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SUMMARY

I. Title

A study on physical properties of superconductors.

II. Objectives

The important research fields of high temperature superconductor are
searching for a new superconducting material, developing the fabfication
process of known materials like YBCQO, and developing the devices using
such materials. In order to find new materials or new applications, we
need to characterize the existing superconducting materials. If one find
new property by precise characterization, a new application will be crea-
ted. If we understand, the mechanism of superconductivity in high tem-
perature superconductor and the relationship between the process para-
meters and properties, it will be much easier to find new materials and
to develop a new process.

The main purpose of this research is to establish the characteriza-
tion methods of Hall coefficient and and to develop the technology of
crystal growth of oxide superconductors. In the first year of the project,
the characterization technique of Hall coefficient and the basics of crys-
tal growth have been studied and the fabrication process of bulk YBCO

with high flux pinning was developed.

lI. Contents and Scopes



1. A study on Hall effect of high-Tc superconductor
O Establishment of Hall resistivity measurement technique in YBCO
thin films
O A study on Hall effect in ion implanted YBCO thin film
2. A basic study on crystal growth of high temperature superconduc-
tors
O Literature survey on crystal growth of oxide material
O Installation of the crucible furnace for the flux melting
3. Development of the fabrication process of bulk YBCO by melt gro-
wth method
O Development of the infiltration-reaction process for bulk YBCO
with high magnetic flux pinning
O Study on elecromagnetic properties of the specimens f{abricated

by the infiltration-reaction process

V. Research Results and Recommendation for their Application

1. Study on Hall effect of high-Tc superconductor

Hall resistivity measurement in superconductors gives the informa-

tions about the type and concentration of the charge carrier which mai-
nly contributes to the superconductivity. In this research we established
the measurement technology of Hall coefficient and studied the tempe-
rature dependence of Hall resistance in the thin film YBCO specimens

some of which had been irradiated by O" ion.



At normal state Ry was linearly dependent on 1/T, at transition re-

gion, however, the sign of the Hall coefficient changed from (+) to
(—). In the ion irradiated spe'cimen Ry was linearly dependent on T
instead of 1/T at normal state and showed the effect of - the defects
generated by the ion irradiation.

2. A basic study on crystal growth of high temperature superconduc-

tors

In order to understand the properties of high temperature supercon-
ductor we need good quality crystals without any grain boundary or ap-
prciable amount of defects. In the first year, literatures about crystal
growth of oxide were surveyed and the flux melting method was chosen
as a proper method of growing oxide superconductors which is relati-
vely simple to obtain small crystals. For this purpose a crucible melting
furnace was installed.

One of our research staffs joined the cooperative research on crystal
growth by {floating zone in ETL which is the counterpart in Japan of
this project.

From the 2nd year, it will be possible to grow small and relatively
large crystals by flux melting and {floating zone methods, respettively.
The characterization of these crystals will be continued.

3. Development of the fabrication process of bulk YBCO by melt gro-

wth method

A new melt growth process was developed to fabricate the bulk

vii



YBCO specimens with higher critical current density. This process utili-

zed the infiltraion-reaction process.

Compacted or sintered YBCO 211 specimen was stacked on the com-
pacted YBCO 123 disk and heated at 1030 C. At this temperature 123
phase melts partially and decomposes into liquid and 211 phase. The li-
quid phase infiltrates into the 211 disk and reacts with 211 phase to
form 123 phase in cooling step by peritectic reaction.

In the fabricated specimen, 211 particles which are smaller than 5
um were dispersed evenly and the volume fraction was about 35 %
which is higher than any other number ever reported.

Residual liquid phase which is frequently observed at the grain bound-
ary in the specimens fabricated by the normal melt growth process is
not found in our specimens.

The critical current density calculated from the magnetic measure-
ment at 77 K and 1000 G of external magnetic field was 9 X 10 A/cm?
The transport Jc, however, was as low as 100 A/cm’® The reason for
the discrepancy between two values 1s considered as the defects like
micro-cracks, pores and random grain orientation. In the comming year
of this project the methods to eliminating such defects and alligning

grains will be studied.
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H o2& D2XxMTH Hall Effect 91+

Al 1A A =

E &9 SAHAPL carrier density n¥ carrierd F7F, & carrier7}
AZAAE ol ERIAE AAGAFI] WEY ILXEXIZAVE LERH
A oole]l WY B AFI AYHo] grpy

g3y AEARTE AxAERAY B dwt s di§ g8 obF
dE A0 AT sy EYsAUE 4. dubgeE #4549 Z$ Hall
coefficient Ry® #*< =7} W3tz A dAsith WY, L2Ax
Ao Aol normal AN =7t Fobge] wEl Rye) #hel Zadr)
Al 8 L2Z2AZAY Rye USd T2 4oz XEE F .

Re * aT + b (a,b 7 0) (2—1)

A 7|4 & agt be] #o)l IFF #“E HEYe= AL mobile carrier’b

za Zolgle AL Judd & + YAG. 2IFE BoAgME &

Teo TN A 00] HO.

a2 ZFE normal ZHAAL Ry 2% 4EZE AWIHER7] 93
q AAFFE vtF AWP FL Cu A Co, Ni §9 928 ¢
F X 7Y Ry 2% JEEE o AFEEC &A3AUT. Fig



2—12 YBaCuwO,,9 y #k< HIAAZNTH SHI] Ry 2= Y&
olt}, Fig. 2— 1A Hg Hle} Zo] AAdFe W r /Ryt 2%
o ¥ Zrlee ex JdExE #WHHA gt Codt Nid
g AFdxE "R Rgd UT 2% & e WA gt oA
2 Ryd 2% &RV} AEXAEAY ZLFE EAHolgde RARE v
© Aold A,

Normal AH Y Ry 2% & EF AHAW3l7] 38t two band model
Y, magnetic skew scattering model® F°] A¢¢tHIJT. Two band mo-
del 3t band’t olyd F 7H¢ band’t transportd] 7Z1H¥U=

RNoeZ AAo] A FXE& 2% two band® F= Hall coefficientts T&

3 e Ao oste] Fojzth

Ry = iR + 6t R) / (o0 + 6)° (2—2)

71 o (R)= i ¥A band® A7|AXXE(Hall coefficient)°lth. wEHA
Z} band®] mean free path &2 relaxation time¢] AMZ TU& 2% 9
EEE Zed¥ RyY #ol &0 o ZA H¥ F Utk dE E
o] L&2PAEAY As &I} AAV EE FE EAH L2A ZZ
9] scattering rate’t &X° we AT ©ETIEE Ryd 1T &%
JEZE ABT F At 2HY T AAHLE UF dYFHolHe ¥
#3574 Ry® ¥ IEEY dopingdl 93 Ry H3E F  two
band modeld] $¥iEe A¥EZAVE BRuxEi §lg.

Magnetic skew scattering®]® magnetic systemdlA] Yojue FHJOE
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Fig. 2—1. Temperature dependence of the Hall coefficient for seven samples

of YBa(CuO;-, with different oxygen contents. Ay i1s the inc-
rease in oxygen vacancies (per formula unit) from the as-grown
material (in which y is measured to be 00+01) The solid

lines are drawn to guide the eye?.



spin-orbit coupling W-Zo| WAIE HAAVE YFS =2 gcattering® HFEH
T} LEFEOCE gcattering® FE©°] ¢ Atce Aot WA  magnetic
skew scattering®] YU+ systemol A= Lorentz forceol <£J3 AWy
A & A o]l9d magnetic skew scatteringdl 2% HEH}7} © FHUrE
F7F Ao, T eZATA °ﬂ_ magnetic skew scattering® 7}&sA o] AAE
99 TLxAEA/ HFIAoz HJL Y =AHsE antiferromagne-
tic order®d RAE AoAe Cu moment2Z4 53] magnetic skew
scattering®] #&FHe EZY T 59 % EEI TLEAEAY
A2 ¢ FABIEZ Ry8l 1T 2% 9 <£%7} magnetic skew scat-
tering®] 7]14d= Aol olYuE= modelo] AAHAY. 2t T2xF
Al o]#Hl AU Ry 2% 9o£X9 magnetic skew scatterings FHdAl
7l=dle o 2L oEgo] vk, Magnetic skew scatteringol %o
U+ EE systemo] A= magnetic momentE &3] polarize A7 A

Aol A7|HT f & AFo] AyA HHE T AL Vy9 Fo] saturate

-

g, a8y 22FAEALY AE 20 TZHA AFE F7MAFHAE Vye
saturations #&3A E3HG.

A F7tAE normal statedl Al EF E3e] sty AU A=
Aol dYo)9) Ryt normal stated|Mete B =T AT @
F33 Zadd 9 #AA HHzGIE T, <X 08 #e R
t}. Ryl #eol (+) #dA (=) #LE WHIds AL FIHAE 44
gk B £ A4 AAES charge carrier’t EolA AAE wlAATE

A FHAE flux-line?l £ X7} transport current® W3 W EE

AES 23 Qe Hojth. Y ditFoz ZARH FGoA



carrier® 37} vlE o]f7t gloeBE FWHA flux-lined] SE7F cur-
rent WFEHR WdHe WIFY HJEE R Ao EFFIT
I E F JAY. T flux-line =7t current WA didiE e e
o] HAES ZHAL IOH Ry9 sign reversal flux flow dynamics”®

498 4+ geu oF odg 4o A BIeAe FIEA @

ATt

ot M

(i

32

A2d 42 ki

2 @ AMEE AlE+ (1000 LaAlOs 71 19 rf sputteringl &
AZE c— F2=2 AHHY epitaxial YBCO Y¥HLE T.& <% 90 KO
A, TEF 2FL 959 e Fig 2-29 #o] E 50 ym, o)
200 ym® bar typeSE photolithography 2 I4HE o] &3ty 2Z4H %]
on, AZFL ¢ 5000 A FAY AvE FFANA FEAYL Fo)y]
5t Mg EHFHA 500 ColAM 3023t AT E AY 7
Al AL wtgte] FHSA, & c—2o FYsA BojFgon ARE
1 mA ETHFUH.



gold electrode

field

4 substrate

Current path :1-4
Measurement of Hall voltage:2-6 or3-5

Measurement of electric resistance: 2-30r5-6

Fig. 2—2. Sample geometry of YBCO thin film.



Fig. 2—3& 579 YBCO AlE sample A} BE 5 T AF 3olA
L2 & HWHIANAMNY ZAHF Ry (Hall coefficient) ZAIeolth. A
Hhe} Zo] normal AEdAME X7t F7HEe wek Ry #o] T4
Jdot. 2y 2HE Aol FYGoAE sample B BS WFEEY H
¥ ZAF#eg Zo] 2=xrt #ATY wE Rl #el (+) HLERE
(=) %ol IATF Te, WA 00 B W, sample AY ZH$de

sign reversale] FTEHEHA FUT. I AL o}F FANAE oy

i\

Raman spectroscopy 7823 sample Al ETE Aol EA3te RL
2 Hof E¢E WFd dErve @A oldrl FFEY. £ EIE
AE A o3 doping #FFel F7HEFFE Ryd Fol FUIEEE?
sample A®) Ry %9 sample Be] Ry @2t & RAE oA E&ge
Az d9E 7 AR

Fig. 2—4%+ 1/Ry—Te°|thk. Sample A%} B9 A% 1Ry} BF 2%
Bl &3t X ™. 1/Rg=ned] T|AIAHNSEZFE carrier density ng 78 + %
H &% 130 KelA] sample A% A% n® &L 81 X 10° cm™,
sample B8 A%+ nel #ko 18 + 10 cm™2 oAt} Sample B
2] n &< YBCO ©ZEY n #&F AY LA

Fig. 2—5¥ YBCO ®%e] 1.7 X 10% cm™?9 dose YLB (O ol&F
A<= A AMEe Fan SFEFolth. YBCO o] «te] FxyE
E AlA FRHIIT Ry 2F YERY oW gL FTAE GotE
7] 3l O ol&FHUE A F FAHE SFEY. H7IA 0 9
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Fig. 2—3. Temperature dependence of Ry for two YBCO thin films at the
magnetic field of 5T.
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Fig. 2—5. Temperature dependence of Ry for ion-implanted YBCO thin film.
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Bol nvAEE 2T HIE HIFATV] Y39 O oJ2FYE
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Fig. 2—6. Temperature dependence of the resistance of YBCO thin film
before ion-implantation at various magnetic fields.
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Fig. 2—7. Temperature dependence of the resistance of YBCO thin film
after ion-implantation at various magnetic fields.
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Fig. 2—9, Temperature dependence of tan®y for two YBCO thin films
and ion-implanted YBCO thin film at the magnetic field of 5T.
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Table 3—1 Methods of crystal growth

A W Growth in one component | Growth involving more than one
system component system

ol A - 2L A 1. directional solidification 1. Qo2 RE AR

2. pulling (Czochralski) a) solvents

3. zone melting b) molten solution

¢) hydrothermal

. 38 == A7]58E Wy

o8 4%

. S5E FHA S 4%

. chemical vapour transport

2. HI7hgRkgoll 2%t A%

ot = Yol hydrothermal *'H, 283 lasert IR lampE €

gog i ZAEL 71¢e ¥ T obF B WHEC ¥=A4 Utk B
:

1. Czochralski it

v, Fig. 3—19 REoF RAHEY, seed crystalS HvFH Hro} 3t EA

ol =& = v orient2 rod-shaped crystals T . o H i
5] ¥ £¥¥A orient® rod-shaped & 71&H. o] W2
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gt A] 22U S, Ge, GaAs 183l laser &2 E o]l¥ Nd7} doping

]

) -

2.

3t

=

Ca(Nb0s) ot #& AMEe Z2AE 7l5=dH €y A&ETh

PULLING
DIKECTION

growing crystal
hegater o o

coil

o -

melt

a w——pylly e —— D

S — crucible
o G

Fig. 3—1 Czochralski method for crystal growth.

Hydrothermal 2

ol WHE 1T 1L AHE L ZATY ¥Ee VIESHANIE

sooz Agdd AR F1%E PEAE, o974 Be dA =EE
A=A e AgsE @AY 98 @ o WPe 59, 2

oA ESHAZ FFESY AL EIFAI=Y FE&3T. FAHA O

HeEERQ o] Fig. 3—29 JEY edH, 7IEHOoZE HEF  steel

Ho] v F2E HHUE tube 2L WOHH-E sealing 3}
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’ %‘5—] CaﬁSiﬁol'f (OH)ZQ}

NaOH&+ Z-& mineralizerg& ZH7IA7]7]1% 3k},

3. Vapor phase transport g

ol Schafer Fol &siA JiddE o WHE JVALE FIAA I
H$ES olFANAA AAELE 719 Pl ofF UEE systemE 9
& B9 AEH, Fig. 3—3° YEehd A
¥ ZAF3N AU transporting agent(B)E EL& EH7ldA HEF X

of €xgl& 3JIAI=H temperature gradient®] &3 T FHEFo A
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glass tube

(a) A B (gas)
(b) / — A B{gas) —» DAS
B g "0
T‘? T1

Fig. 3—3 Simple vapour phase transport experiment for the

growth of single crystals of substance A.
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A9 AAL cold endd T, FHdA FALHD, vidE2 HIREA FF
A(s) + B(g) < AB(g)

ol A9 ZAL hot endd T. FA TwEIT,

ol# g W HY ©l EFZT CaSnO; NiCry0s ALS;, CusTaSess
o AHEFY SFFEANAN TEAE ¥ AHEHEH, o AR

¥ transporting agents7} ZAAZAAF B IFE v

4, BAEHF dYo| o b

g3 2zd gad 2R A%E P8 2 Jee AT, o
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02 WA E <tHI, (o) ZBAHC ARHAEe 2EoA B2 =<
A FL #eFH, g 2L FUI9E JEHer sz, (d) RS visco-
sity$} toxicityE ZEi, (e) EoL} Jlepgufjo] & oo} I, (f) so-
lute crystal®] ZAARPRF-o HA fluxEol EAZFA Folof T AAFH
o2y of% IAES EF UEATe B¥le Rz, o3 2=+
£ 2o 3] o=AHx & T Ao v Y9 Table 3—39 EF
@o] 2ol Y& fluxol] wH3fA g3 Fo

\r

O

Table 3—3 Characteristics of fluxes.

e

LiCl Water

NaCl Water

NaF Slight in water

KCl Water

KF Water

CaCls Water

BaCl, Water

Bak, Acids M.P. too high for convenient use
Bik; Acids

PbhCl, Water (hot)

PbF, HNO; Soluble in nitric or acetic acids
ZnkF, Water

Naz;AlF; Very difficult to dissolve

B203 Alkalis

Bi203 Acids

PbhO HNO; Soluble in nitric or acetic acids
T10, H,SO;,

V205 Acids Soluble in alkalis

Na,CO; Water Attacks platinum in high concentrations
KzCO:s Water

P bszO:r Acids

an(PO4)2 Acids

Na;B,0 Slight in water | Soluble in acids

BaO"B203 Acids

Pb0O-B,0; Acids

LizO“MgOQ, Water

LisO-WO, Water Melting point dependent upon composition
Na;,0-WO; Water

K>0-MoO; Water

K;0-WO, Water
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Flux®] A& 7|&€9 &= A"y 389 A2 283 fluxd 5
dE sty g Hed, EF &2 o fluxe] HlE2 1110 F

2. Fluxg AIBSM E8E 7IE o=

oYY ALOE THAE & MgALO, Y:AlOp, YAIO:F #& 318
£ Zfde PbRE /&AM 1cm BEHe <5 2AL 7€ T
Jed, H& fluxe A ZdozA ARIA AAHARD. HGIA
fluxe |2 W3] FAR7F 16MAE HA ¥AFAH. ABO; typed
perovskite TZEF Z#T 3 ESY HELe fluxEA B,0;W+ PbOZ} F3
KNbOs &+ 22  ferroelectric 229 7A$ole KFY4 KCIg @Wo] AMEE
t}. Table 3—4t% o] Al&3FE= fluxs AL E = systemo] W 7t

23 APXAES BRAFod, dHAA %L unknown materials®l] T 3f

A ZRE AFANE AS oldd AsES EUAE AA fluxdt AF=EA

S Zohrid #a 3.
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Table 3—4. Typical solvents and crystallization of simple oxides.

size and

Li;O-Mo0O; |Evaporation, slow- Bipyramids up to 2 cm Solubility dependent upon
PbF; cooling, or temperature excess MoOscontent avove
gradient LizMoO, composition
MgO PbF. Evaporation> 1150° Octahedra up to 2 cm MgF: precipitates at tem-
peratures below ~1150C
a-AlO; PbF; 1400->900C at 1C/h?  |Hexagonal plates up to
| | 3 ¢ across
| TiO, L120-MoOs | 516w cool 1100—700Cat Teragonal prisms up to |
Na;0-MoOs | 3/ 3X3X10 mm
K:2:0-MoQO4
Perovskites
BaTiO, KF 1200—>850C at 20-40C/h |Butterfly-twin habit, Undissolved material
up to 5 cm provides nuclei
|Ba'1‘i03 Ti0y Crystals “pulled” from  |[Sevral cm of gorwth on I
melt seeds
KNbOs3 K2COs Growth on rotated seed, |Crystalsupto15gin Sh
cooled from 1020C at
| 3C/h
NaNbOQO; NaF-Na:CO; [1300—>200C at 20C/h  |Plates up to 1X1X Anhydrous NaHCO3 pre-
' 0.3 mm ferred as source of
| | carbonate
PbTiO; PbCl-PbO  {Evaporation at 800C Hexagonal yellow crystals
| up to 1 mm
PbZrO; PbF, | Evaporation at 1250C Light brown cubes and PbCl: also used as solvent
octahedra up to 0.3 mm
ABOsPerovskites
Perovskites PLO
IA:Y,LH,PI,Nd, ! Bi;03 used for Cr com-
Sm | Bi,Os 1300~>850C/h pounds as PbO reacts
B=AlSe,Ca,Cr | with Cr20s
Fe,Co,etc. |
Rare earth Bi,O; 1400—>1000C slow cool : |Black plates, 20 u to
mangaenites evaporation at 1450C 1 mm
YVO, V20s 1200—>900C at 3C/h Cubic crystals up to 2 mm
Spinels
MgAl;O4 PbF, Evaporation>1150C Octahedra up to 2 cm |
| edge l
MgFe2 0, | Pb2P20y 1310—>900C at 4.3C/h Octahedra up to 3 mm
NiFe:Ox PbO-PbF;  [1220-900C at 3-4C/h  {Crystals up to 10 mm
MFe;0,
M=Ni, Co, Zn PbO 1300-+800C at 10C/h
Mg, Cd |
CoFe20; Na;O-Fe;0; |Cooled from 1350C at Crystals up to 25 mm Cold finger used for °
2C/h nucleation
PbF,,
7Zn0-Sb20s Zn3(POy),  [1150—800C at 1-5C/h
{ NapB0s
| RaFes09; Ph0 Slow cooled from 1370C |Crystals several cm di- Ferroplumbite Crystallizes
R=Rare Earth at 1-5C/h ameter of characteristic | out first
polyhedral habit
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I8 (a)dlAMe die Sl 7]Fo] BL ZHjo]AR first scan®] &
U i XEd dEe dE%ol o (First scane]l ¢ YEHF4
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Fig. 3—5 Process for single crystal growing
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o] Wyoez ol ¢ 15mm HES Bi (2212) CEALE AFEFH

o2 AFsYc. AAol BIFe UL FALMog Wol pon

< AExY AZolw Bi A Eyto] oflEt YBCO A dEHAE AX

¥ 2 v 4

(1) AR. West (1984), “Solid state chemistry and its applications”,

John Wiley & Sons.
(2) CNR. Rao and J. Gopalakrishnan (1986), “New directions in

solid state chemistry”, Cambridge University Press.
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residual

211 phase liquid phase

123 phase
(a) (b) (c)

- —

Fig. 4—1 Formation of 123 phase by the peritectic reaction of 211 and
liquid phase.

Y203+ Liq
1260 °C

1030°C ————————

1015 °C
O\

211+123 |1=23+liq

3BaCan

211 123 + 9Cu0

Fig. 4—2 Pseudobinary phase diagram.
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by

applied magnetic field

Fig. 4—3 Penetration of magnetic fluxes into 123 superconductor

211
dispersion

applied magnetic field

Fig. 4—4 Flux pinning by 211 pinning centers.
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Fig. 4—5 Procedure of infiltration reaction process.
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211

123

Fig. 4—6 Stack of 123 and 211 compact.

Fig. 4—7 Changed shape of the stack in Fig. 4—6 after infiltration
reaction process.
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2 #Q3A.
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(a)

(b)

Fig. 4—8 SEM micrographs of (a) 211 compact and (b) 211
compact with infiltrated liquid phase.
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Fig. 4—9 Microstructure of A in Fig. 4—7 with (a) low and (b) high
magnification, respectively.
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Fig. 4—10 TEM of A in Fig. 4—7.
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(a)

(b)
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(c)

Fig. 4—11 Microstructure of A when the amount of the infiltrated li-
quid phase was not sufficient.

Fig. 4—12 Microstructure of B in Fig. 4—7.
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Fig. 4—13 Magnetization vs. temperature measurement.
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Table 4—1. 211 preforms used in the infiltration reaction process.

_ . _ compacting sintering

Cl 5 MPa

C2 200 MPa

S1 1120 oC, 1 h
S2 1240 °C, 24 h

BEAY Afdle 2 AFEEE 28 7] Hdtdq C1& 5MPag #F&
B

O

dHor HEsAL™ C2& 200 MPad & AFAES 7t PSR

dEe A4 10mme ¥F ¥ FFAAM FBIHTE 2FAY HASde 2

o #L gEoz A¥HE AIAES S1& 1120 ColA 1A17H 28l S2

&

T 1240 ColA 2443 22T oA Euld AIFA LFANES F
2 123 BBA Sl ¥ w2 F 83 eme AR FolF =
AxA e wAxxE B dvjFds} SEM T2 #FIsIFom SQUIDE
ol 88 A7 BEAHE AU

Fig. 4—1591% Table 4—1oA Zu|® A¥A C29 42ZFA S1, S29



(a)

(b)

(c)

Fig. 4—15. SEM micrographis of (a) C2, (b) S1 and (c)
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_I

Fig. 4—16 Compressive force due to capillary force of liquid phase
between solid particles.
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Fig. 4—17 The calculated variation of total interface energy with the
matrix volume fraction for various dihedral angles. 3V
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(a)

(b)

Fig. 4—18 Microstructures of C1 and C2 after the infiltration reaction
process ; (a) low and (b) high magnification, respectively.
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(a)

(b)

Fig. 4—19 Microstructure of S1 after the infiltration reaction process ;
(a) low and (b) high magnification, respectively.
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(a)

(b)

Fig. 4— 20 Microstructure of S2 after the infiltration reaction process 5
(a) low and (b) high magnification, respectively.
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