2OĤƪ)g­�°mª°�6

monoclinic�
(I2/m)�

orthorhombic�
(Ibmm)�

cubic�
(Pm3&m)�

Fig.1-20ӛ(Ba,K)BiO3 IΩʐ˄ќӔK �°�ѷIƔĸDDXGӒƻ̅CIΩʐ˄ќJŊɷʐӒɷɻ
ʐӒͿɻʐDƘŃ6^ӔΩʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 
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^0DG[]ӒΩʐI cу҆J 5.5Å(\ 9.8ÅGTCƜ*,ßMB$^Ӕ0IзÝǍJӒҀѲŃ̩
Ӆ̅зÝǍåI“ЄØʩӒĨWBI 3dҨƪΜѲŃ̩зÝǍåC#^Ӕ 

 
ѵ$ҨƪΜӎfҨƪΜŃţ̩ӏ 
� §­��g�ĆΡYeq��g�ĆΡbŨc= f ҨƪΜŃţ̩I»GJӒǓƅȟIȃ$ f Ҩƪ)
Ë$Gȃ$ɸĶbȬ5F)\Ŀ$BӒ#<(XҨƪ)ѵ,F?<(I[%Fɑ^ϙ$b6^ѵ$

ҨƪΜDŭK_^̩г)#^Ӕѵ$ҨƪΜCIÝǍҨƪDǓƅ fҨƪGJӒÝǍҨƪbÓ4BǓƅ
Ҩƪ{�­IͱǸŃbж06RKKY͑Ëè̹YӒÝǍҨƪDǓƅҨƪ)±ѵұ̮ȭӎKondo singletӏ
bȆȳ4Bͤ˟¡° ­�bѨϬ6^ Kondo Ľʰ
I 2 @I͑Ëè̹)Ƭƅ4BӒ0_\)Ë$G΂
ţ4B$^ӔE>\I͑Ëè̹)ɬѰ͊GF^(

J̩гG[?B’F^)ӒDoniachJ0_\I͑Ë
è̹Ij�©p°{±°©G͕͏4B͑ƀb˄Β

4<[54]ӔFig.1-22 J Doniach I͑ƀDŭK_^Ӕ
TK '[M TRKKY J:_;_I͑Ëè̹Ij�©p

°b̅ǻGɠΎ4<XIC#]ӒE>\)ɬѰ͊

GF^(Cƌǹ̮ȭ)Ƙa^Ӕƺӂȼ϶)“Ǖ4

B,^DӒ͑Ëè̹IƜ*2Jƚ∇ƄĶG[?B

ĭȒ6^0D)C*^0D)ĩʃ4<Ӕͤȟ͑)

ƌǹ̮ȭC#^̩гG'$BƄĶbōĸ4B$,

Dͤȟ͑)Ⱦĭ2_B$*Ӓͤȟ͑)˼ơ6^ѷ

ƪϔ̜̿G'$BзÝǍ͑)̳_^0D)#^Ӕ 
� BCS ̵ТCIзÝǍ“̳ˌ˄JӒÝǍҨƪҊGǾĶ͑Ëè̹)ă,0DG#^Ӕ:_GȐ&KӒ
ҨƪҊGȃ$ɸĶ)ă$B$^ѵ$ҨƪΜCҨƪťƗ)×ebΧcCзÝǍ)“̳6^0DJσ

&G,$Ӕ2\GӒзÝǍbҏƽ6^Dȝa_B$<ͤȟ͑GҞɛ4BзÝǍ͑)̳_B$^Ӕ

Cooper ǇIȆȳbƩÓ6^ˌ˄D4BӒͤ˟ɣ\+ӎͤ˟ͱǸI˼ơȎG“̳6^ȃΩţзÝǍӏӒ

Fig.1-21ӛNaxCoO2
yH2OIΩʐ˄ќӔΩʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ 
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TK TRKKY
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Fig.1-22ӛDoniachI͑ƀ[54]Ӕ 
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îɳɣ\+ӎͤ˟ͱǸDJҋñF,“̳6^зÝǍӏӒźѵ˂ɣ\+ӎǓȸ͊Fźѵ˂ϕ̻ǻ)˖

Ƭ6^ΜCIȃΩţзÝǍӏӒͤ˟ͱǸ¡° ­�IZ\+ӎͤ˟ͱǸDđƬ6^зÝǍӏI[%

FŜόȟ)ɏ/\_B$^ӔҨƪǇIȆȳbƩÓ6^0I[%Fɣ\+Dƛ�­�IƬƅ)ƛ˅

FзÝǍbģ̳28B$^Dσ&\_^Ӕ  
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1-5. �{�{m©ut�g�ΜзÝǍå 

1-5-1. Bi4O4S3'[M La(O,F)BiS2 
� Mizuguchi\JӒBi-O-SI³ĆΜŃţ̩G'$B Tc ≃	5 KCзÝǍтͳ6^0Db“Є4<[55]Ӕ

Fig.1-23G:I(a)Ҩ˟Ʉɀ'[M(b)ͤŃ̲I̅ǻíƬȟbͧ6ӔҨ˟ɄɀJ−ǖ͊FÝǍbͧ4Ӓã̅

C~«Ʉɀ)Љ̆2_B$^ӔͤŃ̲G'$BXť˅I̅ǻÖя(\�g�{IͤŃ̲)Ϲ_ƨWӒ

'[: 100%IзÝǍå͸Ĥ̲)ȑ\_B$^Ӕ0_\IƺӂÉƺ[]Ӓ0I Bi-O-S³ĆΜŃţ̩G'

$B�©qIзÝǍ)ƺ̳4B$^0D)Ĥ(^Ӕ 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Ζʣ XRD��°­JӒa = 3.9592(1)ÅӒc = 41.241(1)ÅIːɻʐӎͼҊπӛI4/mmmӏCɎɳÖ.
2_Ӓ:IȎӒǁǻˤҋɳˮG[^ЎΎC O wg�Iâξ)˧Ƹ2_ӒĤƪĿĶưˮG[^y�
¤ª°y¦­C˄ќƲƸȟ)ˀЏ2_<Ӕȑ\_<˄ќ¡�©C RietveldЋʭbϵF?<D0`Ӓ
ôҶǻżƪ Rwp = 14.41ӍCŗʧ4B$^ӎFig.1-24(a)ӏӔ:ID*IΩʐ˄ќI¡�©ƀ) Fig.1-
24(b)C#^Ӕ±ЄЁҢFΩʐ˄ќGЄ&^)ӒBi2S4ǗӒBi2O2ǗӒSO4Ǘ)ЅĮ͊G͸Ǘ4B$^

Ǘ̮˄ќC#^DЋѳC*^Ӕ0I˄ќIΧȳJӒBi4O4SO4Bi2S4Ӓ6Fa> Bi6O8S5C#^ӔÒŻ

IЋʭCJ SO4 wg�)'[: 50%ˍɤ4B$^DÙƸ4Bϵa_Ӓ:ID*IĆΡΧȳJ
Bi4O4S3C#^Ӕ0I͑)зÝǍb“̳4B$^XIDσ&\_B$^Ӕ 
� �­�ЎΎG[^DӒ˚͑C#^ Bi6O8S5 J�­�p¢��bʜ6^έηåGF^)ӒSO4 )

50%ˍɤ4<ƎţGJ−ǖŃ6^D$%Ωʰ)ȑ\_B$^ӔFig.1-25G Bi4O4S3ӎ50%I SO4wg

�ˍɤbÙƸ4< Bi6O8S5ӏI�­�˄ќbͧ6ӔSO4wg�IˍɤG[]̷5<ҨƪJ BiS2ǗG

ìΪ2_Ӓ̫G Bi-6p рѣ)ÝǍGǀ·6^0D)Ĥ(^Ӕp рѣJɫ±ˎĆ͊Fȟгbɍ@)Ӓ
pxрѣ'[M pyрѣ) R ̜яþC˿3]ţ$ӒÊˎĆ͊FҨƪ̮ȭ)ƺ̳4B$^Ӕ0Iɫ±ˎ
ĆȟJ FermiҭGϜƤF�{�f­°b·&���­¡°�D͑T?B×e¨­°͑Ëè̹bƔȃ
28ӒFermi ̉âG'.^̮ȭǁǻGè̹4B Cooper ǇI̷ȳbĺ.^ă*b6^Dσ&\_B
$^Ӕ 
� ÕIзÝǍåD˜х6^DӒ0I Bi4O4S3JέηǗ Bi4O4(SO4)1-xDÝǍǗ BiS2D)ÎËG͸Ǘ4

<Ǘ̮˄ќbD^D$%̜CJҀѲŃ̩ΜзÝǍåYѻΜзÝǍåDҹá4B$^)ӒзÝǍ“

̳Gҋñ6^Ҩƪ̮ȭJƜ*,’F^ӔҀѲŃ̩ΜзÝǍåYѻΜзÝǍåG'$BӒFermi ̉â
DÎǦ6^�­�JǓƅȟI 3d рѣ̻ʩI�­�C#^)ӒBi4O4S3IƎţJǓƅȟIȁ$ 6p р
ѣ̻ʩI�­�C#]Ӓ:I�­�GҨƪ)�°�2_<D*GзÝǍ)“̳6^Ӕ0I Bi4O4S3

IƍŪG[]ӒBiS2Ǘbʜ6^�BiS2ΜзÝǍå�Iǰ҉.DF?<Ӕ 

Fig.1-23ӛBi4O4S3I(a)Ҩ˟Ʉɀ̲I̅ǻíƬȟ'[M(b)ͤŃ̲I̅ǻíƬȟ[55]. 

(a)     (b)     
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Fig.1-24ӛBi4O4S3I(a)Ζʣ XRD ��°­'[M Rietveld ЋʭΩʰ'[M(b)ΚǁŃGê̹4<Ω
ʐ˄ќ¡�©[55]ӔӎΣӛBi őƪӒӊӛS őƪӒдӛO őƪ.ӏΩʐ˄ќɞ̾���
VESTA(Ver. 3.4.3)Cèȳ[17]Ӕ�

(a) 

 

(b) 

Fig.1-25ӛBi4O4S3I�­�˄ќ[55]Ӕ(Ǥ)ӛBi4O4S3I�­�˄ќ�� ҪϝDдϝJ:_;_ pxрѣ
D pyрѣG[^�­�bϹ4B$^�� (ş)ӛBi-6pрѣI̮ȭǁǻ� 
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Ǘ̮˄ќbɍ@зÝǍå҉“G'$BJӒɺ4$ÝǍǗ)“Є2_^DέηǗIΧUɠ&G[

]2\F^ Tc ŧ´IЖU)F2_B*<ӔBiS2 ΜзÝǍåG'$BXӒέηǗbΧUʙ&<Ńţ

̩)ţȳŜό(ӒзÝǍbͧ6I(G@$BϘŬ)ҡT?<0DJ→%TCXF$ӔMizuguchi \
J Bi4O4S3I“ЄȎӒLaOBiS2D$%Ńţ̩G͕͏4<ӔLaOBiS2JӒ1996 ǳG Tanryverdiev \G
[?BţȳӒΩʐ˄ќ˧Ƹ'[M̩ȟ̆Ƹ)F2_ӒňǍå͊ÝǍC#^0D)ƍŪ2_B$^

[56]ӔLaOBiS2IΩʐ˄ќJӒLa2O2ǗD BiS2Ǘ)ÎËG͸Ǘ4<Ǘ̮˄ќC#](Fig.1-26)ӒÝǍ
̫ȟbŨWB Bi6O8S5Dҹá4B$^Ӕ2\GӒLa2O2ǗJѻΜзÝǍå LaFeAsO DXҬǮGҹá
4B']ӒMizuguchi\JѻΜзÝǍåDť˅IȹˮCӒLaOBiS2I Owg�PI FξɠG[^Ҩ
ƪ�°�bЖU<[57]Ӕ:IΩʰӒF ξɠѷ) 50%TCIΑſG'$BJӒ˚͑Iƌʤ˄ќbó?
<TTӒFξɠѷbƔY6G4<)$ʺƪƸɳI cу҆)ѝή͊G̃Ǐ6^āŧ)ȑ\_<Ӕ0_
J F-Igl­ňȋӎ1.36Åӏ) O2-Igl­ňȋӎ1.40Åӏ[]Xǎ2$<WC#]ӒĆΡξɠ)ȳ
ķ4<ДɉC#^ӔF ξɠѷ) 50%bз&^DʺƪƸɳIƘŃ)RS̝,F^0D(\Ӓ
La(O,F)BiS2I O/Fwg�IƁ̊ґ̿) 50%яþGƬƅ6^0D)ͧų2_^Ӕ 

Fig.1-26 J˚͑ LaOBiS2D F50%�°�I LaO0.5F0.5BiS2IҨ˟ɄɀI̅ǻíƬȟC#^[57]ӔĊ
ϵƍŪIњ]Ӓ�­�°�C#^˚͑IҨ˟ɄɀJňǍå͊ÝǍbͧ4Ӓã̅CҨ˟ɄɀJ“ɲ

6^ɏĿbЄ8B$^Ӕ±ɻC F b�°�4B$,DӒҨ˟Ʉɀ̲IûJƜ*,̃Ǐ4B$*ӒF
�°�ѷ 40%Ӟ50%IЖɶCзÝǍтͳ)Љ̆2_<Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig.1-26ӛ(a)LaOBiS2 IΩʐ˄ќ¡�©� Ωʐ˄ќɞ̾��� VESTA(Ver. 3.4.3)Cèȳ
[17]Ӕ(b)LaOBiS2'[M LaO0.5F0.5BiS2IҨ˟Ʉɀ̲I̅ǻíƬȟ[58]� 
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Fig.1-27ӛLaO0.5F0.5BiS2 IӅƄĶµe�°©įȎCI˜х[57]�(a)͓ͼǉΏˮCţȳ4<Жɶ(As-
grown)�IͤŃ̲� (b)As-grownb 2 GPa� 600,�� 1 hourIʨÚCe�°©Ġ̵4<Жɶ
(HP-Annealed)IͤŃ̲��(c)As-grown'[M HP-AnnealedIҨ˟Ʉɀ̲��(d)La(O,F)BiS2

IзÝǍ͑ƀ� 

зÝǍтͳ)Љ̆2_< LaO0.5F0.5BiS2 IͤŃ̲) Fig.1-27(a)C#^ӔƁ͑ŖțˮCţȳ2_<
LaO0.5F0.5BiS2 J~«Ʉɀ0:Є\_B$^XIIзÝǍå͸Ĥ̲ӎShielding Volume FractionӏJ
13%͵ǻC#]Ӓ�f§ ­�¨°FзÝǍ̮ȭC#?<ӔзÝǍ̫ȟbŧ´28^<WGӒ
Mizuguchi\JƁ͑ŖțˮCţȳ4<ЖɶbӅƄĶµC�{�e�°©6^0DbЖU<[57]ӔF�
°�G[?B La(O,F)BiS2IΩʐʺƪå͸Jǎ2,F^āŧ)Є\_<<WӒΩʐʺƪbÑǣ͊G

Ʌ4ιW^0D)C*_KӒ2\F^Ӆ F �°�IЖɶ)ţȳC*^ICJF$(Dσ&<IC
#^ӔӅƄĶ̶ƓµC#_K̩гIΩʐʺƪbιW^Ľʰ)#]Ӓ:I̮ȭCe�°©Ġ̵6^

0DCιc=ΩʐʺƪbƲƸŃ28ӒŘ]ģ8^0D)ʠȌC*^ӔӅƄţȳϼξb̹$BӅƄ

Ķµe�°©Ġ̵4<ЖɶIͤŃ̲) Fig.1-27(b)ӒҨ˟Ʉɀ) Fig.1-27(c)C#^ӔLaO0.5F0.5BiS2JӒ

ӅƄĶµe�°©Ġ̵G[] Tc)һо͊G´ʁ4<=.CF,ӒзÝǍå͸Ĥ̲XRS 100%GT
C´ʁ4<ӔҨ˟ɄɀDͤŃ̲IΩʰb͑ƀGTDW<XI) Fig.1-27(d)C#^ӔLa(O,F)BiS2 I

6QBIF̕ǻG'$BӒӅƄĶµe�°©Ġ̵G[]ӒзÝǍ̫ȟӎTc'[MзÝǍå͸Ĥ̲ӏ

)ʃ\(Gŧ´4B$^Ӕ 
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Fig.1-28ӛLa(O,F)BiS2I�­�ЎΎΩʰ[59]Ӕ(a)˚͑ LaOBiS2I�­�˄ќӔ(b)LaO0.5F0.5BiS2I�
­�˄ќӔ(c) έηǗI La gl­D BiS2 ǗI S gl­DIкңӎlLa-SӏIƸρӔ(d~f) 
LaOBiS2IΩʐ˄ќ'$BӒlLa-S = (d) 4.11 ÅӒ(e) 3.92 ÅӒ(f) 3.83ÅD4<D*I�­�˄
ќ��

� ˎG La(O,F)BiS2I�­�ЎΎG@$BђQ^[59]Ӕ˚͑ LaOBiS2J�­�p¢��)#$B$

^ӎFig.1-28(a)ӏ)ӒFξɠb6^0DC−ǖŃ4B$^ӎFig.1-28(b)ӏӔT<ӒTc)ʚӅGF^ x ~ 
0.5 I EFJ Bi-6p рѣI̮ȭǁǻI�°qяþGâξ4B$^Ӕ00C Bi6O8S5I�­�ЎΎD˜

х6^DӒBiS2Ǘӎ2 @I Bi-6p рѣӏ)ÝǍGǀ·4Ӓ˚͑PIҨƪ�°�G[]−ǖŃӒзÝ
ǍŃ6^D$%đњIȟгG˟)@,ӔT<ӒLaO1-xFxBiS2I�­�˄ќJ F ̕ǻIUCF,ӒǓ
ȸ͊FőƪǼˆIƘŃG˂WBɯȬC#^D$%̵Т͞ͻX#^[59]ӔĒå͊GJӒέηǗI La
gl­D BiS2ǗI Sgl­DIкңӎlLa-SӏbƘŃ28^DӒ:_GDXF?B FermỉâяþI
�­�˄ќXƘŃ4B$^ӎFig.1-28(c-f)ӏӔBiS2 ΜзÝǍJo¢¨e̕ǻ=.CF,ӒǓȸ͊FΩ

ʐ˄ќGXȃ,íƬ6^ȟг)#^D→&^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

(a) � � � �    (b)� � � � � � � � (c) 

(d)� � � � � � � (e)� � � � � � � (f) 
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Fig.1-29ӛBi4O4S3'[M LaO0.5F0.5BiS2IƄĶG[^̫ȟƘŃ[60]Ӕ(a) Bi4O4S3IӅƄĶµҨ˟Ʉɀ
̲Ӕ(b) (a)IзÝǍтͳ̅ǻÖяIɊƜӔ(c) Bi4O4S3I Tc	ƄĶ͑ƀӔ(d)�ӅƄĶµe�°
©Ġ̵Ȏ LaO0.5F0.5BiS2 IӅƄĶµҨ˟Ʉɀ̲Ӕ(e) (d)IзÝǍтͳ̅ǻÖяIɊƜӔ(f) 
ӅƄĶµe�°©Ġ̵Ȏ LaO0.5F0.5BiS2I Tc	ƄĶ͑ƀӔ 

� 00TCI̵Т¯ƺӂ:_;_IШТ(\ӒBiS2 ΜзÝǍI̫ȟŧ´GJ�ƄĶ�D$%�§

 °�)ѵЂC#^D$%ΩТGѤ6^ӔƄĶĽʰJӒзÝǍ̫ȟDΩʐ˄ќDI͑ҋbˀЏ6

^´CʜĽFȹ˗C#^ӔBi4O4S3'[MӅƄĶµe�°©Ġ̵Ȏ LaO0.5F0.5BiS2IӅƄĶµҨ˟Ʉ

ɀI̅ǻíƬȟb Fig.1-29Gͧ6[60]ӔBi4O4S3JӅƄĶµG'$BX−ǖ͊FÝǍbͧ4ӒĸƄD

DXG Tc Jãµ6^Ӕ±ɻӒLaO0.5F0.5BiS2 JĸƄGȐ$Ҩ˟Ʉɀ̲J̃Ǐ6^)ӒňǍå͊ɏĿ

ITTC#^ӔTcG@$BJĸƄDDXG´ʁ4Ӓ1 GPaRECʚӅûDF] Tc
onset ~ 10.5 KDF

^Ӕ2\GĸƄ4B$,DӒ−ǖ͊F̅ǻíƬȟGяA,) Tc JãµGт7^Ӕ0IΩʰ(\Ӓ

BiS2 ΜзÝǍåI Tc JňǍå͊ÝǍbͧ6ҳƊCʚѧŃ2_^Dσ&\_^Ӕ0_J6Fa>Ӓ

0IΜIзÝǍˌ˄)ҨϡbǓƅŃ28^è̹D͑ҋ4B$^Ŝόȟ)#]Ӓë&KҨϡǁǻ˰

ӎCDWӏ̮ȭяþCIзÝǍ“̳ˌ˄b̵ТЎΎ(\Т5<ƍŪX#^ [61]Ӕ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

(a)                         (d) 
 
 
 
 
 
 
 
(b)                         (e) 
 
 
 
 
 
 
 
 
 
(c)                              (f) 
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1-5-2. :IȎI BiS2ΜзÝǍå҉“ 
� ̳ƅTCGƍŪI#^ BiS2ǗbÝǍǗGɍ@зÝǍåb Table 1-30GTDW<ӔįΐC℃Ó4<
La(O,F)BiS2JӒ:IȎIɺЅ BiS2ΜзÝǍåɚ΢IɎѹDF?B$^ӔT7J LaOBiS2I Lawg
�IΧUɠ&)ˀЏ2_<Ӕǫƃҹgl­Jőƪ͂Š)Ɯ*,F^G@_Bgl­ňȋ)ǎ2,

F^āŧӎ§­��g�ŗιӏbͧ6ӔLa[]Xgl­ňȋIǎ2$ǫƃҹgl­Ӓë&KNdC
La wg�bĎξɠ4<ƎţӒΩʐʺƪJȘ̟͊Ggl­ňȋIǦĤ=.ιVӔ0_J LaOBiS2G

ƚ∇ƄĶbĸ&^IDť5[%FĽʰb̷VDσ&\_Ӓ0I[%Fgl­ňȋI’F^gl­

bξɠ6^0DCΩʐʺƪbßι28^ĽʰbŃưƄĶDŭOӔƺҜӒDemura \G[]
Nd(O,F)BiS2 )ţȳ2_ӒƁ͑ŖțˮIUC�©qFзÝǍI“̳)ͣК2_B']ӒŃưƄĶ)

зÝǍ̫ȟGʜĽ͊Gè̹4B$^0D)ͧ2_<[62]Ӕ0IŃţ̩πI»C Ce(O,F)BiS2 J̫Ά

6Q*ɑ^ϙ$bЄ8^)ӒЙΤJˎΐCђQ^Ӕ 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Family Compounds Blocking layer Reference Crystal structure 

Bi4O4SO4Bi2S4 
Bi4O4S3 Bi4O4(SO4)0.5 [55] 

Fig.1-31(a) 
Bi3O2S3 Bi4O4S2 [63] 

LaOBiS2 

Ln(O,F)BiS2 

(Ln = La,Ce,Pr,Nd,Sm,Yb) 
Ln(O,F) [57,62] 

Fig.1-31(b) (La,M)OBiS2 

(M = Ti,Zr,Hf,Th) 
(La,M)O [64] 

Bi(O,F)BiS2 Bi(O,F) [65] 

SrFBiS2 
(AE,La)FBiS2 

(AE = Sr, Ca) 
(AE,La)F [66] 

Fig.1-31(c) 

EuFBiS2 EuF [67] 

Eu3F4Bi2S4 Eu3F4Bi2S4 Eu3F4 [68] Fig.1-31(d) 

Table 1-30ӛ0_TCGƍŪ2_B$^×Ϲ͊F BiS2ΜзÝǍå��

Fig.1-31ӛ0_TCGƍŪ2_< BiS2 ΜзÝǍåIΩʐ˄ќI¡�©ƀ�(a)Bi4O4SO4Bi2S4. 
(b)LaOBiS2. (c)SrFBiS2. (d)Eu3F4Bi2S4.� Ωʐ˄ќɞ̾��� VESTA(Version 3.4.3)Cè
ȳ[17]Ӕ 
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� 2\GέηǗIΧUɠ&b“Ǖ28BӒSrFBiS2D$%̩г)”Ǝ6^Ӕ0I̩гJ LaOBiS2D

ť5,Ӓ:ITTCJ�­�έηåC#]зÝǍbͧ2F$<WӒo¢¨e�°�)ȘЂC#^Ӕ

LaOBiS2IƎţGJ O2-b F-Cξɠ28<)ӒSrFBiS2IƎţJ Sr2+G 3îIҗgl­C#^ La3+b

ξɠ28^0DCҨƪo¢¨e)�°�2_зÝǍ)“̳4<[66]ӔέηǗIҕgl­=.CF,
җgl­bξɠ28^0DCXo¢¨e�°�)ŜόC#^0D)ĩʃ4ӒYazici\J LaOBiS2I

Lawg�b 4îIҗgl­ӎTi4+, Zr4+, Hf4+, Th4+ӏY 2îIҗgl­(Sr2+)IξɠbЖU<Ӕ:IΩ
ʰӒҨƪo¢¨e�°�G͑ȅ6^ 4 îIҗgl­bξɠ4<ΜJзÝǍŃGȳķ4<)Ӓ�°
©o¢¨e�°�G͑ȅ6^ 2 îIҗgl­bξɠ4<ΜCJзÝǍJ̳_F(?<[64]Ӕ4<)
?BӒLaOBiS2�g�IŃţ̩G'$BJӒͶ�IȹˮCέηǗGҨƪo¢¨ebЛж28_Kз

ÝǍŃ6^D$%ȟг)Є&B,^Ӕ 
0_\IŃţ̩J6QB La ΜDť5,ƚ∇ƄĶōĸG[^ TcIȞ̓F´ʁ)Є\_^ӔFig.1-

32 G×Ϲ͊F LnO0.5F0.5BiS2I TcIƄĶíƬȟI�°�bTDW<[69]ӔTc)´ʁ6^ƄĶûJ̩

гG[]’F^XIIӒ6QBI̩гCƚ∇ƄĶG[^ Tc I¶ѝήF´ʁ)ͣК2_B$^Ӕ 
Tomita \JӒ�ge¡­�e­�©}©ӎDACӏDɮǋċ X γb̹$B LaO0.5F0.5BiS2IӅƄĶµ

ΖʣXγŻɁ̆Ƹbϵ$ӒTcȞ´ʁDΩʐ˄ќIҋñȟG@$BШТ4B$^[70]Ӕ̆ƸIΩʰӒ
ƄĶû 0.85 GPaÖя(\ XRD��°­I±∇IŻɁ�°q)�°qĤңbж04B$^0D)ͣ
К2_Ӓ1.5 GPa TCĸƄ6^DӒĎ,ĪIΩʐPD˄ќ͑тͳ4B$^0D)ĩʃ4<Ӕ˄ќЋ
ʭIΩʰӒːɻʐӎͼҊπӛP4/nmmӏ(\ŊɷʐӎP21/mӏPI˄ќ͑тͳC#^DΩТÖ.\_
<ӔĒå͊GJӒ a уɻŧGßMB$^ 2 ʯI BiS2ǗIҊC͸Ǘ7_bж04ӒŊâϋå͸)ǎ

2,F^[%GΩʐ)ƘȆ4<DЋѳC*^ӎFig.1-33(a)(b)ӏӔ2@IǗҊI Bi-BiкңG͕͏6^
DӒƚ∇ƄĶōĸD˄ќ͑тͳG[?B 4.4 ÅӎǮƄµӏ(\ 3.5 Åӎ6.5 GPaӏGTC̃Ǐ4Ӓ2
\F^ĸƄCŊП̃Ǐāŧbͧ6Ӕ:_GDXF?B Bi-BiΩţ)Ȇȳ2_�BiIѰâ) 7GF^
0D)ͧų2_^Ӕѻ�ΡΜзÝǍåG'$B As-Fe-AsIΩţЊG[?B Tc)ƘŃ4<[%GӒ

BiS2ΜG'$BXÝǍǗIΩţ̮ȭ) TcGҋñ4B$^Ŝόȟ)#^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  

Fig.1-32ӛLnO0.5F0.5BiS2I TcIƄĶíƬȟ
[69]��

Fig.1-33ӛLaO0.5F0.5BiS2 IΩʐ˄ќ[70]�(a) Ǯ
Ƅ͑(ːɻʐ)�� (b) ӅƄ͑(Ŋɷʐ)��
Ωʐ˄ќɞ̾��� VESTA(Version 
3.4.3)Cèȳ[17]Ӕ�

(a)                 (b) 
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� 00TCέηǗIΧUɠ&YĆΡξɠG@$BТ5B*<)ӒÝǍǗIΧUɠ&G@$BJE

%=`%(ӔзÝǍ“̳IʹǵbF6∇ĤC#^ÝǍǗIΧUɠ&)ģʩ_KӒ[]Ӆ$ Tc bX

@̩гIБЎPIȹɘ(])ȑ\_^Ŝόȟ)#^ӔƺҜӒBiS2ǗI S wg�b Se C 100%ξɠ
28< LaO0.5F0.5BiSe2[71]ӒSeb 50%ξɠ28< LaO0.5F0.5BiSSe [72]I 2@IЖɶ)ţȳ2_Ӓ:_
;_ Tc

mag ~ 2.6 KӒ3.7 KCзÝǍтͳ6^0D)ƍŪ2_<Ӕӄ,Q*0DGӒÝǍǗIĆΡξɠ
Gȳķ4BзÝǍ)“̳4<=.CF,ӒťɼĆΡCξɠ28<GXҋa\7 Tc )ƘŃ6^Ŝό

ȟ)ͧų2_<IC#^Ӕ0IҰ(\ӒBiS2Μ=.CF, BiSe2ΜI͞ͻX˵“GF]Ӓ0_\ 2
@I̩гbłɋ4B BiCh2ӎ�{�{m©ut�g�ӏΜзÝǍåDŭK_^[%GF?<ӔȎG

Hiroi \G[] Se ξɠѷbѝή͊GƘŃ28< LaO0.5F0.5Bi(S1-xSex))ţȳ2_ӒзÝǍтͳ̅ǻ Tc

D Seξɠѷ xIҋñG@$B͑ƀ)è\_<[73]ӎFig.1-34ӏӔ0I͑ƀJӒÝǍǗĔG'$BXŃ
ưƄĶĽʰG[]зÝǍ̫ȟ)ĭȒC*^0Dbͧų4B$^Ӕ 
� ±ɻӒTanaka\J CsClbê̹4< fluxˮG[] La(O,F)BiSe2'[M La(O,F)BiSSeIŊΩʐbţ
ȳ4ӒΩʐ˄ќDзÝǍ̫ȟIҋñȟG@$BШТbϵ?B$^ӔŊΩʐ La(O,F)BiSe2IΩʐ˄ќ

G'$BJӒgl­ňȋIǦĤ=.Ωţ҆)ßMB$^̜ØƚJ La(O,F)BiS2 DRSť5C#?<

[74]ӔSD SebƁ̊28<ŊΩʐ La(O,F)BiSSeG@$BJ Tc
onset ~ 4.2 KӒTc

zero ~ 3.7 KC#]Ӓend 
memberC#^ La(O,F)BiS2Y La(O,F)BiSe2[]XӅ$ Tcbͧ4<[75]Ӕ˄ќЋʭIΩʰG[^DӒ
0IΜG'$Bm©ut­wg�bƁ̊28^ƎţӒĆΡͶDwg�GѪɃȟ)#^0D)Єģ

2_<[76]ӔFig.1-35 Gͧ6[%GӒS wg�b Se Cξɠ4B$,ƎţӒBiCh5�§���IҭĔ

wg�ӎCh1wg�ӏG Se)ąĊ͊Gξɠ2_Ӓү̜wg�ӎCh2wg�ӏGJ Se)č]G,$
ӎS)ąĊ͊GŌʜ6^ӏD$%ЅĮȟ)#]Ӓ0Iwg�ѪɃȟ) FermỉâCI̮ȭǁǻbӅ
WB$^ICJF$(Dσ&\_B$^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Bi 

(Ch2) 
S 

Se (Ch1) 

Fig.1-35ӛLa(O,F)BiSSe Im©ut­wg�G'.
^wg�ѪɃȟI¡�©ƀ[76]. Ωʐ˄ќ
ɞ̾��� VESTA(Version 3.4.3)Cèȳ
[17]. 

Fig.1-34ӛLaO0.5F0.5Bi(S1-xSex)IзÝǍ͑ƀ[72]. 
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� 00TC Ln(O,F)BiCh2ΜG@$BђQB*<)Ӓ0

0CέηǗDÝǍǗIΧUţa8G[?BзÝǍ

̫ȟ)ƘŃ4B$^̜G˱͏4[%Ӕ±ϛ͊GӒ

gl­ȟŃţ̩G'$B·îɳĆΡξɠbϵ%Ǝ

ţӒξɠIįȎCƘŃ6^IJgl­ňȋIUC

#]Ӓ:_GDXF?BΩʐʺƪIßι)̷5

^ӔŔσûD4BӒBiCh2 ΜзÝǍåC̹$\_^

ĆΡI 6 ѰâʊIgl­ňȋb Table 1-36 Gͧ4
<Ӕ̫GǗ̮зÝǍåJӒǓȸ͊FΩʐ˄ќIƘ

Ń)зÝǍ̫ȟDǁɛGҋñ4B$^0D)ƛ$

[77]ӔBiCh2 ΜG'$BӒзÝǍ“̳GJҨƪo¢

¨e̕ǻ=.CF,ӒΩʐ˄ќ)зÝǍ̫ȟGƜ

*,ȈҮ4B$^0D)ƚ∇ƄĶYŃưƄĶGҋ

6^͞ͻG[]Ĥ(?B$^ӔΩʐ˄ќDзÝǍ

̫ȟG@$BΜΫ͊G̵Ћ6^0D)ģʩ_KӒ

зÝǍˌ˄I̵ЋYɺЅ̩гIБЎbўW^´C

ѵЂFȹɘ(]GF^Dȝa_^Ӕ 
� Mizuguchi \JJT7Ӓ·îɳĆΡξɠΜC#^(Ce1-xNdx)O0.5F0.5BiS2D LaO0.5F0.5Bi(S1-ySey)2bŘ

]´/BӒΩʐ˄ќ�§ °�DзÝǍ̫ȟb˜х4<XIIӒʃͣF͑ҋbЄģ60DJC*

F(?<Ӕ:0CȊ\JӒҭĔŃưƄĶӎIn-Plane Chemical PressureӏD$%˃ȜbǍč4B
LaO0.5F0.5BiCh2 ΜзÝǍåIзÝǍ̫ȟIƘŃbМʃ4<ӎFig.1-37(a)ӏ[79]Ӕë&KӒ(Ce1-

xNdx)O0.5F0.5BiS2 G'$B Nd ξɠѷbƔY4B$,DέηǗIå͸)ŗι4Ӓ:_G̬Ǿ2_B
BiS2ǗGX ab ǲҭĔG'$BιVɻŧG{�ª{)((]ӒBiS2ǗIǲҭ∇Ĥ)Ƅι2_^Ӕ±

ɻӒLaO0.5F0.5Bi(S1-ySey)2CJ SeξɠѷbƔY4B$,D BiCh2ǗIå͸) abǲҭɻŧGϓȂ4[
%D6^)ӒέηǗ La(O,F)IƬƅG[?BϓȂ)ҏƽ2_ӒBiCh2ǗĔIǁǻ)ƔƜ4B ab ǲҭ
ɻŧGƄι2_<[%FĽʰ)̷T_^ӔE>\I̩гCXӒĆΡξɠG[?B BiCh2ǗGǇ4B

abǲҭĔӎin-planeӏCƄι2_^Ķӎchemical pressureӏ)̷5B$^0D(\Ӓ0Iè̹bҭĔ
ŃưƄĶDŭMӒƸѷ͊GJˎIǽG[?BƸρ'[MЕî4B$^Ӕ 
 
 

       �In-Plane Chemical Pressure�  

 
 
RBiJ LaO0.54F0.46BiS2IŊΩʐ˄ќЋʭΩʰ[80](\Ӓ6@I BiӓSΩţ҆IǲƇûӜ1.0419 ÅD$
%ûbə̹4B$^Ӕ6Fa>ӒLaO0.5F0.5BiS2˄ќIҭĔŃưƄĶb 1D4BˣW\_<XICӒ
ҭĔŃưƄĶ)Ɯ*$REӒBiCh2 ҭG{�ª{)((?B$^0DbȪŬ6^Ӕ0IǽCΎģ4

<(Ce1-xNdx)O0.5F0.5BiS2'[M LaO0.5F0.5Bi(S1-ySey)2IҭĔŃưƄĶb Fig.1-37(b)Gͧ6Ӕ$7_I̩
гG'$BXӒҭĔŃưƄĶ)#^Ҍûӎ"1.011ӏbз&<D0`C�©qIзÝǍ)Лж2_
B$^0D)Ĥ(^ӔLnO0.5F0.5BiCh2 ΜI�©qзÝǍIģ̳J�ҭĔŃưƄĶD$%�§ °�

G[?BМʃC*^0Dbͧų4B']ӒҭĔŃưƄĶIŧ´G[?B Bi-6p D Ch-p DIрѣI
ѵF])Ɣȃ4Ӓ−ǖ͊ÝǍY�©qзÝǍ)Лж2_^0D)ÈȨ2_^Ӕ 
� Fig.1-37(c)G0_TCƍŪ2_<ξɠΜ̩гG@$BЄ͸X?<ҭĔŃưƄĶD TcIҋñ)TD

W\_B$^ӔĎBI LnO0.5F0.5BiS2ΜI�°�̜J 1 @Iʕγ´Gâξ4B']ӒTcJҭĔŃư

ƄĶIƜ*2GíƬ6^0Dbͧų4B$^Ӕ 
 

= RBi − RCh1
Bi ∼ Ch1 (In-Plain )

Cation Ionic radius [Å] Anion Ionic radii [Å] 

Sr2+ 1.18 F- 1.33 
Eu2+ 1.17 O2- 1.40 
Bi3+ 1.03 S2- 1.84 
La3+ 1.03 Se2- 1.98 

Ce3+ 1.01  

Pr3+ 0.99 
Nd3+ 0.98 
Sm3+ 0.96 
Eu3+ 0.95 
Yb3+ 0.89 

Table 1-36ӛ6ѰâIƎţIgl­ňȋ[78]� 

� RBi � : Bigl­Iňȋ 
� RCh1  : Ch1gl­Iňȋ 
Bi~Ch1  : BiD Ch1IΩţ҆ 
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Fig. 1-37ӛBiS2ΜзÝǍåIҭĔŃưƄĶĽʰ[79] Ӕ(a)ҭĔŃưƄĶĽʰIè̹˃Ȝƀ��
(b)LnO0.5F0.5BiCh2ΜCIĆΡξɠѷDҭĔŃưƄĶIҋñ[79]�ƀ»I͠γJҭĔŃưƄ
Ķû 1.011bϹ4B']Ӓlª­zIĕJ�©qFзÝǍbͧ6ЖɶbȪŬ6^. (c)ĆΡ
ξɠbϵ?<Ͷ�I BiCh2ΜзÝǍåI TcDҭĔŃưƄĶIҋñ[79]. 

(a)� � � � � � � � � � � � � (b)� � � � � � � � � � � � � � (c) 
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1-5-3. Ce(O,F)BiS2 

� ƺJ 1976ǳG LnOBiS2 (Ln = La,Ce,Pr) JɽGţȳ2_B$<[81]ӔLa(O,F)BiS2IƍŪ(\RE

F,4BӒCeOBiS2G@$BX Owg�G Fξɠ28< Ce(O,F)BiS2)ţȳ2_ӒFξɠG[?B
зÝǍ)“̳6^DDXGͤŃ̲Gȃͤȟ͊FɏĿ)Є\_<0D)ƍŪ2_<[82]ӔDemura \
JӒFξɠѷbΜΫ͊GƘŃ28< CeO1-xFxBiS2ӎ0.0 ≤ x ≤ 1.0ӏbţȳ4ӒӅƄĶµe�°©Ġ̵
įȎCIͤ˟тͳ'[MзÝǍ̫ȟG@$BШТ4B$^[82]1ӔCeO1-xFxBiS2ӎAs-grownӏIҨ˟
Ʉɀ̲'[MͤŃ̲I̅ǻíƬȟb Fig.1-38 Gͧ6ӔAs-grown ЖɶG@$BJзÝǍтͳ) x = 
0.45(\Є\_Ӓx = 0.6CʚƜ Tcbю&^Ӕx ≥ 0.7CJţȳ˗ҘCI¶Ξ̩ӎBi2S3ӏ˿čI<W

Ҩ˟Ʉɀ̲)Ɯ*,F^DDXGӒTc )̃ǏGт5B$^ӔTc IɏĿDͤŃ̲bǇ˜28BU^

DӒTc)̳_^ x = 0.45G'$B 4.5 KÖяCͤŃ̲IͿ>´)])̳_J5WӒ:IȎзÝǍт
ͳG[^ͤŃ̲ĨǏ)Є\_B$^ӔF̕ǻbƔY4B$,DͤŃ̲IͿ>´)])Ɯ*,F]Ӓ
x = 0.6GF^D 4.5 KDJĪG 7.5 KÖяCXͤŃ̲IͿ>´)])̳_ӒÊ˗тͳI[%FͤŃ
̲Iɑ^ϙ$bЄ8<ȎGзÝǍтͳ)ж0?B$^Ӕx ≥ 0.7CJӒ7.5 KÖяCIȃ$ͤŃ̲I
Ϳ>´)]IU)ҸϨGЄ\_B$^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                        
1 ɵ̱[82]CI Fѷ xJţȳʊIÔьUѷC#]ӒĆΡĤʭG[]˧Ƹ2_< FѷCJF$Ӕ 

Fig.1-38ӛ(a)(b) CeO1-xFxBiS2(As-grown)IҨ˟Ʉɀ̲I̅ǻíƬȟ'[M:Iã̅ɊƜƀ[82]. 
� �  � (c)(d) CeO1-xFxBiS2(As-grown)IͤŃ̲I̅ǻíƬȟ'[MãͤŃҳƊɊƜƀ[82]. 

(c)� � � � � � � � � � � � � � �(d) 

(a) � � � � � � � � � � � � � (b) 
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� 2\G Demura\JӒ0_\IЖɶb 3 GPaӒ600℃IʨÚC 1ʊҊe�°©Ġ̵bϵF$Ӓť˅
ĬƸbϵ?B$^ӎFig.1-39ӏ[82]ӔLa(O,F)BiS2Dť˅GӒCe(O,F)BiS2G'$BX6QBI F̕
ǻG'$BӅƄĶµe�°©Ġ̵G[] TcJ´ʁ4B$^ӔҨ˟Ʉɀ̲G@$B As-grownD˜х
6^DӒAs-grownCJ x = 0.6C TcʚƜbю&B$<IGǇ4ӒӅƄĶµe�°©Ġ̵ȎJ x = 0.7
C TcʚƜDF?B$^ӔͤŃ̲G@$BJӒ̫G x ≥ 0.7G'$BƜ*FЫIͤŃ̲)Љ̆2_B
']Ӓ�©qFзÝǍ)ƺ̳4B$^0D)Ĥ(^ӔT<ӒͤƎ»ěŏӎFCӏѢ͵IͤŃ̲G˱
͏6^DӒAs-grown []XƜ*FͤŃ̲bͧ4B']Ӓã̅Cҽů4B$^[%FɏĿ)Є\_
B$^Ӕ0_\IƺӂΩʰJӒFξɠG[^o¢¨e�°�YƄĶĽʰG[?BӒзÝǍ̫ȟbŧ
´28^DDXGͤ˟̫ȟGXȈҮ4B$^0Dbͧų4B$^Ӕ 
  

Fig.1-39ӛ(a)(b) CeO1-xFxBiS2(High Pressure Annealing)IҨ˟Ʉɀ̲I̅ǻíƬȟ'[M:Iã̅∇
ĤɊƜƀ[82]. (c)(d) CeO1-xFxBiS2(High Pressure Annealing)IͤŃ̲I̅ǻíƬȟ'[Mã
ͤŃҳƊɊƜƀ[82]. 
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:IȎӒCeO1-xFxBiS2G'.^ F �°�G[^ Ce îɳ̮ȭYǓȸ˄ќPIĽʰbПQ^<WӒ
Sugimoto\G[]Ce-L3΁ XγũŗĤċ̆ƸӎXASӏ)ϵFa_<[83]Ӕ̆Ƹ2_<{×q�©)
Fig.1-40(a)(b)ӒCeIîɳĲţbTDW<I) Fig.1-40(c)C#^Ӕ�­�°�C#^CeOBiS2IXAS
{×q�©CJӒCe3+ӎ4f 1ӏ'[M Ce4+ӎ4f 0ӏI 2@I�°q)Ϲ_B']Ӓ˿ţőƪî̮ȭG
#^0D)ĩʃ4<ӔF�°�ѷbƔY4B$,D Ce4+I�°qJǎ2,F]ӒзÝǍ'[Mͤ˟

ͱǸbͧ6 x > 0.4CƳĎG˼̋4<ӔѝήǬđӈI�°qâξJ F�°�ѷGíƬ4B']ӒF�
°�G[?B Ce-BiΩţ҆)҆,F?B$^0Dbͧ4B$^ӔCeOBiS2J SbÓ4< Ce-BiΩţ
G[^ Ce3+ / Ce4+IîɳƘĿbʜ4B']Ӓ:IΩţG[] BiS2 ǗIзÝǍ)Ⱦĭ2_B$^

ӎFig.1-40(d-e)ӏӔF�°�G[] SbÓ4< Ce-4fрѣD Bi-6pÝǍǬI˿ȳ)ȁT]ӒCegl­
IîɳɣĿ)Ⱦĭ2_Ӓ:IΩʰӒзÝǍ BiS2 ǗDͤȟ CeO1-xFx Ǘ)Ĥң2_Ӓ¹τ)đƬ4B

$^D¾Ȃ4B$^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
� ʚяGF?BӒEu bŨV BiS2ΜŃţ̩D4B EuFBiS2Y Eu3F4Bi2S4)ƍŪ2_<[67,68]Ӕ0_
\IŃţ̩JĆΡξɠG[^o¢¨e�°�̝4I˚͑I̮ȭCXзÝǍ“̳)Љ̆2_B']Ӓ

o¢¨eIӝJ Eugl­) 2îD 3îI˿ţîɳ̮ȭbD?B$^0D=Dσ&\_B$^Ӕ
0_\I EubŨV BiS2ΜŃţ̩G@$BJˎ΀CЙ4,ђQ^Ӕ 
� CeOBiS2G'$BX Ce ) 3 îD 4 îI˿ţîɳ̮ȭC#^0D)ɵ̱[83]CƍŪ2_B']Ӓ
Eu ΜDǇ˜28^DӒ�­�°�C#^˚͑ CeOBiS2G'$BXзÝǍ)“̳6^Ŝόȟ)#^Ӕ

:0CNagao\J�­�°�C#^ROBiS2ӎR = La, Ce, PrӏΖʣ'[MCeOBiS2ŊΩʐbţȳ4Ӓ

έǇҧǻяþI˂ã̅TCҨ˟Ʉɀb̆Ƹ4<[84]ӔFig.1-41(a)) ROBiS2ӎR = La, Ce, PrӏƛΩʐ
IҨ˟ɄɀC#^ӔLaOBiS2'[M PrOBiS2J 0.13 KTCG'$BҨ˟ɄɀG’Ǯ)Є\_B$F
$IGǇ4ӒCeOBiS2J 1.9 K(\Ҩ˟Ʉɀ)Ȟ̓Gãµ4Ӓ1.3 KØµC~«Ʉɀ)Љ̆2_<Ӕ

Fig.1-40ӛCeO1-xFxBiS2 I XAS ĤʭΩʰ[83]. (a) As-grown I XAS {×q�©. (b)High Pressure 
AnnealingI XAS{×q�©. (c)XAS{×q�©I�°q˜(\Є͸X?< Ce4+IƬƅ
˜. (d)(e) CeO1-xFxBiS2IǓȸ˄ќ. ͙ōCͧ6D']Ӓx > 0.4CJ Bigl­Dү̜wg
� Sgl­IΩţ҆)ßMӒCegl­Dү̜wg� Sgl­IΩţ҆)ιV. 

 (a) 

 
(b) 

(c) 

(d) 
(e) 
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CeOBiS2 ŊΩʐG'$BXť˅IɏĿ)Є\_B']ӎFig.1-41(b)ӏӒҨ˶ѷbƜ*,6^0DC
тͳ)Ⱦĭ2_B$^0D(\Ӓ0IҨ˟ɄɀI’ǮJзÝǍтͳG[^XIC#^DɹƸ2_

<Ӕ 

� ʖGЙ4,Ћʭ6^<WӒTanaka, Nagao \Jɺ<Gţȳ4<�­�°� CeOBiS2ŊΩʐ'[M

˜хI<WI F �°�4< CeO0.73F0.27BiS2ŊΩʐb̹$BӒҨ˟Ʉɀ̆ƸGĸ&B X γŊΩʐ˄
ќЋʭӒX γċҨƪĤċӎXPSӏĤʭ·bϵ?B$^[85]ӔҨ˟Ʉɀ̆ƸIΩʰӒ¹ЖɶDXGз
ÝǍтͳ)ė̳4<ӔCeIîɳ̮ȭbЄ͸X^<WĞƸ4< XPS{×q�©) Fig.1-42C#^Ӕ
�­�°�IЖɶJ�°qҭ͸˜C˜х6^D Ce3+

 : Ce4+ = 25 : 6DF]ӒǲƇîɳGɠΎ6^D
Ce3.19+DF?<Ӕ0_JΩʐ˄ќЋʭ(\Ǎ(_^ΩţőƪîαůӎBond Valence SumӜBVSӏ(
\Є͸X?<îɳDXϜ,±ϗ4B$^Ӕ0IƺӂÉƺJ�­�°�ЖɶG'$Bʃ\(G Ce4+

)Ƭƅ4B$^0Dbͧ4B']ӒCe IîɳɣĿG[?B̷5<o¢¨eG[]зÝǍ)“̳4
<0Dbͧų4B$^Ӕ  

Fig.1-42ӛŊΩʐ CeOBiS2'[M Ce(O0.73F0.27)BiS2I XγċҨƪĤċ{×q�©[85]. ҪCͧ2_
B$^XI) Ce3+̻ʩI�°qC#]ӒдCͧ2_B$^XI) Ce4+̻ʩI�°qC
#^Ӕ 

Fig.1-41ӛ(a) ROBiS2(R = La,Ce,Pr)ƛΩʐIҨ˟ɄɀI̅ǻíƬȟ[84]. (b)Ҩ˶ûbƘ&<D*I
CeOBiS2ŊΩʐIҨ˟ɄɀI̅ǻíƬȟ[84]Ӕ�

(a)� � � � � � � � � � � � � � � � � �  � (b) 
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1-5-4. EuFBiS2¯Eu3F4Bi2S4 
� La bƨWD4<§­��g�ĆΡJҹá4<ȟгbʜ4B']ӒŃţ̩»CJ 3 îIҗgl­
D4BƬƅ6^0D)ƛ$Ӕ4(4F)\ӒEu J 3 î=.CF, 2 îIҗgl­̮ȭbƲƸ͊G
D^0D)C*ӒEu2+J CaY SrFEIe©m¨ƃҹ−ǖgl­Dҹá4<ȟгbͧ6Ӕ:I<W
Ɲ̟GJӒÕI§­��g�ĆΡDť5,¨­ѲƐѽ̩ӎ¡�xg�ӏ·D4BI̸ģGĸ&BӒ

±gѲƐѽ̩ӎɷ҆͜ӏ·GŨT_^ SrYCaG˿3]ьcC$^XI(\ƛ,̸ģ2_^Ӕ0_
Jǜ͜ưIĤѶG'$B¥h«�h�’ǮDŭK_B$^Ӕ 
� T<ӒEu Jîɳ̮ȭG[?Bͤ˟͊ȟг)Ɯ*,Ƙa^Ӕ§­��g�gl­G'.^ͤȟI
ӝJ 4f Ҩƪ)Ɇ?B$^)Ӓ4f ҨƪJ 5p ҨƪY 6s ҨƪIрѣGѨϬ2_BĔ˙ýG҂$Ƭƅ
̲ͣbX?B$^ӎFig.1-43ӏ<WӒŃưΩţYΩʐƎD$?<ƚ∇IȈҮbř.G,,ӒƲƸ4
<Ɯ*Fͤ˟¡° ­�bʜ6^D$%̫ȕ)#^ӔEu −ǖJӒXe ˙G 4f Ҩƪ) 7 ÷Ӓ6s Ҩƪ
) 2÷ĸa?<ҨƪѰξb4B']Ӓgl­Ń4<ƎţGJˎGͧ6[%FҨƪѰξDF^Ӕ 
 

Eu2+¯¯¯[Xe] 4f 7 

Eu3+¯¯¯[Xe] 4f 6 
 
6Fa>ӒEu2+Iƌǹ̮ȭJ J = 7/2C#]Ӓ7µ BIƜ*Fͤ˟¡° ­�bɍ@)ӒEu3+Iƌǹ̮

ȭJ J = 0C#]ҬͤȟC#^Ӕƛ,I§­��g�ĆΡgl­G'$BJƌǹ̮ȭDĻж̮ȭI
j�©p°Ǧ)ƻ̅G˜QBŇĤGƜ*$<WӒƌǹ̮ȭIUbσ&_KϜ$ӔD0`)ӒSm3+

'[M Eu3+Jƌǹ̮ȭDĻж̮ȭIj�©p°Ǧ)ǎ2$<WGĻж̮ȭXσȮ6^ȘЂ)#^Ӕ

Ţ§­��g�ĆΡI 3 îgl­G'.^j�©p°̉âbА4<XIb Fig.1-44 Gͧ4<[86]Ӕ
Eu3+Jƌǹ̮ȭӎJ = 0ӏỈâD΄±Ļж̮ȭӎJ = 1ӏỈâIj�©p°Ǧ)'[: 480 Kӎ41 
meVӏDǎ2$<WӒƚ∇ͤƎG[^ɧĿbř.Bƌǹ̮ȭGĻж̮ȭ)˿3^0DG[^ͤȟ
ӎVan Vleck Ǯͤȟӏ)̷5ӒƺҜI Eu3+Iͤ˟¡° ­�J 3.40µ Bbͧ6Ӕ0I[%GӒEu J
§­��g�ĆΡI»CX±ҺƘa?<ĆΡC#^Ӕ 

   

Fig.1-43ӛˠΡ˅őƪG@$BЎΎ4<ҨƪIрѣIĿȋɻŧIĤǩ��

1s ~ 4f TC 
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Fig.1-44ӛŢ§­��g�ĆΡIƐŃ̩ӎLnCl3ӏG'.^ Ln3+Ij�©p°̉â[86]ӔDieke 
DiagramDXŭK_^ӔθуJ˰ɳӎj�©p°ӏC#]ӒŊâJ 103 cm-1C#^Ӕ�
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� BiS2ΜзÝǍåG'$BӒSrFBiS2b�°{D4B Sr2+wg�bgl­ňȋ)я$ Eu2+Cξɠ2

8< EuFBiS2) Zhai\G[]ţȳ2_ӒЙΤF̩ȟ)ƍŪ2_<[67]ӔEuFBiS2J0_TCI BiS2

ΜзÝǍåDť5,…ɻʐӎͼҊπӛP4/nmmӏC#]Ӓƻ̅CIʺƪƸɳJӒa = 4.0508(1) ÅӒc 
= 13.5338(3) ÅC#?<Ӕ0_TCGƍŪ2_B$< BiS2ΜзÝǍåJ˚͑GǇ4BĆΡξɠG[

^o¢¨e�°�b6^0DCзÝǍ)“̳4B$<IGǇ4BӒEuFBiS2 Jo¢¨e�°�I̝

$˚͑I̮ȭC~«Ʉɀ)Љ̆2_<DƍŪ4B']Ӓ2\GҨϡǁǻ˰ӎCDWӏтͳ)Ƭƅ6
^D$%0DX¾Ȃ4B']Ӓ:_G@$BXЙΤGˀЏ4B$^ӔCDW DзÝǍJE>\XҨ

ƪIҡŽ͊FͱǸ̮ȭC#^XIIӒ:IȟгJĎ,’F^ӔãˎĆȟ̩гCЄ\_^0D)ƛ

$ CDWJӒƺͼҊG'.^ÝǍҨƪǁǻDΩʐʺƪIūʠ͊ƘПbͧ6ӔǇ̡͊GӒãˎĆȟ̩
гGґ\7̳_^зÝǍJӒѡĿѷͼҊC Cooper ǇIğιG[^ҨƪͱǸbͧ4Ӓҫ͊FʺƪƘ
ȆJÞaF$Ӕƌʤ͊G¹τJ΂ţ6^̳ЪC#

^)ӒãˎĆΜ̩гG'$B CDW DзÝǍIđ

Ƭ)Љ̆2_^0D)#]ӒCDW DзÝǍIҋ

ñJяǳ˱͏2_B$^Ӕ  
� EuFBiS2IҨ˟Ʉɀb Fig.1-45 Gͧ6ӔT*

 ~ 280 
K bƨT]D4<’Ǯ)Є\_^)Ӓ:_ØƚJ
̅ǻãµDDXGҨ˟Ʉɀ)̃Ǐ6^−ǖ͊ÝǍ

C#?<ӔT*I’ǮJɫÊˎĆΜG'.^ CDW
тͳDҹá4<ɏĿC#^0DFE(\ӒCDW
ͱǸȆȳG[] Fermi ̉âGp¢��)҉$<0
DG[^XI=DЋѳ2_B$^ӔT<Ӓ˂ã̅

ƊCJ 0.3 K G'$B~«Ʉɀ)Љ̆2_B$
^Ӕ  
� EuFBiS2IͤŃ̲I̅ǻíƬȟ) Fig.1-46(a)C#^Ӕ10 KØµbғ$B Curie-WeissĮӎc = c0 + 
C/(T � q N)ӏGȐ?B$^ӔҨ˟ɄɀC’Ǯ)Є\_< T* ~ 280 KÖяIͤŃ̲) Fig.1-46(b)C#
^ӔɊƜ4B�f��f­°DI˖Ǧb�«��6^DӒT*ÖяGť˅I’Ǯ)Є\_Ӓ0Iж

̈X CDW тͳʊGp¢��)҉$<D*I Pauli ǮͤȟĤIͤŃ̲IɤơG[^XIDσǄ4B
$^ӔͤŃ̲I̅ǻíƬȟӎM-T ̆Ƹӏ'[MͤƎíƬȟӎM-H ̆Ƹӏ(\ͤȟgl­C#^ Eu
IîɳЕîXϵa_B$^ӔM-T ̆ƸG'$BJӒCurie-Weiss ĮbØµI[%GƘʖ2_Bîɳ
ЕîbϵF?B$^Ӕ 

c = c0	ӑ	P3+
C3+

T
+(1	ӓ	P3+)

C2+

T	+	q	N 

 
<=4ӒC2+ = 7.875 emu K/molӒC3+ = 1.45 emu K/molC#^ӔîɳIĲţ P3+b(\ЎΎ2_< Eu
Iîɳ)Fig.1-46(d)C#^ӔͤŃIͤƎíƬȟӎM-H̆ƸӏCJӒӅͤƎCIҽůͤŃ(\îɳG
@$BIȥƍ)ȑ\_^ӔEuFBiS2 IͤŃ̲IͤƎíƬȟ) Fig.1-46(c)C#^ӔҽůͤŃIûJ
5.58µ BRECӒEu2+CIʠȌû 7µ B[]Xǎ2,ӒîɳGɠΎ6^D 2.2îDF?<Ӕ 
� Ͷ�ĬƸG[?B EuFBiS2I Eu )îɳɣĿ̮ȭG#^0D)ĩʃ4<ӔŢ̆ƸCЄ͸X\_
< EuFBiS2G'.^ Euîɳb Table 1-47Gͧ4<Ӕʤʩ 2îC#^J7Iwg�G 3î)˿3]
ьV0DCҨϡ»ȟ)Å_BҨƪo¢¨e)Лж2_^Ӓ6Fa>}©��°�­°Iˌ˄G[

]зÝǍ)“̳4B$^DȊ\JΩТA.B$^Ӕ±ɻӒT *CI’ǮG@$BJӒĿ͊ CDWтͳ
bɏ/B$^)Ӓ̳ƅTCG:_Gҋ6^ƺӂ͞ͻJƍŪ2_B$F$Ӕ 

Fig.1-45ӛEuFBiS2IҨ˟ɄɀI̅ǻíƬȟ[67]��
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Table 1-47ӛ’F^ȹˮG[]Є͸X\_< EuFBiS2G'.^ Euîɳ[67]. 

  

Methods Eu-BVS Magnetization Mössbauer Heat capacity Fermi surfice 

Eu valence 

T (K) 

2.14(2) – 2.18(2) 

310ӓ13 

2.17(2) – 2.20(1) 

300ӓ2 

2.24(2); 2.19(3); 2.14(2) 

≤ 200; 273; 388 

��2.28 

0.5ӓ20 

2.25(5) 

NA 

Fig.1-46ӛEuFBiS2 IͤŃ̆ƸΩʰ[67]Ӕ(a)EuFBiS2IͤŃ̲I̅ǻíƬȟ'[M Curie-Weiss ĮG[^
�f��f­°(ʻ)� (b)T *ÖяIͤŃ̲I̅ǻíƬȟ'[M̆ƸûD�f��f­°DI˖Ǧ
(Ҫ)� (c) EuFBiS2IͤŃ̲IͤƎíƬȟD BrillouinҋɳG[^�f��f­°(д)� (d)Curie-
WeissĮ[]Є͸X?< Euîɳ� 
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� EuFBiS2IƍŪȎӒEubŨV BiS2Ńţ̩D4B Eu3F4Bi2S4) Zhai\G[]ƍŪ2_<[68]Ӕ0I
̩гJ…ɻʐӎͼҊπӛI4/nmmӏCӒBiS2 ΜŃţ̩CĨDF^έηǗ˄ќ Eu3F4 bɍ?B$^Ӕ

LaOBiS2 Ɖ˄ќb˜х6^DӒEu3F4Bi2S4 JŊâϋIŘ]ɻ)Ƙa^<WGåȗʺƪDF?B']Ӓ

cу҆) 2øGF?B$^ӔEu3F4Bi2S4'[M LaOBiS2IΩʐ˄ќb Fig.1-48Gͧ6ӔέηǗ Eu3F4

JȐʩIέηǗ LaO []XŐU)#^0D)Ĥ(^ӔEu3F4Bi2S4I̩ȟG@$BXɵ̱[68]CЙ4
,͞ͻ2_B$^ӔҨ˟ɄɀJӒ̅ǻãµDDXGҨ˟Ʉɀ̲X̃Ǐ6^−ǖ͊ÝǍbͧ4Ӓ

EuFBiS2Dť˅GĆΡξɠb6^0D̝, Tc ~ 1.5 K G'$BзÝǍтͳGÞ%Ҩ˟ɄɀIȞ̓F
̃Ǐ)Љ̆2_B']Ӓ00CX EuIîɳɣĿ)ͧų2_B$^Ӕ  

Eu3F4Bi2S4     LaOBiS2 
Fig.1-48ӛEu3F4Bi2S4'[M LaOBiS2IΩʐ˄ќI˜х[68]ӔӋγJŊâϋbϹ6ӔΩʐ˄ќɞ̾��

� VESTA(Version 3.4.3)Cèȳ[17]. 
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1-6. ʤ͞ͻI͏͊ 

� BiS2 ΜзÝǍåIđњI̫ȕJӒǗ̮˄ќC#^0DӒo¢¨e�°�G[]зÝǍ)“̳6

^0DӒ:4BзÝǍ̫ȟ)ƚ∇ƄĶGɯȬC#^0DC#^ӔέηǗIѪMɻG[?BJӒ2

\G̯̫F̵̩̳Ъ)ƺ̳6^0D)#^ӔʤТɵCJӒзÝǍDȃͤȟIđƬ)ͧų2_^ɑ

^ϙ$)ʚXҸϨG̳_^CeO0.3F0.7BiS2ӎCe-1112ӏӒзÝǍDҨϡǁǻ˰IđƬ'[MĆΡξɠG
[^o¢¨e�°�̝4CзÝǍ)“̳6^ EuFBiS2ӎEu-1112ӏI 2@I̩гG̞̜bȅB<Ӕ 

Ce-1112 G@$BJӒɵ̱[82]G'$B 3 GPaӒ600,Ӓ1 ʊҊD$%ʨÚC�{�e�°©Ġ̵
b6^0DC Tc)´ʁ4ӒзÝǍå͸Ĥ̲X 100%G´ʁ6^0D)ƍŪ2_B$^Ӕ0I�{�
e�°©ʊIƄĶbƘŃ28<D*IзÝǍ̫ȟ'[Mͤ˟̫ȟPIĽʰbͤŃ̆ƸG[?BЕ

î6^ӔEu-1112 G@$BJӒӅƄĶµCIзÝǍ̫ȟIƘŃ'[MзÝǍ“̳Gǀ·4B$^D
σ&\_B$^ Eu gl­IîɳG@$BӒӅƄĶµ̆Ƹ'[MӅƄĶµ�{�e�°©G[?B
ˀЏ6^Ӕ  
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΄ӗ΀ӛƺӂȹˮ 
2-1. Жɶţȳɻˮ 

2-1-1. Ɓ͑Ŗțˮ[87] 
� Ɓ͑ŖțˮJӒ͏̩͊гGŨT_^−ǖgl­IѲŃ̩YƐFEIΖʣb˿ţ4BӅ̮̅ȭG

6^ӎ̠ȳ6^ӏ0DCӒƁ͑ĔIɊɲG[]gl­)ͳĿ4BŖțbўϵ28^ȹˮC#]Ӓ

}§��q{IţȳC[,̹$\_^ӔŖțJ:_;_IΘƪIɛ↑̿ҭ(\Ŗț)ўϵ4Ӓ:

IŖțћǻJ˿ţ˜ӒΘȋӒ̅ǻFEG˜ë6^Ӕ˿ţ˜J͏̩͊гIŃưΧȳGţa8^ȘЂ

)#]Ӓ͏̩͊г)ƲƸ6^̅ǻʨÚX˧T?B$^<WӒţȳŖțћǻb´/^<WGJőɶ

̩гI˿ţΖʣIΘȋbǎ2,6^DDXGŇĤG˿ţ6^0D)ˣW\_^ӔʚяCJӒƁ͑

ŖțˮØƚG˅�F̩гţȳIɻˮ)҉“2_B*B$^ӔƁ͑ŖțˮJȐʩƉIȹˮF)\ţ

ȳC*^̩гIǯ)Ƕ,ӒőɶDF^ЖϰYÆʿÆѼӒҨ˟̙D$?<ʚãґIƺӂБÿ4(Ђ

4F$Ӕ±ɻCӒţȳGʚѧF̅ǻʨÚIɚ΢JļĶ)((]Ӓ̩гG[?BJ˂WBӅ$̅ǻ

) c ȘЂDF^Ӕ1200℃bз&^̅ǻbƲƸ͊G“̷28^GJӒ:_F]IǣƟbЂ6^ӔT
<ӒŖțJƁ͑Igl­ɊɲG[^<WŖțћǻ)Ѡ,ӒŖțG((^ʊҊJ'[: 10 ʊҊ(\
ɳɾҊGXŕOӔ2\GӒ:IŖțˌ˄(\Ďå)±˅GŖț4Ҥ,ӒƇ±GŖț4<Ŋ͑Жɶ

)ȑG,$ӔЖɶIƇ±ȟbӅW^<WӒȑ\_<ЖɶbΖ͟4BŇĤG˿ţ4Ӓėǻĸ̣b6

^Êˎ̠ȳb6^0DX#]Ӓ0_G[]ϜгFЖɶIƳȳGJǏF,DXɳɾҊ((^Ӕ 
� ̠ȳ̶ƓJӒőɶЖϰY͏̩͊гG[?B˧Ƹ6^ȘЂ)#^ӔƁ͑ŖțˮG[]ţȳ2_^

×Ϲ͊F̩гIőɶ̩гD̠ȳҦſ˟b Table 2-1 GTDW<Ӕőɶ̩г)ѲŃ̩X4,Jĸ̣»
GѲŃ̩GƘŃ6^̛ѲƐFEC#^ƎţGͼ˟»C̠ȳbϵ&^Ӕ0IƎţӒͼ˟»IѲΡ)

ŖțGĸa^<WGѲŃҦſ˟DF]Ӓőɶ̩гGŨT_^−ǖgl­JƳĎѲŃ̮ȭX4,J

:_Gя$ѲŃ̮ȭDF^<WӒҀѲŃ̩Ӆ̅зÝǍåIëJ#^XIIӒȑ\_^͏̩͊гJ

έηåGF^0D)ƛ$Ӕͼ˟ØƚI˟å»C̠ȳJӒƛ,JΏ̮Ҩ˟̙bê̹4B±ɻ(\n

{bѕ]ӒÕɻCŻŗ6^n{˟˶»CϵF%Ӕê̹6^n{JѲΡ#^$JˠΡ)RDcEC

#^ӔѲΡn{JӒͼ˟»[]Xȃ$ѲŃҦſ˟G4<$ƎţYӒѲΡѷG[^̷ȳ̩IƘŃb

ПQ^ƎţFEC#^Ӕ�{�{ΜӅ̅зÝǍåI̫ȟGJ̠ȳʊIѲΡĤƄ)Ɯ*,ȈҮ6^

DIƍŪ)#]ӒŁĶ͊G͞ͻ)F2_<[88]ӔˠΡn{JӒѬĆҦſ˟CŖțbўW<$ƎţG
̹$\_^Ӕë&KӒ��zh�IѲŃ̩C#^ V2O5 J V5+CƳĎѲŃ̮ȭC#^ˋϝIΖʣC

#^)Ӓ0_bˠΡҦſ˟»Cĸ̣6^0DCӋ̘ϝIV2O3)ȑ\_ӒV3+GTCѬĆ2_^Ӕ͓

ͼ̮ȭCI̠ȳJӒͼ˟G↑_287GŖțbўW<$ƎţYőɶ̩гY͏̩͊г)ѲΡYˠĤ

DŖț4Y6,ͼ˟»C¶ƲƸC#^ƎţӒőɶ̩г)ĸ̣»Gϩ“4BŃưΧȳ˜(\ƚ_B

̠ȳҦſ˟ ͏̩͊г őɶ̩г ɵ̱ 

ͼ˟ 
LiCoO2 LiCO3, CoCO3 [89] 

BaTiO3 BaCO3, TiO2 [90] 

ѲŃҦſ˟ 
O2n{�«°ӎĤƄĭ

Ȓӏ 

YBa2Cu3O8-d Y2O3, BaCO3, CuO [91] 

Bi2Sr2Ca2Cu3O10 Bi2O3, SrCO3, CaCO3, CuO [88] 

ѬĆҦſ˟ 
H2n{�«° 

V2O3 V2O5 [92] 

Li9V3P8-d O29-d ' LiCO3, V2O3, NH4H2PO4 [93] 

͓ͼ 
FeSe Fe, Se [94] 

SmFeAs(O,F) 
Sm2O3, SmF3, SmFe3As3, 

Sm2Fe3As3 
[39] 

Table 2-1ӛƁ͑ŖțˮG'.^̠ȳҦſ˟D×Ϲ͊FëӔ 
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4T%Ƞ_)#^ƎţFEƛ,IƎҭC̹$\_^Ӕ͓ͼ̮ȭJӒ͜ϠΏI»GЖɶbč_BӒ

͓ͼ�­�C͓ͼǾ*4<ȎӒ�°�°Cǉ5ĥ^D$%ɻˮbD^0D)ƛ$Ӕ͓ͼ�­�G

ɛή4B$^͜ϠΏb�°�°C̚^D˟ƄǦG[]ĔýGƜ*,Ǿ?Ȃ\_^<WӒ:ITT

ǉ5ĥ^0DJҤ4$Ӕ:I<WӒ͓ͼ�­�Gɛή6^įGÈW͜ϠΏIǉ5ĥ^∇ĤGΤ$

,M_bè?B',Ӓ$aZ^�necking�D$%ɪèb4B',D{�°|G͓ͼǉΏ)C*^Ӕ
јʃ͜ϠΏӎSiO2ӏJΞǻ'[MŃư͊ƲƸȟIӅ$̩гC#^)Ӓ1200℃bз&^Ӆ̅G'$
BJn§{̮ȭ(\ȏ�GΩʐŃ)ўϵӎơјӏ4BјʃF̮ȭ(\͈,̔?B$*Ӓ�«�«

GF?B4T%Ӕ0%F?B4T%DĔ∇I͓ͼJ͠_B4T%ӔơјJe©m¨−ǖYe©m

¨ƃҹ−ǖbĨWD4<̩гIÖ͕G[?Bòў2_^0D)#]Ӓë&K Li )Ö͕4<ƎţG
J 250℃͵ǻCơј6^0DX#^Ӕ0I[%F̩гG'$BJӒ−ǖΏI»Gč_B̊ɛǉč4
<]−ǖ΍Głc=´C͜ϠΏGǉč6^0DX#^Ӕ 
 
2-1-2. ӅƄţȳ¯ӅƄe�°©ˮ[87] 
� Ӆ̅ӅƄĶIƺӂ̶ƓJӒƆгưĤѶG'$BĊϵ4B˄Β2_B$^ӔʚӅC 360 GPaӒ
6000℃GXѤ6^Ɔ̴˾∇I˂ґ̶Ɠbė̳4Ӓ�­�©YueCI˶åѡĿYƆҩ˰ÝɥӒѽ
̩ΩʐI̷ȳѢ͵I͞ͻGê̹2_B$^Ӕ̩ȟ̵̩ưĤѶCJӒӅƄĶµCỊĠ̵G[^̩

гţȳG̹$\_^ӔӅ̅ӅƄţȳˮӎHPHTˮӏJӒǮƄĶµCƲƸC#^Ωʐ[]XĈƑ̲I
Ӆ$ӅǁǻFΩʐ˄ќbȆȳ28^0D)ŜόC#^ӔȐʩӒ̝ˌŃţ̩IţȳJ¾D4BŃư

ΧȳD̠ȳ̅ǻb�§ °�D4<ŃưŖțG[?BF2_B']Ӓƛ,IɺЅŃţ̩bĳЀ4

B*<ӔяǳӒ0_\ 2@I�§ °�GƄĶbĸ&ӒŃţ̩I̮ȭbŃưΧȳӒ̅ǻӒƄĶI 3
@I�§ °�IҋɳD4Bɓ&^0DG[]ӒƛͶƛ˅FɺЅ̝ˌŃţ̩bţȳ4[%D6^

͞ͻ)˵“DF?B$^ӔӅƄĶ“̷ȼ϶IƌͦJ 1930 ǳҰG Bridgeman G[]ͣͿ2_[95]Ӓ
1955ǳGJ GEͨ)ÑҹĨIÑǣ�g£¡­�ţȳGȳķ4B$^[96]Ӕ:_ØҐӒ̝ˌŃţ̩I
ӅƄţȳGț̹2_^[%GF?<Ӕ  
� ̝ˌŃţ̩IӅƄţȳI̫ȕJӒŃţ̩b˄ȳ6^gl­IѰâɳbƔĸ28^ɻŧGă*Ӓ

ōĸƄĶ)Ɯ*$RE˄ȳőƪIѰâɳJƜ*,F]Ӓ[]ζǁFΩʐ˄ќbʜ6^Ńţ̩bţ

ȳ6^0D)C*^Ӕë&Kѽ̩I¾ȳĤC#^ SiO2JӒƻ̅ǮƄµCJa-QuartzƉӎtrigonal,  
  

Fig.2-2ӛy¨mӎSiO2ӏGƻ̅CƄĶbōĸ4<ƎţIΩʐ͑IƘŃӔΩʐ˄ќɞ̾���
VESTA(Version 3.4.3)Cèȳ[17]. 
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2.6 g/cm3ӏD$%Ωʐ˄ќC#^)Ӓƻ̅ITTƄĶbōĸ4B,D Fig.2-2 Gͧ6њ]˅�FΩ
ʐ˄ќPD͑тͳbν]ѐ6Ӕ8 GPaÖяC Coesite(\ StishovitePIтͳ)ж0]Ӓ0ID*G
Si IѰâɳ)źѰâ(\ĐѰâGƘa^Ӕ270 GPa TCĸƄ6^D Pyrite Ɖӎcubic, 6.6 g/cm3ӏD

F]ӒǮƄµ[]X 2.5 øREXӅǁǻFΩʐ˄ќDF^[96]Ӕ00G̅ǻYŃưΧȳI�§ °
�°bĸ&^D˅�FΩʐ˄ќ˄ќ͑)̳_ӒǯǶ$̩г)ȑ\_^Ŝόȟ)à&^Ӕ 
� HPHTˮIȹҲJӒƄĶbZ?,]D´/B͏͊ƄĶGѤ4<ȎӒ�°�°GњҨ28B͏͊̅
ǻTCʁ̅4ӒӅ̅ӅƄĶ̮ȭG 1 ʊҊó?<ȎӒ�°�°bĥ?B̅ǻb͛ʊҊCƻ̅TCµ
/^Ӕ:IȎӒŇĤFʊҊb(.B̃Ƅ4BӒЖɶbŘ]ģ6ӔHPHTˮCJӅ̅ӅƄĶ“̷ȎI
ЖɶŻŗ)͏͊C#]ӒЖɶ̫ȟbЕî6^<WG±ƸѷØ´IЖɶbȑ^ȘЂ)#^<WӒ“

̷ƄĶY“̷̅ǻb#^͵ǻ̭̪G4BӒ˜х͊Ƕ$ЖɶͼҊbͣó4B$^ӔØµCƺҜGê

̹4<ÊͶҹIӅ̅ӅƄ“̷ϼξG@$BђQ^Ӕ 
� Fig.2-3 JӒo¤°��qe­�©ƉӅƄţȳϼξ'[MƄĶ}©I˄ȳIĘ͓C#^Ӕ0Iϼ
ξJӒ6@Ie­�©CͿɻåͼҊb 6ɻŧ(\ϡѵb(.^0DG[]ƄĶb“̷28^ɻǽC
#]ӒǶ$ЖɶͼҊDӅ$ҫˠƄȟbȑ^0D)C*^ӔϡѵĭȒGJ˪ƄĭȒϼξbê̹4B

$^ӔĸƄʊ'[M̃ƄʊJӒ5 t/min.Iª°�CϵF$Ӓ͏͊ϡѵG'$BJǮG±Ƹϡѵ)ί
ɍ2_^[%GĭȒ2_^ӔƺҜIЖɶͼҊG((^ƄĶJӒƁåI˄ќ͑тͳbī̹4<ƄĶ

Ƹ̜̩гb̹$Bхː2_B$^Ӕʤ͞ͻƻI̳̮I˄ȳCJƄĶ´ґ) 3 GPaC#^)Ӓe­�
©ҭ͸'[MƄĶ}©b[]ǎ2,ėБЎ6_K“̷ƄĶb´/^0DJŜόC#^Ӕ 
� Ӆ̅“̷ɻˮJz¤°©̣G[^Ʉɀĸ̣ɻǽC#^Ӕ���e­�©D���e­�©)Ҩ

˂GF?B']Ӓ0_\IҊGҨ˶b˶4B�°�°bĸ̣28^Ӕ�°�°IʥгJ͏͊ƄĶ

Y͏͊̅ǻG[]˅�C#^)Ӓ̩гͮưIĤѶCJ°§�dg�)êa_^0D)ƛ$Ӕ°§

�dg�J 2000℃Ø´IзӅ̅I“̷)ŜόC#]ӒʥɶĸǣXϕ̻ȟ)Ӆ,ƿʄC#^Ӕ500℃
Öя[]ѲΡYˠϩ˟DȞ̓FŖț)ж0^<WGͼ˟»CIê̹Jĭґ)#^)ӒӅ̅Ӆ 
  

�g«�f§g� 
�«�q 

C�
°�
°}
© 

MoҨ
˂ 

SUS¨
­°

 

+ ӢӦӠ
ӥӣӟ
ӤӠӡ 

BN}
© 

1 cm 

e­�© 
ӎWCӏ 

έηy°�
ӎPTFEӏ 

Fig.2-3ӛo¤°��qe­�©Ɖ 180t �ª{ϼξӎy°�f°�dq�¨°Ѐӏ'[MƄĶ}©
I∇ŰI˄ȳӔ 
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ƄţȳϼξG'$BJĸ̣6^ͼҊJƁåIƄĶ}©Ċ<2_<ǁ҈ͼҊC#^<WӒ:I[

%FĭΝbř.^0DF,ê̹6^0D)C*^ӔT<ӒƄĶ}©ĔGĂ(GƬƅ6^ѲΡYˠ

ϩ˟J°§�dg�ϕп)Ŗț4BŘ]ьV<WӒѬĆҦſ˟µCţȳbўW^0D)C*^Ӕ

0I[%G°§�dg�J�°�°D4Bą_<̫ȟbʜ4B$^XIIӒƄĶ'[M̅ǻIʨ

ÚG[?BJ°§�dg�)�g£¡­�PƘŃ4B4T%<WӒ:I[%FʨÚµG'$BJ

§­�­q«�g�ӎLaCrO3ӏY¡¨��­−ǖӒª�h�−ǖD$?<×ʙʥɶ)ê̹2_^Ӕ

�°�°IʥгJ͏͊D6^ʨÚYЖɶDI͑ȟFEbĸŬ4<´C˧Ƹ6^ȘЂ)#^Ӕ 
� Ľ̲Ϝ,ĸ̣6^<WGJӒ̣έηåC�°�°ūſbЃ%ȘЂ)#^)Ӓ0I}©˄ȳG'

$BJ�g«�f§g�):IȉĲbɆ?B$^Ӕ�g«�f§g�Jϧϳ͜DXŭK_^ѽ̩

I±ͶC#]Ӓ:IŃưΧȳJ Al2Si4O10(OH)2C#^ӔŃư͊Ŗțȟ)ã,Ӓ̣͊έηȟ)Ӆ$D

$%ȟгGĸ&BӒҨ˟͊έηȟYʥг)с\(,ǕȟGǂcC$^̜FE(\ƄĶƩåYn{

±��D4BXê̹2_^ӔT<Ӓ2\F^ó̅ȟbȑ^<WG̣ÝǍǻIã$�°�ye

ӎMgOӏYz©u�eӎZrO2ӏCĸ̣∇ĤbЃ%0DCƿʄG 1000℃bз&^[%FзӅ̅bȑ
^0D)C*^Ӕ 
� ʤ͞ͻCê̹4<o¤°��qe­�©ƉӅƄţȳϼξG'$BJʚƜƄĶ 3 GPaӒ“̷̅ǻ)
1000℃͵ǻC#^<Wƌʤ͊GJ°§�dg��°�°Cŵҷ̝$)Ӓ°§�dg�ϕåIŖț
ȟbσȮ4BЖɶb BN }©CЃ?B$^ӔBN JŃư͊ŖțȟGÁ4$0DGĸ&BӒҨ˟͊έ
ηȟbʜ4F)\XӅ$̣ÝǍȟbX@̩гC#^Ӕ“̷̅ǻG@$BJӒЖɶͼҊG̣ҨǇb

ɒč4BŢƄĶC�°�°G(.<¬��ɳD:ID*I̅ǻIҋñb#\(5WА҃4B',Ӕ

:I�°�bXDG�°�°ģĶbПɴ4B͏͊I̅ǻGF^[%GĭȒ6^ӔƄĶ}©IŢ∇

ŰJ6QBť5ЅʺIɽȳŰC#^<WӒė̳ȟIϜ$̅ǻ)ģB$^XIDσ&\_^Ӕ 
� ʤ͞ͻCê̹4<o¤°��qe­�©ƉӅƄţȳϼξIƄĶ}©IΧUͿBGҋ4BђQ^Ӕ

͍ύFEI¶Ξ̩)Ö͕6^Ƞ_)#^<WӒΡȹCIèˁJѫ.^Q*C#^ӔFig.2-4 JƄĶ
}©IΧUͿBG@$BTDW<ƀC#^ӔT7ӒŖț28^ΖʣI'[: 250mgbf 5 mmI×
ª��̮GȳƉ6^ӔBN }©GǍč4<D*GЖɶ) BN }©I»ȗGF^[%F{×°w°D
4BӒh-BNIΖʣ(\f 5 mmI×ª��bť5Ӆ2GF^[%G 2@èЀ6^ӔBN×ª��Ӓ
Жɶ×ª��ӒBN×ª��IҲGF^[%G BN}©GǍ4ӒBN}©G²ǻŗT^[%G BN×
ª��IӅ2bПɴ6^ӔSUS ¨­°D�g«�f§g�N<bΧUţa8BӒ�g«�f§g
��«�qIͺGǟWьVӔMo Ҩ˂Ӓ�°�°}©Ӓ�°�°N<ӒЖɶ'[M BN ×ª��)
č?< BN}©D BNN<Ӓ�°�°N<ӒMoҨ˂ӒSUS¨­°'[M�g«�f§g�N<I
Ҳ͂C�g«�f§g��«�qIͺGč_^Ӕ0I[%G4BƄĶ}©)Ƴȳ6^ӔњҨ�{

Jƀ»Iβ͙ōCͧ4<њ]ӒSUS¨­°Ӓ$ MoҨ˂Ӓ�°�°ӒMoҨ˂ӒSUS¨­°I[%
G˶_Ӓ�°�°}©Ĕ∇CӅ̅)“̷6^Ӕ  

Fig.2-4ӛo¤°��qe­�©ƉӅƄţȳϼξG̹$^ƄĶ}©IΧU´Ϳ/˃́ƀӔ 

����

1 cm 
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� []Ӆ$ƄĶb“̷28^GJӒřƄҭ͸bǎ2,6^(ϡѵbƜ*,6_KϜ$)Ӓ̩гţ

ȳb6^´C#^͵ǻIЖɶͼҊJͣó6^ȘЂ)#^Ӕ:I<WӒϡѵb[]Ɯ*,ӒF'(

@Ľ̲͊GЖɶͼҊPÝ&^ǣƟ)ğ\2_B*<Ӕ1970 ǳӒǡÍ…ÑŋƗG[]ǡÍǽ�©�
e­�©ӅƄĶ“̷ϼξ)҉“2_<[98]Ӕ0IƄĶϼξJːďҭåͼҊb 8 ÷Ie­�©CſUӒ
:_b2\G 6 ÷Ie­�©CĸƄ6^Ê˗ǽDŭK_^ɻǽIƄĶϼξC#^ӔFig.2-5 Jʤ͞
ͻƻIǡÍǽ�©�e­�©Ɖ 700t �ª{ϼξIĘ͓C#^Ӕ±˗͏C#^e­�©J�ª{ˌ
I´∇Dµ∇G:_;_ 3÷7@ӒţЎ 6÷)ƁƸ2_B$^ӔÊ˗͏DF^ 8÷Ie­�©JӒ
ͿɻåI 8 @Iү̜)ː³ЊȆGĥ]Ř\_<Ȇ̮b4B']Ӓ0Iĥ]Ř\_B$^ҭJ�§
­±°y¦­ӎTruncationӏDŭK_^Ӕ0I�§­±°y¦­)ďҭåIƄĶƩåGɛ↑6^ҭ
DF^<WӒ�§­±°y¦­Iwg|G[]“̷ƄĶ)Ƙa^Ӕʤ͞ͻCJӒ10 GPa TCJ�
§­±°y¦­ 8 mmIe­�©bӒ15 GPaGJ�§­±°y¦­ 4 mmIe­�©bê̹4<Ӕ 
� ϡѵJ˪Ƅϼξby°±­{ĭȒ4ӒƄĶƊGț5BѧĥFª°�GF^[%GÈWБƸ4<Ӕ

̫G̃ƄʊJ�«°eh�ӎblow outӏI¨{q)Ӆ$<WӒ±ʍ(.BZ?,]D̃Ƅ28^Ӕ
͏͊ϡѵG'$BJǮG±Ƹϡѵ)ίɍ2_^[%GĭȒ2_^ӔƺҜIЖɶͼҊG((^ƄĶ

JӒƄĶƸ̜̩гC#^ BiY BaӒZnSI˄ќ͑тͳGDXF%Ҩ˟ɄɀIƘŃbī̹4Bхː2
_B$^ӔĸƄͼҊJӒѲŃ�°�yh�GȔѷIѲŃu�©�b˿9<�­qϝIːďҭå)

ƄĶƩåD4B̹$\_^Ӕ0IďҭåG�¨©Cͺb҉.BӒ:IͺG}©bǍč6^ӔӅ̅

“̷ɻˮJo¤°��qe­�©ƉDť5,Ʉɀĸ̣ɻǽC#^Ӕ}©˄ȳXƌʤ͊Gť5C#

^)Ӓ̫G�§­±°y¦­ 4 mmI}��e��G'$BJЖɶͼҊ)ǎ2$<WG�°�°ҭ
͸Xǎ2,F]ĸ̣Ľ̲)µ)^<WӒz©u�eЀIɹ̣ʥb�°�°IƚýGǍč4Bó̅

ȟbӅWB$^Ӕ 
 
  ���"# 


�	���� 

Mo�� 

�������� 
����� 

����(WC) 

BN�� 

��
��� 

�!  MgO 
��� 

Fig.2-5ӛǡÍǽ�©�e­�©Ɖ 700t �ª{ϼξӎy°�f°�dq�¨°Ѐӏ'[MƄĶ}©
I∇ŰI˄ȳӔ 
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� ʤ͞ͻCê̹4<ǡÍǽ�©�e­�©ƉӅƄţȳϼξI�§­±°y¦­ 8 mmIƎţIΧU
ͿBGҋ4BђQ^Ӕ Fig.2-6 JƄĶ}©IΧUͿBG@$BTDW<ƀC#^Ӕ}©IŢ∇ŰJӒ
�§­±°y¦­ 8 mmG@$BJɽЀŰbê̹4B$^ӔT7JӒMgOďҭåGf 6 mmIͺb
҉.^ӔMgO J͢,ώ$ʥгC#^<WӒĸǣљ»GĲ_B4T%Ƞ_)#^Ӕ:0CӒͺ#.
ĸǣJ̑̌˪ӎ©�¨m­�ӏb˱4F)\f 2.5 mmӒf 3.4 mmӒf 5.8 mmIз͢�¨©bê̹4
BΤ$ͺ(\ҲGͺb҉.Ӓ�­�¨°�°Cf 6 mm GÔ´/<Ӕͺ#.ĸǣȎI MgO ďҭå
JӒũ͕ˠĤYê̹4<̑̌˪bɡ“28^<WӒê̹įGͼ˟»C 850℃C 10 ʊҊ̠ȳ28<Ӕ
ЖɶJ 100 mg ͵ǻbf 3.8 mm I×ª��̮GȳƉ6^ӔBN }©GǍč4<D*GЖɶ) BN }
©I»ȗGF^[%F{×°w°D4BӒh-BNIΖʣ(\f 3.8 mmI×ª��bť5Ӆ2GF^
[%G 2 @èЀ6^ӔBN ×ª��ӒЖɶ×ª��ӒBN ×ª��IҲGF^[%G BN }©GǍ
4ӒBN }©G²ǻŗT^[%G BN ×ª��IӅ2bПɴ6^Ӕe­�©IҨ˂D4BҀ΍b͛
Ė̮Gĥɹ4Bz©u�eN<IͺGњ6Ӕz©u�eN<Ӓ¡¨��­Ҩ˂ʬӒ�°�°{¨

°�ӒЖɶ×ª��D h-BN×ª��)č?< BN}©Ӓ¡¨��­Ҩ˂ʬӒz©u�eN<IҲ
CMgOďҭåIͺGč_^Ӕ0_CƄĶ}©YJƳȳC#^Ӕ 
� Ê˗͏I WC e­�©GJƄĶǉˏYĸƄ{�«°qIͣóI<WӒn{±��bɐVӔn{
±��JŝȆGĸǣ4<�g«�f§g�bê̹4Ӓe­�©Gɛ͕6^Ӕ0ID*ӒĸƄʊI

țĶCʳсGĿ,[%GӒF^Q,ȁ,ɛ͕6^Ӕɛ͕İGJӒ�} �g­ Ę͓̹�D$%Ѐ
ŰG°§�dg��h�°b˿9ьc=XIbǏѷê̹4BӒΧU´/ʊGn{±��Iâξ)

Ŀ(F$[%ƁƸ4<Ӕĸ&BÊ˗͏e­�©bƲƸ͊GΧV<WGӒ{×°w°D4B�©w

ʡʥʬbѧȅFƜ*2Gĸǣ4B�} �g­ C�D$%ЀŰbê̹4Bɛ͕6^Ӕ0%4Bn
{±��D{×°w°bɛ͕4<Ê˗͏e­�©DЖɶbč_< MgO ďҭåbΧU´/^ӔΧU
´)?<Ê˗͏e­�©Jn§{j�oyӎGlass-Fiber-Reinforced PlasticsӜGFRPӏʬC 6 ҭbЃ
%Ӕ0ID*ӒҨ˂GǇț6^Ê˗͏e­�©GJ GFRP ʬGĥ]ьUbč_BҨ˂D4BҀ΍
bɐVӔGFRPʬbŐ2 0.08 mmI˂Ϯ�°�CƁƸ4ӒҨ˂âξbţa8B�ª{ˌµ∇I±˗
͏e­�©G}��4BӒĸƄb҉ƨ6^Ӕ 
� �§­±°y¦­ 4 mmG@$BXRSť˅C#^)ӒƄĶ}©IŢ∇ŰJőɶI¼ʿ(\ǣè
ˌʾb̹$Bϕè4<ӔMgO ďҭåY WC e­�©J�§­±°y¦­ 4 mm ̹IXIbê̹4
<Ӕ0IƎţJЖɶͼҊ)(F]̰,F]Ӓȑ\_^ЖɶѷJ 13 mg͵C#?<Ӕ  

1 cm�

Fig.2-6ӛǡÍǽ�©�e­�©ƉӅƄţȳϼξG̹$^ƄĶ}©IΧUͿB˃́ƀӔ 
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2-1-3. �§�q{ˮ[99] 
� ƁåJőƪYgl­FEIΘƪ)ζǁGğҡ4B']Ӓ:_\IѰħIÔɻG[?BΩʐDe

¡©�d{I 2ͶҹGĤҹ2_^Ӕ#^Ŋâ˄ќbūʠ͊Gν]ѐ6ЅĮ͊FѰħb4B$^ӎº
ўǇͲȟbɍ@ӏƁåbΩʐDŭMӒЅĮȟbɍ<7ƳĎG§­��FѰħb4B$^ӎºўǇ

Ͳȟbɍ<F$ӏƁåbe¡©�d{DŭOӔʚяCJ΄³IƁå̮ȭD4BӒºўǇͲȟbɍ

<F$)ӒӅ$ͱǸ˄ќbʜ4B$^̉ΩʐD$%ƁåXͣК2_B$^ӔΩʐI»CXӒĎå

D4BŊ±IΩʐɻâ)ó<_B$^Ɓå)ŊΩʐC#]ӒȔǎFŊΩʐ)̝ɳGҡT?B§­

��FΩʐɻâbŧ$B$^ƁåbƛΩʐD$%Ӕȴ�Iū]I̩гJRDcE)e¡©�d{

X4,JƛΩʐCC*B']ӒŊΩʐb…ɛ͏G6^0DJʹC#^ӎFig.2-7ӏӔ 

� Ɓ͑ŖțˮCJőɶDF^ΘƪťƗIɛ↑̿ҭ(\Ŗț)ўϵ6^0DbђQ<)Ӓ0ID*

Iɛ↑̿ҭӒ6Fa>ΩʐŃIʸDF^̜J̝ɳGƬƅ6^<WӒţȳ2_^̩гJΩʐɻâ)

§­��FƛΩʐDF^ӔƛΩʐJȔǎFŊΩʐťƗI@F+͏G#<^ΩʐΘ̿IĽʰ)ĸa

^<WӒ̩гʤʩI̫ȟЕî)Ҥ4$Ǝţ)#^Ӕ±ɻCӒ˜х͊ƿʄGţȳ)ŜόC#^<WӒ

ɺ̩г҉“G'$BJţȳЖϵI΄±{���D4Bī̹2_^ӔΘƪỊɑĿ)̓4$Ӆ̮̅

ȭ(\ƁåbȞě6^DӒΘƪIâξ)ɲƅ4<TTC̣ɑĿ)ǎ2,F]âξ)ƁƸ2_^<

We¡©�d{DF^Ǝţ)#^Ӕe¡©�d{J̩гĎåD4BƇ±(@·ɻ͊C#]Ӓť5

Ńţ̩C#?BXΩʐ̮ȭCJЄ\_F$[%FυϑҼȟYӅȃǻFEI̫ȟbͧ60D)#^

<WӒț̹ʥɶYǣˁЀŰD4Bī̹2_^0D)ƛ$ӔŊΩʐJӒƌʤŊâ˄ќ):ITT�

©qFwg|GTCȳ҆4<XIC#^<WӒ̩гI˄ќY̫ȟbЕî6^IGʚѧC#^D→

&^Ӕ4(4F)\ŊΩʐIţȳGJϢƜFʊҊ)ɘ(^´GӒwg|)Ɯ*,ˍҔIǏF$Ξ

ϜŊΩʐbȑ^IJƿʄCJ̝$Ӕ 
� ŊΩʐţȳJωȳ̶ƓIѥ$G[?BƁ͑ˮӒ˽͑ˮӒ˟͑ˮI 3 @IĤҹ2_^Ӕ˜х͊͛
ʊҊCwg|IƜ*FŊΩʐbţȳ6^GJӒőƪǁǻYőƪѰħIϕ̻ǻ)Ӆ$˽͑CIωȳ

)ʜīC#^Ӕ˽͑ˮGJӒ͏͊ΧȳƁåbӅ̅CϴЋ28^ϴ˽ˮDӒ͏͊ΧȳƁåbϴ̜I

ã$˽åG̊Ћ28^̊˽ˮGƜĪ2_^Ӕ�§�q{ˮJ̊˽ˮI 1 @C#]Ӓ̊Ћ28^˽
å̩гbϴİӎ�§�q{ӏDŭOӔ�§�q{J͏͊Ωʐb[,̊(6�͑̊ȟ�DDXGӒ

ţȳŖțGȈҮ87GΩʐDĤңC*^�ң̊ȟ�bʜ6^XI)ѧ4B$^Ӕ�§�q{Ig

l­ňȋӒϴ̜ӒŃưΩţIgl­ȟYѲȟǻ¯ƐƌȟǻFEI̫ȟ(\Ӓ͏͊ΩʐGţa8B

�§�q{bѧĥGѪɃ6^ȘЂ)#]Ӓ�§�q{ѪɃJ�§�q{ˮIo°�g­�I±@

Fig.2-7ӛƁåIĤҹӔ 

固体�

アモルファス�単結晶� 多結晶�

結晶�

準結晶�
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C#^Ӕ×Ϲ͊F�§�q{D4BӒ−ǖӎSnӒIn ·ӏӒ−ǖѲŃ̩ӎWO3ӒMoO3·ӏӒ−ǖ�«

t­Ń̩ӎKFӒLiCl ·ӏ)ɏ/\_^Ӕ$7_I̩гG'$BXϴ̜J 1000,ʢ̇C#]Ӓ±ϛ
͊FҨ˟̙CŇĤG“̷ŜόF̅ǻC#^Ӕ 
� �§�q{ˮIȹҲD4BJӒ͏͊ΩʐIΖʣX4,Jőɶ̩гD�§�q{bѧĥFгѷ˜

CŇĤG˿ţ4BҨ˟̙FECʁ̅6^Ӕ�§�q{Iϴ̜Ø´IӅ̅C�§�q{G͏͊Ωʐ

)̊.B$^̮ȭ(\ȏ�G̅ǻbµ/B$,DӒ̊Ћǻ)ǎ2,F?B$*ΩʐȳĤ)Ѣҽů

bю&Bʭģ4B,^Ӕ̮ȭƀG'$BJӒFig.2-8Gͧ6[%FΩʐ AD�§�q{ BCŊΩʐ
bωȳ28^Ǝţbσ&^ӔA D B I̕ǻ˜) XiC˽åGF?B$^̮ȭ i bĨʠ̮ȭD4BӒ
00(\̅ǻb T *TCµ/^DΩʐ AIʭģ)ƨT^Ӕ:%6^DӒ̊˽»I̕ǻG'$BΩʐ
A ȳĤJ̃^<WӒƀ»I˽͑γGˬ%[%F̮ȭbэ]Ӓ̅ǻ TFTCΩʐʭģJή,Ӕ�§�

q{ˮG[?Bwg|)Ɯ*,ˍҔIǏF$ŊΩʐbȑ^<WGJӒěŏª°�bεY(GБƸ

4BΩʐʭģb͹Y(G6^I)ψЂC#^Ӕ 
 
 
 
 
 
 
 
  

Fig.2-8ӛΩʐ A'[M�§�q{ BI̮ȭƀӔдγJ̮ȭ i(\ěŏ4<D*IƘŃC#^Ӕ 
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2-2.� ̩ȟЕîɻˮ 

ʤΐCJӒ̆ƸGê̹4<ϼξIő̵G@$BђQ^Ӕ 
 
2-2-1. Ζʣ XγŻɁˮ'[MŊΩʐ XγŻɁˮӎXRDӏ[100] 
� ţȳ4<ЖɶIЕîJӒŨT_B$^̩гIΩʐ˄ќGҋ6^ȥƍbȑ^D0`(\ƨT^Ӕ

őƪ)±ƸūʠCЅĮː4,Ѱħ4B$^ΩʐGǇ4BӒ:IҊҚDť͵ǻӎ10-1 ~ 100 nm͵ǻӏ
I˰҆bɍ@ X γb̡ǋ6^DӒΩʐʺƪIҊҚYőƪѰξIѥ$G[?BƁʜIŻɁ�°�)
ȑ\_^Ӕ0I[%F̆Ƹb XγŻɁӎX-Ray DiffractionӜXRDӏD$$Ӓ̫GƛΩʐЖɶIƎţ
GJΖʣ X γŻɁӒŊΩʐЖɶIƎţGJŊΩʐ X γŻɁD$%[%GŅĪ6^Ӕ0_JӒƛΩ
ʐDŊΩʐC̆ƸϼξIċưΜ)’F^<WC#^Ӕ 
� Ζʣ XRD ̆ƸIő̵G@$BђQ^Ӕ$T Fig.2-9 Gͧ6[%FӒҭҊҚ d bɍ@ΩʐGǇ4
BӒ˰҆l I X γ)Њǻq bF6ɻŧ(\čǋ4BЊǻq bF6ɻŧPɲÅ2_^Ǝţbσ&^Ӕ
ƀI[%FҞ]ţ% 2 @IΩʐҭCJӒX γIċлǦ) 2dsinq DF^Ӕ0_) X γI˰҆l Iɴ
ɳøGF^[%FЊǻq CȃǻIȃ$ɲÅ Xγ)ˀģ2_^Ӕ6Fa>Ӓ 

 

� � � � � � � � � � � � �         

 

CАђ2_^ BraggIʨÚḃй6^[%FЊǻq b̆Ƹ6_KΩʐҭҊҚ d)ˣW\_^Ӕ΄±
Ǘ͏D΄ÊǗ͏IҭCIɲÅG@$BђQ<)Ӓ΄³Ǘ͏ØҐXť˅C#^Ӕ  

2d sin θ = nλ (n = 1, 2, ⋯)

Lattice spacing 
d 

q 

q 

dsinq dsinq 

Lattice plane 

Incident 
X-Ray 

Diffracted 
X-ray 

Atom 

Fig.2-9ӛΩʐG[^ XγI BraggŖǋI˅ƪӔ 

q 



53 

� ƺҜIΩʐCJӒЁɳIɻâIΩʐҭCɲÅ)ж0^<WӒȑ\_^ XRD ��°­GJЁɳI
�°q)Є\_^ӔҭҊҚ dDΩʐҭbϹ6MillerɎɳ(h, k, l)IҊGJΩʐΜG[?B˧T^ҋñ
)#]Ӓë&Kɷɻ͑IƎţӒ 
 

 

 
DF^Ӕ00CӒa, b, cJʺƪƸɳC#^Ӕ̆ƸCȑ\_<Ţ�°qGǇ6^ҭɎɳ d(\ĎBI
�°qbМʃC*^[%FʺƪƸɳ'[MMillerɎɳ)˧ƸC*^Ӕ 
� XRD ̆ƸGê̹6^ X γI“̷GJӒX γΏX4,Jɮǋċbê̹6^ӔƺӂƻCJ±ϛ͊G
Fig.2-10(a)Gͧ6[%FǉčƉ XγΏ)ê̹2_B$^ӔXγΏCJӒӅҨƄCĸћ4<Ҩƪb�
°t��−ǖGϷͽ28B X γb“̷28B$^Ӕ−ǖGҨƪ)čǋ6^DӒčǋҨƪJ−ǖI
őƪʸYрѣҨƪӒϕ̻ҨƪDϷͽ4<]рѣbʕ/\_<]D$?<͑Ëè̹)ж06ӔϷͽ

28^ҨƪJ�­°{�­�f§ ­�bњҨĸ̣4<ҜGɮģ2_^̣Ҩƪbī̹4B']Ӓ

�°t��−ǖJĸћҨƪIϷͽG[]“̣6^<Wˠě2_^˄ќDF?B$^Ӕ 
� X γΏG[?B“̷4< X γI{×q�©b Fig.2-10(b)Gͧ6ӔčǋҨƪIрѣ)ʕ/\_^
DӒčǋҨƪJj�©p°bơ?BɤơĤIj�©p°J XγD4Bɮǋ2_^ӎĭĿɮǋӏӔĭ
ĿɮǋG[^ X γJ̫ƸI˰҆bɍ<7Ӓ±ƸΑſĔCѝή͊F˰҆Ĥǩb4B$^<WӒѝή
X γDŭK_^Ӕ{×q�©»GJѝή X γØƚGӒ̫GһMɂ.<ȃǻbX@ X γ)Π_B$
^Ӕ0_JӒčǋҨƪ)−ǖőƪGŨT_B$^рѣҨƪGϷͽ4BȄ*һK4<D*G“̷6

^ X γC#]Ӓ̫ȟ X γDŭK_^ӔčǋҨƪ)рѣҨƪbȄ*һK4<ƎţӒȄ*һc=рѣ
[]XӅ$j�©p°Iрѣ(\Ҩƪ)ѩͳ4B,^Ӕ:IѩͳIįȎCIj�©p°ǦG͑ȅ

6^Ҩͤ˰Ӓ6Fa> X γ)ɮǋ2_^Ӕ̫ȟ X γJEIрѣ(\EIрѣPҨƪ)ѩͳ4<(
G[?BŅĪ2_B$^ӔK˙(\ L˙PҨƪ)ѩͳ4<D*GJKaγӒK˙(\M˙PҨƪ)
ѩͳ4<D*GJ KbγӒI[%GϹ̳2_^ӔőƪрѣIj�©p°JĆΡ1DGƁʜC#^<
WӒ“̷6^Ţ̫ȟ XγI˰҆J�°t��IĆΡͶGíƬ4BƘŃ6^Ӕ 
� ̫ȟ XγJ XRD̆ƸI Xγ̈D4Bī̹2_^)ӒXγΏJ Fig.2-10(b)Gͧ6[%F˰҆Ĥǩ
bX?B$^<WӒ0ITTCJ XRD ̆ƸGJѧ2F$ӔƺҜIϼξCJӒX γΏC“̷28<
XγG�f©�°bњѢ28B$^Ӕ�f©�°GJӒ�°t��−ǖ[]X 1@ǎ2$őƪ͂Š
bɍ@−ǖ)ê̹2_B']ӒKbγYƛ,Iѝή X γJ�f©�°Cũŗ2_BӒ�f©�°њ
ѢȎI XγJ KaγI˰҆IUGŊϝŃӎŊ˰҆Ńӏ2_^Ӕ 

1
d 2 = h 2

a2 + k2

b2 + l2

c2

Fig.2-10ӛ(a)XγΏI±ͶC#^ǉčƉ XγΏ̴I˄ќ[100]Ӕ(b)XγΏG[]“̷6^ XγI˰҆
{×q�©Ӕ 
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�

2q� q�

�

SS�
（Soller Slit）�

DS�
（Divergence Slit）�

SS�
（Scattering Slit）�

SS�
（Soller Slit）�

RS�
（Receiving slit）�

q rotary table�
（Sample Stage）�

2q rotary table�
Diffractmeter 
Circle�

X-Ray focusing 
Circle�

Sample�

X-Ray Tube�

Fig.2-11ӛΖʣ XRD̆ƸCê̹2_^ Bragg-BrentanoƉċưΜӔ 

� ΖʣЖɶIƸȟĤʭD4B±ϛ͊Gê̹2_^Ζʣ XRD IċưΜJ Fig.2-11 Gͧ6[%FXI
CӒBragg-Brentano ƉċưΜDŭK_^Ӕƛ,IϼξCJЖɶDˀģŹ)Żт6^)ӒЖɶϏϦb
Ҏ-<WG X γ̈DˀģŹ)Żт6^�g�X#^ӔT7ӒЖɶbÆʿÆѼCŇĤGΤ(,Ζ͟
4BΩʐΘIƜ*2bƇ±Gɝ&^ӔΖʣЖɶJЖɶ�ª°�IĢc=∇ĤGƇ±FŐ2DF^

[%Gɩ*ӒЖɶ�ª°�Gф,Ʌ4Ö.^[%G4B�ª°�bā.BXϦµ4F$[%GƁ

Ƹ6^ӔƁƸ)Ҥ4$ƎţGJӒЖɶ�ª°�GÈW°¨°{FEb˂Ϯ,Ə?B',DϜ$Ӕ

Жɶ�ª°�bϼξIq ŻтŝG}��4BӒ̆Ƹb҉ƨ6^ӔXγΏC“̷4<XγJŊϝŃ2
_<ȎӒu¨ °�°bњѢ4BЖɶGЊǻq C̡ǋ2_^ӔЖɶCЊǻ 2q IâξGɲÅ2_<
X γbˀģŹCˀģ6^Ӕ˔EIƎţJӒq /2q bѝή͊GĿ(4F)\̆Ƹ6^)ӒΩʐȟ)Ȥ
, X γȃǻ)ͷ/F$[%FЖɶYΚǁFЋʭbϵF%ƎţFEJӒq /2q bȔǎҊҚ1DGüˏ
28BɳͯҊI Xγȃǻbmh­�6^ȹˮbD^0DX#^Ӕʤ͞ͻCê̹4<Ζʣ XRDϼξ
JӒMini Flex 600ӎRigakuӏCӒXγ̈J CuKaγӎl = 1.54054ÅӏC#^Ӕ̆ƸJ6QBѝή{o
¢­CϵF?<Ӕ 
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2-2-2. еʵƉҨƪҸȔ҅ӎSEMӏ/j�©p°ĤɲƉ XγĤċӎEDXӏ[101] 
� ЉǄJͮưIő̜C#]Ӓ̩гͮưIĤѶG'$BXЖɶIІЇ͊F̫ȕ(\ȑ\_^ȥƍJ

ƛ˅C#^Ӕχ͔CJЉǄ¶όFȔΤF˄ќbЄ^<WIҸȔ҅JӒЉǄǇЪGѧ4<ɳƛ,I

Ͷҹ)҉“2_B$^)ӒʚXƌʤ͊FҸȔ҅JŜІċDċưª­|bī̹4<ċưҸȔ҅C#

^ӔÑҊI͔C…ɛКЧC*^ŜІċbê%0DCΓʄ͊Fϼξ˄ќbƺ̳4B']ȹфGЉǄ

)C*^±ɻCӒċưҸȔ҅IĤЋόJŜІċI˰҆C#^w��q«­͵ǻGĭґ2_^Ӕ:

_[]XӅ$ĤЋόbȑ^<WG҉“2_<ϼξ)Ӓĸћ4<Ҩƪb̹$<ҨƪҸȔ҅C#^Ӕ

Ҩƪ�°�b̹$^0DCɳ�� °�©ΟIĤЋόbȑ^0D)C*ӒȔǎFҳƊIЉǄ)Ŝ

όDF^±ɻCӒϼξI˄ќYŘ]Ȼ$)ċưҸȔ҅D˜Q^DЁҢC#^Ӕʤ͞ͻCJӒ2 ø"
100 øREIø̲bʜ6^ƺåҸȔ҅ӎSZ1145CHIӒl¨­�{ӏӒ10 ø"1000 øREIø̲I�
z�©ҸȔ҅ӎVHX�900Ӓo°j­{ӏI 2 ͶҹIċưҸȔ҅Gĸ&BӒҨƪҸȔ҅I±ͶC#
^еʵƉҨƪҸȔ҅ӎJSM�6010LAӒɾʤҨƪӏbê̹4<ӔØµGеʵƉҨƪҸȔ҅G[^ЉǄ
ő̵G@$BЙ4,ђQ^Ӕ 

� еʵƉҨƪҸȔ҅ӎScanning Electron MicroscopeӜSEMӏJӒӅҨƄCĸћ28<Ҩƪ�°�b
Жɶ´Gеʵ28BӒȑ\_<ôŠb̾ĄŃ6^ϼξC#^ӔSEM J Fig.2-12 Gͧ6њ]ӒҨƪ
�°�b“̷28^ҨƪѿӒͤƎG[?BҨƪ�°�IПɴYеʵbϵF%ċưΜӒx, y, zŢɻŧ
Gĸ&BŻтӎRӏYāɷӎTӏD$?<ϕ̻ǻbX@ЖɶbÂ8^{�°zӒЖɶ(\“̷6^
ôŠbˀģ6^ˀģŹΜ(\˄ȳ2_^ӔҨƪѿGJ$,@(Iɻǽ)#^)Ӓʤ͞ͻCê̹4

< SEM J�­°{�­ЀI�f§ ­�bњҨĸ̣4B“̷6^̣ҨƪbӅҨƄCĸћ28^̣
ҨƪɮģƉC#^Ӕ0IɻǽJãu{�CƲƸ4<Ҩƪ�°�)ȑ\_^<WӒƛ,IϼξCə

̹2_B$^Ӕ“̷4<Ҩƪ�°�Jҡʧª­|De�°�¢°G[?BҨƪ�°�Ҩ˶ѷӕ…

ȋӎ{���wg|ӏIĭȒbř.<ȎӒǇ̩ª­|G[?BʚΦ͊FҨƪ�°��«°�DF

?BЖɶϹҭG̡ǋ2_^Ӕ0I̮ȭCеʵug©G[]Ҩƪ�°�bЖɶ´IЉǄ4<$ҳƊ

b§{�°{o¢­28BӒȑ\_^ôŠIƜ*2bu­�§{�D4B̾ĄŃ4BϹͧ2_^Ӕ  

Fig.2-12ӛ̣ҨƪѿƉ SEMI˄ȳ˃́ƀӔ 
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� Ҩƪ�°�bī̹6^´CJ͓ͼ̶Ɠ)ȘЂC#]Ӓ10�5 Pa ΟI͓ͼǻ)ȑ\_^�°�Ĥƪ
�­�) SEM GJɛή2_B$^Ӕ̣ҨƪɮģƉҨƪѿG'$BJ�­°{�­�f§ ­�b
2500℃͵ǻTCњҨĸ̣6^ȘЂ)#^)Ӓ:_bͼ˟»CϵF&K�f§ ­�)±͗CѲŃ
4Bĥ_B4T%ӔҨƪѿ=.CF,Ӓ҅ΉYЖɶƻGæ\(I˟åĤƪ)Ƭƅ4B$^DӒҨ

ƪ�°�)˟åĤƪGϷͽ4BƲƸ4<�°�)ȑ\_F$K(](ӒЖɶ(\“̷6^ŢôŠ

IˀģbƦƽ4B4T%Ӕ�f§ ­�I҆ǈŮŃYӇʃFĄbȑ^<WGJӒ�­�èĿȎG

ģʩ^=.ʊҊbξ$B͓ͼǻ)Ϝ,F?B(\ЉǄbƨW^Q*C#^Ӕ 
� ӇʃF̾Ąbȑ^<WGJӒƛ,I�§ °�bЉǄǇЪGţa8BѧĥGПɴ6^ȘЂ)#

^Ӕʤ͞ͻCê̹4< SEM I���hieGJ�§ °�G[?BJl°�Пɴˌό)ɦц2_
B$^XIIӒȹĿCIПɴJ¶ŜˍC#^ӔTable 2-13 GПɴŜόF SEM I�§ °�bTD

W<ӔT7WDJèĿкңӎWorking DistanceӏӒ6Fa>Ǉ̩ª­|(\ЖɶTCIкңbϹ4B
']ӒWDb͛,6_KĤЋό)´)^)ӒЖɶ)Ǉ̩ª­|YˀģŹGɛ↑6^Ƞ_)#^<WӒ
10 mm CƁƸ4BЉǄ4<Ӕø̲JӒҨƪ�°�IеʵΑſbƘ&B$^Ӕеʵћǻb(&^0
DXC*ӒӅћеʵG6^D̾ĄIŖțȟ)Ӆ,F]ӒØµCђQ^ŢͶПɴI̾ĄPIŖʆ)

ʀ,F^)ӒS/N˜)ã,F^<W3\@$<̾ĄDF^Ӕãћеʵ28^DӅ$ S/N˜IΰӉF
̾Ą)ȑ\_^<WӒ̾ĄbóƬ6^D*GJãћеʵ28^DϜ$Ӕ 
� ØµJӒЖɶIͶҹY̮˭Gț5BƘʖ6^ȘЂ)#^ӔĸћҨƄJҨƪ�°�Ij�©p°

IƜ*2bБƸ6^ұ͏C#]ӒҨƪѿIǾ*ģ4ҨƄbПɴ4B$^ӔĸћҨƄbӅ,6^DӒ

Ҩƪ�°�I˰҆)͛,F^<WGĤЋό)´)^±ɻCӒҨƪ�°�G[^ЖɶPI� °z

)Ɯ*,F]Ӓ�¢°ze��)ж0]Y6,F^Ӕã$ĸћҨƄJϮϒЖɶYЖɶϹҭIȔΤ

FĢġIЉǄGѧ4B$^ӔSSӎ{���wg|ӏJ�«°�DF^Ҩƪ�°�I…ȋbБƸ6
^ұ͏C#]Ӓҡʧª­|IҨ˶ѷbПɴ4B$^ӔSS bƜ*,6^Dˀģ2_^ôŠѷ)ƛ,
F]ӇʃFu­�§{�I@$<̾Ą)ȑ\_^±ɻCӒĤЋό)µ)^ӔĸћҨƄD SS JӒĤ
ЋόD̾ĄIӇʃ2I�ª°�l�bŨVұ͏C#^<WӒ̮˭Gț5BѧĥGПɴ6^ȘЂ)

#^Ӕ:IȎJ̾ĄI�­�bţa8^Ӕ:I<WI͏ōD4BӒF^Q,Ӆø̲GБƸ4BІ

ѶbЖɶϹҭIġĢ4<ƎȸGţa8^ӔFocus JǇ̩ª­|IҨ˶ѷbПɴ4BӒҨƪ�°�I
z уɻŧIҡʧâξbƘʖ6^ұ͏C#^ӔFocus bţa8^G#<?BӒ:IÕIċưΜIПɴ
bťʊGϵF%ȘЂ)#^Ӕ�­�)ţ?B$^�g­�(\ FocusbįȎGĿ(4<D*IĄI
Ŀ*bͣК6^ӔĄIâξ)Ŀ,ƎţӒe�°�¢°IͺIâξ)ċу(\7_B$^ӔT<Ӓ

Ą)˒VƎţJҨƪ�°�Iȋ)ːĕ(\ƚ_B$^ӎҬ̜ŗǦ)#^ӏӔFocus bĿ(4<D*
GĄIĿ*Y˒U)F,F^[%GӒe�°�¢°âξ'[MҬ̜ŗǦug©ӎ{�f°�ӏI x, 
y b:_;_Пɴ6^ӔȘЂGț5BӒϕĿCν]ѐ4 Focus bįȎGĿ(6 Wobbler bèĿ28
^ӔЉǄâξYø̲bƘʖ4<D*GJӒėǻӒFocus'[M StigmabȔПɴ6^ӔT<ӒϹͧ2
_B$^̾Ą)ЄY6$[%G ContrastbПɴ6^Ӕ  

ПɴŜόF�§ °� Ŀè∇Ĥ 

WDӎèĿкңӏ Жɶ{�°zIӅ2âξӎzуӏ 

Magnificationӎø̲ӏ еʵug©IеʵΑſ 

ĸћҨƄ ҨƪѿIĸћҨƄ 

SSӎ{���wg|ӏ ҡʧª­|IҨ˶ѷ 

Focusӎ̞̜ӏ Ǉ̩ª­|IҨ˶ѷ 

Stigmaӎ{�f°�ӏ Ҭ̜ŗǦug©IҨ˶ѷ 

Contrastӎu­�§{�ӏ ̾ĄŃʊI͈Ӌǻţ$ 

ôŠѪɃ ˀģŹIͶҹ 

Table 2-13ӛ SEMG[^ЖɶЉǄCI�§ °�DĿè∇ĤӔ 
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� ̩гGҨƪ�°�b̡ǋ4<D*G“̷6^ôŠb Fig.2-14GTDW<ӔЖɶ(\“̷6^ôŠ
JӒҨƪDҨͤ˰GƜĪ2_^ӔSEM C̾ĄŃGī̹2_^ôŠJÊˎҨƪ'[MŖǋҨƪC#

]Ӓ:_;_ÊˎҨƪĄӎSecondary Electron ImageӜSEIӏӒŖǋҨƪĄӎBack scattering Electron 
ImageӜBEIӏD→%Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
� SEI J SEM ЉǄCʚX��¤§°F̾ĄŃɻˮC#]Ӓ“̷4<ÊˎҨƪIɳCu­�§{�
b@.B̾ĄŃ4<XIC#^ӔÊˎҨƪѷ)ƛ$RE͈,ӒǏF$REӋ,Ϲͧ2_^ӔÊˎ

ҨƪJӒҨƪ�°�)¾GƁåb˄ȳ6^őƪIрѣҨƪGϷͽ4BȄ*ģ2_<j�©p°I

ã$ҨƪC#^Ӕ:Ij�©p°Iã2(\Ӓ˾$âξC“̷4<ÊˎҨƪJЖɶϹҭGѤ6^

0D)C*F$<WӒˀģC*^ÊˎҨƪJЖɶϹҭC“̷4<XIGґƸ2_Ӓ:I˾2Jɳ

Ň nm͵ǻC#^ӔЖɶGāɷ)#^ƎţGJˀģC*^ÊˎҨƪѷ)Ɣ&B͈,Ϲͧ2_^ӎj
�zĽʰӏ<WӒSEIJЖɶȆ̮YϹҭIĢġIЉǄGѧ4B$^Ӕ 
� BEIJӒŖǋҨƪbī̹4<̾ĄŃɻˮC#^ӔŖǋҨƪJȎɻɲÅҨƪDXŭK_Ӓčǋ4<
Ҩƪ�°�)ЖɶĔ∇CɲÅ2_<ΩʰD4BҨƪ�°�IčǋɻŧGɮģ2_^ÊˎҨƪ[]

Xj�©p°IӅ$ҨƪC#^Ӕj�©p°)Ӆ$ICÊˎҨƪ[]X˾$D0`(\Xɮģ2

_^<WӒϹҭ(\I˾2ɳ͉ nm ~ 1 µm ͵ǻTCIȥƍ)Ŗʆ2_^ӔŖǋҨƪJЖɶIΧȳ
GɯȬC#]ӒЖɶGŨT_^ĆΡIőƪ͂Š)Ɯ*$REŖǋҨƪIɳ)Ɣ&^āŧ)#^Ӕ

T<ӒŖǋҨƪJЖɶϹҭIˮγɻŧCȃǻ)ȃ,F^ICӒϹҭIĢġIȥƍXȑ^0D)C

*^ӔŖǋҨƪIˀģŹJ CD-ROM I[%FȆ̮b4B']ӒˀģŹI»ƠGǇ̩ª­|)ʩ^
[%G4BǇ̩ª­|I͓µGБξ2_B$^ӔˀģŹJ$,@(I}qy¦­GĤĲ2_B'

]ӒŢ}qy¦­IЎɳbţЎ4<XI)ΧȳĄDF]ӒŢ}qy¦­IЎɳIǦĤ)ĢġĄD

4BϹͧC*^ӔT<ӒΧȳôŠDĢġôŠbţȳ4BͿåĄD4BϹͧ6^0DXC*^ӔÊ

ˎҨƪDŖǋҨƪJʃͣGŅĪC*^a.CJF$Ӕ4K4K 50 eVbƓD4BӒ:_[]XӅ$
XIbŖǋҨƪӒ:_[]ã$XIbÊˎҨƪD$%Мʃ)F2_^)Ӓҽ,TCXðƹ͊FŅ

ĪC#?BƸρCJF$Ӕ 

 

Fig.2-14ӛҨƪ�°�G[?B“̷6^ôŠIͶҹD:_\IͼҊĤЋόӔ 
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� 00TCђQ<њ]ӒҨƪ�°�bЖɶG̡ǋ6_KÊˎҨƪYŖǋҨƪ)“̷6^)ӒɳC

˜х6_KЖɶGïč6^Ҩƪ)Ƅù͊Gƛ$ӔҨƪIĿ*Y6$ǍҨȟIЖɶC#_KӒҨƪ

JЖɶ�©�°·bÝ?Be°{PDі/\_^)Ӓ±ɻCέηȟIЖɶCJӒҨƪ)ЖɶĔG

:ITT̀T?B4T%Ӕ0I̳Ъb�¢°ze��DŭMӒҨƪIҨϡG[]ЫGǬҨ4B$

^̮ȭC#^Ӕ0IȈҮCčǋҨƪGŖ“Ķ)̷5^<WGčǋâξ)ƲƸ87Ӓ̾Ą)˒VӔ

#^$JӒǬҨG[?Bj�©p°Iã$ÊˎҨƪ)ȈҮbř.Y6,ӒˀģŹIҨƄGǾ*ǀ

8\_^ҨƪɳGʃ͘FǦ)̷5BӒ̾Ą)∇Ĥ͊Gʃ^,F?<]�ʔ,F?<]6^Ӕ$7

_G4BXӒ�¢°ze��)ж0^DӇʃFЖɶЉǄ)žҤGF^Ӕ�¢°ze��bж06

ЖɶPIțȞ͊FǇĠJӒĸћҨƄbµ/^Ӓj�zĽʰbī̹4BЖɶb�©�28ÊˎҨƪ

ѷbƔY6ӒÊˎҨƪ[]XӅ$j�©p°bX@ŖǋҨƪbī̹4< BEI CЉǄ6^ӒD$?
<ɻˮ)ə\_^ӔЖɶ)υ&^IC#_KӒЖɶϹҭb−ǖϒCu°�f­°4BǍҨȟb̷

528^I)ʚŷC#^Ӕ 
� ЖɶGҋ6^ʜ̹FȥƍbŨVôŠJӒÊˎҨƪYŖǋҨƪ=.CJF$Ӕ̫ȟ X γJӒҨƪ
�°�G[?BőƪIĔ˙рѣҨƪ)Ȅ*һK2_ӒӅ$j�©p°̉âIрѣҨƪ)ͼ$<р

ѣGѩͳ6^D*G“̷6^Ӕ̫ȟ X γIj�©p°Jѩͳ4<рѣҊIj�©p°ǦG͑ȅ6
^ӔőƪIҨƪрѣҊIj�©p°JĆΡ1DGƁʜIûbD^<WӒЖɶ(\“̷4< X γI
j�©p°b̆Ƹ6_KЖɶGŨT_^ĆΡb̫Ƹ6^0D)C*^Ӕ0I[%FĆΡĤʭbj

�©p°ĤɲƉ XγĤċĤʭӎEnergy Dispersive X-ray SpectroscopyӜEDX or EDSӏD$%ӔEDX
CJĆΡͶIƸȟ͊FĤʭ=.CF,ӒX γImh­�ɳb͑Ǉ͊G˜х6^0DCĆΡΧȳb
Ƹѷ͊GĤʭ6^0DXC*^ӔEDXJl�y¦­ˌόD4B SEMbŨW<ŢͶҨƪҸȔ҅Gɦ
ц2_^ӔSEI Y BSE ΧȳĄCЖɶbЉǄ4F)\ӒĆΡΧȳbПQ<$ΌȸI{���ĤʭY
ІѶĎåIǲƇΧȳbȑ\_^j¨eĤʭӒãø̲CЖɶĎåIĆΡĤǩbЄ\_^���Ĥʭ

)ŜόC#^ӔȔǎΧμIЉǄb4F)\ĆΡĤʭ)ŜόC#^ SEM D EDX Iu­��°y¦
­JӒ̩гͮưIĤѶG'$BȃĶF�°©DF^Ӕ 
� EDX CĤʭ6^´C̀Ȫ6Q*̜)$,@(#^Ӕő̵͊G̫ȟ X γ)“̷4F$ˠΡY�¨
h�Gĸ&BӒ¨�h�Y�¨¨h�J“̷6^̫ȟ X γIj�©p°)ȔȁC#^<WЖɶ»
CIϕǧũŗ)Ɯ*,Ӓˀģ)žҤC#^Ӕ�hΡY̛ΡC#_KˀģJŜόC#^)ӒЖɶ»

CIϕǧũŗ)í̟D4B̝ІC*7Ӓ̫ȟ X γIˀģ̲)Ȥ$Ӕ:_Gĸ&BӒфĆΡG'$
BJl°ziҨƪI“̷Ľ̲)Ӆ$<WG̫ȟ Xγ)#T]“̷4F$ӎϲċŗ̲)ã$ӏӔ0_
\I̵̻(\ӒфĆΡDѵĆΡDCJĤʭΚǻGǦ)̷5^Ӕ±ϛ͊GJ��¨h�Ø´IѵĆ

ΡCJĤʭΚǻ 1%͵ǻC#^)Ӓ��¨h�ʢ̇IфĆΡCJőƪ͂Š)ǎ2,F^REĤʭΚ
ǻ)ҸϨGȤ,F?B$*ӒʚƜC 10%͵ǻTCȤŃ6^ӔT<Ӓ̫ȟ X γJÊˎҨƪYŖǋҨ
ƪ[]X˾,Ƕ)]bɍ?B“̷6^<WӒȘ74X SEI Y BEI CϹͧ2_B$^Ɔ̜I{��
�ĤʭDJF\F$ӔFig.2-14 Cͧ4<ҥƉI˾2ɻŧYǶ)]ɻŧIĤЋόJҨƪ�°�Iĸћ
ҨƄIƜ*2DDXGƜ*,F]ӒЖɶGŨT_^ĆΡIőƪ͂ŠDDXGǎ2,F^ӔЖɶ»

C“̷6^Ţ̫ȟ X γIĻжҨƄG[?BX“̷˾2)Ƙa^̜X�°�bЋѳ6^´C̀Ȫ6
Q*C#^Ӕ0_\I0DbнT&BӒĤʭʨÚbѪɃ6^ȘЂ)#^Ӕ 
� ĆΡI̫ȟ X γb“̷28^<WGJӒИȅ6^рѣҨƪIĻжj�©p°[]XӅ$j�©
p°IҨƪγ)ȘЂC#]ӒĸћҨƄbӅ,БƸ6^DȔѷĆΡI�°qXˀģ4Y6,F^<

WƸȟĤʭb6^´CJѯţ)Ϝ$Ӕ±ɻӒƸѷȟGҋ4BJŊΞCJF$ӔĸћҨƄ)ƸѷǇ

ЪD6^̫ȟ X γIĻжҨƄI 2 øDF^D*GʚXΚǻϜ$ƸѷĤʭ)ŜόC#^Ӕ0_J6
Fa>ӒĆΡ1DGʚѧFĸћҨƄJ’F^D$%0DC#^ӔĸћҨƄ) 20 kVC#^ƎţGJ
10 kVįȎI“̷ҨƄbX@̫ȟ XγbĤʭG̹$_KϜ$ӔѵĆΡC#_K#T]ŵҷDF\F
$)Ӓ��­ØµI 5 kVĠ<F$̫ȟ Xγ4(“̷4F$ĆΡC#_KӒĸћҨƄb 10 kV͵
ǻGµ/BĤʭbϵF%DϜ$Ӕ4(4F)\Ӓ̩гͮưCȻ%̩гJőƪ͂Š)ť͵ǻI−ǖ

ҊŃţ̩=.CF,ӒV4`−ǖ͡Ń̩Y¨�h�bŨV−ǖѲŃ̩FEӒőƪ͂ŠIң_<ѵ

ĆΡDфĆΡbΧUţa8<̩гC#^0D)ƛ$Ӕ0I[%FƎţJӒѵĆΡGţa8<ĸћ
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ҨƄG6^ÕF,ӒфĆΡIƸѷȟb̭̪G83^bȑF$Ӕ´А̵̻Gĸ&BӒĻжҨƄIӅ

$̫ȟ X γG[?BЖɶĔIÕIĆΡIϲċ X γ)Ļж2_^ƎţX#^Ӕ0I[%Fő̵´I
̫ȟb̵Ћ4<´CĤʭΩʰbЋѳ6^ȘЂ)#^Ӕ  
 
 
2-2-3. XγċҨƪĤċӎXPSӏ[102] 
� įұCђQ< EDXJӒҨƪ�°�bЖɶG̡ǋ4<D*G“̷6^ Xγb̹$^ĤʭC#?<Ӕ
0_GǇ4BʤұCђQ^ XγċҨƪĤċӎX-ray Photoelectron SpestroscopyӜXPSӏJӒЖɶG X
γb̡ǋ4BȄ*ģ2_^ċҨƪIj�©p°Ĥǩb̆Ƹ6^ĤʭɻˮC#]Ӓ�«°�Dy°

�©Iҋñ) EDX DJ͓їDF^ĤʭɻˮC#^Ӕê̹4<IJӒX γċҨƪĤʭϼξӎAXIS-
ULTRA DLDӒǝ˴Ѐèȸ(Kratos)ӏC#^ӔXPSCȻ%IJ 30 ~ 3000 eV͵ǻIҨƪC#]Ӓ0I
j�©p°ΑſIҨƪJƁåDI͑Ëè̹)ȃ,Ӓȑ\_

^ȥƍJЖɶIʚϹҭӒ˾2G4Bɳ nm IΑſC#^Ӕ
XPS{×q�©GϹ_^�°qJӒЖɶGŨT_^ĆΡͶ
IрѣҨƪG[^ċҨƪ�°qӒl°ziҨƪG[^�

°qӒċҨƪɮģѢ͵CI͑Ëè̹G[^w�§g��

°qI 3ͶҹGĤҹ2_^ӔċҨƪ�°qG@$BJӒˎ
GђQ^[%FĤċư͊̉âIϹАˮ)F2_^Ӕ¾ѷ

ƪɳ nJɳƫITT̹$Ӓ0_Gɻâѷƪɳ lGǇț6^
e©�d��� s, p, d, f, ...bΧUţa8Ӓ2\GĎЊѡĿ
ѷѷƪɳ j b̀ƫD4BÖ.ĸ&BϹА6^Ӕ<=4Ӓs
рѣJ j )ǮG 1/2 C#^<W j ÌƫϹАb͒́6^Ӕ
<=4Ӓl = 1 Ø´IċҨƪ�°qG@$BJӒť±Iɻ
âѷƪɳ l Gǖ6^рѣ){�­рѣ͑Ëè̹G[?B j 
= l + 1/2D j = l - 1/2I 2@I�°qGĤϻ4BЉ̆2_
^Ӕ0ID*I 2@I�°qIȃǻ˜JӒĤϻȎIιє˜
C#^(l + 1)ӛlG·4,F^ӔϹАëb Table 2-15Gͧ4
<Ӕ 
� XPS ĤʭCJӒċҨƪIѡĿj�©p°Ekb̆Ƹ4Ӓ:0(\ҨƪIΩţj�©p°EBGƘɠ

4B$^Ӕ0I EB JĆΡƁʜIûbŘ^<WӒ0IûIƜ*2G[^ĆΡIƸȟĤʭYӒċҨƪ

�°qI͸Ĥȃǻ(\ƸѷĤʭ6^0DXC*^Ӕ4(4F)\ӒXPS ĤʭCJǓȸ͊FҨƪ̮
ȭGҋ6^ȥƍ)ȑ\_^<WӒЖɶĔGƬƅ6^ŃưΩţ̮ȭGTCнUьc=Ĥʭ)ŜόC

#^Ӕ−ǖY}§��q{FEI̝ˌʥɶG'$BJӒ̫ƸIgl­G'.^îɳ̮ȭbПQ^

<WG̹$\_^ĤʭȹˮC#^Ӕë&KӒFig.2-16 Gͧ6[%F¨�h�I−ǖӎLiӏDѲŃ̩
ӎLi2OӏG@$Bσ&BU^DӒLi CJ 2sҨƪ)îҨƪD4BƬƅ4B$^)ӒLi2OCJ¨�h
�I 2s Ҩƪ)ѲΡI 2p рѣGǓƅ6^[%GF]Ӓ¨�h�J+1 îI̮ȭGƘŃ6^Ӕ0ID
*ӒLi2O »I¨�h�IĔ˙GƬƅ6^ 1s ҨƪJӒƚýI 2s Ҩƪ)̝,F?<Ĥ=.ȃ$
Coulomb ĶCőƪʸGǾ*@.\_^[%GF^Ӕ4<)?BӒLi2O »I¨�h�J Li −ǖ[]
Xȃ$Ωţj�©p°bɍ@[%GF]Ӓ0IǦ) XPS {×q�©G̳_^IC#^ӔƺҜGӒ
Tl ΜҀѲŃ̩зÝǍåCIĤʭƍŪ)#^[103]ӔTl2Ba2Ca2Cu3O10J 125 K Iтͳ̅ǻbʜ6^Ӆ
̅зÝǍåC#]Ӓ�°©o¢¨ebɍ?B$^0D)Ĥ(?B$^Ӕ0I̩гG'.^ Tl Iî
ɳb+3 îDÙƸ6_K̩гĎåD4BҨϡ»ȟDF?B4T$Ӓo¢¨eJ̷5F,F?B4T
%ӔŔ̡̩гD4BӒTl2OӎTlӛ+1 îӏ'[M Tl2O3ӎTlӛ+3 îӏDDXĞƸ4< Tl ΜҀѲŃ
̩зÝǍåI XPS{×q�©) Fig.2-17C#^ӔŔ̡̩гI Tl+D Tl3+CJӒîɳIѥ$G[^Ω

ţj�©p°IŃưy��)Є\_B$^ӔTl ΜҀѲŃ̩зÝǍåG'.^Ωţj�©p°J Tl+

D Tl3+I»ҊG�°q)Ϲ_B']ӒTl ΜҀѲŃ̩зÝǍåGJ Tl+D Tl3+)ŨT_B']Ӓ00

C̷5<�°©o¢¨e)ÝǍǗG�°�2_B$^D$%0D)ʃ\(GF?<Ӕ 

рѣ 
ѷƪɳ 

ϹАë ҭ͸˜ 
l j 

s 0 1/2 1s ӓ 

p 1 
1/2 2p1

2
 1 

3/2 2p3
2
 2 

d 2 
3/2 3d3

2
 2 

5/2 3d5
2
 3 

f 3 
5/2 4f5

2
 3 

7/2 4f7
2
 4 

Table 2-15ӛĤċư͊̉âIϹАˮë
D{�­рѣ͑Ëè̹G
[]Ĥϻ4<�°qI͸
Ĥȃǻ˜Ӕ 
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� ±ϛ͊F̆ƸȹҲG@$BJӒT7ĨWGǯǶ$j�©p°Αſb{o¢­4BӒЖɶGŨT

_^ĆΡIťƸ'[Mģ̳�°qIƜT(FΩţj�©p°IƜ*2b˧Ƹ6^ӎw°�g{o

¢­ӏӔw°�g{o¢­Cȑ\_<{×q�©I�°qťƸbϵF$ӒĤʭǇЪD6^�°qI

Ωţj�©p°ÖяbӅĤЋόC{o¢­6^ӎ�«°{o¢­ӏӔĤʭЖɶGĸ&BӒĤʭǇЪ

Igl­bŨVŔ̡̹Iˆ̩̉гDF^Жϰbé8BĤʭ4B',D�°qťƸIҜGðīC#

^Ӕ 
 
 
2-2-4. ͤ˟̫ȟЕîϼξ 
� őƪb˄ȳ6^ϡҨΘƪC#^җƪYҨƪJӒ:_;_ͤĶIƜ*2'[Mŧ*bϹ6�q�

©ѷC#^�ͤ˟¡° ­��DŭK_^̵̩ѷbʜ4B$^ӔőƪĎåCЄ<ƎţӒͤ˟¡°

 ­�JΘƪгѷGŖ˜ë6^<WӒҨƪIͤ˟¡° ­�IƜ*2)ɬѰ͊DF^ӔƺҜӒ̩

гJőƪ)̝ɳGҡţ4B$^XIC#^ӔőƪťƗJҨƪbƩÓD4BË$GΩţbΧVFE

˅�F͑Ëè̹bŕS4ţ?B']Ӓ:_\I͑Ëè̹G[]ͤ˟¡° ­�GXȈҮbŕS4

B$^Ӕ:0Gƚ∇ͤƎ H bōĸ6^DӒ̩гĔIͤ˟¡° ­�JͤƎGǇ4Bƛ˅FțΊb
6^Ӕͤ˟¡° ­�Iŧ*)#^±ƸɻŧGɝ%DӒͤ˟͊FĤ˂)̷5BӒ̩гĎå)ͤĶ

bǬM^Ӕ0I̩г)ǬM^ͤĶIƜ*2'[Mŧ*bͤŃ MӒͤŃIж0]Y62bͤŃ̲c 
CϹ4Ӓ0_\IҊGJӒ 
 

 M = χH

Fig.2-16ӛXPS {×q�©GϹ_^Ńư
y��IƺëӔ(a)Ŋå Li'[
M(b) Li2OIΩţˇǽƀӔ(c):
_;_IΩţ̮ȭG'$BϹ
_^ XPS G[^ċҨƪӎLi 
1sӏ�°qIy��Ӕ 

O2-

Li+ Li+Li2O

(b)

B. E.

Li 1s

Li metalLi2O

(c)

Li metal

(a)

LiLi Li

Fig.2-17ӛTl ΜҀѲŃ̩зÝǍå'[MŔ̡̩
гI XPS{×q�©[103]Ӕ 
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D$%ҋñ)#^ӔͤŃIƜ*2 M JŊâ[emu]CϹ6)2Ӓå͸ӒгѷӒ̩гѷFEIŊâѷȅ

<]IƜ*2CϹ6I)±ϛ͊C#^ӔͤŃ̲c J̝ˎĆѷC#^)ӒEI[%FŊâѷȅ<]I
ͤŃCˣW<cC#^(bʃͣG6^<WGɱ&BŊâ[emu/cm3/Oe]I[%FАц6^Ǝţ)#^Ӕ
̫GзÝǍI͞ͻĤѶG'$BJŊâå͸ȅ<]IͤŃYͤŃ̲bə̹6^0D)ƛ$Ӕ̩гI

ͤŃJ̩гb˄ȳ6^ҨƪIрѣЊѡĿѷY{�­ЊѡĿѷG̻ʩ6^D0`)Ɯ*,ӒͤŃI

̅ǻƘŃӎM-T ̆ƸӏYͤƎƘŃӎM-H ̆Ƹӏ(\̩гIҨƪ̮ȭGҋ6^ȥƍbƛ,ȑ^0D
)C*^Ӕ 
� зÝǍåI M-T ̆ƸG'$BJ TcI˧Ƹ=.CF,ӒзÝǍ̮ȭG[]ͤʧ)ɗғ2_B$^

å͸ĲţӎѨϬå͸Ĥ̲X4,J Shielding Volume FractionӏIƜ*2bˣW^0DXѵЂC#^Ӕ
ͤʧǁǻ BIƸρG[_KӒ 
 

 

 
C#^)ӒзÝǍåĔ∇IͤʧǁǻJ~«DF^ICӒ0Iǽbõː6_KӒ 
 

 

 
 

 
D$%Ωʰ)ȑ\_^Ӕ̆Ƹ4<ЖɶĎå)зÝǍ̮ȭC#_KӒͤŃ̲cGñɳ 4pbÂ5<XI
)-1DF]Ӓë&KЖɶå͸I 40%)зÝǍ̮ȭC#^D*GJ 4pc = -0.4DF^0Dbͧ4B$
^Ӕ0I[%G4BзÝǍåIѨϬå͸Ĥ̲bЄ͸X^0D)C*^)ӒЖɶIȆ̮G[^Ŗͤ

ƎĽʰG[]ƺҜIѨϬå͸Ĥ̲[]XƜ*,Є͸X\_^0D)#^̜G˱ȪbЂ6^Ӕ00

TCIШТJĎB M-T̆ƸG@$BC#^)ӒзÝǍåC M-H̆ƸbϵF%0DCϔ̿ͤƎYϔ
̿Ҩ˶ǁǻIƜ*2bЄ͸X^0DXŜόC#^Ӕ 
� ±ϛ͊F̩гG'$BӒͤ˟¡° ­�ҊI͑Ëè̹J˅�C#]Ӓ:_G[]̷5^ǥІ͊

FͤŃI̅ǻYƚ∇ͤƎGǇ6^țΊXƛ˅C#^ӔTable 2-18 G×Ϲ͊Fͤ˟¡° ­�IͱǸ
̮ȭӒ6Fa>ͤȟbTDW<Ӕƚ∇ͤƎDїɻŧGͤŃ6^ȟгbŖͤȟDŭOӔŖͤȟJͤ

Ǝbōĸ4<D*GIU̳_Ӓ̅ǻíƬȟbͧ27ӒͤƎíƬȟXҬǮGǎ2$ӔŖͤȟJҬǮ

Gȁ$ȟгC#^)Ӓëƚ͊GзÝǍåJȃ$Ŗͤȟbͧ6ӔŖͤȟåbғ,̩гJӒƌʤ͊G

ƚ∇ͤƎDťɻŧGͤŃ6^Ӕ0_\JӒͤ˟¡° ­�ťƗI͑Ëè̹G[?B2\GΤ(,

Ĥҹ2_^Ӕ 
� ͤ˟¡° ­�bË$GťɻŧGɝ&[%D6^è̹)Ƭƅ4BӒȁͤƎX4,JҧͤƎC#

?BXͤ˟¡° ­�)ɝ?Bȃ$ͤŃb̷5^̩гbȃͤȟåDŭOӔ±ɻӒͤ˟¡° ­�

bË$GїɻŧGɝ&[%D6^è̹)Ƭƅ6_KӒͤ˟¡° ­�JË$GȺ>˼4ţ?BĎ

åIͤŃ)~«Gŧ(%Ӕ0I[%FȟгbŖȃͤȟDŭOӔ 
� ͤ˟¡° ­�ҊG͑Ëè̹)Ƭƅ4F$ƎţӒͤ˟¡° ­�JͼҊ͊(@ʊҊ͊G§­�

�Fɻŧbŧ*Ӓƚ∇ͤƎbōĸ6_K:IɻŧGͤŃ6^Ӕ0IȟгbǮͤȟDŭOӔȃͤȟ

åYŖȃͤȟåC#?BXӒ̅ǻb´/B$,ḌɑĿG[]͑Ëè̹)Ɩ2_B$*Ӓ#^̅

ǻØ´CJǮͤȟbͧ6[%GF^ӔǮͤȟGJӒ̅ǻíƬȟbʜ6^ CurieǮͤȟD̅ǻíƬȟ
bRDcEɍ<F$ PauliǮͤȟFEGĤ.\_^ӔPauliǮͤȟJƁåĔbĿ*Ż^ϕ̻ҨƪG[
^XIC#]Ӓ−ǖCЄ\_^ͤȟC#^ӔCurie ǮͤȟJgl­ΩʐFEIőƪGɔ\a_B$

                                                        
2 Ҩͤ˟ưG'$BJӒ̳ƅCX cgs-GaussŊâΜ)êa_^0D)ƛ$ӔʤТɵCXͤŃ̆ƸIЋʭ
G'$BJ cgs-GaussŊâΜbê̹6^Ӕ 

B = H + 4π M

M
H

= χ = − 1
4π

4πχ = − 1
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^îҨƪbɍ@Ńţ̩CЄ\_Ӓ:I̅ǻíƬȟ(\ͤȟgl­Iͤ˟¡° ­�IƜ*2YӒ

ͤ˟¡° ­�ҊI͑Ëè̹IƜ*2D$?<ȥƍbȑ^0D)C*^Ӕ 
 
 

ͤȟå 
Magnetic 
material 

Ordering model of magnetic moment 

Zero field Low field (directionӛ-) High field 
( directionӛ-) Low temp. High temp. Low temp. High temp. 

Ŗͤȟå 
(dia-) 

 
 

 
 

Ǯͤȟå 
(para-) 

 
   

ȃͤȟå 
(ferro-) 

    
 

Ŗȃͤȟå 
(antiferro-) 

     

 
� Ǯͤȟå'[MȃͤȟåYŖȃͤȟåIǮͤȟҳƊG'.^ǮͤȟI̅ǻíƬȟJӒCurie-
WeissIˮĮD4B͚\_B']ӒØµIǽCϹ2_^Ӕ 
 

 

 
00CӒCJ CurieƸɳӒTJ̅ǻӒqw J Weiss̅ǻC#^Ӕ0IˮĮCJӒǮͤȟbͧ4B$^
̮ȭCI̅ǻíƬȟbЄB$^ӔɽGђQ<[%GӒͤ˟¡° ­�ҊG͑Ëè̹)Ƭƅ6^̩

гb#^̅ǻØµGěŏ4B$.KӒ:I͑Ëè̹GDXF$ͤ˟¡° ­�JͱǸŃ)ƨW^Ӕ

0ID*Iͤ˟¡° ­�JӒǮͤȟI̅ǻíƬȟIĽʰDJĪIӁĿĶ)ă$B$^<WӒ

Curie-Weiss IˮĮGJȐaF$ӔȃͤȟåYŖȃͤȟåG'$BJ͑Ëè̹)˼ơ6^ͤ˟тͳ
̅ǻ[]XӅ̅ƊCIU Curie-WeissĮJȳͿ4Ӓã̅ƊREƚ_^ɑ^ϙ$DF^Ӕ 
� Curie ƸɳJӒǮͤȟb“̷28B$^gl­ӎͤȟgl­ӏ1 ÷ȅ<])“̷28B$^ͤ˟
¡° ­�IƜ*2Gҋ6^ȥƍ)ŨT_B$^ӔǍģJĲȫ6^)ӒãͤƎI˂ґG'$B

CurieƸɳ CJӒͤ˟¡° ­�Iɳb NӒͤȟgl­IţȳЊѡĿѷb JӒLandéI gżƪb gӒ
BohrͤƪbµBӒBoltzmannƸɳb kBD4BӒ  
 

 

 
D$%ȆGʗ*µ60D)C*^Ӕ00CӒµeffJͤȟgl­ 1 ÷ȅ<]Iͤ˟¡° ­�IƜ*
2b BohrͤƪbŊâD4BϹ4<XIC#]ӒʜĽ BohrͤƪɳDŭK_^ӔʜĽ BohrͤƪɳJ
ͤȟgl­I g żƪDţȳЊѡĿѷ(\ЎΎG[]ˣW^0D)C*^ӔʜĽ Bohr ͤƪɳIЎΎ
ûDƺӂûb˜х6^0DCӒͤȟgl­)“̷2_B$^ͤ˟¡° ­�IƜ*2Gĸ&BӒ

χ = C
T − θw

C = Ng 2μ2
BJ (J + 1)
3kB

=
Nμ2

Bμ2
ef f

3kB

Table 2-18ӛēƉ͊FͤȟåD:_\I̅ǻ'[MͤƎG[^ƘŃӔ 

Temperature independent Temperature independent 

Temperature independent 
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ͤȟgl­Iîɳ̮ȭXɚ^0D)C*^Ӕ 
� Weiss̅ǻqw (\JӒͤ˟¡° ­�Ҋ͑Ëè̹IͶҹDƜ*2Iȥƍbȑ^0D)C*^Ӕ͑
Ëè̹)Ƭƅ4F$(̝ІC*^REǎ2$ǮͤȟåIƎţӒqw J0X4,JҬǮGǎ2FûDF
^Ӕȃͤȟ͊͑Ëè̹)Ƭƅ6_Kqw > 0DF]ӒŖȃͤȟ͊͑Ëè̹)Ƭƅ6_Kqw < 0DF^Ӕ
:4BӒqwIƜ*2J͑Ëè̹IƜ*2GǇț4B$^Ӕ 
� 00TC M-T ̆ƸG[^ͤŃ̲I̅ǻƘŃGҋ4BђQB*<)ӒM-H ̆Ƹ(\Xʜ̹Fȥƍ
)ȑ\_^ӔŖͤȟåbғ$BӒ̩гGōĸ6^ͤƎbƜ*,4B$,DӒ$7_JĎBIͤ˟

¡° ­�)ͤƎɻŧbŧ$Bɝ%Ӕ0ID*IͤŃIƜ*2bҽůͤŃӎSaturation 
magnetizationӜMsӏbŭOӔĎBIͤ˟¡° ­�)ɝ?B$^<WGӒMs(\Xͤȟgl­ 1÷
ȅ<])“̷28B$^ͤ˟¡° ­�IƜ*2bØµIǽCЄ͸X^0D)C*^Ӕ 
 

 

 
<=4ͤŃIҽůJӒȃͤȟåC#_K˜х͊ãͤƎCƺ̳6^)ӒǮͤȟåY̫GŖȃͤȟå

Gϖ?BJƺӂƻª�©IͤƎCͤŃbҽů28^0DJžҤC#^ӔF^Q,ͤŃbҽů̮ȭ

GяA.^<WGJӒ̣Z\+IĽʰbʚǎґGȾ&Bͤ˟¡° ­�)ɝ$ʄ,6^[%Gέ

ǇҧǻG͵я$˂ã̅G'$BM-H̆ƸbϵF%Q*C#^Ӕ 
� D]a.ȃͤȟåIM-H̆ƸG'$BJӒĻͤѢ͵
'[M̃ͤѢ͵CͤŃIû)’F^ͤ˟ǘ˓ʕγӎ�

{�¨y{m°�ӏbɞ,0D)͚\_B$^Ӕ

Fig.2-19 GȃͤȟåIēƉ͊F M-H ̆ƸΩʰbͧ6Ӕ
ĨWIҧͤƎ̮ȭ(\Ļͤ4B$,DӒͤŃJȞ̓G

Ɣĸ4B±ƸûӎMsӏGѤ6^Ӕ:0(\̃ͤ4B$

,DͤŃJĨW[]XƜ*$ûbэ]ӒҧͤƎGȶ4

BXʜґIͤŃӎ˖̀ͤŃӒResidual MagnetizationӜ
Mrӏ)˖^Ӕїŧ*IͤƎbĻͤ4B$,DͤŃIû

Jǎ2,F?B$*Ӓ#^ͤƎӎóͤĶӒCoercive 
fieldӜHcӏCͤŃJ~«GF^Ӕ:IȎӒЫI MsGѤ

4ӒЫI Mr)˖?BėMːI MsGȶ^ӔȃͤȟåJ

0I[%Fʕγbɞ*Ӓ0ID*IŢ�§ °�°C

ȃͤȟIȃ2Y̫ȕbПQ^0D)C*^Ӕ 
� ˎGӒͤ˟̫ȟЕîGê̹4<ϼξD:Iő̵G@$BђQ^Ӕͤ˟̫ȟЕîGJӒзÝǍѷ

ƪǱ̂ЎӎSUperconducting Quantum Interface DeviceӜSQUIDӏG[^ͤĶ̆ƸϼξӎMPMS-XLӒ
Quantum Designӏbê̹4<ӔMPMS-XL IЅʺCJӒʚã̅ǻ 1.8 KӒʚӅͤƎ�50 kOe I̶Ɠ
CͤŃb̆ƸC*^Ӕ̅ǻĭȒɻˮ'[MͤƎ“̷ɻˮJӒˎұCђQ^ϼξDđњC#^<WӒ

:_\G@$BJˎұC→ŕ6^Ӕ 
� SQUIDJ¨­°̮Gĸǣ4<зÝǍåI±∇G JosephsonɛţbБ.<XICӒő̵´ʚXӅȬ
ǻFͤ˟}­w°C#^ӔSQUID bê̹4<ͤĶ̆ƸϼξGJӒӅū˰ƉӎRadio Frequency 
SQUIDӜRF-SQUIDӏD…˶ƉӎDirect Current SQUIDӜDC-SQUIDӏI 2 @Iɻǽ)#^ӔRF-
SQUID JзÝǍ¨­°ĔG 1 ΌȸI Josephson ɛţbʜ6^IGǇ4ӒDC-SQUID J 2 ΌȸG
Josephson ɛţbɍ@ӔRF-SQUID JЀќu{�Gą_B']ӒDC-SQUID J̆ƸȬǻGą_B$
^ӔØµCJӒDC-SQUIDIő̵bђQ^Ӕ 
� DC-SQUIDJ Fig.2-20(a)Cͧ6[%GӒ¨­°̮Gĸǣ2_<зÝǍåI:_;_ 2@IΨлG
Josephsonɛţ)ΧUьT_<Ȇ̮bȳ4B']Ӓ2@I JosephsonɛţJºħGɛή2_B$^Ӕ
0I DC-SQUIDGƚ∇(\±ƸI�ge{Ҩ˶ Ibiasb˶4<D*G@$Bσ&^Ӕ2@IɛţJť
5ϔ̿Ҩ˶ Icbɍ?B$^D4<D*ӒIbias < 2IcC#_K IbiasJ6QB Josephson Ҩ˶D4B˶_
^<WҨƄJ“̷4F$ӔD0`) Ibias ≥ 2IcIƎţGJӒIcbз&^Ҩ˶IĤ=.ҨƄ)“̷6^Ӕ

Ms = gJ

Fig. 2-19ӛȃͤȟåG'.^ͤŃʕγӔ 

Magnetic Field�
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:_;_IɛţҊIâ͑Ǧbq 1,q 2D6_KӒDC-SQUIDG˶_^ JosephsonҨ˶ IJӒ 
 

 

 
DϹ60D)C*^Ӕ0IǽbƘȆ4B$*ӒŢâ͑Ǧ)ʚƜDF^D*I Josephson Ҩ˶ Imaxb

ˣW^DӒ 
 

 

 
DF^Ӕ±ɻӒзÝǍ¨­°Ĕ∇bЬ,ĎͤʧJѷƪͤʧF 0ӎ~ 2.068�10-15 WbӏIɴɳøGѷƪ
Ń2_^D$%ȟг)#^ӎͤʧIѷƪŃӏӔзÝǍ¨­°G N ÷Iɛţ)ŨT_B$^ƎţӒ:
IѷƪŃʨÚJӒ 
 

 

 
DF^Ӕ<=4Ӓq iJ i͂͏IɛţIâ͑ǦC#^ӔDC-SQUIDG'.^ѷƪŃʨÚJӒ 
 

 

 
C#]Ӓ n = 0IƎţG ImaxJӒ 
 

 

 

DF^Ӕ6Fa>ӒDC-SQUID GJ Ibias-ImaxG͑ȅ6^Ҩ˶G[?BҨƄҐµ)“̷6^0DGF

^Ӕ“̷6^ҨƄJӒѷƪͤʧF 0 bŊâD4<ͤʧF GǇ4Būʠ͊GƘĿ6^0D)Ĥ(]0

_bƀͧ4<XI) Fig.2-20(b)C#^Ӕ 

  

I = Ic (sin θ1 + sin θ2)

Imax = 2Ic cos ( θ1 − θ2
2 )

Φ + Φ0

2π

N

∑
i = 0

θi = n Φ0

Φ0

2π (θ1 − θ2) = Φ + nΦ0

Imax = 2Ic cos (π
Φ
Φ0 )

(n = 0, ± 1, ± 2, ⋯)
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� 00TC DC-SQUID JѷƪͤʧŊâCģĶҨƄ)ƘŃ6^ӅȬǻFͤ˟}­w°DF^0Db

ђQ<)ӒƺҜGͤĶЎD4Bī̹6^G#<?BJӒģĶҨƄ)ūʠҋɳDF^<WGͤʧI

Ɯ*2b±Ȫ͊G˧Ƹ6^0DJC*F$Ӕ:0CӒDC-SQUID b̹$^ͤĶЎGJЫǭѬŻл

)ΧUьT_B$^ӎFig.2-21ӏӔT7Ӓ̆Ƹ4<ЖɶIôŠJčĶug©G[] DC-SQUID GÝ

&\_^Ӕ:_G[] DC-SQUID G“̷4<ҨƄôŠJӒe­�Y͸ĤŹbњ?<ȎӒǭѬug

©G[?B DC-SQUID Gȶ2_^Ӕ@T]ӒčĶôŠG[^ͤʧƘŃGǇ4B DC-SQUID IҨƄ

)±ƸGF^[%GĭȒ2_^IC#^Ӕ0ID*ǭѬug©G˶4<Ҩ˶ѷJͤʧIƘŃGǇ

4BγȆҋñG#^<WӒͤʧIƜ*2b˧Ƹ6^0D)C*^ӔDC-SQUID Iͤʧ)ǮG±Ƹ

Gó<_^0D(\Ӓ0IŻлbͤʧƁƸ©°�ӎFlux Lock LoopӜFLLӏŻлDXŭK_^Ӕ   

(b) (a) 

insulator 

superconductor 

superconductor 

Fig.2-20ӛ(a)DC-SQUIDIȆ̮Ӕ (b)DC-SQUIDIF-V̫ȟӔ 

Input coil�

INPUT�

Feedback 
coil�

Bias Supply�

アンプ� 積分器 OUTPUT�DC-SQUID�

Fig.2-21ӛDC-SQUIDG[^ͤĶ̆ƸIŻлƀӔ 
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� SQUID ͤĶЎ'$BӒЖɶIw­�¨­°JǾ*ɂ*ˮGĤҹ2_^ӔǾ*ɂ*ˮJӒƇ±ͤ
ƎµCЖɶbug©Gњ4<D*GӒЖɶIͤŃIƜ*2G˜ë6^ЛǍҨ˶IƜ*2bˀģ6

^ɻˮC#^Ӕ̫GӅȬǻF SQUID ͤĶЎCȔȁͤŃb̆Ƹ6^GJӒƚ͊�g|bɗғ4BЖ
ɶIͤŃG̻ʩ6^ôŠIUbΚǻϜ,ˀģ6^0D)Ђˣ2_^ӔFIg.2-22(a)Gͧ6[%Fƌʤ
͊F±Ǩ*ug©bˀģug©D6^DӒȔȁͤŃCXȬǻϜ,ˀģC*^±ɻCōĸͤƎIɣ

\+FEI�g|X�gªq�GɌ?B4T%Ӕ�g|ͤƎbЖɶôŠbŅĪ6^<WGσʼ2

_<I)ӒFig.2-22(b)I[%G 2 @IË$GїǨ*Iug©bϟǱIкң d =.ң4Bλ+ţa8
<ˀģug©C#]Ӓ±ˎȔĤƉ°§zl °�°DŭK_^Ӕ�g|IőżDF^ͤƎI“̷

̈Jкң d[]XŇĤGң_B$^<WӒ2@Iug©GĬѤ6^�g|IƜ*2J·4,F]Ӓ
(@ug©JË$GїǨ*C#^<WӒ�g|G[]“̷6^ЛǍҨ˶Jo¢­}©6^Ӕ±ɻӒ

ЖɶJкң d[]Xя$âξbњѢ6^<WӒ2@Iug©G“̷6^ЛǍҨ˶IƜ*2GǦ)̷
5BôŠ)“̷6^Ӕ0I[%G4BӒ�g|bғœ4BЖɶIôŠIUbˀģC*^Ӕ 

 
� MPMS-XL Iˀģug©GJӒ±ˎȔĤƉbÊ˗ѵHG4<ӒFig.2-22(c)Gͧ6[%FÊˎȔĤ
Ɖ°§zl °�°)ϼÿ2_B$^Ӕ»ƠIug©J 2 ǨC¹΁Iug©DJїǨ*GF?B
$^Ӕˀģug©ҭGǇ4BЖɶbƈ…GĿ(6D*Ӓ:_;_Iug©âξbњѢ6^D*G

ҨƄJ�°qbɍ>Ӓ(-1) ~ (+2) ~ (-1) I˜GF^ӎFig.2-22(c)ӏӔ0Iª{�­{m°�(\»ȗ
ug©CI�°qôŠb�f��f­°4BӒү̜ҨƄbˣWBͤŃIƜ*2GɠΎ4B$^Ӕ

0I[%FɻˮCЖɶIͤŃbˀģ4B$^<WӒʤ̆ƸbƨW^įGЖɶI�âξţa8�b

4B',ȘЂ)#^ӔЖɶJ̝ϝјʃI{�«°GƁƸ28Bw­�©«��Gϼ͕28^ӔЖ

ɶIƁƸGJӒ{�«°I̧͠Ye©��g©ӒƎţG[?BJ�§�f­YˉύΜɛ͕İFE

G[?BͣƺGƁƸ28^ȘЂ)#^Ӕ̫GȃͤȟåYзÝǍåJƚ∇ͤƎGǇ4BƜ*FĶb

ř.^<WӒЖɶѷ)ƛ6+_KͤƎG[?B{�«°)˒cC4T$ӒƁƸ)¶ŇĤC#_K

{�«°Ĕ∇CЖɶ)Ŀ$B4T$Ӓ$7_IƎţXːͣF̆Ƹ)C*F,F?B4T%Ӕ  

(a)             (b)                 (c) 

Position�

Voltage�

Sample�

3 cm
�

Straw�

d�

Fig.2-22ӛˀģug©IȆ̮Ӕ(a)ƌʤ͊Fˀģug© (b)±ˎȔĤƉˀģug© (c)ÊˎȔĤƉˀģ
ug©Dȑ\_^ª{�­{m°�Ӕ 
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2-2-5. Ҩ˟Ʉɀ̆Ƹϼξ 
� …˶Ҩ˟Ʉɀ̆ƸGJÊ΁ƪˮDź΁ƪˮI 2@Iɻˮ)#^Ӕ:_;_ĬƸŻлb Fig.2-23
Gͧ6ӔÊ΁ƪˮJЖɶG 2 ʤIҨ˂bɛ↑28B̆Ƹ6^ɻˮCӒ�{�°CIҨ˟Ʉɀ̆Ƹ
)0_G#<^ӔÊ΁ƪˮIŻлCJЖɶDҨƄЎ)ºħGɛή2_B']ӒҨƄЎGJ 0.1 " 
1 GW͵ǻIĔ∇Ʉɀ RV)ΧUьT_B$^ӔҨ˶Ў̆JӒɳ W ͵ǻIǎ2Fˆ̉ɄɀӎShuntɄ
ɀŹӒҨ˟Ʉɀ RIӏbŻлĤǚȎIЖɶýG…ħɛή4Ӓ:I¹΁G((^ҨƄb̆Ƹ4B Ohm
IˮĮ(\Ҩ˶ѷbˣW^ɻǽbə^Ӕ0I[%FŻлG'.^ţȳɄɀ RJӒ 
 

� � � � � � �  

 
DF^ӔÊ΁ƪˮC̆Ƹ4<Ҩ˟Ʉɀ RGJ RwY RcIұ)ĸΎ2_B̆Ƹ4B4T%)Ӓ:_\

IĽʰ)̝ІC*^REGƜ*FҨ˟Ʉɀbʜ6^ЖɶĬƸGJRSǦ4ɬ&F$Ӕ 
� ź΁ƪˮJҨ˶΁ƪDҨƄ̆Ƹ΁ƪb:_;_Ī�G 2ʤ7@ӒţЎ 4ʤIҨ˂bЖɶGɛ↑2
8B̆Ƹ6^ɻˮC#^Ӕź΁ƪˮCĬƸŻлG'$BӒť˅GţȳɄɀ RbˣW^DӒ 
 

� � � � � � �  

 
DF^Ӕ00CӒIV JҨƄЎG˶_^Ҩ˶ѷbϹ4B$^ӔЖɶɄɀ)ҨƄЎIĔ∇ɄɀD˜Q

BŇĤGǎ2$D*ӎRs � RVӏӒIV J~«DЄF60D)C*ӒҨ˶JRSĎBЖɶG˶_^D

σ&\_ӒÊ΁ƪˮCЄ\_<[%F RwY RcIĽʰbғƚ4BΞΗFЖɶɄɀIUb̆Ƹ6^0

D)C*^Ӕ 
� 0I[%G 2 @Iɻˮb˜х6_KӒ−ǖFEҨ˟ÝǍȟ)Ϝ$ӎҨ˟Ʉɀ)ã$ӏЖɶIҨ
˟Ʉɀ̆ƸGJź΁ƪˮ)ѧ4B']ӒїGňǍåYέηåFEҨ˟ÝǍȟ)Ȥ$ЖɶIҨ˟Ʉ

ɀ̆ƸJҨ˂ɳ)ǏF,B́VÊ΁ƪˮ)ѧ4B$^ӔE>\Iɻˮ)ѧ4B$^(G@$BӒ

ЖɶIҨ˟ɄɀIƜ*2Yê̹6^�©� °�°IĔ∇Ʉɀ(\ÈWĩɹ4B',ȘЂ)#^Ӕ

ƺҜĬƸGҜ4BӒЖɶIҨ˂GJ−γӎf 25 µmӏbǍҨȟѾ×°{�ӎ4922NӒDupontӏC
ЖɶGƁƸ4<Ӕ×°{�Iǫѳ̊İGJѱѲӗӓ��oyj�©bê̹4<Ӕ   

R = Rs + (Rw1 + Rw2 + Rc1 + Rc2 + RI)

R = Rs − (Rs + Rw3 + Rw4 + Rc3 + Rc4)
IV

I

Fig.2-23ӛÊ΁ƪˮ'[Mź΁ƪˮG[^Ҩ˟Ʉɀ̆ƸŻлƀӔRs JЖɶIҨ˟ɄɀӒRw J¨°�
γIҨ˟ɄɀӒRc Jɛ↑ɄɀӒRv JҨƄЎĔ∇ɄɀӒRI JҨ˶ЎĔ∇ɄɀbϹ4B$
^Ӕ 

Two probe method circuit�

Rc1
Rw1

RI

Rw2

Rc2

Rw1

Rw2

RV

V

I

Sample (Rs) 

Four probe method circuit�

Sample (Rs) 

ӎÊ΁ƪˮŻлӏ 

ӎź΁ƪˮŻлӏ 
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� Ҩ˟ɄɀJӒ̅ǻbƘŃ28F)\±ƸҨ˶bЖɶG˶4<D*G“̷6^ҨƄb̆Ƹ6^I

)±ϛ͊C#^Ӕƻ̅[]XӅ̅bȑ^<WGJ Joule ̣bī̹4<њҨĸ̣FEG[]˜х͊ƿ
ʄGƺ̳6^0D)C*^)Ӓ:_GǇ4Bƻ̅[]Xã̅bȑ^IJʺ˗GҤ4$Ӕ 
� ã̅bè]ģ6ěĞˌJӒ̣ˌҋIĿèbїт28<XIC#^Ӕ6Fa>ӒĶư͊j�©p

°bĸ&BӒạ̃̅̈(\̣j�©p°bũŗ4BӅ̣̅̈P̣j�©p°bɮģ6^[%Fˌ

ҋ)σ&\_^Ӕạ̃̅̈(\̣j�©p°bũŗ4B$.Kạ̃̅̈I̅ǻJãµ4B$,I

CӒ0IˌҋJěĞˌGÕF\F$ӔżUGƺ̹Ń2_B$^ěĞˌCJӒҨ˟j�©p°b¡

°�°CĶư͊j�©p°GƘɠ4Bwgq©Gĸ&B$^Ӕ 
� ̣ˌҋIƌʤő̵J Carnot wgq©C#]Ӓ0_bїт28<ї Carnot wgq©)ěĞˌIƌ
ʤő̵DF^ӔFig.2-24Gͧ6њ]Ӓї Carnotwgq©JŢ̣˹Gɛ↑28<̮ȭCI·̅Ѣ͵'
[Mɹ̣̮ȭCI·j­�«�°Ѣ͵G'$B:_;_ϓȂ¯Ƅιbν]ѐ4B$^ӔCarnot w
gq©J̣ˌҋYěĞˌG@$ḄĶư͊G̵Ћ6^<WGŊΞŃ4<̵Ȩ͊F¡�©C#]Ӓ

ƺҜG̣ɛ↑Dɹ̣DI͗Ҋ͊Fĥ]ʙ&bƺ̳28^IJȼ϶͊GžҤC#^Ӕ:I×a]D

4B˅�Fwgq©)σʼ2_ϼξŃ2_B$^)ӒǶ,ģŻ?B$^ěĞˌD4B×Ϲ͊FX

IG GMěĞˌӎGifford-McMahon refrigeratorӜGM ěĞˌӏ)#^ӔGMěĞˌCJ GMwgq
©DŭK_^ěĞwgq©)ī̹2_B']Ӓ�¨h�n{GǇ4BƄι'[MϓȂ):_;_

Ƅιˌ'[MϓȂy¨­�°IĪ�IΌȸCϵFa_B$^I)̫ȕ͊C#^ӎFig.2-25(a)ӏӔƄ
ιˌ(\ϓȂy¨­�°TCIn{§g­GJϪěƉ̣ÎɠŹӎϪěİӏ)ΧUьT_B']Ӓ

ƻ̅I˶čn{JěY2_Ӓã̅I˶ģn{J̅W\_^ӔϓȂy¨­�°CIn{J Fig.2-25(b)
Gͧ6[%Fwgq©bэ^Ӕ0I[%FÔΧUC�¨h�n{bƄι¯ϓȂ28^0DG[]Ӓ

�¨h�I˽Ń̅ǻC#^ 4.2 KÖяTCIã̅bȑ^0D)C*^Ӕ 
 
 
 
 
  

Fig.2-24ӛ̵Ȩ͊FěĞwgq©C#^ї Carnotwgq©I S-TγƀӔ 

Entropy

Temperature

S H

S L

T L T H

等温圧縮
(低温熱源へ接触)

断熱膨張
(温度低下)

等温膨張
(高温熱源へ接触)

断熱圧縮
(温度上昇)
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� ѲΡY;ΡFEƻ̅C˟åC#^[%Fn{b˽ŃˌDŭK_^Ǌ̹IěĞˌb̹$Běŏ6

_KӒ˽Ńn{)ȑ\_^Ӕ˽Ńn{Jɹ̣ƿŹb̹$_Kƻ̅ͼ˟»CŘ]Ȼ%0D)C*Ӓ

RS˩Ӄ̮ȭG#]˟åbɮģ4ή.B$^XIIӒ˽åJȳĤ1DG˧T?<˩̜̅ǻbó?

B$^Ӕ0I<WӒ˽Ńn{JȹфGã̅bȑ^0D)C*^ǃİD4Bī̹2_^Ӕã̅ƺӂ

C±ϛ͊Gī̹2_^ǃİD4BJӒ˽å;ΡY˽å�¨h�)#^Ӕ˽å;ΡI̅ǻJ 77 K C
#]ӒΓŊFɹ̣ƿŹ)#_Kͼ˟»CXŘ]Ȼ%0D)C*^Ӕ;ΡJŃư͊˵ȟ)ã,Ӓő

ɶ)Ɯ˟»GƛѷGƬƅ4B$^<WӒҬǮGȻ$Y6$Ӕ±ɻӒ˽å�¨h�J̣̐)ǎ2$

<WΓŊG˟åGF?B4T%´GӒőɶDF^�¨h�n{IӓJҬǮGǫǏCӅîC#^Ӕ

ЭϫGJӒƻ̅(\Ị˶čỴщǋbҎ+Ӓ�¨h�Iϩ“ѷbʚǎGȾ&^0D)C*^˽

å�¨h�Ǌ̹IƿŹYϩ“4<�¨h�bŻŗ6^Бÿ)ȘЂDF^Ӕ4(4F)\˽å�¨

h�I˩̜J 4.2 KDέǇҧǻGя$˂ã̅C#^<WӒ̫GзÝǍåIŢͶ̆ƸYзÝǍ�°�
��Iѡ̹FEGJˍ(8F$ǃİDF?B$^Ӕ 
� ʤ͞ͻCê̹4<̵̩̫ȟ̆ƸϼξӎPPMSӒQuantum DesignӏGJ˽å�¨h�)Ϫ&\_B
']Ӓ˽å�¨h�D�°�°G[]̅ǻĭȒ)F2_B$^ӔPPMSI̅ǻĭȒGҋ6^ˌ˄I
Ubͧ4<ɹҭƀ) Fig.2-26C#^ӔƺҜGJӒ˽å�¨h�ǗIƚýG̣щǋy°©�D4BI
˽å;ΡǗӒɹ̣I<WIӅ͓ͼǗ)#^Ӕ̅ǻĭȒ2_^ͼҊӎSample ChamberӏIƚýGě
ŏǗӎCooling Annulusӏ)#]Ӓ͓ͼɹ̣ǗbɐcC˽å�¨h�Ǘ)#^Ӕ˽å�¨h�ǗDě
ŏǗJ 2ʤIǾ*ьUΏӎInletӏCɛή2_B$^Ӕƞ$Ǿ*ьUΏӎVariable Impedance InletӏI
čŚGJ�°�°)Б.\_B']Ӓ0I�°�°IģĶG[]˽å�¨h�I˶čѷbĭȒ6

^0D)C*^Ӕ0_CЖɶͼҊJ�¨h�I˩̜̅ǻӎ4.2 KӏTCěŏ6^0D)C*^Ӕ:
_ØµI̅ǻbƺ̳6^GJӒěŏǗb�­�C̃Ƅ4B�¨h�I˩̜bµ/^ɻˮ)ə\_

^)Ӓ�­�Iɗ˟ѷ[]X�¨h�˶čѷ)ƛ$D̃Ƅ2_F$<W̅ǻ)µ)\7Ӓ�¨h

�˶čѷ)ǏF$DěŏǗI�¨h�)ʱ_B4T%Ӕ@T]Ӓ�­�Iɗ˟ѷDťѷ͵ǻI˽

å�¨h�b˶č28F._K 4.2 KØµI̅ǻb´ȹ,ίɍ6^0D)C*F$ӔΤ$Ǿ*ьU
ΏӎContinuous InletӏJ:I<WIXIC#^Ӕ˽å�¨h�˶čѷb˧W^ Impedance HeaterI
ģĶӒЖɶͼҊbĸ̣6^ Chamber Heater IģĶӒěŏǗɗ˟§g­IŜƘ�©�҉ǻFEbЁ
ţ4BĭȒ6^0DG[]ΚǁF̅ǻóɍY̅ǻƘŃª°�bƺ̳4B$^Ӕ  
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(b)
Compressor

Displacer

Cylinder

Low 
Pressure 
Gas Line

Heat
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Fig.2-25ӛ(a)GMěĞˌI˄ќI˃́Ӕ(b)GMěĞˌIy¨­�°Ĕ∇CI�¨h�n{I P-VγƀӔ 
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Fig.2-26ӛPPMS'[MMPMSI̅ǻĭȒGҋ6^ˌ˄bͧ4<ɹҭƀӔ 
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� PPMS Y MPMS GJӒͤƎbōĸ4<̮ȭC̆Ƹ)C*^[%GзÝǍ�°���)ϼÿ2_
B$^Ӕ±ϛ͊FҨͤ͜JӒ−ǖIǍγbug©G4<XIC#]Ӓ00GҨ˶b˶60DCͤ

Ǝb“̷28B$^Ӕ−ǖJʜґɄɀbɍ@<WGӒҨ˶b˶60DC̷5^ Joule ̣bˠě4F
)\ê̹4B$^<WӒ“̷ŜόFͤƎJ 20 kOe ͵ǻGĭґ2_^Ӕ±ɻӒзÝǍ�°���C
JзÝǍåIǍγbī̹4B$^<WGӒзÝǍ̮ȭDF^ã̅µG'$Bϔ̿Ҩ˶IΑſĔC

JoulẹI“̷̝4GƜҨ˶b˶60D)C*Ӓ100 kOe͵ǻIҫͤƎb“̷28^0D)C*^Ӕ
ÒŻê̹4<ϼξI“̷ŜόͤƎΑſJӒMPMSJ-50 kOe ~ 50 kOeӎθͤƎӏӒPPMSC-70 kOe ~ 
70 kOeӎˈͤƎӏC#^Ӕ 
� зÝǍåĔ∇CJҨ˶)̃Ϻ4F$<WGӒug©GҨ˶b˶4<̮ȭCƚ∇Ҩ̈bŻл(\

ɗғ4BŻлb҈©°�G4BXҨ˶J˶_ή.^ICӒͤƎb“̷4ή.^0D)C*^Ӕ0

I̮ȭJˢ¿Ҩ˶¡°�ӎPersistent modeӏDŭK_^ӔзÝǍ�°���IŻл˄ќ'[MͤƎ
ƘŃIȹҲb Fig.2-27Gͧ4<ӔFig.2-27 (0)Jˢ¿Ҩ˶¡°�ʊI˅ƪC#^ӔзÝǍγug©J
ǃİC#^˽å�¨h�G˻?B']Ӓ:0GҨ̈ϼξ)ɛή2_B$^ӔзÝǍγug©I±

∇ĤGJ�°�°γӎPersistent Switch HeaterӜP. S. Heaterӏ)Б.\_B']Ӓ0_bĸ̣28^
0DG[?Bug©I©°�Żлbĥɹ6^0D)C*^[%GБЎ2_B$^ӔͤƎbƘŃ2

8^GJӒT7Ӓug©G˶_B$^Ҩ˶ I0Dť5Ҩ˶bҨ̈ϼξC˶6[Fig.2-27 (1)]Ӕ0Iɪè
CӒƀ»IзÝǍug©´΁G'$BӒҨ̈Ҩ˶D©°�Ҩ˶)͑˘2_BҨ˶)˶_F$Όȸ

)C*^Ӕ0I̮ȭC P. S. Heater bĸ̣4BӒҨ˶I˶_B$F$ΌȸIзÝǍbƖ4BǮÝǍ
̮ȭG6^[Fig.2-27 (2)]ӔǮÝǍ̮ȭG6^DʜґɄɀ)̷5^<WӒҨ̈Ҩ˶JзÝǍ̮ȭG#
^ug©G6QB˶_^0DGF^Ӕ0_Cug©DҨ̈bɛή6^0D)C*<ICӒ00C

Ҩ̈Ҩ˶b I0(\͏͊ͤƎI I1PεY(GƘŃ28^[Fig.2-27 (3)]ӔҨ̈Ҩ˶ I1)ƲƸ4<D0`

CӒP. S. HeaterIĸ̣bˏWBȌˌʊҊbD]ӒзÝǍI©°�Żлbȓǭ28^[Fig.2-27 (4)]Ӕ
ʚȎGҨ̈Ҩ˶b~«Gȶ4BӒˢ¿Ҩ˶¡°�Gȶ6[Fig.2-27 (5)]ӔƺҜG PPMSYMPMSCJ
0_\IɪèJ6QBϕĿĭȒ2_^)Ӓ±∇IϼξCJȹĿɪè)ȘЂDF^Ǝţ)#^Ӕɣ

\+I̝$ƲƸ4<ͤƎµC҆ʊҊ̆ƸbϵF%´CJˢ¿Ҩ˶¡°�JѵЂFˌόC#^)Ӓ

´ђ4<њ]IȹҲbнVȘЂ)#^<WͤƎƘŃGϟǱIʊҊ)((?B4T%ӔͤƎIƲƸ

ȟ[]XΡʀ$ƘŃ)ȘЂFƎţGJӒug©DҨ̈b…Ω4< Fig.2-27 (2)(3)I[%F̮ȭCѝ
ήê̹6^0DX#^Ӕ0I[%FĻͤɻˮJˢ¿Ҩ˶¡°�ӎPersistent modeӏGǇ4BӒ
Driven mode (PPMS) #^$J Hysteresis mode (MPMS) FEDŭK_^Ӕ 
� зÝǍ�°���bê̹6^´C˱Ȫ6Q*̜JӒзÝǍI˼ơӎQuenchӏC#^ӔзÝǍ�
°���I[%GзÝǍåGƜҨ˶b˶4B$^̮ȭCӒæ\(IőżC±∇ĤCXзÝǍ̮ȭ

)Ɩ_BǮÝǍ̮ȭDF?<ƎţӒ:I∇ĤCƜҨ˶G[]“̷4< Joule ̣)зÝǍγbÝa^
0DCзÝǍ)ѝ∞͊G͠Ɩ2_B4T%̳ЪC#^Ӕ:I“̣G[?B�°���ūſI˽å

�¨h�)̥“͊Gϩ“6^DDXGӒзÝǍ�°���ϕå)ɤĀ6^0DX#^ӔQuench I
őżJӒҨ˶ɕǾª°�)ћ6+<ƎţYӒϔ̿Ҩ˶bз&BҨ˶b˶4<ƎţFEXσ&\_

^)ӒяǳIϕĿĭȒ2_<ϼξG'$BJ˽å�¨h�I˽ҭãµ)ʚXƛ$őżC#^Ӕз

ÝǍ�°���IͤƎƘŃG#<?BӒFig.2-27 »I˽å�¨h�G˻?B$^ǮÝǍ¨°�γ
ӎβϝӏJњҨ4B$^ҊJǮG Joule ̣b“̷28B']ӒӅͤƎRE“̣ѷ)Ɯ*,Ӓ˽å�
¨h�I˼ЯѷXƜ*$ӔDriven mode CJ2\G˽å�¨h�˼ЯѷJƜ*,F^Ӕ̅ǻĭȒC
X˽å�¨h�b˼Я4B']Ӓ˂ã̅(@ȃͤƎD$%ʨÚJ˽å�¨h�ĨǏ{�°�)

ʀ,F^Ӕ0I[%FзÝǍ�°���IĿèő̵Yϼξ̫ȟb̢͚4<´C˽å�¨h�˖ѷ

bͣК4ӒçϽbUBŘ]Ȼ%ȘЂ)#^ӔʚяCJӒϩ“4<�¨h�bŻŗ4B:IƎC˽

Ń4ã̅ϼξGȶ60D)C*^�¨h�ėğιϼξ)҉“2_B$^Ӕʤ͞ͻCê̹4<

MPMSGJ EverCoolӎQuantum DesignӏӒPPMSGJ TRG-340DSӎƞҗɾѲӏ)ɛή2_B']Ӓ
˽å�¨h�ѷJRS±ƸѷGίɍ2_^)Ӓ̆ƸGҜ4BJ±ǻGƛѷI˽å�¨h�bϩ“

28ӒėğιϼξI˽ŃόĶbз&^[%FѢЫϡb·&F$[%G̀Ȫ6^ȘЂ)#^Ӕ 
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(0) � (2) �(1) �

(3)  (4)  (5)  

Fig.2-27ӛзÝǍ�°���I˄ќDĻͤ/̃ͤy°±­{ӔβγJʜґɄɀbX@ǮÝǍåC#
]ӒӊγJ~«Ʉɀ̮ȭG#^зÝǍåbͧ4B$^Ӕ(0)�°���GҨ˶ I0 )˶_B
$^̮ȭӎˢ¿Ҩ˶¡°�ӏӔ (1)Ҩ̈(\ I0 IҨ˶b˶4B$^̮ȭӔ (2)Persistent 
Switch Heaterbĸ̣28BзÝǍå©°�I±∇ĤIзÝǍ̮ȭbƖ4<̮ȭӔ (3)Ҩ̈
Ҩ˶b I0(\ I1PƘŃ28<̮ȭӔ (4) Persistent Switch HeaterIĸ̣bˏWBзÝǍå
©°�bȓ˵28<̮ȭӔ (5)Ҩ̈Ҩ˶b I1(\ 0Gȶ4<̮ȭӎˢ¿Ҩ˶¡°�ӏӔ 
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2-2-6. ӅƄĶµ̆Ƹϼξ[104] 
� ƄĶ“̷ϼξI±ϛ͊FāŧD4BӒ“̷ŜόƄĶӒЖɶͼҊIå͸ӒЖɶGĸa^ƄĶIƇ

±ȟӒ6Fa>ҫˠƄȟI 3 @I�§ °�°J:_;_Ë$G͑ҋҋñG#^ӔƄĶ“̷ϼξ
J̆ƸȹˮY͏ˆƄĶGţa8Bѧ4<XIbѪɃ6_KϜ$Ӕʤ͞ͻCJӅƄĶµCIҨ˟Ʉ

ɀb̆Ƹ6^G#<]Ӓ�{�­y¨­�°ƉƄĶ}©bê̹4<ӔƺҜĞƸGê̹4<}©

IĘ͓b Fig.2-28Gͧ6Ӕ 
� ƜT(F}��e��ȹҲbØµGђQ

^Ӕ2 ʤIҀγb�g{�28ӒȘЂFʤɳ
=. PlugGњ6ӔPlugI´∇ͺGj�oyˉ
ύӎStycast 2850FTJӛCatalyst 9M = 100ӛ3.5 
(гѷ˜)IĲţC˿ţ4<XIӏbƈ\4Ӓ
Corn bˠǲGF^[%GÂ8Bj�oyˉύ
bÇ̤28BƁƸ6^Ӕ:IȎӒέηI<W

GCorn´∇G�°q§g�ʬbÂ8Bɛ͕İ
CƁƸ6^Ӕ−γDѾ×°{�C΁ƪÖ.4

<Жɶb�°q§g�ʬGÂ8ӒĊ͵ PlugG
њ4<ҀγG−γbǨ*Ö.BѾ×°{�C

ƁƸ6^ӔƄĶƩåb Cell Ĕ∇Ġ<4Ӓ˟
˯)č\F$[%G PlugbǟWьVӔCellb
Cylinder Gɒč4B Bottom nut bδWӒ
Cylinder ´∇(\ Ceal RingӒPiston IҲCɒ
č4ӒTop nutbδW^Ӕ0I̮ȭCǮƄµC
IҨ˟Ʉɀ)̆ƸC*^ӔTop nutIͺGĸƄ
̹IǊ̹ĚĒb}��4B˪Ƅ�ª{ˌCϡ

ѵb(.^DӒPiston BackupӒPiston bƩÓ
4B Cell GÝa]ӒCell )ιVӔCell Ĕ∇J
ƄĶƩåĊ<2_B$^<WӒCell )ιc
=Ĥ=.ЖɶͼҊGҫˠƄ)“̷6^Ӕ0I

̮ȭC Top nut bδWB Piston BackupIâξ
bƁƸ4Ӓ˪Ƅ�ª{ˌIϡѵbЋɮ6^Ӕ

0_CӒ“̷28<ƄĶbóɍ6^0D)C*^Ӕ0I[%Fɻǽbq§­�ǽD$%Ӕ  
� ƄĶƩåG@$BJӒЖɶGǇ4BҫˠƄȟbó>@@Ľʰ͊GƄĶbÝ&^D$%ȟό)΄±G

Ђˣ2_^Ӕ˟åƩåJҫˠƄȟGą_ӒјʃC#^<WċưΜ̆ƸGѧ6^XIIƄι̲)ҬǮG

Ӆ$<WϕпCƄĶbũŗ4B4T$ƄĶÝѤĽ̲GÁ4$ӔƁåƩåJƄĶÝѤĽ̲Gą_^<WӒ

зӅƄĶb“̷28^�g£¡­�e­�©}©ӎDACӏCê̹2_^)˶ĿȟGÁ4$<WҫˠƄ

ȟ)Ϩ4,Ȥ$Ӕ�{�­y¨­�°ƉCJӒ0_\I»ҊIȟгbɍ@ʜˌ̊Ʃ·I˽å)ƄĶƩ

åD4Bƛ,ê̹2_B$^Ӕ4(4ӒƜ˟ƄµC˽åC#?BXĸƄ6_KӒ$7_JƁåGƘŃ

6^ӔT<ӒƄĶƩå)ĸƄ»G˽åC#?BXƻ̅ØµGěŏ4<D*GJYJ]ƁåPƘŃ6^Ӕ

0ID*GƜ*FƄĶƘŃ)#^DЖɶI͠ƖY΁ƪIɹγ)ж0^Ƞ_)#^Ӕ:I<WӒƄĶƩ

åGJǶ$ƄĶΑſGa<]˽å̮ȭC#^ӎƁŃƄĶ)Ӆ$ӏ0DӒºMGƁŃʊIå͸ƘŃ)ǎ

2$0D)΄ÊGЂˣ2_^Ӕ΄³GӒ…ɛɛ↑6^}©∇ŰYЖɶFEGǇ4BӒƄĶƩå)¶˵

ȟC#^0D)Ђˣ2_^Ӕ̫GҨ˂΁ƪIƁƸC[,̹$\_^ǍҨȟ×°{�DIŖțȟGJ˱

ȪbЂ6^ӔƄĶƩåJØ´I[%FЂСb̵Ћ4<´CӒ̮˭Gţa8BѧĥFXIbѪɃ6_

KϜ$Ӕʤ͞ͻIӅƄĶµҨ˟Ʉɀ̆ƸCJӒƄĶƩåG FluorinertӎFC-70ӛFC-77 = 1ӛ1ӏbê
̹4<Ӕ0I˽åJƻ̅IƁŃƄĶJ 1 GPa͵ǻDã$XIIӒŃư͊G¶˵ȟCũˠȟX̝$<
WGЖɶY΁ƪGҋ6^�§�©)ǏF,ӒƄĶƩåD4BôҶȟIӅ$̩гC#^Ӕ 
� �{�­y¨­�°ƉJӒ˄ќ)ŊΞC#^<W}��e��)ƿʄC#]ӒЖɶͼҊ)Ɯ*

Top Nut (CuBe) 
Piston Backup (WC) 

�

Piston (WC) 
 
�

Cylinder 
 (CuBe+NiCrAl) 

 
�

�

Seal Ring (CuBe) 
 

Cell (PTFE) 
Seal Ring (CuBe)�

Corn (CuBe)�
Plug (CuBe) 

�

Piston Backuup (WC) 
Bottom Nut (CuBe)�

Fig.2-28ӛӅƄĶµҨ˟Ʉɀ̆ƸGê̹4<�{�
­y¨­�°}©I∇Ű˄ȳDĎåƀ. 



74 

,ҫˠƄȟIӅ$ƄĶ)ȑ\_^Ӕ4(4F)\Ӓq§­�ǽIƄĶ}©CJӒ̅ǻƘŃG[^

Ţ∇ŰỊŗιYƄĶƩåIƁŃFEIȈҮCӒЖɶͼҊG((^ƄĶ)̅ǻGíƬ4B4T%

ˍ̜)#^Ӕ6Fa>Ӓƻ̅CĸƄ4B“̷28<ƄĶDέǇҧǻяþGěŏ4<D*IƄĶG

Ǧ)̷5B4T%IC#^Ӕƻ̅CIƄĶûJĸ&<ϡѵDřƄҭ͸(\ЎΎCƜҢȽGЄ͸X

^0D)C*^)Ӓ˂ã̅CJ˅�F̣ŗιIĽʰ)ĸa^<WGЎΎCƄĶûbЄ͸X^IJ

žҤC#^Ӕ4(4F)\ӒƄĶƺӂG'$BЉ̆͏͊D6^̳ЪIƛ,J˂ã̅ƊGЄ\_^

<WӒ:I̅ǻÖяG'$BƺҜGōĸ2_B$^ƄĶû0:ѵЂC#^Ӕ˂ã̅CIƄĶbЄ

͸X^ȹˮD4BӒPbIзÝǍтͳ̅ǻӎTcӏIƄĶíƬȟ)ī̹2_^ӔPbI TcJǮƄµG'

$B 7.2 KC#^)ӒƄĶGǇ4BγȆGãµ6^0D)Ĥ(?B'][105]ӒPbI Tcb̆Ƹ6^

0DCƄĶûGɠΎ6^0D)C*^Ӕ6Fa>ӒPb JÊˎ͊FƄĶЎӎ�� °�°ӏIȉĲ
bʰ<6ӔЖɶͼҊĔGЖɶDºQ< Pb IҨ˟ɄɀbťʊĞƸ6_KӒ7 K ÖяCIƄĶbΚ
ǻϜ,Є͸X^0D)C*^Ӕɵ̱[105]G'$BƄĶ PPIɠΎǽ)ˣW\_B$^Ӕ 

 

 

 

00CӒTc(0)JƄĶ}©ĬƸGê̹6^̆ƸΜC˧Ƹ4< Pb IǮƄµCIзÝǍтͳ̅ǻӒ
Tc(P)Jʢ͚ƄĶµCI PbIзÝǍтͳ̅ǻC#^Ӕť˅Iɑ^ϙ$J SnY InCXЄ\_^)Ӓ
ǮƄµCI Tc)ã$K(](ӒҨ˟ɄɀG[^ TcIƄĶíƬȟ)γȆCF$0D(\�� °�

°D4Bê̹2_^0DJ#T]F$Ӕ±ϛG�{�­y¨­�°ƉI“̷ƄĶJʚƜC 2 GPa͵
ǻD→a_^)ӒCuBe ЀI Cylinder Ĕ∇G NiCrAl ǗbБ.BÊǗ˄ќD6_KƄĶĽ̲)´)
]Ӓ3 GPa͵ǻTCI“̷)ŜόDF^Ӕ 
� зÝǍI̫ȟЕîG'$BJӒ~«Ʉɀ'[MƳ

ĎŖͤȟI¹ɻIЉ̆)ȘЂC#^Ӕ¶ƳĎFзÝ

ǍC#?BXҨ˂ҊI±∇ĤG2&ÝǍΨл)њ?

B$_K~«Ʉɀ)ƺ̳4B4T%<WӒͤŃ̲I

̆ƸG[?BзÝǍI�©qȟbͣК6^ȘЂ)#

^IC#^ӔƄĶG[]зÝǍ)Лж2_^ƎţY

ĪIɺ4$зÝǍ͑)Лж2_^ƎţӒ:IзÝǍ�

̫ȟbЕî6^<WGӅƄĶµCIͤŃ̆Ƹ)ȘЂ

D2_^Ӕ:I[%Fϊʏ(\Ӓ1998 ǳG Uwatoko
\G[]ͤŃ̆ƸӎMPMSӏ̹I�{�­y¨­�
°ƉӅƄ}©)҉“2_< [106]Ӕ}©I˄ȳb
Fig.2-29Gͧ4<Ӕ 
� }��e��I˃ЂbØµGђQ^ӔO ¨­°b
ǟWьc= Plugb Cylinderµ∇(\Ʌ4ьU Bottom 
nut bδW^ӔCylinder ´∇(\ƄĶƩåb˱č4
BӒ�� °�°Ӓ҆2 4 cmI͜Ϡ«��ӒЖɶӒ
͜Ϡ«��ӎЖɶƁƸI<WIѵ4ӏIҲ͂C

Cylinder Gȿč6^ӔO ¨­°bǟWьc= Plug b
Cylinder ´∇GɅ4ьUӒ:I´G PistonӒPiston 
Backupb}��4B Top nutbδW^ӔĸƄʊJ Top 
nut IͺGǊ̹ĚĒb}��4B˪Ƅ�ª{ˌCϡ
ѵb(.^ӔPiston)µ)?<Ĥ=. Top nutbδW
<ȎӒ˪Ƅ�ª{ˌIϡѵbЋɮ4Ӓ̆ƸGͳ^Ӕ 
� MPMSIЖɶͼҊIЅʺJf 9 mm͵ǻC#]Ӓ±ϛ͊F�{�­y¨­�°Ɖ}©D˜х4B

P [GPa] = Tc (0) − Tc (P)
0.365

Fig.2-29ӛӅƄĶµͤŃ̲̆ƸGê̹4<
�{�­y¨­�°}©I∇
Ű˄ȳDĎåƀ[106]. 
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ҬǮGΤ,БЎ2_B$^ӔT<Ӓ̆ƸPIȈҮbʚǎґG̀W^<WGĎBI∇ŰGJҬͤȟ

Iʥɶ)ə̹2_B$^Ӕ0I[%FĭΝG[]Ӓ0IϼξCIʚƜ“̷ƄĶJ 1 GPa͵ǻG̀T
?B$^ӔƄĶƩåGJ Daphne7373 bê̹4<ӔƄĶƩåD4BIȟόØƚGӒҨ˟Ʉɀ̆ƸC
ê̹4< FluorinertJΙȟ)ã,w§w§4B$^IGǇ4BӒDaphne7373JΙȟ)Ӆ,�«�«
4B$^D$%̫ȕ)#^ӔƄĶ}©I}��e��G'$BJӒΙȟ)ã$ɻ)˟˯)č]G

,,ЖɶͼҊĎåG˻ј4Y6$Ӕ4(4ӒMPMS ̹�{�­y¨­�°J O ¨­°CƄĶbó
ɍ4B']ӒΧUͿB»IĂ(FқҊ(\̍_B�§�©)ҵ“4<<WӒDaphne7373 bê̹4
<Ӕ 
� MPMS G[^ͤŃ̆ƸIő̵JǾ*ɂ*ˮGĤҹ2_ӒЖɶb��qe��ug©»bњѢ2
8^D*G“̷6^ҨƄbНUŘ?B$^ӔЖɶͼҊC“̷4B$^ƄĶJӒYJ]�� °�

°IзÝǍтͳ̅ǻIƄĶíƬȟ(\Є͸X^)Ӓ̆ƸIő̵´Ӓ�� °�°IзÝǍGDX

F%ȃ$Ŗͤȟy°�©)Жɶ̆Ƹ�°�G˿3]0cC4T%Ӕ:I<WӒЖɶD�� °�

°Jģʩ^ґ]кңbD?B',ȘЂ)#^ӔЖɶD�� °�°IҊI͜Ϡ«��JӒ:_\

IҊҚb±ƸGóɍ6^<WGǍč2_B$^IC#^ӔFig.2-30JӒƄĶ}©b̹$<MPMS̆
ƸG'$BӒЖɶâξb˧Ƹ6^<WGϵF?<}­�¨­°G[^ª{�­{�°�C#^Ӕ

SnJ΄±ͶзÝǍåC#]ӒǮƄµC 3.7 KG'$BзÝǍтͳ6^Ӕ4<)?BӒ3.7 KØµI
̅ǻCȔȁͤƎbōĸ6_KӒSnâξCзÝǍG[^ȃ$Ŗͤȟy°�©)ȑ\_^ӎFig.2-30C
IҪγӏӔťʨÚCЖɶXзÝǍ̮ȭC#_KЖɶâξXťʊG˧ƸC*^)ӒЖɶ)зÝǍ̮ȭ

GF$ƎţJʨÚbƘʖ6^ȘЂ)#^Ӕë&KЖɶ)ǮͤȟåC#_KӒF^Q,ȃ$Ǯͤȟ

ͤŃb“̷28^<WGã̅(@ȃͤƎIXDC{o¢­6^Ӕ0ID*I̅ǻb 3.7 KØ´G6
_K Sn IзÝǍy°�©J˼ơ4BĂ(FŖͤȟ4(ͧ2F,F^<WӒЖɶâξCƜ*FːI
y°�©)ȑ\_^ӎFig.2-30 CIдγӏӔ0I[%G4BӒ:_;_Iâξb˧Ƹ4BӒ̆Ƹb
ϵF?<Ӕ 
 
 
 
 
 
 
 
 
 
 

Fig.2-30ӛMPMS GƄĶ}©b}��4<D*I}­�¨­°G[^ª{�­{�°�ӔθуI
Voltage JЖɶI{o¢­G[]�f°���qŻлG“̷4<ҨƄC#]ӒͤŃIƜ*
2GǇț6^ӔдγI�°qG#<^ 5.5 cmÖя)ЖɶâξC#]ӒҪγIЫI�°q
G#<^ 9.5 cmÖя) SnâξC#^Ӕ 
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΄Ә΀ӛͤ˟тͳ	зÝǍтͳđƬΜ 

CeO0.3F0.7BiS2G'.^ͤ˟̫ȟIƄĶƘŃ 

 

3-1. T&)* 

� ̩гIͤȟbɆ%IJҨƪC#]Ӓ0_\IҨƪҊGȃ$͑Ëè̹)Ƭƅ6^DͱǸŃ)ж0

?BҨƪ{�­)ɴħ4ӒȃͤȟYŖȃͤȟbĨWD4<�q«Fͤ˟ͱǸ̮ȭ)ƺ̳6^Ӕ±

ɻCзÝǍI̵ТCJӒʤʩC#_KŖ“6^Q*ҨƪťƗG�k�­bƩÓD4<ҬǮGȁ$

ǾĶ͑Ëè̹)ă$<D*GӒҨƪťƗ)×ebΧV0DCзÝǍ)ƺ̳6^Ӕ6Fa>Ӓͤ˟

ͱǸI“̷GJҨƪťƗIȃ$͑ҋ)ȘЂC#]ӒзÝǍI̵ТCJҨƪťƗI͑ҋ)RDcE

̝$0D)ƜĥC#^D$%0DGF^Ӕő̵͊G¹τJ͓їI̵̩̳ЪC#^<WӒѻY��

±©FEIȃͤȟĆΡJзÝǍGJ¶īC#^Dσ&\_B$<Ӕ 

� Ce(O,F)BiS2J F ̕ǻb´/B$,G@_BӒзÝǍDDXGȃͤȟ͊Fͤ˟тͳ)ͤŃ̲G̳

_^ӔT<Ӓ3 GPaIƄĶµG'$B 600,C�{�e�°©Ġ̵b6^0DC TcJ 8 KÖяGT

C´ʁ4Ӓ�©qFзÝǍåDF^0D)ƍŪ2_B$^Ӕʤ͞ͻCJӒзÝǍ'[Mͤ˟тͳ

)ʚXҸϨG̳_^ F ̕ǻ 70%C#^ CeO0.3F0.7BiS2G@$BӒӅƄţȳϼξb̹$B˅�FʨÚ

µC�{�e�°©Ġ̵bϵF$ӒƄĶĽʰG[^зÝǍ̫ȟ'[Mȃͤȟ͊Fͤ˟̫ȟIƘŃ

Y¹τI͑ҋȟGҋ4BͤŃ̆ƸG[]ˀЏbϵF?<Ӕ 

 

 

3-2. įЖɶIţȳDЕî 

įЖɶӎØȎ As-grown ЖɶDŭOӏJƁ͑ŖțˮG[]ţȳ4<ӔCeO0.3F0.7BiS2G@$BӒő

ɶIΖʣbµАIŃưŖțǽGȐ$Ͱѷ4ӒÆʿ¯ÆѼC˿ţ4<Ӕȑ\_<˿ţΖʣJӒf 10 
mmI×ª��̮GȳȆ4Ӓ͜ϠΏ»G͓ͼǉč4Ӓ800,C 10ʊҊI̠ȳȎӒ̙ě4BЖɶbȑ
<ӔF'ӒˎΐØҐI�{�e�°©Ġ̵Gê̹6^ģ“̩гD6^<WӒţȳȎG 3g ͵ǻIЖ
ɶѷ)ȑ\_^[%ПЀ4<Ӕ 
 

3 Ce2S3 + 1 Bi2S3 + 1.4 BiF3 + 0.6 Bi2O3 + 1.4 Bi . 6 CeO0.3F0.7BiS2. 
 
� ȑ\_<ЖɶIΖʣ XRD��°­b Fig.3-1Gͧ6Ӕ¶Ξ̩D4B Bi2S3I�°qӎ≪ōӏ)Є

\_^)Ӓ:_ØƚI�°qJːɻʐCɎɳÖ.6^0D)C*<ӔʺƪƸɳJ a = 4.036(2) ÅӒc 
= 13.359(4) ÅC#]ӒĊϵ͞ͻD˃H±ϗ4<Ӕȑ\_<̠ΩåϹҭbͥ͞4B EDXG[^ĆΡ
Ĥʭbϵ?<D0`ӒCe0.97O0.34F0.59Bi1S1.95ӎBiѷb 1D4BЅʺŃ4<˜̲ӏD$%Ωʰ)ȑ\_Ӓ 
O + F = 1D4BЎΎ6^D F�°�ѷJ 64%DF?<ӔFig.3-2JͤŃ̲ĬƸΩʰC#^Ӕ7.5 K
CͤŃ̲)Ȟ̓GͿ>´)]Ӓ:IȎӒҧͤƎěŏѢ͵ӎZFCӏDͤƎ»ěŏѢ͵ӎFCӏCͤŃ
̲IĤң)Є\_B$^Ӕ0_\IΩʰ(\ӒĊϵ͞ͻG'.^ F70%�°�Dť͵ǻI F̕ǻЖ
ɶ)ȑ\_B$^0D)ͣКC*<ӔˎΐØҐJ0IЖɶbģ“̩гD4BŢͶĠ̵Ӓ̆Ƹbϵ

?<Ӕ  
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Fig.3-1ӛCeO0.3F0.7BiS2 As-grown ЖɶIΖʣ XRD ��°­ӎӋγӏDy�¤ª°y¦­��°­
ӎдγӏӔ≪ōJ¶Ξ̩ӎBi2S3ӏI�°qӔ�

Fig.3-2. CeO0.3F0.7BiS2 As-grownЖɶIͤŃ̲I̅ǻíƬȟ� 
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3-3. зÝǍ̫ȟЕîIӅƄĶµe�°©Ľʰ 

� 3-1ΐCђQ< CeO0.3F0.7BiS2ƛΩʐbӅƄţȳϼξbê̹4BӅƄĶµC�{�e�°©Ġ̵b

ϵ?<ӔF'Ӓê̹4<ģ“̩гJ6QBť±«��C#^ӔT7Je�°©̅ǻIʨÚb˧Ƹ

6^<WGo¤°��qe­�©ƉӅƄţȳϼξbê̹4BӒƄĶûb 3 GPa GƁƸ4Ӓ400℃Ӓ
600℃Ӓ800℃C�{�e�°©Ġ̵bϵF?<Ӕ 
� e�°©ȎIЖɶIXRD��°­'[MͤŃ̲I̅ǻíƬȟb Fig.3-3Gͧ6ӔĎBIЖɶG'
$B XRD ��°­GƜ*FƘŃJЄ\_F$<WӒƌʤ˄ќJίɍ4B$^0D)Ĥ(^Ӕ±ɻ
CӒͤŃ̲IɏĿJe�°©̅ǻG[?BƜ*,ƘŃ4B$^Ӕ2 K CIͤŃ̲G͕͏4B As-
grownD˜х6^DӒƄĶĽʰG[?BзÝǍå͸Ĥ̲)$7_X´ʁ4B$^Ӕe�°©̅ǻb
400℃(\ 600℃G6^DзÝǍGDXF%ЫIͤŃ̲)[]Ɯ*,F?B$^)Ӓ600℃(\
800℃G6^DͤŃ̲J̃ǏGт5^āŧ)Є\_<Ӕͤ˟тͳIȈҮ)#^<WGͤŃ̲ĬƸ
Ωʰ(\ TcbːͣGЄ͸X^0DJҤ4$)Ӓ2 KCIͤŃ̲Iɜͳ[]зÝǍ̫ȟDe�°©̅
ǻIҊGJŊΞF˜ëҋñCJF,ӒзÝ̫ȟ)ʚѧDF^e�°©̅ǻ)Ƭƅ6^0D)ĩʃ

4<Ӕ 
�  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig.3-3ӛ3 GPaIƄĶµCe�°©̅ǻbƘʖ4<D*I CeO0.3F0.7BiS2I(a)XRD��°­'[M
(b)ͤŃ̲ӎZFCӏI̅ǻíƬȟ. 
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� e�°©̅ǻb 600℃DБƸ4Ӓe�°©ƄĶIʨÚbƘ&B̫ȟЕîbϵF?<Ӕģ“̩г
CeO0.3F0.7BiS2GǇ4BӒo¤°��qe­�©ƉӅƄţȳϼξC 1 GPaӒ2 GPaӒ3 GPaӒKawaiǽ
�©�e­�©ƉӅƄţȳϼξC 6 GPaӒ10 GPaӒ15 GPab:_;_ōĸ4B�{�e�°©bϵ
F?<Ӕe�°©ȎI×Ϲ͊FЖɶIXRD��°­) Fig.3-4C#^ӔŻɁȃǻGѥ$)Є\_^
)Ӓ0_Jo¤°��qe­�©ƉӅƄţȳϼξCȑ\_^Жɶѷ) 0.3g ͵ǻC#^IGǇ4BӒ
Kawai ǽ�©�e­�©ƉӅƄţȳϼξCJ 0.1g ͵ǻDǏF$<WӒXRD ̆ƸGê̹4<Жɶ)
·ѷCF$0D)¾FőżC#^Ӕ:I<WӒ¶Ξ̩Iȥƍbȑ^IJҤ4$XIIӒģ̳4B

$^�°q(\ĩɹ4Bģ“̩гI͑)¾͑D4B˖?B$^0D)a(^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
� �{�e�°©ȎIЖɶIзÝǍ̫ȟbПQ^<WGӒȔȁͤƎµCͤŃ̲I̅ǻíƬȟb̆

Ƹ4<Ωʰ) Fig.3-5 C#^Ӕ�{�e�°©IƄĶb´/B$,DзÝǍѨϬå͸Ĥ̲
ӎShielding Volume FractionӜZFCCIЫIͤŃ̲IƜ*2ӏ)ƔƜ4B$*Ӓ3 GPaCʚƜDF?
<Ӕ2\Ge�°©ƄĶb´/^DзÝǍѨϬå͸Ĥ̲)ÒǻJ̃ǏGт5ӒʚΦ͊GJ As-
grownIɑ^ϙ$Gȶ?<Ӕͤ˟ͱǸIȈҮCӒзÝǍѨϬå͸Ĥ̲bŊΞGЄ͸X^0DJC*
F$<WӒÒŻĬƸG'.^ʚã̅C#^ 2 KG'.^ͤŃ̲bӅƄĶµ�{�e�°©ʊIƄ
ĶGǇ4B�«��4<XI)Fig.3-6C#^ӔZFCͤŃ̲ӎзÝǍѨϬå͸Ĥ̲G͑ȅӏJ 3 GPa
ID*GʚƜDF]Ӓ15 GPaTCōĸ6^DĆGȶ^�©Ɖm°�bͧ4ӒFCͤŃ̲JзÝǍ̫
ȟ)ʚXӅ$ 3 GPaID*GʚǎDF]Ӓ:_ØҐJŊПGƔĸ4B$,Ӕ 
 
 
 
  

Fig.3-4ӛӅƄĶµ�{�e�°©Ġ̵ȎIΖʣ XRD��°­��
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Fig.3-5ӛ˅�FƄĶµG'$B 600℃,1 ʊҊIʨÚC�{�e�°©4< CeO0.3F0.7BiS2IͤƎ»
ěŏѢ͵ӎ´ӏ'[MҧͤƎěŏѢ͵ӎµӏG'.^ͤŃ̲I̅ǻíƬȟ� 
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� 3 GPaӒ600℃C�{�e�°©4<ЖɶIҨ˟ɄɀĬƸΩʰ) Fig.3-7(a)C#^ӔзÝǍтͳ
G[^~«Ʉɀ)Є\_B']ӒTcJl­}��C 8.2 KӒ~«Ʉɀ) 5.8 K C#^ӔFig.3-7(b)G
˅�FͤƎµC̆Ƹ4< TcÖяIҨ˟ɄɀC#^ӔͤƎIōĸGDXF?B TcJãµ6^āŧb

ͧ4B']ӒTcDōĸͤƎIҋñb�«��4<XI) Fig.3-7(c)C#^ӔTc
onsetJзÝǍтͳGD

XF?BҨ˟Ʉɀ)ǮÝǍ̮ȭI 95%GTCϦ>ьc=D*I̅ǻD4<Ӕ΄ÊͶзÝǍåI´
∇ϔ̿ͤƎ Hc2bАђ6^ Werthamer-Helfand-Hohenberg (WHH) ̵Т[107]G[] Hc2bЄ͸X^D

9.5 TDF]ӒLaO0.5F0.5BiS2ӅƄ͑D˃H±ϗ6^ΩʰDF?<[57]Ӕ 
 
 
 
 
 
 
 
 
 
  

Fig.3-6ӛӅƄĶµe�°©ȎIЖɶG@$BͤƎ»ěŏѢ͵ӎҪӏ'[MҧͤƎěŏѢ͵
ӎдӏG'.^ 2 KCIͤŃ̲De�°©ƄĶDIҋñ. 
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Fig.3-7ӛ(a)3 GPa, 600℃Ce�°©Ġ̵4< CeO0.3F0.7BiS2IҨ˟ɄɀI̅ǻíƬȟӔɒčƀJã
̅ƊIɊƜƀ�� (b)˅�FIͤƎµG'.^Ҩ˟ɄɀI̅ǻíƬȟ. (c)Tc
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3-4. ͤ˟̫ȟЕî'[M:IӅƄĶµe�°©Ľʰ 

� 3-1ΐ'[M 3-2ΐC̹Ȫ4<ӒAs-grownЖɶӒзÝǍ̫ȟ)ʚXӅ$ 3 GPa, 600℃�{�e�
°©ЖɶӒзÝǍ)RS˼ơ4< 10 GPa, 600℃�{�e�°©ЖɶI 3 @G@$BӒͤ˟̫ȟI
ЕîbϵF?<Ӕ 
� Fig.3-8(a)JӒ2 KG'.^ͤŃIͤƎíƬȟb-50 kOe(\ 5 kOeIΑſC̆Ƹ4<ΩʰC#^Ӕ
ͤƎIōĸDDXGͤŃ)Ȟ̓GƔĸ4<ȎG 1 kOeÖяCεY(FƔĸGƘŃ4BҽůGŧ(?
B$^)Ӓ50 kOe IʚƜͤƎG'$BXͤŃJƳĎFҽůGTCJϖ?B$F$ӔFig.3-8(a)Iã
ͤƎƊbɊƜ4B$?<XI) Fig.3-8(b)(c)C#^ӔȃͤȟåG̫ȕ͊Fͤ˟ǘ˓ӎ�{�¨y{
©°�ӏ'[MзÝǍI Meissner ĽʰG[^ЫIͤŃ)ťʊGЉ̆2_B']ӒĊϵ͞ͻCͧų
2_B$^ȃͤȟ͊ɏĿDзÝǍIđƬ)Є\_B$^ӔĒå͊FŢ�§ °�°Iɳûb Table 
3-9GTDW<Ӕ  

Fig.3-8ӛ(a) CeO0.3F0.7BiS2I As-grownЖɶ'[M 3 GPa,600℃Ӓ10 GPa,600℃C�{�e�°©4<
ЖɶI 2 KG'.^ͤŃIͤƎíƬȟ. (b)�{�¨y{m°�∇Ĥ. (c)ĨͤŃʕγIãͤƎ
∇Ĥ.�
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� ˎGͤŃ̲I̅ǻíƬȟb̆Ƹ4<ӔFig.3-10J 1 kOeIͤƎµG'$B̆Ƹ4<ͤŃ̲'[M
їͤŃ̲I̅ǻíƬȟC#^Ӕͤ˟тͳIȈҮbѫ.^<WӒ80 K Ø´IǮͤȟҳƊIͤŃ̲c 
G@$B 2-2-4ұCђQ< Curie-WeissĮG[^�f��f­°bϵF?<ӎFig.3-10G'$BҪγ
Cͧ4B#^ӔӏӔF'Ӓ�f��f­°GҜ4BJŊΞFγȆҋɳDF^[%GӒїͤŃ̲GǇ

4B�f��f­°28B$^ӔTable 3-11G�f��f­°G[^�§ °�°bTDW<Ӕ  
� Ø´Iͤ˟̆ƸIΩʰbTDW^ӔͤŃʕγG'$BӒãͤƎҳƊCȞ̓GͤŃ)Ϳ>´)?

<ȎӒεY(GҽůͤŃPŧ(?B$^)Ӓ50 kOe IʚƜͤƎG'$BXͤŃIƳĎFҽů)Є
\_B$F$ӔȃͤȟåCЄ\_^�{�¨y{)Ϲ_B$^XIIӒ˖̀ͤŃJҽůͤŃI3Ĳ
͵ǻDҬǮGǎ2$Ӕ±ɻӒͤŃ̲I̅ǻƘŃ(\Є͸X?<Weiss̅ǻqwJ6QBЫIûbD?

B']ӒŖȃͤȟ͊ͱǸIƬƅ)ͧų2_^Ӕ0_\ĬƸΩʰ(\ĩɹ4BӒCe-1112 IͤȟJ
ŖȃͤȟͱǸbȆȳ4@@Xϕ“ͤŃbʜ6^�i¨ͤȟX4,Jȁȃͤȟ)úϾD4Bσ&\

_^Ӕ�i¨ͤȟJŖȃͤȟ͊͑Ëè̹IƬƅG[]ͤ˟¡° ­�)Ë$GŖǲϵGɴħ4B

$^)Ӓɴħ4B$^ͤ˟¡° ­�IƜ*2)’F^<WGĎåD4Bϕ“ͤŃ)̷5B$^

̮ȭC#^Ӕ�i¨ͤȟJ Spinel ˄ќ AB2O4ӎA,B Jͤȟgl­ӏYǫƃҹ-ѩͳ−ǖҊŃţ̩D
$?<Ӓ’ͶIͤȟgl­bʜ6^̩гX4,Jť±ͶIͤȟgl­)Ωʐư͊G’F^wg�

Gâξ4B$^̩гCƛ,Є\_^ӔCe-1112 G'$BJͤȟgl­J Ce IUC#]ӒΩʐ˄ќ
´CX Cegl­J 1wg�IUC#^0D(\Ӓ�i¨ͤȟC#^0DJσ&G,$Ӕȁȃͤȟ
G@$BJӒŖȃͤȟ͊͑Ëè̹IƬƅµG#^ͤ˟¡° ­�)ƳĎFŖǲϵGF\7GĂ(

Gā*Ӓ0Iā$<ɻŧGȔȁFϕ“ͤŃ)̷5B$^̮ȭC#^ӔCe-1112 GЄ\_<ȃͤȟ͊
FɏĿIӝJȁȃͤȟC#^Dσ&\_^Ӕ 
� ʚƜͤƎG'.^ͤŃ M (50 kOe)bҽůͤŃC#^DÙƸ4BʜĽͤ˟¡° ­�bЎΎ6^
DӒCegl­ 1÷ȅ<] 0.86µBC#?<ӔCe3+ӎ4f 1ӏIƎţӒJ = 5/2CҽůͤŃJ gJJ ~ 2µBDF

^J7C#^)Ӓ0IûGǇ4BM (50 kOe)Jǎ2$ӔCe3+ӎJ = 5/2ӏ'[M Ce4+ӎJ = 0ӏ)đƬ
4B$^Dσ&B M(50 kOe)(\ǲƇîɳbˣW^D 3.6 îDF?<)ӒƳĎFҽůͤŃCЎΎ6
_KϟǱ 3 îǀ]GF^J7C#^ӔCurie Ƹɳ(\Є͸X\_^ Ce gl­IʜĽͤ˟¡° ­
�J Ce3+CʠȌ2_^ gJ(J	(J	+	1) = 2.54µB[]Xǎ2,ӒǲƇîɳGɠΎ4B 3.3îDF]ӒͤŃ
ʕγ(\ˣW<îɳDRS±ϗ6^Ӕ6Fa>ӒCe-1112 G'$B Ce gl­JîɳɣĿ̮ȭG#
^0D)ͧų2_^Ӕ 
� ˎGӒŢͤ˟̫ȟ�§ °�°IӅƄĶµ�{�e�°©ĽʰG@$BˀЏ6^Ӕȃͤȟ̫͊

ȟb̫ȕA.^˖̀ͤŃ Mr'[MóɍĶ HcӎTable 3-9ӏG@$BJзÝǍ̫ȟ)ʚXӅ$ 3 GPa
C�{�e�°©4<ЖɶG'$Bǎ2,F^āŧ)Є\_^ӔCurie-Weiss ĮG[^�§ °�
°ӎTable 3-11ӏG'$BX 3 GPaIЖɶJÕIЖɶD˜х4B CurieƸɳ)ǎ2,ӒWeiss̅ǻ)
~«Gя$ûDF?B$^āŧ)̳_B']Ӓͤ˟ͱǸbȆȳ6^͑Ëè̹)Ⱦĭ2_B$^D

ЋѳC*^Ӕ6Fa>Ӓ0IƺӂÉƺJͤ˟ͱǸ̮ȭ)зÝǍG[?BȾĭ2_B$^0Dbͧ

4B$^Ӕ  

 Mr [µB/f.u.] Hc [Oe] M (50 kOe) [µB/f.u.] Ce valence 

As-grown 0.23 840 0.86 3.57 

3 GPa 0.10 550 0.86 3.57 

10 GPa 0.16 590 0.84 3.58 

Table 3-9ӛͤŃ̆ƸӎͤŃIͤƎíƬȟӏ(\ȑ\_<�§ °�°Ӕ�
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Table 3-11ӛͤŃ̆ƸӎͤŃI̅ǻíƬȟӏG'.^ Curie-weissĮG[]�f��f­°4<D*I
�§ °�°Ӕ�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
  

 qw [K] C [emu K/mol] µ eff [µ B/Ce] 

As-grown -17.9 0.66 1.62 

3 GPa -10.1 0.59 1.54 

10 GPa -39.2 0.78 1.77 

Fig. 3-10ӛCeO0.3F0.7BiS2I As-grownЖɶ'[M 3 GPa,600℃Ӓ10 GPa,600℃C�{�e�°©4
<ЖɶI 1 kOeIͤƎµG'.^ͤŃ̲'[MїͤŃ̲I̅ǻíƬȟӔҪγJ 80 KØ
´C Curie-WeissĮbѧ̹4<�f��f­°…γC#^Ӕ�
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3-5.TDW 

� зÝǍDͤ˟ͱǸIđƬ)ͧų2_B$^ CeO0.3F0.7BiS2 G@$BӒӅƄĶµ�{�e�°

©Ġ̵G[^зÝǍ̫ȟ'[Mͤ˟̫ȟIƘŃbэ?<ӔзÝǍ̫ȟGҋ4BJӒe�°©ƄĶ

G[?B Tc'[MзÝǍå͸Ĥ̲J 3 GPaTCJ´ʁ4B$*Ӓ3 GPabз&^e�°©ƄĶCJ
µҐGт5<Ӕͤ˟̫ȟGҋ4BJӒӅƄĶµ�{�e�°©Ġ̵G[?Bȃͤȟ͊F�§ °

�GƘŃ)Є\_<)Ӓͤ˟тͳ̅ǻGƘŃJЄ\_B$F$0D(\Ӓ0_JзÝǍ̫ȟIŧ

´GÞ$ͤ˟ͱǸ)ѨϬ2_<0DG[^XIC#^Dσ&\_^ӔͤŃ̆ƸG[^ͤ˟ͱǸ

̮ȭЋʭIΩʰӒ00Cƺ̳5B$^IJŊΞFȃͤȟCJF,ӒŖȃͤȟͱǸbƌʤD
4<āЊŖȃͤȟG[^XIC#^0D)ʃ\(DF?<Ӕ 
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΄ә΀ӛEu bŨV BiS2ΜŃţ̩Iţȳ'[

MзÝǍ̫ȟIƄĶĽʰ 

 

4-1. T&)* 

� Eu-1112 JĊϵ͞ͻ[67]G[?BĆΡξɠG[^o¢¨e�°�IF$�­�°�I̮ȭCзÝ

Ǎ)“̳6^D$%ÕI BiS2ΜзÝǍåGJЄ\_F$ϘŬ˾$зÝǍåC#^ӔEu gl­I˿

ţîɳ̮ȭG[^}©�o¢¨e�°�)ƺ̳4B$^DσǄ2_B$^)Ӓ0I̩гGƄĶb

ōĸ4<ҜGӒÕI BiS2 ΜзÝǍåDť˅IзÝǍ̫ȟIŧ´)Є\_^I(Ӓ2\GƄĶµC

I Euîɳ̮ȭIƘŃGҋ4B͞ͻbϵF?<Ӕ 

 

 

 

4-2. ЖɶIţȳ'[MЕî 

ƛΩʐЖɶJƁ͑ŖțˮG[]ţȳ4<ӔőɶIΖʣbµАIŃưŖțǽGȐ$Ͱѷ4ӒÆ

ʿ¯ÆѼCŇĤG˿ţ4<Ӕ:IȎӒ˿ţΖʣbf 8 mm I×ª��̮GȳȆ4Ӓ͜ϠΏ»G͓ͼ
ǉč4<Ӕ0IҜӒѲΡI˿čbŜόFґ]ѫ.^<W͓ͼɗ˟»G͜ϠΏb�°�°C̚]Ӓ

͜ϠΏĔ∇Iũ͕n{bɗғ4<Ӕ0Iǉč4<͜ϠΏJ���©̙bê̹4B 700℃C 20 ʊҊ
óɍ4<ȎӒ̙ě4BЖɶbȑ<Ӕ 
 

3 EuS + Bi2S3 + BiF3 . 3 EuFBiS2. 
 
ȅĨJɵ̱[67]I̠ȳʨÚӎ780℃Ӓ20ʊҊóɍӏbė̳4BţȳbЖϵ4<)ӒXRD��°­I
'$B¶Ξ̩�°q)Ɯ*,̳_ӒŊ͑Жɶbȑ^0D)C*F(?<Ӕ:0CӒ̠ȳ̅ǻb

780℃(\Ӆ̅ý'[Mã̅ýG:_;_Ƙʖ4B XRD ��°­IƘŃbѓ?<Ӕ̠ȳ̅ǻbµ
/<D*G¶Ξ̩�°q)ǎ2,F^āŧ)Є\_Ӓ:IΩʰD4BÒŻIţȳʨÚbͣͿ4<Ӕ 
� ţȳ4<ЖɶIΖʣXRD��°­b Fig.3-11(a)Gͧ6Ӕ�°qЊǻӎˈуӏJĊϵ͞ͻ[67]I˄
ќ�§ °�(\y�¤ª°y¦­4<��°­ӎдγӏD[,±ϗ4B$^Ӕ±ɻC�°qȃ

ǻӎθуӏJ 00l�°q)y�¤ª°y¦­��°­[]Xȃ,ģB$^)Ӓ0_JЖɶIΩʐ˄
ќI̫ȟ'[M̆ƸʊIЖɶ}��IŵҷCӒЖɶIΩʐҭ) c уҭGɝ?B$^ӎc уѰŧӏ<
WC#^Ӕ0I˄ќ¡�©D XRD ��°­bXDG4BӒRietveld Ћʭ�«°§� RIETAN-
FP[108]bê̹4B˄ќIΚǁŃbϵ?<ӎFig.3-11(b)ӏӔЋʭIΩʰӒʺƪƸɳ a = 4.0507(3) ÅӒc 
= 13.527(1) ÅӒôҶǻżƪ Rwp = 17.7 %ӒS (Goodness of fit indicator) = 1.6D$%ûCŗʧ4<Ӕ  
� ȑ\_<̠ΩåϹҭbͥ͞4BӒEDX G[]ĆΡĤʭbϵF?<ӔĤʭ4<j�©p°{×q
�©b Fig.3-12Gͧ6ӔĆΡƸѷIΩʰӒEu1.11F1.03Bi1S1.87ӎBiѷb 1D4BЅʺŃ4<˜̲ӏDF
]ӒEu-1112 IΧȳDϜ,±ϗ4<Ӕ��ΡbŨVŃţ̩IţȳG'$BJͼ˟̻ʩIѲΡG[^
u­���°y¦­)ȲȜ2_^)ӒĤʭΩʰCJѲΡӎO Kaӛ0.53 keVӏJϼξIƸѷµґû
ʢ̇C#?<ӔØ´IЕîΩʰG[]Ӓȑ\_<ЖɶJ Eu-1112ƛΩʐIŊ͑C#^DĩɹC*^Ӕ  
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� ȑ\_<ЖɶG@$BӒT7ǮƄµCI̩ȟЕîbϵF?<Ӕ300 K(\ 2 KTCI̅ǻG'.
^Ҩ˟ɄɀĬƸΩʰb Fig.3-12Gͧ6Ӕ̅ǻãµDDXGҨ˟Ʉɀ)´ʁ6^ňǍå͊FɏĿC
#^)ӒҨ˟Ʉɀ̲IûD4BJɳ mWcmDã$ӔT<Ӓ290 KÖя(\ƨT] 230 KÖяbү̜
D4<�«°�FǙ)̳_B$^Ӕ 
� Fig.3-13(a)J̅ǻ 2 KG'.^ͤŃI̅ǻíƬȟC#^ӔʚƜͤƎ 50 kOeG'$BͤŃJRSҽ
ů4B']Ӓ0ID*IͤŃJ 5.55µBC#?<Ӕ00(\ Eugl­IîɳbЄ͸X^D 2.21îD
F^ӔFig.3-13(b)J 1 kOe G'.^ͤŃ̲'[MїͤŃ̲I̅ǻíƬȟC#^ӔїͤŃ̲GǇ4B
2-2-4ұCђQ< Curie-WeissĮGӒ Eu3+G[^̅ǻGíƬ4F$ Van VleckǮͤȟIұc0bĸ&B

ѧ̹4<ΩʰӒŢ�§ °�°JӒc0 = 1.12 ×10-3 [emu/mol]ӒC = 6.55 [emu K/mol]Ӓqw  = -6.72 [K]
DF?<Ӕ0I Curie Ƹɳ(\ȑ\_^ʜĽͤ˟¡° ­�J 7.24µBCӒ00(\ Eu gl­Iǲ
ƇîɳbˣW^D 2.21îDF?<Ӕ 
� 0_\IΩʰbĊϵ͞ͻ[67]D˜х6^ӔҨ˟Ʉɀ̲IƜ*2Jť͵ǻC#^XIIӒ̅ǻíƬ
ȟG@$BJ̅ǻãµDDXGҨ˟ɄɀXǎ2,F^−ǖ͊ÝǍC#^DƍŪ4B']ӒÒŻI

ΩʰDJǇ̡͊C#^Ӕƻ̅ÖяG̳_B$^ǙJӒCDW тͳD→a_^’ǮGǇț4B$^X

Fig.4-1ӛţȳ4< EuFBiS2I Rietveld ЋʭΩʰӎӋγӏӔд̜JΖʣ XRD ��°­Iƺӂ�°�Ӓ

βγJŻɁ�°qâξ�°m°ӒҪγJ̆Ƹ�°�DЋʭ�°�DI˖ǦC#^Ӕ 
 

� � � �  � � � � � � � � �  � EuFBiS2 

Fig.4-2ӛȑ\_<̠ΩåЖɶI EDX {×q�©ӔƸѷĤʭGJӒF Kaӎ0.68 keVӏӒS Kaӎ2.31 
keVӏӒEu Laӎ5.85 keVӏӒBi Maӎ2.42 keVӏb̹$<ӔʚXãj�©p°ýGģ̳4B$
^�°qJӒЖɶƁƸGê̹4<ǍҨȟ�°�GŨT_^̛ΡӜC Kaӎ0.28 keVӏC#
^Ӕ 
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Fig.4-4ӛEuFBiS2ӎAs-grownӏI (a)2 KG'.^ͤŃIͤƎíƬȟ'[M (b)1 kOeIͤƎµG'.
^ͤŃ̲ӎҪγӏ̄ їͤŃ̲ӎβγӏI̅ǻíƬȟӔдγJCurie-WeissĮG[^�f��f
­°bϹ4B$^Ӕ 

�

Fig.4-3ӛEuFBiS2ӎAs-grownӏIҨ˟Ʉɀ̲I̅ǻíƬȟӔ�

IDσ&\_^Ӕͤ˟̫ȟG@$BJӒҽůͤŃ MsӒ̅ǻGíƬ4F$ͤŃ̲c0ӒCurie Ƹɳ CӒ
Weiss ̅ǻqw I�§ °�°JÒŻĬƸCȑ\_<XID6QB±ϗ4<ӔÒŻţȳ4< Eu-
1112 IǮƄµCI̫ȟJӒҨ˟ɄɀI̅ǻíƬȟIUĊϵ͞ͻIƍŪbė̳4F$ΩʰDF?<Ӕ  
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4-3. ӅƄĶµҨ˟Ʉɀ 

� �{�­y¨­�°ƉƄĶ}©b̹$B̆Ƹ4<ӅƄĶµCIҨ˟ɄɀI̅ǻíƬȟb Fig.4-
5(a)Gͧ6ӔǮƄµG'.^Ҩ˟ɄɀI̅ǻíƬȟJ 4-1 ΐCђQ<њ]ňǍå͊CӒ̫G 150 K
ØµIã̅ƊCJҨ˟Ʉɀ)Ɯ*,ƔƜ4B$^ӔD0`)Ӓ0I̫ȟ)ƄĶbōĸ6^0DC

Ĵ͊FƘŃ)Є\_^Ӕ 
� 0.3 GPa IƄĶbōĸ6^DӒT7ƻ̅CIҨ˟Ʉɀ̲)Ɯ*,̃Ǐ4B$^Ӕ̅ǻíƬȟG@
$BJӒã̅CIҨ˟ɄɀIƔƜ)Ⱦĭ2_B']Ӓʚã̅ 2 KCJҨ˟Ʉɀ̲)ǮƄµD˜х6
^DňĤGTC̃Ǐ4B$^Ӕ0.7 GPa TCōĸ6^Dã̅CIҨ˟Ʉɀ̲)2\G̃Ǐ4B']Ӓ
ƻ̅(\̅ǻbµ/^DҨ˟ɄɀX̃Ǐ6^−ǖ͊F̅ǻíƬȟGƘŃ4B']Ӓ2\GJ 2 KG
'$B~«Ʉɀ)Љ̆2_<ӔзÝǍтͳ̅ǻÖяIҨ˟ɄɀbɊƜ4<XI) Fig.4-5(b)C#^Ӕ
0_JӒƄĶōĸG[]έηåӓ−ǖтͳ)Лж2_<Dσ&\_Ӓ2\GзÝǍIģ̳)ͣК

2_<Ӕ2\GƄĶbōĸ6^DӒҨ˟ɄɀI−ǖ͊F̅ǻíƬȟJRDcEƘŃ4F$)ӒTc

G@$BJōĸƄĶDDXG´ʁ4B$*Ӓ1.8 GPa IƄĶµCʚƜû 8.6 K GѤ4Ӓ:_Ø´I
ƄĶCJãµGт5B$^Ӕ 
� ť˅G4BӒƻ̅ÖяGģ̳6^Ҩ˟ɄɀIe��¨°G˱͏4BU^ӔFig.4-5(c)J×Ϲ͊F
ƄĶµG'.^ƻ̅ÖяIҨ˟ɄɀbɊƜ4<XICӒ̳_B$^e��¨°Iү̜G'.^̅

ǻb ThumpD6^ӔThumpJƄĶōĸDDXGã̅ýGy��4B$*Ӓe��¨°IǙ)ǎ2,F

?B$,āŧ)Є\_Ӓ1.3 GPa IƄĶGF^DǙIȆ̮J˼&BŊΞFā*IƘŃ̜PDƘa^Ӕ
2\GƄĶbōĸ4B$,D ThumpJ 180 K ÖяGŗʧ4Ӓe��¨°)˼ơ4B$,ӔʚƜƄĶ
C#^ 2.6 GPaG'$BJӒe��¨°)RS˼ơ4B$^˅ƪ)Є\_^Ӕ 
� Tc'[M ThumpIƄĶíƬȟb Fig.4-6Gͧ6ӔÒŻIƄĶ}©I˄ȳG'$BJ̣ŗιG[]ã
̅GF^REƄĶ)´)^āŧ)#]ӒƄĶûJ 7 KÖяC˧Ƹ4B$^0DG˱Ȫ6^DӒThump

D Tc IɏĿGJʃͣF͑ҋ)#^0D)ЄBŘ_^Ӕ6Fa>ӒƄĶōĸG[]ƻ̅ÖяIe�

�¨°)Ⱦĭ2_^DDXGзÝǍ)ģ̳4Ӓ:I̫ȟ)ŧ´4B$^DЋѳC*^Ӕ0Ie�

�¨°IӝG@$BJ̳ƅID0`ʃͣF͞ͻΩʰJƍŪ2_B$F$)Ӓʤ͞ͻG[]зÝ

ǍD΂ţ6^̳ЪC#^Ŝόȟ)ͧų2_^Ӕ  
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Fig.4-5ӛ(a) EuFBiS2IŢƄĶµG'.^Ҩ˟ɄɀI̅ǻíƬȟ[109]Ӕ(b) зÝǍтͳ̅ǻÖяIҨ
˟Ʉɀ[109]Ӕ(c) ×Ϲ͊FƄĶûG'.^ƻ̅ÖяҨ˟ɄɀG̳_<’ǮIƄĶƘŃ
[109]Ӕƀ»I͙ōJ Thumpbͧ4B$^Ӕ (d) Ҩ˟Ʉɀ̆ƸG[]ȑ\_< EuFBiS2I Tc

'[M ThumpIƄĶ͑ƀ[109]Ӕ�
�
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� Fig.4-6(a)JӒʚXӅ$ Tcbͧ4< 1.8 GPaIƄĶµG'$BͤƎbōĸ4B̆Ƹ4<Ҩ˟ɄɀI
̅ǻíƬȟC#^ӔͤƎbȃ,4B$,D TcJãµ4B$*Ӓ35 kOe IͤƎCзÝǍJƳĎG˼
ơ4<ӔTc

onset'[M Tc
zeroIͤƎíƬȟbͧ4<XI) Fig.4-6(b)C#^ӔTc

onsetJҨ˟Ʉɀ)зÝ

Ǎтͳ…įG'.^Ҩ˟ɄɀI 95%GTC̃Ǐ4<D*I̅ǻDƸρ4<ӔTc
onset IͤƎíƬȟG

Ǉ4B Werthamer–Helfand–HohenbergӎWHHӏ̵Т[107]G[]Є͸X?<´∇ϔ̿ͤƎ Hc2J 31.6 
kOeӒTc

zeroIͤƎíƬȟGǇ4BγȆяáG[]Є͸X?<¶ŜїͤƎ HirrJ 14.7 kOeDF?<Ӕ 
 
 
 
 
 
 
 
 
 
 
 
  

Fig.4-6ӛ(a) EuFBiS2CʚӅ TcDF^ 1.8 GPa G'$BӒ˅�FͤƎµC̆Ƹ4<зÝǍтͳ̅ǻ
ÖяIҨ˟ɄɀI̅ǻíƬȟ[109]Ӕ (b)TcIͤƎíƬȟ[109]Ӕl­}��ӎдӏG@$B
J WHH ̵ТG[]´∇ϔ̿ͤƎ Hc2bӒ~«ɄɀӎҪӏG@$BJγȆяáG[]¶Ŝ
їͤƎ Hirrb:_;_Є͸X?<Ӕ�
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4-4. ӅƄĶµ�{�e�°©Ġ̵G[^Ľʰ 

� 4-2 ΐCJӅƄĶbōĸ4<ƄĶ}©ĔC̆ƸbϵF?<)ӒƄĶbЋɮ6_KŜї͊GǮƄµ
I̫ȟGȶ?B4T%ӔƄĶ}©CŜόF̆ƸJґƸ2_^<WӒӅƄĶµCIЙΤF̫ȟЕî

bϵF%IJҤ4$Ӕ:0CӒӅƄµ̆ƸG×a^ȹ˗D4BӅƄĶµe�°©)#^ӔӅƄţ

ȳϼξb̹$BӅƄĶµC�{�e�°©'[Mqj­�6^0DG[]ӒƲƸ͊GӅƄ͑bǮ

ƄGŘ]ģ8^Ǝţ)#^Ӕ 
� e�°©ʨÚb˧Ƹ6^<WӒ̅ǻ'[MƄĶIûb:_;_Ƙʖ4BӅƄĶµ�{�e�°

©bϵF?<ӔFig.4-7(a)(b)JӒe�°©̅ǻb 600℃GƁƸ4ƄĶbƘʖ4Be�°©4<Жɶ
IͤŃ'[MҨ˟Ʉɀ̲I̅ǻíƬȟC#^ӔͤŃ̆ƸG'$BJ6QBIЖɶCŊF^Ǯͤȟ

bͧ4B$^)ӒҨ˟Ʉɀ̆ƸG'$BJзÝǍтͳG[^XIDȝa_^Ҩ˟ɄɀIȞ̓F̃

Ǐ)Є\_B$^Ӕe�°©ƄĶb´/B$,DӒзÝǍтͳIģ̳ȎӒȏ�Gтͳ̜Jãµ4

B$,āŧ)Є\_<ӔT<Ӓe�°©ʊIƄĶG[]ӒΩʐIĤЋG[^έηȟ¶Ξ̩I̷ȳ

X4,JΩʐΘIȔΤŃG[^Θ̿ɄɀI<WGӒҨ˟Ʉɀ̲Iû)мH´)?B$^DЋѳC

*^ӔÒŻIʨÚI»CJӒTc)ʚXӅ,̳_B$^ 3 GPa)ʚѧFƄĶC#^Ӕ 
� ˎGe�°©̅ǻb˧Ƹ6^ӔFig.4-7(c)JӒƄĶb 3 GPaGƁƸ4̅ǻbƘʖ4Be�°©4<
ЖɶIҨ˟Ʉɀ̲I̅ǻíƬȟC#^Ӕ600℃bƌ̉D4BӒ500℃Ge�°©̅ǻbµ/^Dт
ͳ̜)µ)^Ӕ±ɻӒ700,Ge�°©̅ǻb´/^Dтͳ̜GJRDcEƘŃ)̝$)ӒĊђ4
<őżG[]Ҩ˟Ʉɀ̲Iû)мH´)?B']ӒEu-1112ӎAs-grownӏIţȳ̅ǻ) 700℃C#
^0D(\Xe�°©̅ǻI 700,JӅ6+^Dȝa_^Ӕ6Fa>Ӓe�°©̅ǻJ 600℃)ѧ
ĥC#^Dσ&\_^Ӕ 
� 0_\IΩʰ(\ӒEu-1112 IӅƄ͑bŘ]ģ6<WGʚѧFӅƄĶµ�{�e�°©IʨÚJӒ
3 GPa, 600℃C#^D$%ΩТ)ȑ\_ӒØҐĬƸG'$Bê̹6^ЖɶJ0IʨÚCӅƄĶµ
e�°©4<ЖɶCϵF?<Ӕ 
  

Fig.4-7ӛ(a) ӅƄĶµ�{�e�°©ȎI EuFBiS2IͤŃI̅ǻíƬȟ'[M (b)(c) Ҩ˟Ʉɀ̲I
̅ǻíƬȟӔƀ»I͙ōJҨ˟ɄɀG'.^зÝǍтͳ҉ƨ̜bͧ4B$^Ӕ 

0 2 4 6 8 10
0.00

0.05

0.10

0.15

0.20

M
ag

ne
tiz

at
io

n 
[e

m
u/

cm
3 ]

Temperature [K]

��	�� �,0

���
1��
����330�2

��
�����  6
��
����  6
��
�����  6
� �
�����  6

(a)

Temperature [K]

R
es

ist
iv

ity
 [m

W
cm

]

60

75

90

���	

����

1050

1200

1350 ���	

����

2400

2800

3200  ���	

����

16

18

20

0 2 4 6 8 10

���	

����

(b)

24

27

30

0 2 4 6 8 10

����
���	

Temperature [K]

R
es

ist
iv

ity
 [m

W
cm

]

60

80

100

����
���	

2100

2400

2700

����
���	

(c)



94 

� ӅƄĶµ�{�e�°©4<ЖɶG@$BӒėMӅƄĶµҨ˟Ʉɀ̆ƸbϵF?<ӔFig.4-8(a)
G 2 K Ӟ 300 K I̅ǻƊG'$BŢƄĶµC̆Ƹ4<Ҩ˟ɄɀI̅ǻíƬȟbͧ6ӔƄĶbōĸ
4B$,DĎ̅ǻƊḠ?BҨ˟Ʉɀ̲J̃Ǐ4B$,)ӒAs-grown DJ’F]ӒƄĶbōĸ4
BXҨ˟ɄɀI̅ǻíƬȟJ̅ǻãµDDXGҨ˟Ʉɀ)´ʁ6^ňǍå͊ɑ^ϙ$ITTC#

]Ӓέηåӓ−ǖтͳJЉ̆2_F(?<ӔзÝǍтͳÖяIҨ˟Ʉɀb Fig.4-8(b)ӒTc IƄĶí

Ƭȟb Fig.4-8(c)Gͧ6ӔзÝǍтͳG@$BJӒǮƄµC6CGтͳ҉ƨ̜)Є\_B']Ӓ0.2 
GPa IƄĶµC~«Ʉɀ)ģ̳4B$^ӔTc JƄĶDDXG´ʁ4B$*Ӓ2.3 GPa IƄĶµC
Tc

onset J 8.5 K GѤ4<Ӕ0IƄĶµCͤƎbōĸ4BҨ˟ɄɀI̅ǻíƬȟb̆Ƹ4<Ωʰ)
Fig.4-8(d)C#^ӔͤƎbȃWB$,RE TcJãµ4B$*Ӓ40 kOeIͤƎC TcJƳĎG˼ơ4<Ӕ

:_;_IͤƎµG'.^ TcbͤƎGǇ4B�«��4<XI) Fig.4-8(e)C#^ӔAs-grownDť
5,ӒTc

onset JҨ˟Ʉɀ)зÝǍтͳ…įG'.^Ҩ˟ɄɀI 95%GTC̃Ǐ4<D*I̅ǻDƸ
ρ4<ӔTc

onsetIͤƎíƬȟGǇ4BWHH̵Т[107]G[]Є͸X?<´∇ϔ̿ͤƎHc2J 32.2 kOeӒ
Tc

zeroIͤƎíƬȟGǇ4BγȆяáG[]Є͸X?<¶ŜїͤƎ HirrJ 16.7 kOeDF?<Ӕ 
� As-grownЖɶIзÝǍ̫ȟD˜х6^DӒǮƄµCJ 2 KØ´G Tc

onset)Є\_^[%GF?B

']Ӓ�{�e�°©IĽʰC̫ȟ)ŧ´4B$^0D)Ĥ(^ӔƄĶbōĸ4B$?<D*GӒ

As-grownЖɶCJ 1.8 GPaC TcJʚӅûbю&Ӓ:_Ø´IƄĶCJãµGт5B$<IGǇ4Ӓ

�{�e�°©ЖɶCJƄĶōĸC TcJεY(G´ʁ4B']ӒʚƜƄĶI 2.3 GPaG'$BX´
ʁbή.B$^ӔʚƜDF^ Tc IûJ As-grown ЖɶDRSť5C#^)Ӓ:ID*IƄĶûJ
As-grown Жɶ[]XӅƄĶýGy��4B$^ӔTcIͤƎíƬȟGҋ4BJӒAs-grown ЖɶCJ
35 kOe C Tc

onset)ƳĎG˼ơ4B$^)Ӓ�{�e�°©ЖɶJ 40 kOe C˼ơ4B$^Ӕ´∇ϔ
̿ͤƎ Hc2Y¶ŜїͤƎ HirrIûG@$BXӒ�{�e�°©ЖɶIR%)ϟǱƜ*,F?B$^Ӕ

0_JӒ�{�e�°©G[]ЖɶĔI¶Ξ̩ѷ)Ɣĸ4<<WGӒTc ØµCͤʧIïčC*^

ǮÝǍ∇Ĥ)Ɣ&<0DG[^ƘŃC#^Dσ&\_^Ӕ 
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ӗ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4-8ӛ(a) ӅƄĶµ�{�e�°©ȎI EuFBiS2 IŢƄĶµG'.^Ҩ˟ɄɀI̅ǻíƬȟӔ�   
(b) зÝǍтͳ̅ǻÖяIҨ˟ɄɀӔ (c) TcIƄĶ͑ƀӔ(d) 2.3 GPaIƄĶµCͤƎbō
ĸ4<ҜIҨ˟ɄɀI̅ǻíƬȟӔ (e)TcIͤƎíƬȟӔ 
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� зÝǍI̫ȟЕîG'$BJӒҨ˟Ʉɀ̆ƸG[^~«Ʉɀģ̳IͣК=.CJ¶ŇĤC#^Ӕ

Ҩ˶JҨ˟ɄɀIã$D0`b˶_[%D6^<WӒҨ˂΁ƪҊC±∇ĤCXзÝǍ̮ȭ)ƺ̳

4B$_KӒ~«ɄɀD4B�°�GϹ_B4T%(\C#^Ӕ:I<WӒ~«ɄɀGĸ&Bз

ÝǍI�©qȟIͣК)ˣW\_^ӔĒå͊GJӒͤŃ̲b̆Ƹ4By°©�f­°å͸Ĥ̲b

ˣW^Ǝţ)ƛ$ӔEu-1112 G'$BJƄĶµCIUзÝǍ)ģ̳6^<WӒƄĶµCIͤŃ̲b
̆Ƹ6Q*C#^)ӒϼξI“̷ƄĶIҋñC As-grown ЖɶIзÝǍЉ̆JҤ4$Dȝa_^Ӕ
4(4F)\Ӓ�{�e�°©ЖɶC#_KϼξI“̷ƄĶΑſĔCX˜х͊ Tc )Ӆ,̳_B$

^<WӒͤŃ̲CзÝǍy°�©bЉ̆C*^Ŝόȟ)Ӆ$Ӕ 
� ƺҜGͤŃ̆Ƹ̹ƄĶ}©b̹$B̆Ƹ4< Eu-1112�{�e�°©ЖɶIгѷͤŃI̅ǻíƬ
ȟ) Fig.4-9(a)C#^ӔFig.4-9(b)J�� °�°Gê̹4< SnIзÝǍтͳIƄĶƘŃbͧ4B$
^Ӕ0.73 GPaIƄĶµG'$BзÝǍG[^ͤŃ̲Iãµ)Є\_Ӓ0.87 GPaCJЫIͤŃ̲)Љ
̆2_<Ӕ�{�e�°©…ȎG'.^×ª��̮ЖɶIгѷDå͸(\Γʄ͊GˣWB'$<

ǁǻӎ6.7 g/cm3ӏb̹$BгѷͤŃ̲bå͸ͤŃ̲GɠΎ6^DӒ0.87 GPaIƄĶµG'.^ 2 K
CIy°©�f­°å͸Ĥ̲J 37%C#?<Ӕ�� °�°Iy°�©)´Â82_B$^<WӒ
ƺҜIå͸Ĥ̲[]XƜ*,Є͸X\_B$^Dσ&\_Ӓ0ĬƸΩʰCJзÝǍI�©qȟ

Ij��­{D4BŇĤCF$Ӕ4(4Ӓ0.73 GPa (\ 0.87 GPa PIĸƄG[?BзÝǍy°�
©)Ɯ*,ȳ҆4B$^0DbнT&^DӒ2\F^ƄĶōĸC[]Ɯ*FзÝǍå͸Ĥ̲)ȑ

\_B�©qȟ)ͣ(W\_^Ŝόȟ)Ӆ$Dσ&\_^ӔFig.3-9(c)JͤŃ̲̆ƸG[]ȑ\_
<зÝǍтͳ̅ǻ Tc

mag bƄĶGǇ4B�«��4<ƀC#^ӔҨ˟Ʉɀ̆ƸG[]ȑ\_<~«

ɄɀDF?<D*I̅ǻ Tc
zerobé8Bц8B#^Ӕ 

 
 
 
 
 
 
 
  

Fig.4-9ӛ(a) ӅƄĶµ�{�e�°©ȎI EuFBiS2IƄĶµG'.^гѷͤŃ̲I̅ǻíƬȟӔ
(b) ƄĶ}©I�� °�°Gê̹4< Sn IͤŃI̅ǻíƬȟӔ(c)ӅƄĶµͤŃ̆Ƹ
G[]˧Ƹ2_< TcӔ˜хI<WGҨ˟Ʉɀ̆ƸG[^ Tc

zeroXАц4B#^Ӕ 
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� 00TC�{�e�°©ЖɶIзÝǍ̫ȟG@$BђQB*<ǮƄµG'$BӒAs-grown Жɶ
CJзÝǍтͳIĉúJЄ\_F(?<)Ӓ�{�e�°©ЖɶJҨ˟ɄɀC Tc

onset)Є\_B$

^ӔEu-1112 J Eu gl­) 2 î'[M 3 îI˿ţîɳ̮ȭG[^o¢¨e�°�)ͧų2_B$
^)ӒƺҜGʤТɵCţȳ4< As-grownЖɶI EuîɳJ 4-2ΐG'.^ͤŃ̆ƸIΩʰ(\+2.2
îDЄ͸X?B']ӒEugl­)îɳɣĿ̮ȭG#^Dσ&\_^ӔEugl­Iîɳ̮ȭӒ6F
a> Eu-1112 IȆǽîɳC#^+2 î(\I7_IƜ*2Jo¢¨e̕ǻIƜ*2GǇț6^ӔƁ
åGƄĶbōĸ6^ƎţӒΩʐʺƪ)ŗι4BŢgl­ҊIкң)ιT^ӔťͶgl­C#_K

gl­ňȋJîɳ)Ɯ*$REǎ2,F^<WӒƄĶbōĸ6^0DG[] Eu gl­Iîɳ)+2
î(\+3îPтͳ4Bo¢¨e̕ǻ)Ɣ&^0D)ʠȌC*^ӔEu-1112G@$BJӒӅƄĶµC
Eu gl­IîɳƘŃG[^o¢¨e̕ǻIƔĸ)зÝǍ̫ȟGҋñ4B$^Ŝόȟ)#]ӒEu-
1112I Eugl­Iîɳ̮ȭGϘŬ)ɍ<_^ӔîɳIƄĶĽʰbЄ^<WGӒAs-grownЖɶD�
{�e�°©ЖɶI 2 ЖɶG@$BӒͤŃ̲̆ƸCIʜĽͤ˟¡° ­�G[^ɻˮ'[M X γ
ċҨƪĤċӎXPSӏĤʭˮG[]:_;_îɳĤʭbϵF?<Ӕ 
� T7JͤŃ̲̆ƸG@$BђQ^ӔAs-grownЖɶĬƸΩʰ'[MЄ͸X?< EuîɳG@$B
JӒ4-1 ΐӎFig.4-4(b)ӏCɽGђQ<Ӕ:_Dť5ʨÚC�{�e�°©ЖɶIͤŃ̲I̅ǻíƬ
ȟb̆Ƹ4<Ωʰ) Fig.4-10 C#^ӔїͤŃ̲GǇ4B Curie-Weiss Įbѧ̹4<ΩʰӒŢ�§ 
°�°JӒc0 = 1.28�10-3 [emu/mol]ӒC = 4.99 [emu K/mol]Ӓqw  = -3.55 [K]DF?<Ӕ̅ǻGíƬ4
F$ͤŃ̲c0Y Weiss̅ǻqwJ As-grownЖɶD˜х6^DRSƘa?B$F$IGǇ4BӒCurie
ƸɳGJƜ*F̃Ǐ)Є\_<Ӕ0I CurieƸɳ(\ȑ\_^ʜĽͤ˟¡° ­�J 6.32µBCӒ0

0(\ Eugl­IǲƇîɳJ 2.45îDЄ͸X\_<Ӕ 
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Fig.4-10ӛ�{�e�°©ЖɶG'.^ͤŃ̲ӎҪγӏ'[MїͤŃ̲ӎβγӏI̅ǻíƬȟӔ
дγJїͤŃ̲GǇ4BϵF?< Curie-WeissĮG[^�f��f­°C#^Ӕ 
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� Eu-1112 CI Eu gl­IîɳJзÝǍ“̳GƜ*,ǀ·4B$^0D)σ&\_ӒͤŃ̲Ĭ
Ƹ(\ As-grown ЖɶD�{�e�°©ЖɶC Eu IǲƇîɳ)ƘŃ4B$^0D)ĩʃ4<ӔƄ
ĶĽʰG[?B Eu gl­)îɳƘŃ4B$^D$%ƺӂÉƺGǇ4BĪIЊǻ(\Ӓʤ͞ͻCJ
XPS ĤʭbϵF?<ӔĤʭЖɶG@$BJӒ̠ΩåЖɶbΖ͟4B 200 kgf/cm2IƄĶC×ª��

̮GȳȆȎӒϹҭbͥ͞4<XIbê̹4<ӔFig.4-11JӒAs-grownЖɶ'[M�{�e�°©Ж
ɶIϹҭ 700 × 700 µm2Ij¨eG@$B 0 ~ 1200 eVIΩţj�©p°C̆Ƹ4<w°�g{o¢
­{×q�©C#^Ӕ0I{×q�©GJӒЖɶ̻ʩI Eu, Bi, S, FI 4ĆΡGĸ&BӒO, CI�
°q)ģ̳)ͣКC*<ӔC 1s �°qӎ285 eVӏJƛ,I XPS {×q�©G̳_^XIC#]Ӓ
͓ͼɗ˟�­�GŨT_^lg©�{�̻ʩI̛ŃˠΡG[^˥ʲ)őżC#^Dσ&\_B'

]ӒØȎIĤʭCJσȮ4F$0DD4<Ӕ4<)?BӒCbғ$< 5ĆΡC:_;_ʚXȃ$�
°qC#^ Eu 3dӒBi 4fӒS 2pӒF 1sӒO 1sb�«°{o¢­ǇЪI�°qD˧Ƹ4<Ӕ�«°{
o¢­G[?BӒEu'[M BiIîɳ̮ȭG@$BˀЏ6^ӔT<Ӓ˾2ɻŧĤʭC:_\Iîɳ
̮ȭIƘŃ'[M:_GÞ% S, F, OIŃư̮ȭIƘŃG@$BˀЏ6^Ӕ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
� T7J Eu-1112 G'.^ Eu gl­Iîɳ̮ȭbПQ^͏͊D4BӒEu 3d �°qG@$B�«
°{o¢­bϵF?<ӔAs-grown Жɶ'[M�{�e�°©ЖɶI XPS {×q�©):_;_
Fig.4-12(a)'[M Fig.4-12(b)C#^ӔAs-grownЖɶD�{�e�°©ЖɶIXPS{×q�©bѵH
<XI) Fig.4-12(c)C#^ӔEu 3d�°qJ Eu2+'[M Eu3+I:_;_GǇț6^ 2@I�°q)
̳_B']Ӓ:_;_G@$B{�­рѣ͑Ëè̹G[] 2@I�°qGĤ(_B']ӒЎ 4@I
�°q)̳_B$^Ӕ0IĤʭΩʰG[_KӒ�{�e�°©G[?B2îgl­)Ɣ&B']Ӓ 
o¢¨eǁǻ)̃Ǐ6^ɻŧGŧ(?B$^D→&^Ӕ͸Ĥȃǻ)Ɯ*F 3d5/2 I�°qC Eu2+'

[M Eu3+IƬƅ˜b�°qI͸Ĥȃǻ˜(\ˣW^DӒAs-grown ЖɶCJ Eu2+ӛEu3+ = 1ӛ3 DF
]Ӓ�{�e�°©ЖɶCJӒEu2+ӛEu3+ = 1ӛ2 DF?<ӔǲƇîɳGɠΎ6^DӒ2.75 îӎAs-
grownӏ'[M 2.66îӎHP annealӏDF?<Ӕ 

Fig.4-11ӛEuFBiS2I As-grownЖɶӎдγӏ'[M�{�e�°©ЖɶӎҪγӏI XPSw°�g{
o¢­{×q�©Ӕ 
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Fig.4-12ӛ(a)As-grown ЖɶI Eu 3d ҨƪI XPS {×q�©Ӕ(b)�{�e�°©ЖɶI Eu 3d Ҩƪ
I XPS {×q�©Ӕ(c) Eu 3d Ҩƪ̮ȭI�{�e�°©ĽʰӔEu2+�°qIƜ*2CЅ
ʺŃ4B$^Ӕ(d) As-grownЖɶI Bi 4fҨƪI XPS{×q�©Ӕ(e)�{�e�°©Жɶ
I Bi 4fҨƪI XPS{×q�©Ӕ(f) Bi 4fҨƪ̮ȭI�{�e�°©ĽʰӔBi�°qIƜ
*2CЅʺŃ4B$^Ӕ 
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� ˎG Eu-1112G'$BÝǍǗb˄ȳ6^ Bigl­I̮ȭIѥ$bЄ^<WGӒBi 4f�°qI�
«°{o¢­bϵF?<ӔAs-grown Жɶ'[M�{�e�°©ЖɶI XPS {×q�©):_;_
Fig.4-12(d)'[M Fig.4-12(e)C#^ӔAs-grownЖɶD�{�e�°©ЖɶIXPS{×q�©bѵH
<XI) Fig.4-12(f)C#^ӔBi gl­J�{�e�°©G[^ƘŃ) Eu gl­REʃͣCF$)Ӓ
Bi 4f ҨƪIΩţj�©p°)�{�e�°©G[?Bãj�©p°ýGy��4B$^0D)Ĥ
(^Ӕ0_J Bigl­ūыӒ6Fa>ÝǍǗIҨƪǁǻ)ƔƜ4B$^0DGǇț4B$^Ӕ 
� 00TCI XPSĤʭIΩʰG[_K Eugl­Iîɳ̮ȭJ�{�e�°©G[?B 3î)̃Ǐ
4B$^<WӒҨϡìΪǗIҨƪo¢¨eǁǻJ̃Ǐ4B$^J7C#^Ӕ±ɻCӒBi I XPS {
×q�©G'$BJ�{�e�°©IįȎCΩţj�©p°Iy��)Є\_B']ӒҨƪo¢

¨eǁǻ)ƔƜ4B$^0D)σ&\_ӒÝǍǗIҨƪo¢¨eǁǻ)Ɣ&B$^Dσ&\_^Ӕ

0_\IΩʰ(\ĩɹ4BӒӅƄĶµCI�{�e�°©J EuF Ǘ(\ BiS2ǗPIҨϡͳĿbò

ў28B$^D$%0D)σ&\_^Ӕ 
� 4(4F)\ӒEu gl­Iîɳ̮ȭGҋ4BJͤŃ̲(\ˣW<ǲƇîɳDJ±ϗ4B'\7Ӓ
̈́ŵ)˖^Ӕ00CӒͤŃ̲JЖɶĎåbǲƇ4<Ωʰ)ȑ\_^IGǇ4BӒXPS ĤʭJЖɶ
IʚϹҭIȥƍC#^0DG͕͏4<ӔЖɶʚϹҭGJѲŃY˥ʲFEIȈҮbř.Y6$<WӒ

:_G[^ʤг͊CF$ȈҮbĤʭ4B$^Ŝόȟ)#^Ӕ:0CӒЖɶϹҭbe©v­q§{

�°gl­ѿbê̹4B 30 ͯҊIj��­°4<ȎCť˅G�«°{o¢­b4<Ӕ:IȎӒė
ǻ 30 ͯҊIj��­°b4B�«°{o¢­b4<Ӕ:_bν]ѐ4BЖɶI˾2ɻŧIĤʭb
ϵF?<Ӕe©v­q§{�°gl­ѿJ 2000 atmIq§{�°bĸћҨƄ 5 kVCɮǋ6^ʨÚ
Cê̹4<ӔFig.4-13Gj��­°ʊҊ˛IXPS{×q�©IƘŃbͧ4B$^ӔT7˱͏6Q*
JӒO 1s�°q)˾2íƬ4B̃Ǐ4B$^̜C#]ӒO 1s�°qDč_ѥ%ȆC F 1s�°q)
ßMB$^Ӕ0_JϹҭ)ѲŃ4B']ӒF wg�G O )č]ьcC$^D$%0D)σ&\_
^Ӕ0I OD FI˾2ɻŧIƘŃGţa8B Eugl­I�°qȃǻ˜XƘŃ4B']Ӓ180ͯj
��­°ȎI Eu gl­IîɳJ 2.68 îGTCµ)?B*B$^ӔBi gl­Y S gl­Gҋ4B
JӒ˾2ɻŧCÕIgl­REIƜ*FƘŃJЄ\_B$F$Ӕ  
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� �{�e�°©ЖɶCXť˅IʨÚCj��­°4<ȎI XPS {×q�©) Fig.4-14 C#^Ӕ
As-grown ЖɶD˜х4BѲŃIȈҮJʚϹҭG̀T?B$^)ӒF 1s �°qG@$BJ˾,F^
RE�°q)ȃT^<WϹҭÖяCJˍɤ)ж0?B$^Ŝόȟ)σ&\_^ӔYJ] O Y F I
ɏĿGѝĿ4B Eugl­GXƘŃ)Є\_B']Ӓ180ͯj��­°4<∇ĤC Eugl­Iîɳ
bЄ͸X^D 2.57îDF]ӒAs-grownЖɶDť˅G Eu3+IĲţ)̃Ǐ4B$^0D)Ĥ(^Ӕ 
� E>\IЖɶCXϹҭG'$BѲŃX4,J Fˍɤ)ж0?B$^Ŝόȟ)#]ӒEu3+)ϹҭG

яA,REƛ,ӒĔ∇REǏF,F?B$^Ӕ±ɻӒBi gl­G@$BJӒΩţj�©p°IƜ
*2GƘŃ)Є\_F$<WӒÝǍǗPIҨϡͳĿѷJ˾2GҋñF,±ƸC#^ӔȐ?BӒ0

IЖɶCIҨ˟Ʉɀb̆Ƹ4<ƎţӒҨƪo¢¨eǁǻIƜ*FϹҭ∇ĤCIUҨ˟ÝǍ)ж0

^0D)ÈȨ2_^ӔĊϵ͞ͻ[67]Dʤ͞ͻIЖɶCӒΩʐ˄ќYͤŃ̲IΩʰ)±ϗ4ӒҨ˟Ʉ
ɀGIU’F^ɑ^ϙ$)Є\_<IJӒϹҭ̮ȭ)Ŗʆ4<Ŝόȟ)σ&\_^Ӕ0IĤʭG

[?BӒEu-1112 JϹҭGĹŃ)̷5ʄ,Ӓ̫GҨ˟Ʉɀ̫ȟGJϹҭ̮ȭ)Ɯ*,ȈҮbř.^
0D)ͧų2_<Ӕ 
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4-5. ŊΩʐţȳIЖU 

� įұCђQ<XPSĤʭG[?BӒEu-1112JϹҭ̮ȭG[]Ҩ˟Ʉɀ̫ȟGȈҮ)#^Ŝόȟb
Ɏɨ4<ӔΖʣЖɶY̠ΩåЖɶCJȘ̟͊GϹҭ͸)Ɯ*,F]ӒϹҭIĹŃbѫ.^IJž

ҤC#^Ӕ:0CӒEu-1112 ŊΩʐЖɶIţȳbЖϵ4<ӔǗ̮Ńţ̩IŊΩʐJ ab ҭ)͸Uѵ
F?<ʬ̮ΩʐDF]Ӓc уɻŧGĵ҉6^0D)C*^Ӕĵ҉6^0DCĹŃ4B$F$ΞΗF
ҭ)ȑ\_Ӓ0_G[]ϹҭIȈҮbʚǎґGȾ&^0D)C*^Dσ&\_^Ӕ2\GJӒŢ

Ͷ̩ȟG̳_B$^ƻ̅ÖяIe��¨°I̻ʩD¾Ȃ2_B$^ CDWтͳG@$BXӒŊΩʐ
)ȑ\__K CDW ̮ȭGF?B$^(E%(…ɛЉǄ4Bͣ(W\_^(X4_F$Ӕ0I Eu-
1112ŊΩʐ)ȑ\__Kɳƛ,Iɺ4$ȥƍ)ȑ\_^0D)ʠȌC*^Ӕ 
� ŊΩʐţȳJӒ�§�q{ˮG[?BϵF?<Ӕţȳ́UI Eu-1112 ƛΩʐΖʣ 0.8 g b�§�
q{ӎCsClӛKCl ӝ 5ӛ3 Iгѷ˜C˿ţ4<XIӏ5 g G˿9BӒ͜ϠΏG͓ͼǉč4<Ӕ͜Ϡ
ΏJҨ˟̙C 700,Gʁ̅ȎӒ200 ʊҊ(.B 620,TCěŏ4<ȎӒƻ̅TC̙ě4<Ӕȑ\_
<ЖɶGŨT_^�§�q{İbϩ̀ˠCŇĤG˲˷4B̖Ѣ4ӒˠĤbƳĎGһK4BÇ̤2

8<Ӕ 
� ȑ\_<ŊΩʐIċưҸȔ҅Ę͓b Fig.4-15 Gͧ6ӔŊΩʐIƜ*2JʚX҆$ыCX 200 µm
͵ǻCӒŐ2) 10 µm͵ǻI˂ϮFʬ̮ΩʐC#?<ӔŊΩʐIťƸb6^<WGӒ EDXΧȳĤ
ʭGĸ&BӒXγŊΩʐ˄ќЋʭӎXtaLAB mini (RIGAKU)ӒMoKa (l = 0.71072 Å)ӏbϵF?<D
0`ӒEu-1112Gĸ&B Eu3F4Bi2S4I 2ͶҹIΩʐ)˿3?B$^0D)ĩʃ4<ӔTable 4-16)ȑ
\_<ŊΩʐ˄ќ�°�C#^Ӕȑ\_<ŊΩʐIҨ˟Ʉɀ̆ƸbЖU<)ӒÒŻţȳGȳķ4

<ŊΩʐJwg|)ǎ2$´G˂WBϮ$<WGҬǮGĲ_Y6,Ӓĵ҉èˁY̆Ƹ̹IҨ˂΁

ƪÖ.)˂WBžҤC#]Ӓ̩ȟ̆ƸGTCϖ^0D)C*F(?<Ӕ2\GƜ*,Ωʐbȳ҆

28^ωȳʨÚbˇ΢4B$,0D)ÒȎIОҷC#^Ӕ 
  

1mm 100μm 

Fig. 4-15ӛţȳ4<ŊΩʐЖɶIċưҸȔ҅Ę͓. 
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 EuFBiS2 Eu3F4Bi2S4 

Formula weight 444.06 1078.08 

Crystal dimensions (mm) 0.15 × 0.10 × 0.01 0.10 × 0.10 × 0.02 

Crystal shape Platelet Platelet 

Crystal System Tetragonal Tetragonal 

Space Group P4/nmm (No.129) I4/mmm (No. 139) 

Lattice parameters (Å) 
a = 4.0461(17) 

c = 13.495(6) 

a = 4.088(3) 

c = 32.63(3) 

Volume (Å3) 220.93(2) 545.3(9) 

Z 2 2 

dcalc. (g/cm3) 10.013 9.849 

Temperature (deg.C) 293 293 

λ(Å) 0.71073 (MoKa) 0.71073 (MoKa) 

µ (mm-1) 81.904 74.894 

absorption correction empirical empirical 

qmax (deg.) 27.391 32.472 

Index range -5 < h < 5,-5 < k < 5,-17< l < 17 -5 < h < 6,-5 < k < 5,-47< l < 46 

Total reflections 1975 2799 

Unique reflections 194 350 

Observed [I ≥ 2σ (I)] 164 337 

Rint for all reflections 0.1413 0.1462 

No. variables 15 19 

R1/wR2 [I > 2σ(I)] 0.0643/0.1576 0.0833/0.2304 

R1/wR2 (all data) 0.0690/0.1612 0.0843/0.2330 

Goodness-of-fit indicator 1.017 1.212 

max/min residual density (e-/Å3) 4.11/-2.68 6.248/-8.677 

 
  

Table 4-16ӛEuFBiS2'[M Eu3F4Bi2S4IŊΩʐ˄ќЋʭΩʰӔ 



104 

4-6. TDW 

� ʤ͞ͻCţȳ4< Eu-1112JӒƜ˟ƄµC̅ǻãµDDXGҨ˟Ʉɀ)ƔƜ6^ňǍå͊F̅ǻ
íƬȟbͧ4<Ӕ00GƄĶbōĸ6^0DCέηåӓ−ǖтͳbж04B−ǖ͊̅ǻíƬȟG

ƘŃ4<Ӕ:_DDXGзÝǍG[]~«ɄɀDF^̅ǻX´ʁ4B$*ӒTcJʚӅC 8.6 KGT
C´ʁ4<ӔƄĶĽʰG@$BЙ4,ПQ^<WӒEu-1112 bӅƄĶµ�{�e�°©Ġ̵bϵF
?<Ӕ�{�e�°©Ġ̵G[?BƜ˟ƄµCXзÝǍG[^Ҩ˟ɄɀIȞ̓Fãµ)Љ̆2_Ӓ

ÕI BiS2ΜзÝǍåť˅GΩʐ˄ќ)ӅƄ͑GƘŃ4B Tc)´ʁ4<0D)Ĥ(^Ӕ4(4Ӓ�

{�e�°©ЖɶG2\F^ƄĶbĸ&B$,DӒ:0(\ Tc J2\G´ʁ4B$,Ӕ0IɏĿ

JӒ̫G La(O,F)BiS2 D˜х6^Dʃ\(G’F^XIC#^Ӕ0IΩʰG[]ӒEu-1112 CJƄ
ĶG[?BΩʐ˄ќ=.CF, Eu îɳIƘŃXťʊGж0?B']Ӓ0_G[?BҨƪo¢¨e
ǁǻ)Ɣĸ4B Tc)´ʁ4B$^ŜόȟbσǄ4<ӔEu-1112CI Eugl­IȆǽîɳJ+2îC
#]Ӓ00G+3 î)˿3]0V0DCҨƪo¢¨e)“̷6^Ӕ�{�e�°©įȎIЖɶCͤ
Ń̲I̅ǻíƬȟb̆Ƹ4ӒCurie-Weiss fitting G[^ʜĽͤ˟¡° ­�(\ Eu gl­IǲƇî
ɳbЄ͸X^DӒ�{�e�°©G[?B+2.21 î(\+2.45 îPDƘŃ4B']ӒƄĶG[?B
Ҩƪo¢¨eǁǻ)Ɣĸ4B$^D$%ÉƺbɎɨ4<Ӕ 
� Õɻҭ(\Iîɳ̮ȭĤʭIe�«°�D4B XPS ĤʭXϵF?<)Ӓ0IĤʭΩʰG[]Є
͸X?< Eu gl­îɳJͤŃ̲I̅ǻíƬȟ(\Є͸X?<XID’F^ûDF?<Ӕ0Iőż
JӒЖɶϹҭIѲŃYˍɤG[^ĹŃ)őżDF?B$^0D)σ&\_^Ӕe©v­q§{�

°gl­CЖɶϹҭbj��­°4B$?<ҜGӒѲΡY��ΡI�°q)Ɯ*,ƘŃ4B$<

<WC#^Ӕ0_G[?B Eu gl­Iîɳ̮ȭXƘŃ4BӒЖɶϹҭGIUҨƪo¢¨eǁǻ)
Ɯ*F̮ȭ)ƺ̳4B$<ICJF$(Dɜ̆2_ӒĊϵ͞ͻ[67]Dʤ͞ͻCIҨ˟Ʉɀ̫ȟI¶
±ϗXϹҭ̮ȭ)ȈҮ4B$<Ŝόȟbͧų4<Ӕ 
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΄Ӛ΀ӛαɋ 
� ʤ΀CJӒʤТɵCШТ4B*<Ĕƿbαɋ6^Ӕ 
� ΄ 1 ΀CJзÝǍ̮ȭCЄ\_^×Ϲ͊F̳ЪӒзÝǍI̵ТӒ0_TCIзÝǍåɚ΢Y Tc

´ʁI˓ŞӒ�{�{m©ut�g�ΜзÝǍåGҋ4BђQ<ӔзÝǍ̮ȭCJӒҨ˟ɄɀI

˼ơYƳĎŖͤȟD$?<ÕCJЄ\_F$¥�°qFȟг)̳_^<WӒ:_\bț̹4<ȼ

϶YЀŰ)ƺ̳4B$^DDXGƺ̳)ʠȌ2_B$^ӔзÝǍåI“ЄȅĨJӒзÝǍ̳ЪJ

έǇҧǻG͵я$˂ã̅CIUЄ\_^̫˕FXIC#?<Ӕʊ×DDXG Tc J´ʁ4B$*Ӓ

ҀѲŃ̩ΜзÝǍåYѻΜзÝǍåD$?<Ӆ̅зÝǍå)“Є2_Ӓ̳ƅCJӅƄĶ̶ƓµC
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