<
S
we)
gl
@)
S
(@)
M
I
i
I
H
>
o
r
rx
H1
Jm
0z
(=]
=}
pall
fr
o
o
Z-I_l
N
=
J\e)
e
09

Ol=tl, 2id=. Raid
MNEistn NMEZsiE

Effect of Ca-doping on the superconducting properties of Nd-Ba-Cu-O bulks
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Abstract

The effect of Ca-doping on the superconducting properties of Nd-Ba-Cu-O bulk superconductors, fabricated by the
oxygen-controlled melt growth process, has been systematically investigated. Various c-axis textured bulk samples
were grown using precursors with the nominal compositions of Nd;3<Ca:Baz4Cu3;40y (x = 0.00, 0.02, 0.05, 0.10,
0.15) in a reduced oxygen atmosphere of 1%0; in Ar. Magnetization measurements revealed that the critical
temperatures(T.) were almost linearly depressed from 95K to 86K with increasing the Ca dopant from x = 0.0 to
0.15, respectively, and thus critical current densities(J;) at 77K and for H//c-axis of specimens were gradually
degraded with increasing x. Compositional analyses revealed that although the amounts of the Ca dopant both in
NdBa;Cu;Oy(Nd123) and NdsBa;Cuz010(Nd422) were increased with increasing x, only less than half of the initial
Ca compositions were detected in melt-grown Ca-doped Nd-Ba-Cu-O bulk crystals. The supression of T, is
attributed to an increased Nd substitution for the Ba site in the Nd123 superconducting matrix with increasing the

amount of the Ca dopant.

1.4 &

YBa:Cuz07-5(Y123) 2AEA L dd Y Aed
ZIAEFYA(LRE: La, Nd, Sm, Eu, Gd)7} X
$E 2AEA = LRE1+xBas-xCuz0, Fe9 1144
2 AP} o] w 379 LRE®* o]go] 2719
Ba?" &tele A&l YALE(T)7F ZAacH(1).
F71FAM 2 Al S8R AU S A xd
H EL2 dAXEE 7 4E9 LREBa:CusOy &
AZAE Ax37] g8, 2 F83 o]F+ o] T
AZY L2 LREZ Ba Agld #Yoz x3He
A4S WA S7] ojH7] dEeltt, ofd W] Yoo ¥
(2,3]2 @& 44 Bt Ha 2AEAE 2|23}
A olglg XS FHHZ AATY F JSE HA
F99d. =& LRE-Ba-Cu-0 d¥3 zATZAE
Y-Ba-Cu-O I} o] A 2730 &3t u]A
ZF AlskA] gole FF2) LRE-Ba 114 40
74 A% A (flux pinning site) 2 & zZH&-3}o
AL 2ol LEHoz AxF S
Y-Ba-Cu-O 832 ZALA 2o} x4 g J,
#HE°l wL HAZWIE Holm HZIEAR
(irreversibility field) = 348 % Huslych

S HA A 84S YA J o 22 2A

B4 2 AdstEE w80l Al&H1 Y. o
23 Ale2e Bt F3AQ A nZZE Mdste
Aol FH Tl Hogu o] wie) 7ol &
2 S AT B o] 1232 HTA AN T.E
Z2F 9 AL = UoE 23T B4 A A4
Al 4L & 4 glemz tekd AT AEH T
Ut Ag7Hx] Eu9 T, 333 3dE dF+E73EL
F2 ol Aol A9 HAF A Fst= W 9
g Ao, o & 98, LasSrxCu048] 2% Sr&
Lacl &l T & &FAZ & AN (4), Tt
80K YBazCusOs(Y124)9l 10at%Ca’*x3d
Y0.9Ca01BasCus0s 2AEA N T & 91K7HA &
7 = AT (5). o] AjEY FAA FHHEH
ATE Ca?t e Y319 o] wAF u|s&stm BaltB
e A 27 w2 Baltaelrt vitaels
Xgate Aoz dAEn Jgou Caltrt Y Aew
&A= Gk (6], o8 T.o 7k
25 3719 ool Ao 271e] Foleg HIIgo R
A 22 A=A AUEAZ <A E(hole)d
TEE F7HE F 7] WEelgkn E3A U o
o} ol 2 g4 ZHA F2T 123 ZAEA
9] Afox Z} ool AT E TE 9AZ AFAA
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T2 Br} Fdlgie B2 go] slo] sxvt A 714
AF3AQA A= ofF Raud B Utk o B9,
YBaxCusOrs  &ZAGME Y3 A Ca®* g
20% A SRS u Tex &F 80K=E Zasted, 34
A BA8E 29 B4 ARE Ca?teo] Y AYwS A
frettkn BaEo] glou o]&o} gTH(7].

E Addq d7¢ NdBazCusz07-s(Nd123) &
AAe A= Cad HII AF Tt Zadte A
o2 HuHo| ri(8). 22} o] Bio) WE2H Ca
g ArksiAl ge A$d= T} 92.5Ke2 ojn]
Yoo 5(9)o} @& AtA Bt £§THL 53
Nd-Ba-Cu-0 ¥3a ZAZAZE A Z3H Nde Ba
A%E IRFoz JA T AF AE F e HuypY
96Ke| Tcoll wla] €53 R Folth. oA 7]
FollA 38 AZd A AlEE Az F$ Nd
7} Ba AElE 4% A¥He RS A F 95T
vebdny, webd &893 e o8t Cart HUE
Nd-Ba-Cu-O ¥Z ZALAE Azl Azl
I A 2AE BAE ¥ Aol u$- vl
I AZAERT, £ o} olo] gt B3yt gltke= A
o] ¥ dATE FAAE Froltt. YT FFHo=
2 dAFdMe 92 Ah BotedA  £83F
(oxygen-controlled melt growth: OCMG)&
Sdlc-%o2 W Nd-Ba-Cu-O 83 23 |
2% ¥ ST Ca H7bo] Alzxd Ha AR 24
T EAd Al 9&E AAFor FHstnat d
o},

2.2 E
2.1 AUy

&% 99.9%9 Nd203, BaCOs, CuO,
CaCO3% za9ge AL&-8lo
Nd; s-xCaxBaz4Cusz 40y (x = 0, 0.02, 0.05,
0.10, 0.15)Y 943 27124 & 7IAEE Ca
E A7 F 2 4 & 98y 850
TAA 33 stastd FFAFL I, stad
2o wx 0.2 tonf2 42AHIL I} IF,
2tonf2 YA LEEL A, FAE <

Intensity (a.u.)
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Fig. 1. Powder XRD of as-grown samples at
Poz=0.01atm. (a)x=0, (b)x=0.02, (c¢)x=0.05, (d)x=0.10,
(e)x=0.15 in Nd,s.«CaBaz4Cus 40y,

20mm, F7 20-25mme AIABE A 2lx
EolA &gHe2Z Nd-Ba-Cu-O 83 23
S AR, o] u 4Akh Bkl A& 93
1% Oz + Ar EF 7t12& 9. ¥=2 2
Aol AL M #HA ALz 2&F
1100C=E 7193t 308 AT =ZA Nd422
of Ao WEFAE YAH4Y F, 1040TCT=E 1A
ol 4% =& Jgla, A 1000C7HA 1T
/hel ¥z &x=2  MuysidHA  Ca-doped
Nd-Ba-Cu-0 ¥3a 2AZAZ A XA, Y
Z AFE 93 I A=FHE F3 Cast
HAMHA & ANHE 8 AxsAc. 474E
HAa AHES 4L FYE Szt &3 A
V25 EEFH 600CAA 300TCe &2 T3¢
of X 96AI1ZF F<F Mlst A2 sich

2.2 X-d 3# 24 21

AR TdA AH FolAM 9 H3 AR L
AF 3 B3t X-4 Fd BNE 3} AHE
a9 1o JeERIRTH. oo JeEhG uhel ol
AEE 25 Nd123743F Nd4224o2 FA4H
o 9la, BE AWM Ca H7Ed e t&
olatd e AAAHA EUeS ¢ F U,

2343 239 =d =4 &3

1% O2 + Ar E7l2clM Ztzte) Ca M7}
FS 2 3t AR Hz FARY xS
EPMA®] 9lg] #48 ZAE F 1o Jehid
t}. ofefe] EPMA ¥4 A& HH H7I3 Ca
o] Nd12343 Nd4224d 25 x3}E o] &
e AL & & U9, BMA RE 2AAA
Nd1237%3 Nd422%3dM HAE=HE Cad &%
o] 7] &AM HolFE dro F93 FSE
d F gtk & d2 ¥ 19 x=0.029 A4S
AW B, 271 29 EAFE Cad %
0.020]t}. 28] EPMACA HEHE &g A
2Hg B NA123739 0.0063 Nd4227eA
EvlE mEd 29 0.0036(=0.009x0.4)9
&9l 0.0096°]tk. =, 7] ZAAA Hol&

Table 1 EPMA results for Ca-doped Nd123 samples
melt-processed under Po;=0.01atm.

X Phase Nd Ba Cu Ca
0 123 1.14 1.92 293 -
422 4.20 1.82 1.97 -
0.02 123 1.15 1.95 2.90 0.006
422 4.20 1.87 1.93 0.009
0.05 123 1.14 191 2.94 0.013
422 4.10 1.90 1.94 0.058
0.10 123 1.11 1.92 2.94 0.029
i 422 4.09 1.89 1.97 0.050
0.15 123 1.11 1.91 2.93 0.048
422 4.06 191 1.95 0.076
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Ca®l ¢ Autwto] AJHoA HEH2 le Rl
o @¥ Ca®l H7bFo|l S7tdsE Nd1239
Ca &Rl F7tsty ol & Gol W& Al
Aoz 2o A¥H 1 gle Wl Ndo #F
o] AHLE HAF IRHA e A= & +
Aot

agARE & dFoME Ca’t Nd123¢
Nd4229] Nd$t BaAEldl @47 o=A= A&
He Ae Bgs] qHstx] R o8 AN
' 44 JH 4] FIH ok & Folnt

2.4 Ca HIIA7l 43 ZBH9 olMHF=0
olxl= d

E d7e FH #AL olYA % Ca H7HA 9
g ¥93 A9 uAFxr7 Wbzl T3k
g 24 Jetdide. a8 JEld vATxE
AHBH Nd123 71A (matrix)d el Nd422
do] XEE e AL L F Ut Y E 1
of vebd ulel Zo]l NA1239F Nd4224 &%
o] Caz} A& Qltr. FAEY F=3z 4
& Ca H7VEol F7HEFE oAt F Aol
WMl e Hd, Cad =R & A%
Nd42274& 715 (rod) B2 & A oA
< 7HXA gt Cagl Hrlgo] F/EFH olAd
o] ko]l HH FH(equiaxed) o2 W33t 1
ASe & F 9Uth. Nd1237F A7 A
27 £ 1100CY =z #A ZHAFAAA
precursord] E&E Nd422743 Nd1237%°]
RS o3 EalEo] AHdE Nd4224L&
A &M o= 3 HAAFEF WEgo =z JAGE
3te] 7% RYe A4S HRlg. 23y Cady
A7VEFE 7 el Nd42249] 483
a8 g ol AR el dAFH: T5F =
oz HzsE s Aolg. ol WIle Cad
A7l ME Nd4228 029 143 JAY Ca
kol F7tol| g -9 A AA] ¥t
7108 Aoz AZrE Y oo it HEJ 7
L o E A7yt 9§ gFE

Fig. 2. Typical SEM micrographs for the melt-grown
Nd-Ba-Cu-O samples at Po;=0.0latm.(a)x=0, (b)x=0.02,
(©)x=0.05, (d)x=0.10, (e)x=0.15 in Nd,s..CaBaz4Cu;40y.

@H Ca #H7lol & Nd422 e Bd 47
o] Wgsle ZAE FrlETh 1 WE AHER
x=0014 x=0.107tA & olatde] =Z7|7F AA
Hoz ¥ w ZadAT x=0.15904s oA
AL U+ & F Ut o A 9 Ca #H
7}2 Q& Nd422733 439 24¥8std 1 4
Qo] Attm FHPAT Nd12374d°] =7 9
sl = Nd7b Nd4227A H4doz gitEof
FTHH ol ded Caol Ndo &4 75
d&gE vz 22 JF Nd42249 =77 &
PAe Aoz HAtk, FH7H Caefl 10 mol%
A& Nd422749 arrt Zastes 2oz B
o} o] ¥ Caol Nd9 HAdNA S &4 &
TE #AAATIE Aoz A4dEy. a3y Ca¥
o] & ZFvistd 238 Nd422749 A7 &
7teted, °olRL Ca%el #Foz Fr7ted o
el Aol A%sl ®sly] e e 5

€.

ol

2.5 Ca #IHH7} g3 AF9 =T
of njxl= A

Jm
0

oy 24 gd Ha A A" g &%
Azl WE Ad AsEE 2 39 JEA
t}. Ca2 #H7ISIA] Z%g uf dvtdeo=m B
He T 95K £ HAddMe v gk
ARk, Pz 7] 249 Ca Tl
x=0.02, 0.05, 0.10, 0.152 HAAHo=Z ZF7}
g o T.= Zz 92.5, 91.7, 88, 86K=E UE
U Aoz isle 4%S Holm Ut

oldel T. & AF}E H7IE Caol o= A
Y2 NFsl=rpol ol AFEh, Y124A oA
£ Ca°l Y A& A&dte AAHo2 & &
o) F77 T 3719 A€ oldiEz ok, 2
Z Caol o gl Eort=rtd dsiA =
o}3 W& Aol Yyt YA &Lt} ol =Bl
Y1234 Nd123 &ZAdMe Ca A& &3
2 Tot Fadches o] degle dutzd B
zolu 7 Caol Yol Nd A2l9} Ba A&
o] BE Eojzitde Aol BHUAHQ Hajo|ct,

53] Nd123 2ZANA Ca 7t 9G& T.
2 ZAIZ Ghorbanis(8]Y RuE v EA}.
a5 WA 243 Nd123 AHelA Nd9 Ba
Az HF p&E ZAA A Lkt
Ca® H7IeHA] &%e W 8o Rid T.o
92.5K A =9d o] 32 Nd7} BaZ 43 7
ZF 28FHASTE dAEn U a8 HkE
Ca°l NdAlgl2 2% Eoitta 7Mgste] 2%
g M3tz ded ole Ca XA o
AU BN 3y Fsivte FAE ot
3528 Ca A7l NdixCaxBazCusOyollA x
7} 0.00, 0.03, 0.06, 0.102 Z7}& 9 Tt
2tz 90.6K, 88.6K, 85.6KEZ E3ugx ol
B e Y Ca #H7/EH vind s oA, A
Ao T Z47t dilthe & BAdFEY. 1

— 348 —



B g TPEo] H7M Caol EF Nd2 &
Azidn BT £ gengZ B A4¥9 EPMA
A E AAZ Ndo| Eol7le Cad ¥
23 7MeAdel Ax a3gW 159 AAAR
T.2] 2R/} Foles AL A AT
Atk 2@y wd H7ke Caol Nd2 2%
ozttt ol B AFolM AlE"E @2 i F
otal &§FAHA OCMGH Hue AZFFH]
Ca d71F Z71d @& T.9 Za AHXE Y
& Agdns & ¢ o

B Age AL wd Cacl AR N4 AH=E
ANBEGH Y1249 8 i@t E g4 & F
9ol =712 T.9 Z7+2 710& 4 3ok, 97
ol OCMGS A Ndo Baxtelze 149
A 29742 AR 2 T2 438 F 4
th B2 olg 3 dAae Y124dA ¢ Zo] Cad
Ndx gl m& NJd12349 Ak 7Aart Fub
5% gE A$d Jlssith. Caol Ba A=
Eol7te AL atA & EAle otk Ca A
gle] g@e Nd9 Baxtglze n&$ Hog
ot Aolth, 2zt o] 29 o] 2t S HwHEH
o4 8L 712z AL w, Nd®'e 1.109
A, Ba®'& 1.42A, Ca’'E 1.12A°1 ol&
WAL J|1Zzez BEod Ca’te 2719 BaltR
o Nd *el 82 shsAdel o

® 19 veEbd ZAEA dye 2¥ 39 T.
o] ¥i3E EUZ Ca HJ ol E1E84E 4A
exyl ZAsE o2 ULy Zol /FFI &
2 glth, WA B AHA AL OCMG 33
2 Nd7} Ba A8l n&HE #AE dANMF<=
ARZAYelt, 28y ¥ 19 AHAE BYH Ca
H7rero) ZF7EFEH HHY Caol 123749 &
2 235 E 9o Nd7t Baxtglz AUAH o2
Az 38598 S & F Ut & Ca HIUIE
ols) Ndeo| Ba A2z mfo] =0 3
o] OCMGSH wtdle] 53 & Bdvm & £ 4
o}, o] A& OCMG ®Hez  AZXF
Nd-Ba-Cu-O0 ZAEZAAM Ca H7le Ca's

suA IS
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1
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Fig. 3. Temperature dependence of magnetization
for Nd123 samples melt processed under
Poz=0.01atm.

M7 ela) g Ao 28 Nd9 Ba A =29
A8e dAeed ZFHolx & ¢ F 3
th. & Caol olx AR Eoj7td el Nd9
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¥33 42249 BAHL dide Ao FF¥E
X1, EALLE o|dtdA o AFIH} HY
L o2 E 1234 Nd7t #F 142 12370}
o] ME tie lineg °olFE Aoz RHAZH,
gty TAPuL e o|dtolM A Ca H7b
2 Q8] Nd7b #eg nEE Nd12344 34
9 tie lineS wa ZA AFAo] o|FAE=R
2 A% Nd7F Bazgel x2d Nd123 2&A
AR o] AAEt dALEI} Aadle A2 A
29t} o3 TP B u, o2 Nd/Ba
x)3kol] 93 nEAZ FA st Nd422¢ €2
LRE/Ba X &o] 23 n&AZ o|FA & A
o2 ¥2A LRE211 (LRE: Sm, Eu, Gd)
1e4e e e AIEFANA Ca H7t
A7d Teol P dFE FHs Aol Wt F
n2& A2 AZdY.

A9 & WEez AFS A7MEEA 77K
9 £xoA AL FAHsA AU FAE
73 Fo JAXABFYUEE A4S AHE 19 4
of dehidch. A& A7IskA ¥%E W Ca
& H7EA ¥e AS JdAAFER  #ol
38,000A/crtol Rk, AFE ANEFE AFE
T gro] Hxt #Astdst 1.5TNA secondary
peak effect® veERew 1 el J2
18,000A/ciiol ATk, Ca FH7bFo] ZF7hdel o
g JE AARoz ZaEAT. T8I JEH
ol QTel9 J., secondary peak field®F
el J. 2 vzteg AR gl BF Fag
AL B 4 k. Ca IH7FFel x=0.108 %
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Fig. 4. Field-dependence of critical current density for
Nd123 samples melt-processed under Po,=0.0latm.
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#3& W= secondary peak effect7} Ho[A]
gttt B AFode APstA FgAT BEok
ge 23 2xdA ey IRHAE FFSY
secondary peak effect® & & U< A
dAdch old d™e Addge T, #
AAAH J, FaE wtddte RHoloh

gA ad 20 YEbE uled Fo] A244e ©
sto] W& J.o ¥z Fuzg F Jdov T.Y
Za7t FEHA A4 2Ad 2xMe 1 EH
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< Ao
dof

3d £

1% Oz + Ard A 4ta 4714 Cadl
F71FE W37y Nd-Ba-Cu-O ¥3Z 23
S Azso Ca A717) vjAlFE 24 E4
o wxE AFWE AAZHE FHIISG. 2
A3 E gokstd g 2o,

AA, A4e AW Ca H7MFe FHEF
2 olalael Nd422749 diel 715 EFA
szxo0a2 Wslgdth. ol Cad H7tol we
Nd422 ez ng3 d 3 Cadel F7il
g spA-d4 Ad odlyx] WSt 7]Ad AL
2 Boith W Nd4224° A7lE Ca AMH
o] ZylEdFE st dFFE 2HIHAUS
g oAl Z71Ekgch ol 7 Caol Nd9
Ao A o] BAS Besty] EQ] AR K
oz,

SR, Ca F7}3o] F71E4E AT AlA
AA LTS AAATLEE 25 ZAsHT}. T.
o] ZaE H7E Cadl A&Agld &3 & F
59 A dEez B F led, H7H3 Caol
Nde Bazlglz9 #3F 182
9l Aoz AlgdY. W, J
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nputo 2 AAE W3 Aol x4 M ZH
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Nd422%& 94 Cas IF T# }4T Nd
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tie line A3z £ 5 U, ol AH4FH
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7t ZAAE 2AFY Rez AREY. BF
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AL H7MF Caol NdA9 Baxzglze 1§
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ZAe 2
ATFE 21A7IZ e FRTAEA AA

2A=¢471EME AT A7H] AL
o) FPHAFH.
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