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(a): Densities of states (DOS) in LaFePO calculated with U-J=0. The

upper section is up-spin DOS, and the bottom is down-spin DOS. The shadowed
area show the partial DOS of Fe [25]. (Y. Kamihara et al.) (b): Up-spin partial
DOSs for each atom (La, O, P and Fe) and total DOS in LaFePO [25].

Oo00000oo00oDoOoooooo,bbo00n0 TyO PROdODCO pOODOOODOO

0O0o0o0o00ooo0. [24-29].
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LnFePOOOO0OOD0OD0ODODOOOUODOODOOOOOOO [33,34].

Pn = As O LnFeAsO O Ln = La, Ce, Pr, Nd, Sm, GdOOOOOO0OOOO0OO

OoOoogsbo0booobobooobooon.

1.O000000D00UO00 Fooooooo [§
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130000000

23

40
1000
35 E 100
30F = o
__ 25} !
e
(&)
a 20}
=
< 15}
10F A LaFePO
5 e PrFePO
m NdFePO
O A..AA.AiA_ 1
0 5 10 15 20
(a) T (K)
60
< ®
2r Soosol e o 8 o
\ T © |
5 CeFePO O 4 w ®
d < |
= W ° |
LaFePO O‘L 20 + . -
3 1 |
0g ) ) L r
~
0 100 200 300 0 ) - ) | ) | | .
(b) TK) () ” La Ce Pr Nd Pm Sm Eu Gd

Fig.1.3.3 (a): Electrical resistivity p versus temperature 7" measured in the ab-
plane for single crystal of LaFePO, PrFePO and NdFePO. Left insert: log-log
plot of p versus T. Right insert: log-log plot of p-po versus T. The solid lines
are fitted to the data, which demonstrate the 7% behavior for 10-100 K [31].
p versus T for CeFePO and LaFePO [32]. (Y.
Kamihara et al.) (c): A comparison of the evolution of the superconducting

(R. E. Baumbach et al.) (b):

transition temperature 7. versus lanthanide Ln for the series LnFePO (solid
squares), the optimally fluorine doped compounds LnFeAsO;_,F, (solid circle),

and the oxygen deficient compounds LnFeAsO;_s (open circles) [31].
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Fig.1.3.4 (a): Electrical resistivity p versus temperature 7 for undoped and
La[O:1_,F;]FeAs. Inset shows expanded p-T curves. Arrows show onset tran-
sition temperatures [8]. (Y. Kamihara et al.) (b): Molar susceptibility (xmoi)
versus T for undoped and La[O;_,F;|FeAs. The dotted line denotes perfect
diamagnetism for the sample. Inset shows expanded Xmoi- T curves at 10° times
magnetification of the vertical axis [8]. (c): Sperconducting phase diagram of
SmFeAsO; _,F, (x=0.0 and 0.07) [44]. (H. Takahashi et al.)
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Fig. 1.34 (a) 00, 0000000000 LaFeAsO OO 150 KOO OOOOOOO
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00,XRDODOO0O0 160KOO0000000000000000,00000000
000000000000000000000. Fig. 1.35(b)00000000000



130000000 25

0000000000000000000 [46]. LaFeAsOOODDODO 140KOOOOO
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000 La0O0OO00O0O0OD0O0OD0ODO0OODOOOO (1) 0 M40KOODODDOODOOOO,
000o00oO0o0U0oo0o0UooO0O0 [47. O000DDOO0O0O0DOOOODOOOO
oo, oL bDLDbObbL, 00000 OoUOon
gogoobobo.ooooobobbodooooobbobboooooobobbooooon
0.

AeFeAsF(Ae=Ca, Sr) 00 Fig. 1.3.1000000,LnFePnO 0000 (O-Lng) O
00000, (F-4dey) 0000000000 O0OOOODOOOOOO,000000000
00 Ae-FODOOODOO. O0DODODODODOOOO Fe-AsOO FeODO OO Co, Ni O
000000000 o00oO0oooooOn [49-51]. 00, Aed000O0OOODOO
ggooouoooooooooobobobbobobbb,tgoooooooooooon, d
oooobe000D00OD0D0O0ODOO0OD,0D000DLDOD0DDOODO0ODOODDODO, 00
000000 AeFeAsF OO ODOOOO0O0OOOOOOOOOOO. Table. 1.3.10 1111
0000000 7T, (onset) D0ODOD.

*0D00000000000000000000000 [48].
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Fig.1.3.5 (a): Excess heat capacity (Ce,) divided by temperature (C.,T ')

around 150 K for LaFeAsO and LaFeAsOgq.975F0.025

[45).

(Y. Nakai et al.)

(b): Mossbauer spectra of LaFeAsO at several temperatures from 298 to 4.2 K
T-dependence of 1/T1 (o ) and the internal field
(o ) of LaFeAsO. The dotted line is a fit the SCR theory for weak itinerant
antiferromagnet. The inset shows a plot of 71T as a function of 7T, indicating
an abrupt drop around 160 K [47]. (Y. Kohama et al.)

[46]. (S. Kitao et al.) (c):
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Table 1.3.1 T.(onset) of various 1111 superconductors.

Chemical formula 7. (onset) Ref.
LaFePO 206 K [17]
SmFePO 3 K [30]
PrFePO 3 K [31]
NdFePO 3 K [31]

LaFeAsO;_,F, 29 K 8]

SmFeAsO;_,F, 55 K [52]

LaFeAsO,_,  28029K  [38,39)
CeFeAsO,_,  41043K  [38,39]
PrFeAsO,_, 48049 K  [38,39]
NdFeAsO;_,  51054K  [37-39]
SmFeAsO;_, 53055 K  [38,39]
GdFeAsO; _, 54K [35,38]
TbFeAsO,_, 49053 K  [36,38]
DyFeAsO; ., 52K [36,38]
HoFeAsOq_, 50 K [36]

YFeAsO;_, 49 K [36]

LaFe; _,Co,AsO 14 K [40]

SmFe; _,Co,AsO 15 K [53]

LaFe; _,Ni,AsO 7K [41]

LaFeAs; _,P,0 12 K [42]
LaFeAsO (HP) 21 K [54]
SmFeAsO (HP) 11 K [44]
LaFeAsO;_, (HP) 43 K [43]

CaFe;_,Co,AsF 22023 K [49,49]

SrFe; _,Co,AsF 4 K [50]

CaFeq_ Ni, AsF 12 K [49]
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Fig.1.3.7 (a): Electrical resistance of BaFesAss, KFesAss  and

(Bao.6Ko.4)FeaAsa  [10]. (M. Rotter et al.) (b): Magnetic susceptibility
of (Bag.¢Ko.4)FeaAss at 0.5 and 1 mT. FC is field cooled; ZFC is zero-field
cllled [10].
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Fig.1.3.8 (a), (b): Superconducting  diamagnetic  transitions  in

BaFes(As1i—2Pz)2  [65]. (S. Jiang et al.) (c): Magnetic susceptibility of
SrFes_;CozAse samples in a nominal field of yoH = 2 mT. The inset shows
the XRD pattern of the z = 0.2 sample [60]. (A. Leithe-Jasper et al.) (d):
Electrical resistivity of SrFes_,Co,Ass samples [60].
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Fig.1.3.11 (a): Resistivity of LiFeAs. Inset shows the field dependence near the
superconducting transition [67]. (J. H. Tapp et al.) (b): Magnetic susceptivility
of LiFeAs. Inset shows critical fields extracted from the resistivity data (a)
at different values (percentage labeled) of the resistivity drop [67]. (c): The
temperature dependence of resistivity for LiFeAs compounds [11]. (X. C. Wang
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6.5 GPa [69]. (S. J. Zhang et al.)
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Fig.1.3.13 (a): Dependence of superconducting temperature on ¢/a ratio. Inset
shows the dependence of ¢/a ratio on synthesis temperature and nominal compo-
sition [71]. (T. M. McQueen et al.) (b): Phase diagram of Fe,Se [71]. (C), (d):
Temperature dependence of resistance for FeSe at several applied pressures [73].
(S. Margadonna et al.) (e): Temperature dependence of resistivity for FeTeq g2,
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(e) from 0 to 20 K [74].
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I =Vt/L + Const. (1.102)
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0000000000000 00o00. 0ooo yooooooooooooooao
JdooooooooooODOoo0o0ddO0Oo. ObobooD 2000000000000,
goodoooooooooooogooooooooooooogonooooood
O00000.000000000000000000O0O (IBAD) [101,102]DDDDD
00000, o0oobooooooooooooooooooOo 20000000040
. g oo, bbb ouo, od
O,000000000000. 0000 IBADOUOOOOODOOOOOOODOOOOOO
gdoooooboooo,ooouoooooad [103]. O0O0O0O0O0O00gd Pulsed Laser
Deposition (PLD) O Chemical Vapor Deposition (CVD), Metal Organic Deposition
(MOD)DDDD,PLDDDDDDDDDDDDDDDDDDDDDDDD,YDDD
godbooodobooooououooooouooooo. ouobooo,obooooa
000000, 000ob0b00d0oo0oobOd0oobooOoOoooog, 615 md 609A/CmD
gooooooooooo [104]. OO0 CVDODOO IBAD-MgOOODODODODOOOODO
00000 1.3km x 153 A/em O O 1.1 km x 282A/CmD gooooooooo
O. MODOOOOOOOOOOOOOOOODOOOOOOoOOoOoOooooooooa
0ooo,00000o00don Joooooooooooooooo, PLDOODOO
000 I.x L;,00000000 [105]. O0O0,PLDOO MODOOODOOODOOO
00 BaZrO3(BZO) [106,107]DDDDDDDDDDD,DDDDDDDDDDDDDD
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Stabilizing Layer\

Superconducting Layer

Interlayer
Metal Substrate

Fig.1.5.4 The schematic configuration of Y-system superconducting wire.

0 [108,109]. OO0DOODOOOODOOOOOOOOOOOOOOOOOOOODOOOOD
ggodoooob,ooobooobo,bbobbobooooooooooboboo,obnb,d
gooboboboooobbboooobobooooooboag.

154 MgB,0ODOO0O

MgB, OOOOO (1100000000, 000000000000 T.0000,000
goboooooooboooo, 0o, bbb ooOoobboboo. oog, d
ooooooodooooOo,000b0 1kmO00DOO0O0OO0OOODOOOOOOOOOOOO
O0,MRIDOODOOODOOODODOODOOODDOODOOODO. MgBoODODDOODO
000000 PITODDODOOO, in-situ, ez-situ PITO* 000000000000
00 [111]. sn-sitw PITOD0O00OO0, 000 MgO BOOOODOOO,0000000
oooo0ooDbDoooboOooooobobO,00obbo00 MgB,ODOODOO. ODOODOOO
oobooboboobuooobooboboobboobooobooboboo hobooo
000,0000000000000000000D0 [112]0 MgOOO [113]0000
000000000000 00DODoOoO0OD.o MgB, O Fig. 1550000000000
OSiCO00o0o0ooooO0oDooo0O0DO0 H.,OOOODODO,00000000
20KOO0DOODO42KO Nb-TiOOOOOOOOOO. O0OOO SiCoooooo, oo
00000 J.0OO0OO0OO0OO0O0 [114,,20K,2TO00000000O0OOOO0O0OOO0
100kA/em? 000000. 00000D00OD0OO0OO0O000 J. ODOOODOOOO0OOO.

*T in-situ, ex-situPIT 00 2.1 00000000.
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15 T T

—m— As grown
—e— with10% SiC
—— Nb3Sn
——NbTi

10

HcZ (T)

0 10 20 30 40
T (K)

Fig.1.5.5 Upper critical magnetic field (Hc2) versus Tmeperature (1) for MgB,,
MgB, with SiC, NbTi and NbsSn superconducting wires [110].

155 OO0OO0OOODOO

0000000000 110,1220,111100000000000000000. 11
0 [115)000000000000000 FeODODOO,00000 SeTe00000O0O
00D0000D0O000DO00DO [116. 00,0000000000000000D000
000000000000,00000000000000,000000000000
O00 FeO0000O0O0O0ODOODOOOOOOO. 000000O0000O0O000O0O000OO
0124 A/em?000000000000,000000000000000000 1000
A/em?00000000 [117].

122000000000000000 Ag000000000O0OOOOOOO000
00000000000D00000000, én-situ PITO0O0 OO Srg.6Ko.4FeaAse 00
0000 1200 A/em?> 000000 [118]. 00 ex-situ PITO 00000 (Ba,K)FegAsy
010KA/em*?00000 J.O0ODOOO0OODOO [13].

111100000000,0000000000000000 én-situ PITOD0O00O0
O00D00. 000000000, Ta, Nb, TiODO [11900000000000000
00000000000,Ag0000000D0D0DODOOOOO00O0OO0 [120]. 00,00
0000000000000000000 2700A/em?0 J. 00000000 [121). O
D00000000 ersitu PITO0ODOD 111100000000000000000,
0000000000000, 0000000000000000D0 J.0000000
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O000000000000d, Table. 15100000000, Sm-1111 000000
H.,OODOOOOOD H,OODOOOD,00D00000DOODOODOODODOOO
000000000000, NbgSnO NbTiOODOOODO J., 00O SmFeAs(O,F) OO
ooooo J,,000000000D0DO Fig. 156000. bODOODOOOOOOOO
OO0DO00000O0bOo00Ogn Fig. 157000.

Table 1.5.1 Material comparison [122,123].

material T, (K) H. (T) H;. (T) J. (A/cm?)
Nb-Ti 9 12(4K) 105 (4K) 4x 10° (5T)
NB;Sn 18 27 (4 K) 24 (4 K) 0 106
MgB, 39 15 (4 K) 8 (4 K) 0 106
Y-1111 92 > 100 (4K) 57 (77 K) 0107
Bi-2223 108 > 100 (4 K) 0.2 (77 K) 0106
Sm-1111 55 > 100 (4 K) 40 (15 K) 010°
10’ . . . . .
—e— Hilc, Jllab
—e— Hllc, Jilc
—o— Hllab, Jllab
SmFeAsQo.75Fo.25 (5 K) —o— Hilab, Jlic
E
o
< ; RN NbsSn (4.2 K)
= 1071 N 1
\
\
\
Nb-Ti (4.2 K)
10* . . . . .
2 4 6 8 10 12 14
H (T)

Fig.1.5.6 Critical current density (J.) versus magnetic feild (H) for NbTi,
NbsSn superconducting wires and SmFeAs(O,F) single crystal [110,122]. (H.
Kumakura, P. J. W. Moll et al.)



lednnon 49

——Bi-2223
Y-123

—— MgB3
Nb3Sn

—— Nb-Ti

Sm FeASOo_75Fo_25
—e— Hllc, Jllab
—e—Hllc, Jllc
—o—Hl/ab, Jllab
—o—H//ab, Jllc

90 120
T (K)

Fig.1.5.7 TIrreversibility feild (H;,,) versus tmeperature (71') for NbTi, NbsSn,
MgB2, BizSroCazCuszO1044, YBazCuzOr_s bulks and SmFeAs(O,F) single crys-
tal [122,123]. (P. J. W. Moll et al., D. Larbalestier et al.)

1.6 OOOO

SmFeAsO,_ F, 0000000000 O0ODO T, H, OODOODO, 000000
00000000000 00DooOoOoooooO. ooo, SmEeAsO,_,F, 0000
goodooooboobobbooooo, 0o bbbbbbboUooUoog
0.00000000 SmFeAsSOOOOOOODOOOOOOODOOOOOOODODOO, O
ggoooobbooobobobooooooooooobo,oooobobboobbbooooooog
g,00o00ddd0ggoooobobbb. oo, oo bbboboooo
ggodoooboobooobooobotoodooooooobo,ooobobbbbbbo00oooon
O00.00,0000000000D00D00D00,w-setw PITOODOODOODOODOODO
000000000, ex-sitw PITOODOODO,00000000000000. 00O
O0000DOO0ODOO0DOO0DOO00O0O00b0O0,0000 ex-seitw PITOOODOODOODODO
ggodooobobooooboboooooooooooooob,bbbbbbodoooooag
O000.000000,000000000D0D0O0O0O,O000 ez-sitw PITOOO
goobobooooobbuoooobbbooobL, bbb bboooLobD.
O00bO0bOO0ODO00OO0,00000000000D0D0OD0 ex-sitw PITODOODODO
gogooouoooo, oo oouooo, bbb OO
0000000000000, 000000 D0O0,0000000 ex-sitw PITODOODO
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gddddddddouooooooooooo, o000 oOo,bbbobo
gggoobooobobb, 0o ooooobobobobooboobo.bbobobo
gooodgog,bbbbbbbbbb, oo ooooooobobobbo
gooboboobbooog, bbb boobobbbddouooooobooboo
gooboboo,0obbobbbboboddooooobobooobobbboodooooooooo
O00. 0000,000000000 er-setw PITOOOOODOODOODODOODODOO
goooboo,dgdoboboodobbbooobbbooooobobooa.

1.7y ODOOO

gogooboboobobotbdoouooooobobooboobobboboooooouo, 00O
gooboboobboooooooooobooooboo,bbbboddooooooooo
gooooo,0b0boodbboogoob,dgobbooooboboooob. oo
g,0oooooobbbbbb, 0 oououoouooooboooboobobobobo
er-sity PITOO0O0D0O00O0OODOODOOODOOO,OD0000D000DO0DO0O0O0DODOO
gobobogoobobooooboo.

1.8 DOO0OOOO

goobooooboboooon.

goooo,bbbbbbbbbobobooo000ooo,bbbbbbboobooOon
O000000.00000. 000000000000000 SmFeAsO,_,F, 0000
goobboobboodog,bggooooobbbobbbbooooooooobobo
goobodoo,obboodbboooobbooobbobo.bbooo,bbooobo
gooboboobboodooooooobo,oobbbobobbbddouooooooo
gogooooooobobobobooboboooboob. bbobobb,00bobobobobbboboobobn
O0,ex-sitw PITOODDOOOODODOOODOODDOODOODOODO,O0D0000D0O.
O00000,0000000000 SmFeAsO,_,F, 0000000000 O0O0O000OO
O ex-situw PITOOOOD0OO0OOOODOODOODO. DODODODOOOOOOOOODOO
oo.
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Jooobbood

ggoboboooooboooobboooobboooobbboooobbooon
gg.

2.1 Powder In Tube (PIT) Method

doobooooooood,0bob0ob0obo0ooooo0bDo0boboooobo
goooobooo, gobooobooooooboooooooboooooo. ooo, o
0oo0oooooDoooDooooooooog, PITODOOOOO. OO PITOODO
in-situ PIT OO0 ex-sitw PITODO 200000000.

2.1.1 In-situ PIT O

Fig. 21.10 w-sitw PITODODDOODOODOOODOODO. ODOODODOODODOO
gogodooooboooobobooddododou, bbb bbobo0U0UUUOg
U.oodgoboooooooooo,dgdboobuoooonboboooooo.

’ - /) » » oven @
—00

Mixing the powder
of starting materials ~ Packing the powder Rolling and Drawing Sintering

in a mortar into sheath material

Fig.2.1.1 Flowchart for in-situ PIT Method.

51
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2.1.2 Ex-situ PIT O

Fig. 2120 ez-sttw PIT OO O0OOOOO0OODOO. OO0O0O0OO 4n-sitew PIT OO
ggobooboooooboooob.obbooobbo,booobbbooooobo,bood
ggoobooboboboodoooo. bbboooooooboboobboooooboobobobooooog
goobbuoooobobuoooobboooo.

"“‘_

» & o ol 5 &

100
Mixing the powder  Compressing powder Sintering Superconductor
of starting materials to make pellet
in @ mortar

' —

‘ / - oven @

Grinding —oo
superconductors Packing the

in a mortar powder into
sheath material

Rolling and Drawing Resintering

Fig.2.1.2 Flowchart for ex-situ PIT Method.

22 000000
2.2.1 SmFeAsO,_,F,

0000000 Table. 221000. 00, Fig.221000000000000000
0000000 [124]. 000 Sm,Fe, AsO0000O00O0OO 1:3:30 2:3:30000, 0
000000000000 0. 0000D000Db00 Fig. 2.220 Fig. 223000. O
000000 FeO SmOO0OO0OO0OOODOOODOOOOOOODOOODOOO. OO
O00,0000000 %00000000000000,00000000000000
0000, Sm:Fe:tAs = 1:3:30 23:30000000000000. D000 Sm:Fe:As
=1:33000000 13300, Sm:Fe:tAs =2:3:3000000 233000000,00
ggoboobooooobooog.



22000000 53

Table 2.2.1 Details of starting materials.

material manufacturing company  pure grade

Sm Nilaco 99.9 wt.%
Fe Ko-jundo Chemical 99.9 wt.%
As Ko-jundo Chemical 99.9999 wt.%

Sms O3 Rare Metallic Co. Ltd 99.99 wt.%
SmF5 Rare Metallic Co. Ltd 99.99 wt.%

000000 SmO3 00000000, 0000000 Ln,O3000000OODOO0
000 Ln(OH); 0OO0DOOOODDODO [125], SmO3 000 000D ODOOOOOOO
00 SmO0000000000O000O0O. DO0O0O0O0oDO0OOoO0ooOO0,000000
oo, 00bbooobooubogdooobnoouooooboon Sm(OH)3DDDD
0. 000000 Fig. 224000.0 SmFs 000000000000 DO0OOO0OO
0,000000000 13300,23300, SmeO3;00, SmF; 000000000
000 SmFeAsO,_,F, 00000000 DOO0. O0DDODOOOODODOOOOOOO, O
0ddd0o0oooOooooooD. OobODODODbODbODbODODO Fig. 225000. 0000
133 000 Sm3Fe3As, 233 000 2Sm3Fe3As 0000000000 (21)0000.
00,00000000000000000D0O000DODOO0O0O (22)000000
O0. 0000000000 SmFeAsOOOOOOOOOO 8% 000000000
SmFeAsOq . goFgos 00000 0O. D000 O0O SmFeAsOq goFg.0s 0000 as grown
sample 000000,

(1 — 2)Smy03 + (1 — z)(Sm3Fe3As) + xSmF3 + 2(2Sm3Fe3As) — 3SmFeAsO;_(Fy
(2.1)

Smy03 4+ Sm3Fe3As — 3SmFeAsO (2.2)

222 0000000

22100000 SmFeAsOg 92Fp0s 000000000 900°CO 4000000,
0000000000000 000000000 (Resintered as grown sample) O O
. bgbooobob, bbb obboboobobboobobuoooba.
Fig. 2.2.6(A)0000000000.



54

O20 000000000

—

ﬂr atmosphere

b

»

quartz tube

\

s

Putting powders of
Sm, Fe and As into a

~

=) v =
Sealing them in
an evacuated

quartz tube /

Putting Sm,04
powder into a
crucible

oven @ »

100

Annealing

oven @

C100

= 9V

133 and 233 powders
(Sm: Fe: As=2:3:3)
(Sm: Fe: As=1:3:3)

Sintering

Dry atmosphere

placing the
powder together

-

Sm,0; powder

after drying

\with dry silica gel. /

/Ar atmosphere
»

~

=) §->

oven @

00

- &

Mixing the powder
of starting materials
in a mortar

Compressing powder to

make pellet and sealing
it in a quartz tube /

Sintering SmFeAsO, F

X

Fig.2.2.1 Flowchart for synthesizing SmFeAsO;_.F, bulk sample.

880

400 |° * ¢

Temperature (°C)

* _natural coolin

45 61
Time (hour)

Fig.2.2.2 Heat treatment condition of 133 powder.
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850 = v e e e e e e e .
—~~ *
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0 10 45 65 75
Time (hour)

Fig.2.2.3 Heat treatment condition of 233 powder.

1000 |*

Temperature (°C)

quenching

0 5 35
Time (hour)

Fig.2.2.4 Heat treatment condition of Sm2Ogs powder.
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Fig.2.2.5 Heat treatment condition of SmFeAsO;_,F,.
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223 00O0O0O0OOO

SmFeAsO,_F, 0000000, 0000000000, 0000000000000O
00000000 (As grown powder sample) 00 0. O00000000OO,0000
00000000000000D0. Fig.226B)000000000O0.

224 0000000

0000000 (Resintered sample) 00 000 SmFeAsO,_,F, 0000000, O
O00o000do0ono. Dooooooooooooooooooooooog. ooooo
00 ex-situ PITOOOOOODODOOOOOOOOO,00000000000D0O0DOOO
O, 0d0dodougooodouogoooooogooogonooo. oooood
000000000 800°CO0000 200,1000,40000, 900°C 0O 4000,
1000 °CO 4000000. Fig. 226(C) 0000000000,

225 0O0O0OO0ODOOO

gbodoboboo,gbboobuoobboobuoobbooboooboobbooann
0000000 000,0300,000000000 SmFeAsO,_,F, 00000, 0O
gobbooobbouoooboboooobob. oobbooobbooo,gobbuooo
gboooobbooobobodobboa,obbooo. booobooooboboabooa
00,00 SmFeAsO,_,F, 0000000. 0000000 00O0O0OOODOOOOOO
000000 (Resintered sample with binder) 00 0. Fig. 2.2.6(D) 00000000
obO,0b000bo0bobbobooboobobooboob.

SmF3; 00

SmF; 00000000000000.00,2210000000 SmFeAsOp 92Fp os
O000,000000000000 Ar000000000. O00,00000000
SmF; 0000000 5% 0000000000, 0000000000O0O0O0O00O00O0
O00D000,00000000000,9%0°CO400000000,SmF300000
dobooooooood.

SmF; 000 FeAs O O
SmF; 000 FeAsOOOOODODOOOODOOOO. DO00O0O0O0O00O0,00000
000 30000000000. 00,2210000000 SmFeAsOg g2Fg 05 000
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0,000000 SmFeAsOg g2Fop0s 0 Ar000000000. 000 SmF;000
FeAs0O0ODOO0OO0O0O00O05%,10%,15%000,00000000000. 00
000000000000,000000000,950°C0 400000000, SmF;0
00 FeAsO0OODOOOOODOOOOOOOO

SmF; 000 23300

SmF; 000 23300000000000000. 000000000, 000000
000004000000000000.00,2210000000 SmFeAsOg 92F0.0s
00000. 000000 SmFeAsOg 92Fp0s 0 Ar000000000, SmF; 000
23300000005 %000,00000000000.0000000000000
0,000000000,0000 800 °C, 850 °C, 900 °C, 950 °C 0 40000000
O0,SmF; 000 2330000000000000000.

226 0O0O0OOO

Fig. 2.2.70000000000000. 00, SmFeAsOg.g2Fo s 0000, Ar00
0000000000000000000000. 000000, [119-121,126,127]
in-situ PITO000O00O00O Ag000000000000000000O00O000
00000000, er-situ PITO00000000O00OO0O0O00O00O00 Ag0O00
0. Fig. 2280 (1) 000000,000000000000000000, Ag/FeOD
0000,00000000000000.00000000000000000000
0,022mm00000000000C0000. 00000000000 15cmO0
0D00000000000000,000000000000000000. 00000
0000000000 Fig. 2280 (b), (¢) 000,

2.2.7 Structure-enveloped-by-metal sample (SEMS)

0000000000 0000000000 Ag, Cu, Fe, Ni, Ta, Nb, Cr, Ti
oboobooboobo. booboooobooobo 221 00000000000
SmFeAsOg 92Fp 0s 00000000000, 0000000000000 000,
0000 Cu, Fe, Ni, Ta, Nb, Cr, TiDOO0O0000000000000000, O
OO000oOoooOoo 100°ChO 2000000000000, DODODDOODODOODOOOO
00000000000 SmFeAsOp 92Fp0s 00 0000000000000, OO
0000000000 Structure-enveloped-by-metal sample (SEMS) 00 O0000D0.
Fig. 2290000000000 SEMSOOUOOOOO. OO0, Ag000O0OOOO
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Ar atmosphere

%’m» S D e ([| & &

" . 100
Mixing the powder Compressing powder to
of starting materials make pellet and sealing Sintering Superconductor
in a mortar it in a quartz tube (as grown sample)

4 (D) 4 (C) ¥ (B) 3(A)
(" Ar atmosphere 7\ / Aratmosphere 7 [ Aratmosphere ™ |

’\7—— Grinding Grinding the Grinding the §
2 superconductors superconductors superconductors grown samples
and the binder in iR & GREER in a mortar in a quartz tube

‘ a mortar ‘
Compressing ‘ Compressing
powder to make -
§ POWdﬁf:iO "C"ake § pellet and ) Packing the WL @ Resintering
pT e sealing it in a r powder into
sealingitina quartz tube / sheath material L1060

AN AN
: [

§ Resintered
as grown sample

Resintering

oven @ Resintering
(&)

10

oven @
100
‘ ‘ Rolling and Drawing
@ Resintered sample § ‘
with binder

Resintered sample

’

Powder of
as grown sample

Fig.2.2.6 Flowchart for synthesizing resintered as grown sample, powder of as

grown sample, resintered sample and resintered sample with binder.

00 °Cooooooo,0gooo SEMSOO0ODOOOODOO0O0O0OOoo. ooo, 2.2.6
ooogg,eo°Cco4000930°ChO40000000DOOOO 200000000
0000 SEMSOOOO0OOO,0000000000. 0000400000000
000 Agl, 4000000000000 Ag20000000. OOOODOOOODOO
Fig. 228 00000000000000O.
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/Ar atmosphere \

L, 8 D [oen (| » & =

L 100

Mixing the powder Compressing powder to

of starting materials make pellet and sealing Sintering Superconductor
in a mortar it in a quartz tube
/Ar atmosphere )/ \

&~ ‘_> =]
¢ - LS Ir e m :@+
Grinding Adding the Packing the

sur?erconductors binder into a powder into . .
K i &) rselnzls mortar sheath material / Rolling and Drawing
Ar atmosphere \

%»// = f

Superconducting
wire

Sealing the wire Resintering

Cuttln the wire
g in a quartz tube

Fig.2.2.7 Flowchart for fabricating SmFeAsO; _,F; superconducting wire.

23 00 XOO0O (XRD)
231 00000

OO0 XOO0Oooooooooooooo RINT20000000. 00000O000ODO
000000o00Do00o [128)o0Uo00o, 000000 o0oooOoooOoood
gogooooooooobbbbbbbboboooodoooooououoooooooboo,
go0oOoOo0o0oOoo0o0oooO00oDOo0O0boboOoO0.0oo000 Fig.231000.

00 X0OO0OOOoDO,0000 XOoOoooboooobooooboooobooo
o0oO0ob0o0obO0obOoU0obOOobOoobOoDOo. Fig.23200000000,000000
040000000,000000 N0 X0O0O000DO0O0O0O00O0,00000000O0
000 XODODO0O0OOD0ODoO00O XO00000O 2dsind 00000000, 000000
O0O00DOO00o0O00Oo,00 XO0Oobooooooooboo,000000 BraggO OO
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Sliperconductin@
Core

Rolling and Drawing
Heat treatment

Fe Sheath

Fe sheath

Ag tube

Superconducting core

(c)

Fig.2.2.8 (a) shows a diagram of cross section of superconducting wire before
rolling and drowing. (b) and (c) show images of cross section of superconducting

wire after annealing.
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Heat treatment at 1000 °C for 20 h

Fig.2.2.9 Schematic configuration of SEMS.

~

detector

Diffractomater circle \\ S
Focusing crc
26 '
-
a
\@ X-ray source
'
1

1

cattering Slit

Divergence slit

Fig.2.3.1 Tlustration diagram of Bragg-Brentano-type diffrantometer.

ggoboooadg.

2dsinf = nA (2.3)

oooo,000000,nO00000000000D0.00,n=100001000,
n=200002000000,000000000 (hkl)D000D00OO (hkl)OODO
gogoooo.

00000 (hkl) 000000 dp DO00D0O00O0O00DO0OO0DOOOOOOOOO
000000000, XO00ODo0ooo0ooo0,0000000000006D0DODOO
O. 000000000000 0O0DOO0, 0000000000 oO0ooDgoooO do



62 O20 000000000

incidence X ray reflection X ray

interface distanced

Fig.2.3.2 Bragg’s law.

gob0,0od0dobbuoooobobbooon.
O0,X0000O0bO0bO0bOO0b0ob0bO0bO0bOob0obOoboboboboooo
ao.

F(hk‘l):ij exp 2mi(hz; + ky; + 1z;) (2.4)
j=1
0O0o0oooooo 000 NOOOOOOOOODOO,00000000000
(zj, y;, ) 000. 000 F(hk) 0000000000000 I(hk) 0000000
goooooooo.

|F'(hkl)|* = sI(hkl) (2.5)

sgogooooooobboodooooooooooboboob. bobodooooof
gobbooobobbuoooobbouooon.

gogobob,doboboboboobobbobodoooooooobobobobboboboduoooaoan
gob,0obbobobodogu,ggoboobboooooooooboob. o0, 0oooobo
goboboooboboboo,gobobbooouobbooa.

232 O00O0O0OOO0OOOO

000000*00000,00 X0000000000000000000000
000000. 00000000000000000000000. 0000000
Fig. 2.3.300 0.

0000000000000 000000000,000000000000000000000000
oo.
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Crystallite size
—>

Grain size

Fig.2.3.3 Difference between grain saize and crystallite size.

XOoooooo,ooooooooooo,00oooooooooooooooo
000000000o0o0,0000000000. 000000000000 [129)].

KA\
B,. = 2.
tscosf (2:6)
oooo,
KA\
ty = ——— 2.7
B, cost (2.7)

oobo B, .000O0ODOODOODOOOOODOOODOODOODOOD. ODODO
ggooobooooobooog.

00000 6p0D0O0O00DODOOO0OD A, 0000000006 0000000 ¢
O000ooooooooooodo.ooO0,ddn dOd t,00 te=mdOd00000OO0.

2tssinfh = (m+ 1)\ (2.8)

2tssinfy = (m — 1)\ (2.9)

A0 XOOODOOOoOO. 0oo0ooooooooooooo, (21000, (211)000
goo.
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ts(sin 01 —sin 02) =A (210)

0, + 05 Sin91—92
2 2
oodoe,+60,=20p000,000000000000.

2t cos = (2.11)

.01 —0x 010,
n —

= 2.12
si 5 5 ( )
0000 (211) 0000000 (213)000000.
A
01 — 0y = 2.1
! 2 tcosbp (2.13)

6,-0,=RB,./K 0000000000000 0O0O0O0O0O000 6,0, 00000
googd KDDDDDDDDD*2.DDDDDDDDDD,(2.7)DDDDDD.
0000000000 B, OODO,0000000000D0000O0DOOODOO
0,00000000000 byp 000,
2 2 2

obs o

233 0O0ODOOOOO

0000000000000 00000000000000000000000,00
0000000000000000000. 00000000000000000000
000,000000000000000000000000000000000000
O000000. 0000000000000 0000000000,00000000
00000000000, AMOD00O000000 dy, 0000,000 dy, 0000
000000 Adyg, = dpy -0 dpyy 0000000,000000000 6000000
oooooo.

*2 000000000000000000000000, 00000000000 B0000O00O [130],
gooooOoOoOoOoOoOoOoOOoOOOOOOOOOODOOOOO.O0ODOODOODOODOD BreODOO
00 K=08900O0O,000000000000000 K=100O0O0O.0,000000000000
000000oooooooooooooo0o0000D K=094000O0O.000,00000000
goooooooboooooooboboobooooboboobooobooobobobooDOoDbooo,
goboooooooobog.

0000 0000000000000 000000000000000000000000000
(2.14)000000. 00, Bops = Bre + boyy 0000000000000 000D0OO00ODO
ooo.
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2Adp 1
hkl
0000000000 5= Ady/0 dye D 0 AMOO0O000000000000O
gg.

A20 = —

tand (2.15)

|A20] = 2|n| tan 6 (2.16)
ugboooodaod.

000000000000000000000 B, 000000000000000
0000000 B,O0000,0000000 (217)0000000. 0000000
(218)0000. (218)00 y = Byecosh, x =sind 0000000000, 00000
000000000000,y0000000000000000000. 000000
00000000000000000000, Willilamson-Hall 000 [131] 00000
0,0000000000,000000000000000000000000000
oo.

B,.=DB;+ By = + 2ntané (2.17)

tscosf

A
+ 2nsin 60 (2.18)

S

00,(218)00,000000000000000000O0OO0DOOO, (2199000
ggooooooooo.

B,.cosf =

B2 cos® 0 = X? + Y?sin? 00 (2.19)

00O00O0,000 B,.2ecos?9, 000 sin?d 00000000, 0000000000
000000000,y0OOOOOOOOO0OO0OO0O0O0O0000. 000000000 pm
0000000000000, 0000000000000000000D00O00000O
oooo*,

000000000000000000000,000000000000. 0000
00000000,000000000 pmO00000000000D00O0000OO. Si
00D0O0D0O0 (RMS 640c, NIST) DOOODDODOOOD 41ymO000000000000O
0000000000, Fig. 2340 Si0D0O0000O0O0O0o0.

*41OumDDDDDDDDDDDDDDDDDDD,DDDDDDDDDDDDDDDD 0.005 deg. OO
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8.0x1 0_6 T T T T T
——Fitted curve
Jfammﬁ— .
©
©
| -
N
N%4nmw— o .
O
20X1 O-6 T T T T T
20 40 60 80 100 120 140
20 (deg.)

Fig.2.3.4 The square of instrumental broadening (b?) as a function of 20. Red
line denotes a fitted curve.

00000,00000000000000000000000000,000000
00 (Full-Width at Half Maximum, FWHM) O (2.18) 00000, 00000000
000000000000000000000000.

24 0000
241 0000000

OOoo0o0ooooboooo,4KO0OO00OO0O0OO00OO0O0O0OO0oOO0oOooOooooooo
Oo0o0oo (pPS11SOOU0O00OOUOOO)000O,000000000D00DO00. 0O
goboboooooobo,bboogobo,bbbo, oo boboooobbboooonoo
O000000000. 00000000000 Table.24.100000.

00000000 40000000. 00000 Fig.241000000040000
ooooboobO. 0obo20000b00ob0b0o0obooboboobL,bo0o 20000b0O
goboboboboooooooooboboboooooooboob. ooobobobbooooooobo
000000 (1Q)0000,000000000000000.40000000000

000000oooo XRboooooooooo.

*000000000000000000000000000000000, 000000000 0.15mm
gooooooooooo
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Table 2.4.1 Detail of instruments composing transport property measuremnts system.

Cooling Machine NAGASE RDK-101D
Compression Machine NAGASE CNA-11B
Turbo-molecular Pump PFEIFFER VACUUM TSU 071E
Thermal Controller LakeShore Temperature Controller 331
Temperature Sensor LakeShore silicon diode DT-470-SD-12
Current Source YOKOGAWA PROGRAMMABLE DC SOURCE 7651
Ammeter KEITHLEY MULTI METER 2001
Voltmeter KEITHLEY NANOVOLT METER 2182
Software Lab View 8.5

gooooobobobobbbooogo, bbb bbbbb0ooooUoo-
oo oobDbobobLbLbb. b, 00000 OoUooQ
ggobobooooboboooobobbooooboboboooooboooobobooon
000. (220)0,(221)000000000000000O0O00OOOO, 000000
00 V,0OOOOo0ooOoo0o0. 000000000 0ooooooD (222)000
0000000o0o0o0oooUooooo. (223)00000000O0OO0UODO ()OO
00 (S)0o0D0ooooooooooo

V. =IR+V,00 (2.20)
V. =—IR+V,00 (2.21)
Ve —V_
_ =V 2.22
R i (2.22)
RS
p=" (2.23)

oboobo,b0oocobboob 400b00b000b0obobooobobo. boboooog
gobboooboboooboboooob,bbooobboooooobo,boooboo
ooobooooooooobD. b00Dbobo00 Fig.241000.

bbooboobobgdgbbooobodobbooboobbooboooobog,ad
0o0ooo0ooo,000000, Te(onset), Te(zero), Te(middle) 000D O0O.
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Au wire o o o -
A / /
<—V -
Z ¢ % ;/
/ I
|_| (@) (@) ’Il (@) (@) | Ag paste

Double-stick tape

68

Fig.2.4.1 Tllustration diagram of four-terminal method.

242 000OO0OO0O0O0OOOO
0000000 Te(onset), Te(middle), T.(zero) DO O ODOOOO. O0OO,0000
ggooboobooooooooboobodoooon. oo oobbooooog

000 Fig. 242000,

&
>
k%
4
o T(onset)
\ T.(middle)
0
Temperature

Fig.2.4.2 Difinition of T.(onset), Tc(middle) and T.(zero).

243 000O0O0OO0OOO (Transport J.)

goobobobooogogoobooobbdoooooooobb. oooobboobboooaon
040000000000.

1. 004000
2.0000000
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. 00O0nooobon
4. 03000000

oobob00o0obOobobOOobOOoobOobo0obOobD 40000000 . DbOoDbDDbOODO
0000000000000 Transport J.OODO . Transport J.OOOOOOOO, O
ooooooooooooooooboobooboo40b00b0,0b00D00obDOobDOooDOon
000 20000000000.000000DO000DOD0O0ODODO0ODLDO0ODbDO0ODbDOOD
0,00000000000000000000 1xV/emO 0.1 pV/emOOOOOO
ogd .

000000000000 1uV/emOO0O0O0O0. 00I-VOODOTO 15TO
gooboooooboboo, bbb bbboooU. oo, bboboobDbbUoOon
ggobboooobobboooooobbooooboobooooooo.

25 0000

251 O0ODOOOOO

goodooooboboobbotbodooooooobobb,ob0bbbbbbbboooooo
ggodooooboooobooo,bbbboddoooooooboboobbbobodoooooan
0000000000000 [132.00000000000000*. 00000000
HEN

B = po(H + M) (2.24)

0000000000000oo (22)00000,00000000000000
O0000000. 0000 (2260)000000,0000000000000 x=-10
ogd.

M=-HOO (2.25)

x=M/H (2.26)

1280000000, 000000000 DODOD0O0OLODDbDOOO0ObObDUOUODODDbOOOn,
gobboooooooboo—=4b0bbooooobbooooboboboooooboboo. O
g,00o0boobobobooooodddddddgogg, b OoO

*00D00D000D00D0000D00D00DODODd.
*0D00 MKSADOOODOOOOODO. CGS-Gauss 0000000000 ADO
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Meissner Meissner _
=1 state S 4 state |  Mixed State
A A
W N)
HC H HCl HC HCZ H

(a) (b)

Fig.2.5.1 (a): Magnetization (M) versus magnetic field (H) for type 1 super-
conductors. (b): Magnetization (M) versus magnetic field (H) for type 2 super-

conductors.

000000. 00000000000000000000 M-HOOOO Fig. 25.10
00 [133). 000000000 (226)000000-100000000. 000000
000000000000.

000000000 M-HO000000000000000000000-100000
00000000. 0000000000000000000000000000000
0000000,0000000000000000000.00000000000,0
000000000000000000000000,000000000000000
000 %00000000000000000000. 00000000000000
0000000000.000000000000000000.

00 (M-HOD)

0000000 = x 100 2.27
iLNGEEEEEED % (227)

ooo0oooOdooo0o0 M-HOOOOOOO,00000D0O0O00DOOOO.

252 000000 (Magnetic J.)

O00000C0000OO000DOO0O0DOO Magnetic J.OODO. OOODOOOODOO
gobbobobooooouobobobbboooooobbbbodoo. bbb ob o
000 Transport J. OOOODOOOOOOODOO. OOOOOOODO Transport J. OO
gobobooooobuooooobobooooboboooobbboooobbooooobo
gobobbobodo. bbbt obbbbooooobDbDbbuoooooub o
OO0D00O000D0O0O0O0. 0000000 Magnetic /. OOOOODOOOODOODOO
000000000000000 BeanOOOOOOODODO [134-136].
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2.5.3 Bean model

gooobobobbodoooobobbbbodooubn. bbb bbbooooo
gogoboooooobooooboobuoo. oo, obbooobbbooo,0bboOog
gogooouoooooooob, g ooooooouooo,ooooon
gooobobobodooooo. bbb bbb bLbbooooo
ggoododooo, ool oououuLoL, oo LoQ
00000. 0000,00000000000 J,000000*. 00 J,00000
gooobbobobodoooooobbobbdoooobobbobooo. bbb booooo
00000000000000000000000000000*. Fig. 2520000
gooooOobooooobOOoboOooobOobooooOobDOobOo,0o0D RObDOObOOO

Oo0ooOOo0o0oboOoOoOoooO zooooooooooooooo

gg.

oooUoo0oooooooooooooUuoOo J(r), 0000000 B(r)ODOO. O
0000000000000 00oooooO, (228)00000O0OO.

4
B=—JO
VX 10

(2.28)

J(r)ODOOO,B(r)0 z00000000000,000r0000000. OO

B
Gradient (- 4rJ_/10) B B
A
N
(0] (Ve > 0 > 0 >
~ N~
Gradient (4. /10)
(@) Increasing H (b) Decreasing H (c) H=0

Fig.2.5.2 Magnetization process for Bean model.

¥ 00000000000000000000000000000000, 00000000000000

goboooooobobooooooon.

*9(2.29)00 Bean 00DO0DO0OO0OO0OOOD, 00000000000 A/em2, 000 Oe, 000

VOOOOOOoOoOoOoD [134]. 0000000000000 00000D0

O.
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00 (229)00000000000O0O.

dB(r) _ 4w
dr 10
doodooooobooooooooooooooooooooooooooood
gobooouooo, oo ooonoooo. gooo, d
oo0oo0O J.OOOo. 0ooOooboooooboobooboob. bobgooo,ooad
doddoodoooooodoooooooooooo. oooooooooooad
OO00000000DO0O0,BeanODOO00DOOO0OOODOOODO,0000 J.O BOO
Jdoddoddoododoodo. boobooboobooboboboooooooa
0o0o0o00odpooooooooo J.oooooooao.

J(r) (2.29)

dB(r 4

di):il_OJc (2.30)
0000000000000 0DO000O00 300000000, 0000000000
gobo,0oooooooouoooooo JCDDDDDDDDDDD.Fig.2.5.2(a)|]
gooooooooo, 000000 oooooo. 0obobooooboooo
0000000000000000000000000 (a)D000oo0oDDODODOOO
00. 0000000000000 DO, (h)0ODOO0OO0DO0O0DO0D00DOD0O0ODOO0ODDOOO,
00000000000 (e)0D00OO0O0ODOUOOODOO. ODOODOODOUODOOO
O, 0000000 oooobooog. oo r00ooooboooo

0(231)00000000. 0000000000000 (232)000000.

—J.(R—7) (2.31)

4rM = B — HO (2.32)

AdrM = —27 B(r)rdr
0

=—J.R (2.33)

M= - (2.34)
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000000000 (234) 000000000, 000 DOOOOOOOOO.
Fig. 252000000000 2000000000000 00000,0000000
000000D000000000. 000 My,00000000000000 M, D
0oo, (23500000000,

AM = Maown — Mup

JeD
= 2.
30 (2.35)

AMODODOOODOODODOODODODOOOOO0DOOODODOOOOO00.00DD0D0000,00
0000 Magnetic J.OOOOOOODO,0000000000000O0O, Magnetic J.
goooboobododgo. bbb bbb bbbooooo
o00,00000 M-FOODOO,000000000D00DO,0000000D00O0O
gooo.

254 00 Bean model

BeanJOOUOOOOOOOO (235)00000000000000 [137]. Fig. 2.5.3
goodooboboobbboooooooooobobobobobo,bbbbbooooog
gogoooooon.

Fig.2.5.3 Illustration diagram of extended Bean model.
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000 Lt00000000000000O00DOO. Oo00ooOooobooooogooon
gobobooooobooooooo.

oo = (2.36)
h
p = 2.
Jez = o (2.37)
00 kO /2000 Ja/Je O 1/t00O,

Jcl thl

AM = — 2.
20 ( 3lch> (2.38)

00000000. 00000 BeanOODOODODO.
00 (238)00,J; =Jep=J. 000 1=t=D0O0O0O,

J.D
30

0000,00000000000000000000 BeanOOODOODOOOO
(235)000000. 00000 (243) 00000, Magnetic J.OOO0.

AM =0

(2.39)

Je,

-5 (2.40)

OO000D00D000O00 Magnetic J. O Transport J. OOOOOOOOOODOOOO
Oo0000O000Oo00OOo0U0DOoO0OoOo0. ODoooo0oUoooOoooooooOooo
OOoo0o0oOo0oooodooOo. ooobooooooooooboooobooooooo, J.0
Oo0000000oooooooooooog.

AM =

26 J00Ooooooooon

00000000000000000,0000000000000000000
O [138). OO F,=J.BOO,

F,(T,B) = Fyo[l — (T/T.)*|™b"(1 — b)° (2.41)
J(T,B) = Joo[l — (T/T)?™ "B "1 (1 —b)° (2.42)

byO0ODOOOOOO00O0O000,b=B/B,0b=B/B;,, 00000000 [139,140].
b=B/B;,, 000000000000000000000,000000000000
000000000,0000000000000000000000
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0D000000000000000000000000000 1974 00 D.Dew-
Hughes 000000000000 [141]. Table. 2.6.1 0000000 %0,

Table 2.6.1 Pinning funcrion. [141]

Geometry of pin | Type of center Pinning function vy |
poSy HZ (1-0)?
Normal 5.31%2 0 |2
Volume
Ak 2.67xK3 L
Sy HZbY2(1-b)?
Normal Fo C24/4;2 (1-5) 1/2 | 2
Surface
SyHZAb2(1-b)A
poVy HHb(1-b)?
. Normal 164,12 1 2
Point
MonH022b2 (1—b)A/€
AR 2320157 2 11

0o0ododoooooo, 000000000000 ogoooooooooo. Vol-
mume, Surface, Poing 00 000000000000 O0O0O00OO0O. Point O 0OOO
000000000 000o0oDOoooOoD,00D00o0DOooo0oo0o0d. Surface 00O
000000 100000 2000000000000, Volmume OOOOOOGOOO
030000000000D00D000. OO0, Normal DO0OD0OODOOODOOO,00000
0000OO0D0D0oo00oooOoDOoDooo0, AkO0 GLODODODODODODODOOOOODOOOn
doooooob. ooboooooooooooooooo,0onoboooooooon
0000000, GLOb0D000d0D0DD0OO00OooDoODO0. kO00D0D0OD0DOOOODOO
000000 Ak00000. DO00000D000000O00DO0DO0ODODODOODOODO. O
00000000, Noermal OOOOOOODODOOOOOODDOOOOO T.O0000O
000000000do00o0DoO0, Akd0000DO0ooooooOoooooooog T.0
goooooobooobooot. oouooooooooooooooooouoogad
O00000000000O0O0OooOd. Table. 2.6.1 O Pinning function 00 0000
ooooooooog, (241)00 v, 000000000000 O0OOO0OO. OO

*10 D, Dew-Hughes 0000000 MKSAOODOOO.
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dooobooodoooboobouooooboooooooooooboouooooa
00. 00000000oo00oo0oo000,b=B/B.,0b=B/B;,,, 0000000
00,00000 b= B/Bme; 0000. Bpae 0 J-BOOOOOOOO Fp-BODO
O00D0000000000D00ODODO0O00000000D, 00 Bnre: OOOOOO
B0 B, 000000000000000000000. 00, Bpe, 000000
0 Scaling function 0000, f(b) = ?(1-p)° 000000000 [142,143]. 0000
0 Scaling function 0 00 00O

f(b) = C167 (1 — Cob)° (2.43)

00000000000, f(1)=100 f(1)=000000 C;0 C,0000. 0
0000000 f(b)O Table. 2.6200000.

Table 2.6.2 Scaling function.

Geometry of pin | Type of center Scaling function v |0
Normal — 0 |2
Volume
b
Ak 20(1 — 3) 1|1
2571,1/2 b\2
Normal Eb / (1 — 5) 1/2 | 2
Surface
91,3/2 5b
Ar 2p32(1 —3) | 372 |1
9 b\2
Normal Zb(l — §) 1 2
Point
2 2b
Ak 3°(1—-%) | 2 |1

27 0OO0O0OO0OO0O0O0O
271 0O00OO0ODDOObDOObOO

Electron probe microanalyzer (EPMA) 00 0000000000000 0OO0OOO
OO0,000000000000DOO0DOCO00DO XO,0000,0000,00000
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Electron probe Dispersive crystal

Cathodoluminescence
Continuous X-rays

Character X-rays
Auger electron x
Secondary electron

Reflection electron

Detector

Fig.2.7.1 Tllustration diagram of principle for EPMA.

OO000DO00O0o0000O0dD. o0 XOdoooooooooooooooooooo
00000,0000000000000000,000000000000 [144). XO
O000b0O200000000,10000000 XOOOoOo,000000b00DbDOoO
o0 XOOOoooob. oobooboboboooooooobooboboooboooo
ogd.

e O0UIUO0ODLDOOOOL,DDbOULOULDDLDUOOUOLDDLDbDOUOOD.
e 00U O0ODLDDOOOODLDOUOOUODLDOOOUODLD.

e JO000IDODODDODOXODODDODODODODOO.

e P/BOUOD,000000O00OUOOODODO.

000o0o0oboo0o0o0o0ooooboooDo0ooooooo, Fig. 2710000000
oo.

00000 SmFeAsOg g2Fgos 0 80000000000 Electron Probe Microan-
alyzer (EPMA; 00000 EPMA-8705) 000O0O0O. Fe, Ni, Cr, Cu, Ti0O Ka O,
Ag, Sm, As, Nb, Tal La00000000000000000000. Fig 2.7.20
O00,000,0000000000 SEMSOOOOOOODODODOODOOOOO. OO,
00000000, SmFeAsOg goFgos 0000000 O0DODOOOOOOO 0.3 x 0.3
mm?0000000. 000 Fig. 27200000000000000. ODOOOOO
00, Fig. 27200 0000000000000, 00000000O00000O00O00A0O
O00. 00000Db000, Fie.272000x0000000000000O. OO, O
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Sm-1111 area

Sm-1111 area Sm-1111 area

Reaction-layer area

Fig.2.7.2 Schematic configuration of SEMS. (a) Samples before annealing. (b)
Cu, Fe, Ni-SEMS. They don’t have a reaction layer. (c) Ta, Nb, Cr and Ti-
SEMS. These samples have reaction layers. The black region is composed of the
polycrystalline of SmFeAsOg.92Fo.0s and the gray region corresponds to each
metal. The blue square and the green line indicate the area of the EPMA mapping
and line scan. Red christcross denote regions of the quantitative analysis.

000 SmFeAsOg g2Fp0s 00000, 000000000000000000O0DOOO
0,000000000000000000000000. OO0, Fig.2.72(c)0000
SEMSOOO0OD0DDOOO00O0OxO00000000000000000000,00000
00000000000000000,0000000000000000O0O0O0O00O0
0000,0000000000000000000000000000. 000000
0 Ag/Fe0000000000000O0DO0OO0OOOO.O000,0000000000
000000000000 Ag0O00O000OO0O000. 000000000000000
000 10 pgm?000.
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SmFeAsO_,F, 00000000
000000000

3.1 00000

gogodoooboboboobobododooo,boooooobobbobbbbodouoooon
0000000000 [145-148). OO00O0ODO0OO0O0O0DOO0O00DO SmFeAsO;_,F, O
ggoooooooo, oo og, bbb OO
000 SmFeAsO,_,F,0000000000000. 00,000 ex-situ PITODODO,
SmFeAsO,_,F, 0000000000000 D0O0OD0OO0OOO0OODOODOODOOODOOOO
0,2120000 ex-ste PITODODOODOODOOOOODOODOODO,0000000O
ggooboogobobooooooboooobooooag.

3.2 00 SmFeAsO O 0O O

0000000000 SmFeAsOOOODO. DO00ODO0DOOO0ODOOOODOOO, O
gogooogoooo, oo ooooooobooo. oo
SmFeAsO O LaFeAsOO OO0 150 KOODO0OO0OD0OO0O0OO0OO0OOOOO. LaFeAsO
00,0000000000000000000 1.3.100000. SmFeAsOOODOODO
00000000. Fig 3.2.1 (a), (b) 0 SmFeAsOO D OO0 XRDOODOOOODODODO
0o0oOodoOoOooo. 400KDOOoODbhooooooo,0o000b0o00oo0ooooo
000 XRDOOOOOODOOOO. oooooDobOoo0o0ooooooooooooooao
goodooodoooooouou, oo oooo. gouoooooooa
0000b0o000oDbOo0. Fig. 3220000000000000,000000000
ogoooooa.
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Fig.3.2.1 (a): Temperature (7') dependence of SXRD patterns of SmFeAsO.
The vertical bars represent the calculated positions of Bragg diffractions at 30
K. The arrows denote Bragg diffractions of (322) in the tetragonal phases [124].
(Y. Kamihara et al.) (b): *"Fe Mossbauer spectra of SmFeAsO at several tem-
peratures described in the figure. The solid lines are the fitted pattern [124].
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Fig.3.2.2 Phase diagram of SmFeAsO in terms of x and temperature [124]. (Y.

Kamihara et al.)

X

321 O00OO0OOO0OOOOODODOOoOoOn

SmFeAsO DD ODODO0OOD0DOODODDOOOD,000000000D00 Fig. 3.23000.
goodooobobooobbboooooodd, Db bbbbbb00ULoUOo-
ggoooobobodooooooboobob. oooobbbboooooLobbbboooon
O.r=00400,0000000000000DOD0O0O0O0D0OODOODODOODODO,
oo0b00o0obooooDbooobobo0. 00 z=00400000000000DO0O000ODO
O0000.00,00000000O0nset00000000, 00000000000
oobboooboboooobo. z=0030000000000000O0O0O0O0O, 0O
000000000000 000000000. 00,00000 SmFeAsOODOODOO
gogobboooobbboooobb,bboooobb.
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Fig.3.2.3 Electrical resistivity (p) of SmFeAsO;_,F, as a function of tempera-
ture (T') for various z [124]. (Y. Kamihara et al.)
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322 0O00OODODOOODOOOO

SmFeAsO DO OO0DO0OO0OO0O0OO0OO, 0000000000 0DO0OOO0OOO. OO
O~ 0000000 2000000000000000,000000000000. 0
0000000000, Fig. 3.240000000000000 ReFeAsOO OO ODOO
000000, 00000000000000000. 00,000 (High pressure: HP)
00000 SmFeAsOg g5 0000 (Ambient pressure: AP) 00000 SmFeAsO OO
000000000000 Table. 3.21000.

05 e ReFeAsO
L . Re=Nd NEFeAsSU, .
+ Re=Pr
0-4" v—Re=Ce
Re =La

=
w
|

Resistivity p (mQ cm)
(= =
- N

0.0 .
20 25 30 35 40 45 50 55 60 65
Temperature (K)

Fig.3.2.4 The temperature dependences of rersistivity for the nominal
ReFeAsOyg. g5 sample [39]. (Z. A. Ren et al.)

Table 3.2.1 Experimental data for the nominal SmFeAsQOg. g5 superconductor
and the undoped SmFeAsO compound [39]. (Z. A. Ren et al.)

a (O) c(d)  T.(onset) T.(zero) T.(middle)
Sm (HP) 3.897(6) 8.407(1)  55.0 52.8 55.0
Sm (Ah) 3.933(5) 8.495(3) . ] ]
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Fig.3.3.5 Williamson-Hall plots for the powder of SmFeAsO and
SmFeAsQOp.92F0.0s. Each colored line denotes the best fit straight line.
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Fig.3.3.9 Lattice parameter of a-axis versus c-axis for as grown sample and
resintered samples under different heat treatment conditions described in the
figure.
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Table 3.3.1 Superconducting volume fraction for samples.

sample O O superconducting volume fraction
as grown sample 68 O
as grown powder sample 34 0
resintered sample at 900 °C 60 O

OO00000. 000000000000 000 Table. 3.3.100000. 000000
asgrown D0 0O0,90°CO4000000000000000000,000000
0*00000000000. 000,000000000000000000,000
goodooo,0ooooodddddd00UddU. o oUOod
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goooo,b00oooojiU. oo o™
000000,8%0000000000000000000O0O0O, 000000000
OO0oo0oooooo. oo,90°Ch400000000000D000O0 33200000
O0o00ooooo 3% o00000. 000 M-HOODODODODODOODODOODOOOooO,
gooooobbbobobobd,asgrown U0 0dooooooooog. oo, 0o
0000000060 %,34%000,00000000000000. 0000000
ggoobobooooooobobod. obbobboooooobobbooooon
000000000000 0000D000D0. ODD0DO0O00,00000000 10 Oe
gogoooobooooobooo, bbb ooooobobobbbooodoooon
ggobooogoooobo. oo, gobboodboobobooooboob,b0oo0oobooboog
oo obobbobobobobobob. bbb, 000U on
00000000000000,00000000000000000DO 34% 0000
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sample).
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Table 4.2.1 T.(onset), Tc(zero) Tc(middle) and R(300K)/R(25K) for as grown
sample and resintered samples with different amount of SmFs + FeAs binder.

Sample  T.(onset) T.(zero) T.(middle) R(300K)/R(25K)
as grown 54.0 K 31.3 K 473 K -
5 % 42.6 K ; 41.0 K 1.09(x 10%)
10 % 51.6 K - 50.0 K 368
15 % 54.3 K - 52.7 K 22.7
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Fig.4.2.3 XRD patterns for as grwon sample and resintered samples with dif-
ferent amount of SmF3 + FeAs binder. Bottom bars indicate Bragg diffraction
positions for SmFeAsQg.g2F0.0s. Each colored arrow denotes impurity phase
described in the figure and is placed on the impurity phase which show bigger

intensity than the impurity phase in as grown sample.
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Fig.4.2.4 Resistivity (p) versus temperature (T') for as grown sample and resin-
tered samples with different amount of SmF3 + FeAs binder. Inset shows an
extended figure from 25 K to 60 K.
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Table 4.2.2  T.(onset), Tc(zero), Tc(middle) and R(300K)/R(25K) for as grown
sample and resintered samples with SmF3s + 233 binder under different heat

treatment conditions.

Sample  T.(onset) T.(zero) T.(middle) R(300K)/R(25K)
as grown 54.0 K 31.3 K 473 K -

800 °C 50.5 K 23.1 K 48.0 K 4.46(x 10%)
850 °C 93.3 K 26.3 K 52.1 K -

900 °C 55.2 K 425 K 53.6 K -

950 °C 52.7TK 42.7 K 1.8 K -
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Fig.4.2.5 XRD patterns for as grown sample and resintered samples with SmF'z
+ 233 binder under different heat treatment conditions described in the figure.
Bottom bars indicate Bragg diffraction positions for SmFeAsOqg.92Fo.0s. Each
colored arrow denotes impurity phase described in the figure and is placed on the
impurity phase which show bigger intensity than the impurity phase sn as grown
sample.
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Fig.4.2.6 Resistivity (p) versus temperature (T') for as grown sample and resin-
tered samples with SmFs + 233 binder under different heat treatment conditions
described in the figure. Inset shows an extended figure from 25 K to 60 K.
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Fig.4.2.8 Williamson-Hall plots for resintered sample and resintered samples
with binder under different heat treatment conditions. Purple line denotes the
best fit straight line for resintered sample at 800 °C. This data is also shown in
Fig. 3.3.11. Blue line denotes the best fit straight line for resintered sample with
binder at 800 °C.
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Fig.4.2.9 Williamson-Hall plots for the bulk resintered sample and resintered
sample with binder. Each line denotes the best fit straight line.
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Fig.4.2.12 Magnetization (Mpo1) versus magnetic field (H) at T = 4.2 K for as
grown sample and resintered samples with binder under different heat treatment
conditions described in the figure. Inset shows an extended figure from 0 Oe to
8 Oe. Each solid line on the symbol shows the best fit straight line at H = 0-8
Oe. The dashed line denotes M,,,; of the perfect diamagnetism.
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Table 4.2.3 Superconducting volume fraction for as grown sample and resintered

samples with binder under different heat treatment conditions.

sample  superconducting volume fraction

as grown 68 0
800 °C 40 O
850 °C 54 0O
900 °C 100 O
950 °C 36 O
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Fig.5.2.1 (a): Optical image of a transverse cross-section of the wires after heat
treatment [126]. (Z. S. Gao et al.) (b): Optical image of a longitudinal cross-
section of the wire after heat treatment [126]. (c): Temperature dependence
of resistivity under magnetic fields up to 9 T for the SmFeAsOq ¢5F¢.35 after
pealing away the Ta sheath. Inset shows the temperature dependence of H.2
and H;,,. determined from 90 % and 10 % points on the resistivity transition
curves [126]. (d): Magnetic field dependence of Jc at 5 K for a bar and powder
of SmFeAsO; _,F, wires [126].
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Fig.5.2.2 (a): Temperature dependence of normalized resistivity for the poly-
crystalline SmFeAsQOg.7Fo.3_s wires. Upper inset show details near Tc. Lower
inset shows temperature dependence of DC susceptibility for the polycrys-
talline SmFeAsOq.7Fo.3-5 [120]. (L. Wang et al.) (b):
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Transport critical
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Fig.5.2.3 (a): XRD pattern of the polycrystalline SmFeAsOq.¢5F0.35 after peel-
ing away Ta sheath [126]. (Z. S. Gao et al.) (b): XRD pattern of the polycrys-
talline SmFeAsOg.7Fo.35_s after peeling away Ag sheath [120]. (L. Wang et al.)
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Fig.5.3.1 Resistivity (p) versus temperature (T") for superconducting wires un-
der different heat treatment conditions described in figure. Inset shows extended

figure from 0 K to 50 K. Dotted line shows zero resistivity.
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Fig.5.3.2 Resistivity (p) versus temperature (7T") for superconducting wires un-
der different heat treatment conditions described in figure. Inset shows extended
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Fig.5.3.3 Resistivity (p) versus temperature (7' for superconducting wires used
Ta and Nb sheaths under different heat treatment conditions described in figure.
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SEM Image

Fig.6.2.1 SEM image for each SEMS and cross sections of superconducting wires
with Ag/Fe sheath.
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Fig.6.2.2 EPMA area mapping of metal for each SEMS and cross sections of
superconducting wires with Ag/Fe sheath.
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Mapping of Sm

Fig.6.2.3 EPMA area mapping of Sm for each SEMS and cross sections of su-
perconducting wires with Ag/Fe sheath.
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Fig.6.2.4 EPMA area mapping of Fe for each SEMS and cross sections of su-
perconducting wires with Ag/Fe sheath.
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Fig.6.2.6 EPMA line scan for ccross section of superconducting wire with Ag/Fe
sheath. The colored lines indicate the each emission spectrum described in figure.
The origin of the horizontal axis was defined as the position in which Sm intensity
approached to zero, and the vertical axis was normalized by the average of Sm
intensity around the center of SmFeAsOg g92F0.0s.



6.20000 145

Mapping of As

Fig.6.2.7 EPMA area mapping of As around the boundary between Ag and Fe.
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Fig.6.2.8 EPMA line scan for Cu, Fe and Ni SEMSs. The colored lines indicate
the each emission spectrum described in figure. The origin of the horizontal axis
was defined as the position in which Sm intensity approached to zero, and the
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Fig.6.2.9 EPMA line scan for Ta, Nb, Cr and Ti SEMS. The colored lines indi-
cate the each emission spectrum described in figure. The origin of the horizontal
axis was defined as the position in which Sm intensity approached to zero, and

the vertical axis was normalized by the average of Sm intensity around the center
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Fig.6.2.10 Quantitative analysis of Sm-1111 area for each SEMS and supercon-
ducting wires with Ag/Fe sheath. The result of Sm, Fe and As normalized by
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Table 6.2.1 Composition change in supercinducting core for Cu, Ta and Nb
SEMS and superconducting wires of Agl and Ag2.

Metals Sm : Fe: As

Agl 1.0 : 0.88 : 0.81
Ag2 1.0: 0.88 : 0.76
Cu 1.0: 1.0: 1.0
Ta 1.0: 0.97: 0.91
Nb 1.0: 0.93: 091
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Table A.0.1 Unit conversion (CGS-Gauss/MKSA).
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