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Synopsis
The electrical resistivity under magnetic flelds has been inves-
tigated for PbZSrZYl_xCaxCusoa. single-crystal BIZSrZCaCuZO8 and
low-T, (La.Eu)z_x(Ba,Sr)XCu04. The wpper critical field and the
resistlve tall In the lower portion of the superconducting transition

curve are discussed.

I. Introduction

Since the discovery of high—-Tc superconductivity 1in La—Ba—Cu—O.l)

many kinds of high—Tc superconductors with two-dimensional Cul, sheets

in their crystal structures have been found. As the supercoﬁducting
transition temperature Tc is high, the upper crirical fleld ch is
naturally high, compared with convetional superconductors. Therefore,
high magnetic fields are necessary to Investigate not only HC but

2
also physical propertles in the normal state at low temperatures.

In this article, we review our several studies on high—Tc
cuprates using the high-magnetic-field facilities of Tohoku

University. ch and the resistive tail iIn a magnetic field are
2,3)
studied for PbZSrzYlfxCaxCuaos. The anisotropy of ch ag?

the resistive taill are studied for single-crystal BIZSEZCaCuzoa.
H

o 8t low temperatures is studied for low-T, (La,Eu)z_x(Ba.Sr)xCu04.

1. H,, and resistive tail of P_bZSrzYl_xCaxCuso8

The  compound PbZSrzYl_xCaxCua()B discovered by Cava et al.s) has
double CuO2 pyramidal layers in the crystal structure, and the stack
of layers along the c-axis 1s expressed as -Y, _,Ca, -Cud,-5r0-Pb0~Cu-
Pb0~Sr0—Cu02—. There are two kinds of Cu with different valences; one
is about +2 for the pyramidal Cqu layers and the other 1s +1 for the

oxygen-free Cu layer, as contained Iin YBaZCuaos. The compound
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Pb SrzYCu308 is an insulator developing antiferromagnetic ordering of

&) but the superconductivily appears when holes are doped
by the partial substitution of Ca for Y. That is, Tc appears at x >

0.1 and takes a maximum value (Tc,onset = 83 K, Tc,zero = 75 K)
0.5,

cu”t spins,

at x =

Ceramlic samples of good quality were synthesized by a solid-state
reaction, as described In detall in the llterature.a‘T) Resistivity
measurements were carried out by a bC Tour-point probe method.

Flgure 1 shows the temperature dependence of p of x = 0.5 in
varlous magnetic flelds. The superconducting transition curve becomes

very broad by the application of a magnetic field. This behavior is

similarly observed lor the parallel and perpendicular Tields relative

to the current direction, suggesting that the broadening of the
transition curve 1in magnetic flelds is not attributed to the simple

flux-flow resistance due to the Lorentz force. TFigure 2 displays

ch(T), defined at the midpoint of the transition curve. H

c2 is
proportional to TC—T.

though it shows slight positive curvature near
TC. The value of ~dHc2/dT is estimated as 1.7 - 1.8 T/K, which is
comparable to those of Biz_xPhXSrZCa Cu,0,,8+9)

%oy 2"%a%0 " and
T12Ba20a20u3010 and smaller than those of YBaZCuso7 and

2
La; ggSry 150u0,. 12 i, at 0 K, H_,(0), 1is estimated using the

PbySro¥ysCagsCusOy 28 HilL —’ PbSry05Ca05Cu30g
' | i
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Flg. 1. Temperature dependence of p of Flg. 2. Temperature dependence of oy ©f

Pb25r2YD'5Ca0.SCu308 in magnetic fietd szSrzYU.scan'SCusos. ch 1s deflned at

parallel to the current directlon. The the midpoint of the transition curve.
inset shows data in zero fleld, Magnetic flelds are perpendicular to the

current directlion for sample #5 (o) and
parallel for sample #28 (A).
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relation H_,(0) = O-SQTCIdch/dTlTC glven b{syhe WHH theory for the
type II superconductivity In the dirty limit. The value of ch(o)
is 85 - 96 T. The Ginzburg-Landau coherence length at 0 K, &£(0), is
estimated from the following equatlion, H62(0) = ¢0/2n52(0). where ¢0
is the superconducting flux quantum. The value of £(0) is estlmated
as 19 - 20 R. ‘These values of ch
ceramic samples of other high—Tc superconductors.

The resistive tall 1In magnetic fields shown 1n Fig. 1 1s well
expressed as p = poexp(~U0/T), as shown In Fig. 3. The thermal
activation energy Uo has been thought to be related to the potential

and £(0) are comparable to those of

energy of flux pinning and the resistive tail has been discussed using
the model of flux creep and flow. The model, however, cannot be
simply applled to our data, because the resistive tail and the value
of U0 are not so dependent on the Tield direction relative to the
current direction, though the flux-flow resistance due to Lorentz
force should be influenced by the configuration of the magnetic field
and the sample current. If the magnetic flux does not enter a sample
stralight in the vortex state and 1s bent by grain boundaries and/or

PbZSrZYD.ScaO.SCU3OB #28 H#L E Lo Qoo
= o
% 1 27, i
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Flg. 3. Plot of log p vs ¥l for data _ = 2
shown fin Fig. 1. U0 1s glven by the . 9
slopes of the solid lines. 2 0 El
=) 6.0
w 30 - PO Y

Q
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X

Fig. 4. Varlations with =x of -dHcZ/dT.
ch(o). £E{0) .and U

Pb,Sr,Y,  Ca Cu,0,.

o at 13 T for
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the crystallographic anisotropy, the model of flux creep and flow may
be essentially true to explain the resistlve tail. The value of UO is

close to those of Bi,Sr,Cacu,0, % 1%) and T1Ba.cacu.0.17) and smailer
2 g 278 2 2%y

than that of YBaZCusoT.l ) This may suggest that U0 is related to the
crystallographic anisctropy, for the anlisotropy of

PbZSrzYolscao.SCuao8 is similar to those of BizerCaCuzo8 and

T1lBa,CaCu,0, and larger than that of YBaZCu307.

2 27y
Variations with x of -dchde. chto) and £(0) are shown in Fig.
4. These take maxima or minima around x = 0.5, correlating with Tc‘

Flgure 5 shows the magnetic fleld dependence of UO' It 1s not so
dependent on the magnetic field strength, but Is strongly dependent on
X, as shown in Fig. 4. U0 takes a clear maximum at x = 0.5.
According to the model of flux creep and flow, UU is simply considered
to be proportional to the condensation energy of superconductivity.
Therefore, 1t may be reasonable that UO takes a maximum at x = 0.5
where Tc takes a maximum. It i1s, however, not yet certain why U0 is
not so dependent on the magnetic fleld strength.

In conclusion, transport properties of PbZSrzYl_XCaxCuso8 under
magnetic flelds are very similar to those of other high-Tc supercon-
ductors with pyramidal Cuo2 layers, such as BIZSrZCal_xYxCuzos. It
may be no exaggeration to say that the pyramidal Cqu layer controls
almost all propertles of these materials including Tc'

III. Anlsotropy of ch and resistive taill
of single-crystal BiZSrZCaCuzo8
The compound BIZSrZCaCuzo8 has double Cqu pyramidal layers in
the crystal structure, similar to Pb25r2Y1~xcaxC“3°a' The Cud, layers
construct two-dimensional conduction layers. Therefore, it is

expected that physical properties are very anisotropic.

2 T Y v .
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10005- ——-nh_,_o__nﬂ%“xgos E " single crystal ._-'__,..-.....
X - ‘ i1 E e
b | ] et
_n__a:-;..t:g_.u--ﬂ-ﬂguo‘(, ! a /.-
. e enie £ o
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3" T e g - /
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Flg. 5. Magnetic field dependence of U0 of Fig. 6. Temperature dependence of p of

Pb,SryY,  Ca Cu,0y.

single-crystal BIZSrzcaCuzoa.
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2CaCuZO8 were grown from molten

Bi-Sr-Ca-Cu-0 using excess Cu0 as flux, as described in detall in the
literature.4)

Single crystals of BiZSr

Reslstivity measurements were carried out by a DC
four-polnt probe method with a current flowing perpendicular to the

c-axlis. .

Figure 6 shows the temperature dependence of p. Tc defined at
the midpoint of the transitiom curve 1s B80.8 K. In the high
temperatutre region, T-linear dependence of p 1is observed. The

resistivity beglins to deviate from the T-linear dependence about 150 K
far {rom Tc' This 1s consldered to be due to the enhancement of the
superconducting fluctuation originating from the two-dlmensional
nature and the very short coherence length. The excess conductivity
over the normal conductivity o whlch is the inverse of the extra-
polated value of the T-linear part of ¢ In the high temperature
region, 1is shown as a function of reduced temperature in Fig. 7. In
the viecinity of Tc. the excess conductivity o-0, is proportional to

(T—Tc)"llz. suggesting that the suporconducéing fluctuation in the
vieinity of T, 1s three-dimensional. According to the theory of
18)

Aslamazov and Larkin, the excess conductivity in the three-
dimensional system 1is glven by o-o = {e2/32ﬁ$(0)l[(T—TC)/TC}_llz.
From this equation £{0} 1s eastimated as 14 g.

The superconducting transition in magnetic fields 1Is very

1 v T
BigSraCaCuq0g HIT)
— . '
E H I c-axis .
o] . )
\ E os} :
BlSraCaCuy0y a
0 ir:iecrysla[ (a)
Q 2 .
-1 ~~ 0 50 100
2 . T
?f -2 h"v_\ 1 T -
g ’-,__ Bizsrzcacuzoa HIT}
£ -2 - = 2
“ E H 1 caxis b
A a 1
n[. " E 0|5- 2
Q. 5
-5 1
R . I 0 (b)
n{{T-To) 7o) 0 )
0 50 100
Fig. 7. Temperature dependence of the T (K)
excess conductivity of slngle-crystal Fig. 8. Superconducting tramnsition in
Bi,Sr CaCu,0y.  The solld line Is the magnetic  flelds  of  single-crystal
prediction of the theory for three- Bi,Sr,Cacu,0q.

dimenslional systems. {a) H 1!l c-axis. (b} H L c-axis.




156

anisotropic,

shown
are

- 19.

by more careful
larger than 5.1
due

cloven

as shown In Flg. 8.
in Fig.

The temperature dependence of Il

c2

is

Various parameters obtained from our measurements

listed in Table 1.
are also listed Tor reference.

sample

allgnment.
of YBaZCu307.
among high—Tc cuprates.
from the WHH theory is 270 - 400 T for H L c-axis.

Those of YBaZCu307

The anisotropy of ch is as large as 9

In any case,

19)
and (Lal_xer)ZCuo4

8

20)

This is the minimum value, for the anisotropy will become large
the anisotropy is
This may be reasonably understood as
to the crystallographic anlsotropy, because B128r20a0u20
easily

is most

The value of HCE(O) estimated

So far as we know,

this 1s the highest value among those of varlous kinds of super-
conductors. This value exceeds the Paull paramagnetic limiting field
HP(O) = 150 T, calculated from the equation, HP(O) = 1.84Tc. where
HP(O) and Tc are in the units of T and K, respectively. The coherence
lengths at 0 K, £,(0) along the c-axis and &) (0) perpendicular to the
c-axls, are estimated as listed 1in Table 1 from the following
equatlon:ZI) ncg(o) = ¢0/2mfi(0) and Héé(o) = ¢0/2m£”(0)§L(0). The

value of (Ei(O)Eﬂ(O))lla

with &£(0)
conducting f{luctuation

Table 1.

single crystals of high—Tc cuprates.

as

is 13 - 18 %,
estimated from

which is in

good

arreement

the excess conductivity due to the super-

mentioned before.

Superconducting parameters of

Bi2SrsCaCuyQpg YBagCugO-rm (Lm.,er)'zCquzw
Te BO.BK WK 30K
dH T 4573 TR 27T 1+ T/K
dH 5T 0.39.0.55 T/K 0.52 TR 0.3TK
HEHS 9-19 5.1 13
ot 80-360 26 170
HA0) 270-400 T 40T 81T
HAO) 21-29T 28T 6T
Hp(D) 150T 150T 55T
£,(0 34-40A 35 A A
£,40 2.1-2.64 684 544
s 8.8 334 1.84
v 0.29.0.85 22 46

Hez (T)

Fig. 9. Temperature dependence of Hc
single-crystal

curve.

The value of £{,(0) 1s

BiZSrZCaCUZOB '
single crystal LH L c-axis
q4
20 ;
-
s Hifcaxis
10+ "
o ) .
50 60 70 80

T (K}

2
BIZSrzcaCuzoa. ch

of
is

deflneq at the midpolnt of the transition
Open and closed cireles correspond
to different samples.
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2.1 - 3.6 R and much smaller than the spacing between the conductive
Cu(}2 layers s = 8.8 R for BizsrzcaCuzos. The parameter v given by v =
(45”(0)/5)2lm, characterizing the relative two-dimensionality of
superconductivity, 1s much smallier than those of YBa,Cu,0 and

277377
(Lal_xer)zcuo4 as listed In Table 1 and moreover smaller than the
unity. Thls suggests that the dimensional c¢rossover from three-

dimensional supercenductivity to two-dimensional superconductivity may
gccur with decereasing temperature in this compound.zz, The dimen-
sional crossover, which 1s characterized by the divergent increase of
ch. is expected to appear at ch = 4.5 - 9.5 T where EH(T) = s5/J2.
Unfortunately, such a symptom 1s not observed withln our experimental
accuracy. More -detalled work may be necessary. It is alsc of great
intereat to measure ch in magnetic flelds that are as hilgh as
possible and to investigate the competition between the quasi-two-
dimensional superconductivity and the Paull paramagnetic limit.

As for the superconducting transition In magnetic flelds, it is
remarkable that the reslstive tall 1is much broader than that of
single-crystal YBa20u307. As shown in Fig. 10, the resistive tail
is well expressed as p = poexp(—UolT). Therefore, this broadness will
be not due to some lnhomogenelty but due to the flux creep and {low.

Magnetic field dependence of U0 1s shown in Flg. 11. U0 is roughly

103
BipSryCaCuCy
single crystal
Hifc-axis
107

g N
) T T ¢+ TTTTIT ) T ¥ T T40ThH T T FTTTHEY
[ BizSrzCaCuz0p
~ g L single crystal 1
(s: 10 000 “\.._g
- § \“\,\ H.L ¢-axis E
= sk g T, .
g br ME 13t = L ~ .~ 1
10 7T b =] | °\' |
e -
H3 ~a,
o‘sr” 100E R%\, E
7 C Hic-axis
107 + L y
0 2 1‘ 6 B I Lol 1ral1 1 1.1 ) biits L] 1 1 lllllruo
T (K 0 10
100/T (K H(T)

1

Flg. 10. Plot of logp vs.T = for data

Fig, 11. Magnetic field dependence of U0
of single-crystal BlzerCnCuzoa.

shown In Flg. 8(a). UD 1s given by the

slopes of the solld lines.
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-0.5 -0.4 _
proportional to H for H {i c-axis and I for I L c-axis. It
may be reasonable that flux creep and flow are important in this
compound, because U0 is small on account of the short coherence length

and because the measured temperature T Is higher than that of for
conventional superconductors.

IV. H , of low-T, (La.Eu)z_x(Ba,Sr)xCuO4
In high-Tc cuprates, 1t 1Is very difficult to study galvano-
magnetic properties iIn the normal state at low temperatures, because
ch Is extraordinarily high. Here, we chose low—Tc cuprates and
carrled out resistivity measurements at low temperatures down to 30 mK
in hlgh manetie fields up te 27 T to study the galvanomagnetic

properties, combinlg a 3He—4He dilution refrigerator with the hybrid

magnet,

Ceramic samples of Lal'ssBao_lzcuO4 (Tc = 6.2 K},
E Sr

(Lag 9By 1)y g5P2g, 150u0, (T, = 5.8 K) and (Lag ;Euy g), ggSry 1 -Cul,
(Tc = 3.65 K) were synthesized by a solid-state reaction. Reslistivity
measurements were made by a DC Tour-point probe method.

Flgure 12 displays the typical field dependence of p at low

L2y ggBap12 Cuy .
[Te=6.2K) o 't oo 20 o La,ggBag,Cud;
— « 1 300 l‘
P o+ 150 :  {taggEug iasBagCudy
= . &
5 . Egg i @ {kaggEug 3 a55¢ ga5tu0,
_E' v 73 4
LI |
w° e
r ‘-’“‘:}\-
a 2 uﬂ%
g
¥ o :
W ey
.-v"ﬁg L8

20 : 30

Flg. 12. Magnetlc fleld dependence of p of

t .
Lal.aBBno.lzC"04 at low temperatures
0
0 0.5 1.0 1.5
T (K)
Fig. 13. Temperature dependence of H,, of
La)  5gB3g. 120104 (T =6.2K),
(LZ!.[,_‘QI':LIQ_]_)1'8513610.15.‘Cu04 (Tc=5'9K)'
(L&O‘.IEuu_‘,}]l_8581'0.15Cu04 (T,=3.65K).

The deflnition of ch 1s deseribed in the
text.

:
i
i

3. st s
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temperatures. The superconducting transition 1s observed, but
unfortunately the galvanomagnetic property in the normal state 1s not
discussed, Tor the superconducting transition is not completed within

the experimental fileld range. It is necessary to choose more low—Tc :

samples to study the galvanomagnetic propertles. :
As for ch. the temperature dependence of ch is obtained at low

temperatures down to t = T/Tc ~ 0, as shown in Fig. 13. Here, ch is

deTined as the field, where the extrapolated line of the steepest part

of the p vs H plot reaches the zero resistivity. It is found that ch
increases very much at low temperatures and shows posltive curvature, \
but the origin remains an open question.
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