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Magnetic susceptibilities, critical fields, and critical currents of Co- and Zn-doped YBazCu307
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We have performed ac susceptibility, dc magnetization, and critical-current measurements on a series
of YBa2Cu307 samples with low levels of Co and Zn doping. The anisotropic superconducting proper-
ties were studied by magnetically aligning the powders in wax. By combining previous results of the
magnetic penetration depth A, with the thermodynamic critical field H, data, obtained from previous
specific-heat measurements, we were able to estimate the coherence length g, the lower and upper criti-
cal fields H, l and H, &, and the Ginzbug-Landau parameter ~ of these samples. We have compared these
estimates with values determined from dc magnetization curves near T, . Both intra- and intergrain criti-
cal current densities, J,(;„„,) and J,~;„„,), were measured magnetically on bulk samples and found to de-
crease with Co and Zn doping. In particular, the ratio of J,(;„„,) and J,(;„„,) was found to be insensitive
to doping, although the coherence length was increased in the doped samples. Moreover, J,(;„„,~ corre-
lates well with the condensation energies of the samples. This indicates that doping with Co or Zn weak-
ens the energy barrier of the existing pinning sites and has a negative overall effect on the ability of
YBa2Cu307 to carry loss-free currents. Finally, the results of irreversibility line measurements show that
the Co substitution, occurring in the CuO chain sites, has a more severe effect than Zn substitution,
occurring in the CuO& plane sites, because of the increased anisotropy.

I. INTRODUCTION

Flux pinning and critical-current density J, are the
most important properties needed for practical applica-
tions of high-T, superconductors. It is well known that
these two properties are closely linked to fundamental su-
perconducting properties' such as the coherence length g,
the magnetic penetration depth A, , and the critical fields
H„H, &, and H, 2. Therefore, to understand and improve
the J, behavior of high-T, superconductors, systematic
and correlated studies involving both J, and the basic su-
perconducting parameters are needed. Here we report
values of A, , g, H„, H, 2, and J, measured on a series of
YBazCu307 (YBCO) samples with low-level Co and Zn
doping, in an attempt to draw some conclusions about
the correlation between them, and also to investigate the
effect of partial substitution of Cu.

Additionally, the basic properties of a superconductor
provide insight into the superconducting mechanism.
However, there are difficulties in properly determining
these fundamental quantities due to a number of reasons.
For example, because of the large value of H, 2, it can
only be measured at temperatures near to T„where
thermal Quctuation effects are more significant so that the
error in the determination of H, 2 can be large. In the
present work, by making use of the values of the penetra-
tion depth obtained from ac susceptibility data and the
values of the thermodynamic critical field determined
from specific-heat measurements, ' we are able to deter-
mine other parameters using the Ginzburg-Landau rela-
tions. This way provides the advantage that these param-
eters can be evaluated over a wide temperature range
from T, to a temperature close to 0 K. Although the

Ginzburg-Landau theory is strictly valid only close to T„
it is found to be a reasonable approximation well below
T 5,6

C'

The material parameters or properties of YBa2Cu307
can be systematically changed by partial substitution of
Cu with another element. Transition metals with 3d
electrons, such as Fe, Co, Ni, Zn, are often used as
dopants because the Cu 3d electrons are believed to be
relevant to the superconductivity. In this work we
chose trivalent Co and divalent Zn as dopants. The posi-
tions of Co and Zn for Cu within the crystal lattice of
YBCO have been studied by x-ray difFraction, ' neutron
difFraction, "' and thermogravimetric analysis. " It is
generally agreed that Co ions primarily substitute for the
chain Cu(l) sites. In the case of Zn doping, although
there is no firm consensus in literature regarding the sub-
stitution site of the Zn ions, ' ' it is plausible to believe
that at least some (probably all) Zn ions occupy Cu(2)
sites in the Cu02 plane. It would be hard to explain the
strong suppression of T, by Zn doping if Zn ions go only
to chain sites. We shall show that because of their
different substituting sites Co and Zn affect the properties
of YBCO differently.

II. EXPERIMENT

Polycrystalline samples with a compositional formula
of YBaz(Cu& M„)307 (M= Co, Zn; 0 ~ x (0.1)
(YBCO-X%M) were made by a standard solid state reac-
tion method. Details of sample preparation and charac-
terization are given in Ref. 2. Bar-shape samples,
1X1X10mm, were cut off from sintered bulk samples
for measuring the inter- and intragrain critical-current
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densities J,~;„„,~ and J,~;„„,). They were reannealed in ox-
ygen at 420'C for 12 h to recover the possible oxygen loss
during the cutting. On the other hand, in order to obtain
single-crystalline oriented samples, the samples were
ground into fine powders and magnetically aligned in wax
at room temperature in a field of 6 T. To calculate the
penetration depth from ac susceptibility data, the
grain size distribution was measured using scanning
electron microscopy (SEM) for four samples, YBa2Cu307
(YBCO), YBaz(Cup 9s5Cop p»)307 (YBCO-1.5%Co),
YBa2(Cup 9bCop ~)307 (YBCO-4%Co), and

YBaz(Cup 95Znp p5)307 (YBCO-5%Zn). A commercial
(Lake Shore ac susceptometer 7000), a laboratory-made
ac susceptometer, ' and a vibrating sample magnetometer
(VSM 3001, Oxford Instrument) were used to measure ac
susceptibility, intergrain critical-current density J,~;„„,i,
upper critical field H, 2, magnetization M, intragrain criti-
cal current density J,~;„„,), and the irreversibility line.

An ac inductive technique' ' was used to measure

J,~;„„,i of the samples. A drive coil provided a sinusoidal
field at 800 Hz whose amplitude could be varied up to 20
mT. A search coil around the sample measured the Aux

entering it. The derivative of the signal s with respect to
the amplitude b0 is a measure of the depth to which
currents How and a marked discontinuity is seen when
the Aux reaches the sample center. If the amplitude of
the applied field at this point is b 0 then according to the
Beam model J,(;„„,i=bp /a&pp, where 2a& is the sample
thickness.

The upper critical field H, 2 was determined directly
near T, from M ( T) curves of the aligned samples mea-

sured at fixed fields. The irreversibility line H;„(T) is

determined as the onset of detectable irreversibility in the
isothermal dc M-H loops. Certainly, the value of H;„de-
pends on the sensitivity and the noise level of the instru-
ment and a criterion 10 emu (that is the noise level of
the VSM) was used. It corresponds to a J, value of 100
A/cm . By using the same criterion for all samples, it is

possible to draw conclusions on the effect of doping, even
if the absolute value is uncertain. J,~;„„,) was calculated
from magnetic hysteresis using the Bean model.
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probably largely caused by a decrease of superconducting
pair density n, . According to the London theory, A, is re-
lated to n, by

2
p0n, e

where m* is the effective mass of the electron. The pro-
gressive decrease of n, has also been observed in specific
heat ' and possibly in Hall effect measurements. Final-
ly, when plotting y, /g, b at low temperatures (-4.2 K)
as a function of the doping concentration, as shown in
Fig. 2, we find that for the Co-doped YBCO y, /y, b in-

creases much more rapidly than the Zn-doped YBCO.
We attribute the large variation of y, /y, b in Co-doped

FIG. 1. The temperature dependence of the ac susceptibility

g of magnetically aligned powders of YBCO, YBCO-4%Co,
and YBCO-5%Zn with the field parallel (Hiic) and perpendicu-
lar (Hlc) to the c axis.

III. RESULTS AND DISCUSSION

A. ac susceptibility (g ) and penetration depth ( X )

In Fig. 1, we show the ac susceptibility (y) data of
three samples (YBCO, YBCO-4%Co, and YBCO-5%Zn).
The data were normalized with respect to full diamagnet-
ic susceptibility (y,„) which was calculated from the
volume of the superconducting materials contained in the
aligned samples. The data show clearly the expected
reduction in the diamagnetic susceptibility due to the
field penetration into the superconducting grains. Evi-
dent difference in susceptibilities for the field parallel to
the c-axis (g, ) and ab plane (y,b ) reflects the anisotropic
nature of high-T, superconductors due to the layered
structure. With increasing the doping concentration,
both g b and g, are decreased, indicating larger penetra-
tion depths in the doped material. The increase in k is

Zn-doping
: —CO-dOPin g

1.5

1 2 3 4 5 6

Dopant content x (%)
7 8

FIG. 2. The ratio of g, /y, b (y„y,b, ac susceptibility with
field parallel to the c axis and ab plane, respectively) as a func-
tion of doping content for the Co- and Zn-doped YBCO sam-

ples.
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T

x =1—3x coth
+max X

+3x

samples to increasing anisotropy with Co concentration,
i.e., an increase in m for the c direction. This can be un-

derstood qualitatively in terms of different substitution
sites of Co and Zn dopants. In YBCO and all high-T,
superconductors, the superconductivity is associated with

the Cu02 planes and the conducting CuO chains in

YBCO improve the interplanar coupling between super-
conducting planes. The substitution of Co for Cu in the
chain site reduces the coupling and therefore increases
the anisotropy. In contrast, Zn dopants go into the Cu02
plane and thus have little effect on the anisotropy. The
increased anisotropy leading to larger fluctuations effects
are also observed in the conductivity ' above T, and in

the magnetization of Co-doped YBCO.
Assuming the superconducting grains in the composite

samples are spherical, values of penetration depth for the
YBCO, YBCO-1.5%Co, YBCO-4%Co, and YBCO-
5%Zn samples were calculated from the ac susceptibility
data y/y, „shown in Fig. 1 using the formula22

H,', = (in~, +0.5),4o

4 A,,b

H;~ (lntc, b+0.5),.b NO"4m-z. bz,

4o .b 0o

7T

4o 0o

2&2m(„a.b
' ' 2~2ng, a,

'

where

(4)

(5)

and

a A b/g, b

a,b
= 1,, /g, b

= [(A,, /g, )(A,,b /g, b ) ]
'i

A,, /A, ,b =g,b/g, =(m, /m, b
)'~

The penetration depth and the coherence length are relat-
ed to the mass anisotropy by

where x =A, /a. (a is the radius of a grain. ) The details of
the calculation and the temperature dependence of A,,b

and A,, have been reported previously. The low-

temperature values are listed in Table I. For the pure
YBCO sample, values of both A,,b and A,, are in good
agreement with the values reported in literature.

B. Coherence length ( g), lower and upper critical fields

(H, &
and H, z), and Ginzburg-Landau parameter (sc)

For an anisotropic superconductor, a reduced
effective-mass tensor is introduced to account for aniso-
tropic properties. The tensor is diagonal, its elements m;
are normalized by m

&
m 2m 3

= 1. The characteristic
lengths g and A, along the principal axes are determined
by g;=g/Qm; and A, , =A+m, , where g=(g, gpg3)'
and A, =(A, ,AzA, 3)' . The high-T, superconductors are
usually regarded as uniaxial superconductors, i.e., their
anisotropy between a-axis and b-axis directions is neglect-
ed, and hence g, =gb =g,b and A,, =A,b =A,,b. In this
case g, A, , and a are related to critical fields through fol-
lowing relations:

It is worth pointing out that the thermodynamic critical
field H, is isotropic. This is because —,'poH, is the con-

densation energy per unit volume of a superconductor,
and hence is independent of external fields or their direc-
tion.

The thermodynamic critical field H, (T) of these four
samples were obtained by Loram et al. ' from the
specific-heat data. The specific-heat measurements were
carried out on another batch of the original samples from
which the aligned composite samples were made. By em-

ploying a difFerential technique, the large contribution of
phonons to the specific heat can be backed off, and hence
a high resolution of 0.01% can be achieved. This permits
the electronic specific heat, which is most relevant to the
superconductivity, to be measured accurately. From
these measurements, the difference of the electronic
specific heat between the superconducting state and the
normal state hC" is obtained. Then the entropy
difference can be calculated as

Thus, H, (T) is calculated by the relation

TABLE I. Penetration depth, coherence length, critical fields, and Ginzburg-Landau parameter of
magnetically aligned YBa2(Cu& „M„)307(M =Co,Zn). A,,b and A,, were obtained from the ac suscepti-
bility data (Ref. 2). The data of H, were obtained from a specific-heat measurement (Refs. 3 and 4).
Other parameters are calculated using the Cxinzburg-Landau relations (see text).

~ab

(nm) (nm)
H,
(T)

Kab Kc g,b

(nm) (nm)

Hahc1

(mT)
Hc

(mT) (T) (T)

Pure YBCO
1.5% Co
4% Co
5% Zn

135
190
188
312

894
998

1717
1301

1.1
0.84
0.43
0.24

85
130
65

100

560
680
590
420

1.6
1.5
2.9
3.1

0.24
0.28
0.32
0.74

8.9
6.3
3.3
2.6

50
30
25
9.4

850
800
360
140

130
150
40
34
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(T) =f„(T) f—, (T)

S, T' —S„T' dT,
C

where f„and f, are the free-energy densities of the nor-
mal state and superconducting state.

From A, and H, the other parameters were calculated
using Eqs. (3)—(6). The zero-temperature results are list-
ed in Table I. For pure YBCO results are in agreement
with those reported in the literature. For example, the
value of H,'2 is in good agreement with that obtained by
Welp et al. on single crystals T.he values of H,'2 seems

slightly larger than theirs, and consequently gives a
slightly higher anisotropy of 6.3 compared with 5.2 in
their paper. However, this value of anisotropy is con-
sistent with results from torque magnetometery and
another report. As shown in Table I, the data indicate
that Co doping increases the anisotropy [as reflected by
A,,(0)/A, ,b(0) or g,b(0)/g, (0)], while the increase in
A,,b(0) is just in excess of the experimental uncertainty.
In contrast, Zn doping gives a particularly strong in-
crease in A,,b(0). It is tempting to associate this
difference between Co and Zn doping to their different
substitution sites in the YBCO crystal unit cell. The
chain site substitution of Co may reduce the coupling be-
tween the superconducting Cu02 plane and therefore in-

creases the anisotropy. The increase of the anisotropy in
the Co-doped sample is consistent with the larger fluctua-
tion effects observed in the conductivity above T, . '

It is also interesting to notice that for the doped sam-
ples the coherence length g increases and the Ginzburg-
Landau parameter ~ does not change much. This seems
different from the doping effect in log-T, metals. For a
low-T, superconductor, the presence of impurities
reduces the mean-free-path / and hence the coherence
length g decreases according to the relation '

60
YBCO-Hc1

40
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10)

H, 2. Apart from this, the overall temperature depen-
dence of H„and H, 2 is similar to that of a conventional
superconductor. In the literature there are reports that
the temperature dependence of H, &

shows an unusual up-
turn rather than a saturation at low temperatures.
This unusual temperature dependence is in contradiction
with the Ginzburg-Landau theory and the data presented
here. Some sophisticated models including the model of
a layered superconductor coupled via proximity effect
and the two superconducting phase models have been
proposed to explain this upturn. However, since this
kind of unusual temperature dependence of H, &

was usu-

ally presented in experiments using magnetization mea-
surements to determine H, &, it is probable that the up-
turn resulted from surface or bulk pinning. In the mag-
netization measurement, H, &

is defined as the field at
which the magnetization M starts to deviate from lineari-
ty. However, the strong pinning prevents flux moving in-
side the sample at low field and leads to an apparently
linear behavior in the M-H curve to fields higher than
H, &. Hence H, &

determined in this way is often higher
than the real value and follows the temperature depen-
dence of the pinning force or the critical current which

(10)

Here g0 is the BCS coherence length for pure metals and
is related to the superconducting transition temperature
T, and Fermi velocity VF by the relation

AVF
(0=0.15

B Tc
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However, for high-T, superconductors, g0 is very short
compared with I even in doped samples. Therefore, they
remain in the clean limit, g0 « 1, and so g is mainly deter-
mined by g0. Both T, and Vz (which is a function of n,
and m') decrease with doping, as indicated by suscepti-
bility and the penetration depth data. If the reduction of
T, by doping is greater than that of VF, according to Eq.
(11) the coherence length could increase.

The temperature dependences of H
&

and H, 2 of pure
YBCO and the YBCO-5%%uoZn sample, obtained from Eqs.
(3)—(5) and the measured values of H, (T) and A,(T), are
shown in Fig. 3. The discontinuity near T, in the H, 2 di-

agram is due to tluctuation effects in H, (T) and it is not
clear how they should be smoothed out in calculating

600

g 400

200

(
0

0 20 40 60 80
Temperature (K)

100

FIG. 3. The temperature dependence of (a) H, l and (b) H, z

for the YBCO and YBCO-5/oZn samples. H„and H, 2 were

calculated from A, and H, using Eqs. (3)—(5) (see text).
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does not saturate at low temperatures. Naito et al. '

have shown that H„can be measured more properly if
the pinning effect can be accounted for by analyzing mag-
netization data with the Bean model. The H„results
presented here were extracted from the penetration
depth, and thus do not show the upturn behavior.

The temperature dependence of H, 2( T) is an important
clue to understand the pairing mechanism of high-T, su-

perconductors. The BCS theory gives a linear relation at
temperatures near T„while some other theoretical mod-
els give a different temperature dependence. According
to the bipolaron superconductivity mechanism, for exam-

ple, H, z follows a relation (1—T/T, )
~ which means a

positive curvature. Although the uncertainty of H, 2

near T, makes the verification of the relation difFicult, the
overall behavior of measured H, 2(T) seems more in
agreement with the traditional theory.

C. Direct measurement of the upper critical fieM H, 2

In order to check the results in Table I independently,
we measured the upper critical field H, 2 of these samples
with the field parallel to the c axis. The measurements
were performed in the VSM with fields up to 6 T. It is
observed that in a temperature interval of about 10 K
(depending on the applied field) below T, the magnetiza-
tion is reversible. Therefore, these measurements reQect
an equilibrium state and are not complicated by effects
due to pinning. In Fig. 4, the zero-field-cooled (ZFC)
magnetization curves are shown as a function of tempera-
ture and applied field oriented parallel to the c axis for
the YBCO sample. A linear temperature dependence of
the magnetization below T, is clearly shown. The nu-
cleation temperature T,2(H) is defined as the intercept of
a linear extrapolation of the magnetization in the super-
conducting state with the normal-state base line. The
data display nicely the depression of T, with Geld. In the
near vicinity of the transition, rounding in the M ( T)
dependence is shown. This broadening is probably
caused by diamagnetic fluctuations. For the YBCO-
5%Zn sample and the YBCO-1.5%Co sample, a similar

temperature dependence to that shown in Fig. 4 was also
obtained. However, for the YBCO-4% Co sample the
transition is very broad and there is no well-defined onset
temperature T,2(H). This is attributed mainly to the
enhanced fluctuation effects due to the increase of the an-

isotropy. Microwave ' and resistivity measurements
have shown that in the Co-doped-YBCO samples the
fluctuation effect is indeed larger at high concentrations.
For the orientation of the applied field parallel to the ab
plane, the slope dH, 2/dT is too large so that with our ex-

perimental resolution the depression of T, by field cannot
be seen clearly.

In Fig. 5, H, 2 is plotted as a function of temperature at
temperatures near T, for the YBCO and YBCO-5%Zn
samples. A linear dependence fits the data well for both
samples. Data for YBCO-1.5%Co are not shown on the
graph, but follow the same linear temperature depen-
dence as the other two. The critical-field slopes from the
linear fits are —2.01, —2.32, and —1.45 T/K for the
YBCO, YBCO-1.5%Co, and YBCO-5%Zn samples, re-
spectively. Correspondingly, the upper critical field ex-
trapolated to T =0 using the relation

H, (0)=0.7T, (BH, /BT)~ (12)

and the coherence lengths calculated using Eq. (6) are
H,'z (0)= 129, 152, and 41 T and g,& (0)= l. 57, 1.47, and
2.83 A for these three samples. Comparing this to the
data in Table I, the results of YBCO and YBCO-1.5'%//Co

are in good agreement with that obtained in the previous
section. For YBCO-5%Zn, the direct measurement
yields a higher value of H, 2 than does the method de-
scribed in Sec. III E, but is reasonably consistent.

The experimental data in Fig. 5 appear to show a linear
temperature dependence, consistent with the Ginzburg-
Landau theory. However, taking into account of the ex-
perimental error and the narrow temperature region over
which the data are obtained, the possibility of other tem-
perature relations, for instance, the (1—T/T, )

~ depen-
dence suggested in the bipolaron boson model, cannot be
ruled out entirely.
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FIG. 4. Zero-field-cooled magnetizations measured at
difFerent fields as a function of temperature for the YBCO sam-
ple.

FIG. 5. High-temperature values of H, 2 near T„measured
from the magnetization, of the YBCO and the YBCO-5/oZn
sample.
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D. Inter- and intragrain critical currents

c( inter ) ~ l Jc( intra ) ~

The intergrain critical current of Co and Zn-doped
samples was measured using a inductive method' ' on
bar-shaped samples cut ofF from the original sintered
samples. The sample was cooled down to 4.2 or 77 K in
zero field, and then temperature became stable a small ac
field (b=bpcoscot) was applied for balancing the output
and adjusting the phase of the lock-in amplifier. The
phase was set to give a maximum signal and the balance
was made by adjusting the compensating coil to give a
zero output. After doing this, the ac applied field was
sweeping up slowly while V, the voltage output of the
lock-in amplifier, was recorded. The derivative BV/Bbo
was computed numerically afterwards.

The inductive method employed here measures the to-
tal flux put into the sample by the applied ac field. As
pointed out previously, ' ' the plot of b versus dV/'dbo
reflects the magnetic flux profile inside the sample. In the
case of a long slab and within the Bean model
(J, =const), this is straightforward. In the case of the
Anderson-Kim model (J, ~ 1/H ), the derivative gives J,
as a function of bo, but again it also gives the penetration
for a value of J, averaged over the amplitude bo. If the
sample is cylindrical or rectangular, its surface shell can
be regarded as a slab and hence the above discussion still
holds for small field amplitudes when flux penetrates only
into the edge area. For a large field amplitude where the
flux penetration goes to the center of the sample, J, can
be calculated as an average over bo. In Fig. 6, some cal-
culated bo against BV/Bbo curves for different sample
geometries and J,(B) dependence are presented. The
sample is a long rectangular rod with cross section
2a& X2a2. A notable point is that if the results are ana-
lyzed using the Anderson-Kim model (J, & 1/B) a curva-
ture is shown at low fields and a peak is shown near the
full penetration field ho (the field at which flux lines reach
the center of the sample). The peak position, as shown in
Fig. 6(b), does not always coincide with bo but varies
slightly with the sample geometry.

A sintered bulk sample can be regarded as a network of
superconducting grains connected by weak links. '" In
the inductive technique, the applied field is small so that
it penetrates into the sample mainly through the weak
links at grain boundaries. Thus, the critical-current den-
sity measured here is J,(;„„,).

Some raw data for three samples recorded at 4.2 K and
their derivative are shown in Figs. 7(a) and 7(b), respec-
tively. The curvature at low fields and the peak at higher
fields are seen clearly in the field bo against the derivative
BV/Bbo plot [Fig. 7(b)] for these three samples. The
similarity between the measured curves and those shown
in Fig. 6(b) shows clearly a strongly field dependent
J,(;„„,) as we expected for a sintered bulk samples. The
average value of J,~,„„,~ is determined by bo /(boa&),
where bo is the peak field and 2a&( =1 mm) is the sample
thickness. For the pure YBCO sample, J,(;„„,) is about
100 A/cm which is 3 or 4 orders of magnitude lower
than J,(;„„,), the critical-current density within grains.
With the addition of more Co or Zn, J,(;„„,) decreases.

dc magnetization measurements were also performed
on the samples used in the ac inductive measurements in
an applied field of up to 12 T. It is believed that at
sufficiently high field, for instance, 1 T, the weak links at
grain boundaries become nonsuperconducting so that the
contribution of J,(;„„,) to magnetization is unimportant.
In this case, according to the Bean model, we have
J,~,„„,~ ~ hM/d, d is the particle size, where hM is the
magnetic hysteresis of increasing and decreasing field.
Therefore, the change of hM mirrors the change of
J,~;„«,~

(the samples were made under same conditions,
and thus d has a similar value). For the pure YBCO sam-
ple, using the grain size d =2 pm and the formula de-
rived from the Bean model,

J,(;„„,) =346M/d (13)

(J„A/cm; hM, emu/cm; d, cm), we obtain a value of
1.7 X 10 A/cm that is much higher than J,~;„„,~.

In Figs. 8(a) and 8(b), we show the inter- and intragrain
critical currents as a function of doping concentration for
the Co- and Zn-doped samples, respectively. Values of

9 square bar
a) =a2

aVQb

(b)

0

aV(ab

FIG. 6. Calculated bp against BV/Bbp (bp is the amplitude of
the ac field and V is the output of the lock-in amplifier) curves
according to (a) the Bean model J,=const and (b) the
Anderson-Kim model J, ~ 1/B. The sample is a long rectangu-
lar rod with cross section 2a, X2a2. The inset in (b} shows the
detail around the peak.
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J,~;„„,} and J,~;„„,} are normalized to the value of the un-

doped sample. It is clear that both J,~; „,~ and J,~, „,~ de-
crease with increasing the doping concentration. Fur-
thermore, the two critical currents show a very similar
decay rate with doping concentration, although there is
inevitably a good deal of scatter in the experimental data
and the absolute magnitudes differ by a factor 10 . The
results suggest that J,(;„„,} scales with J,(;„„,},which is at
first sight surprising since it is usually assumed that the
limited mechanisms are quite different. On close exam-
ination the result is consistent with a number of pictures.
First, if the boundaries are SIS (superconductor-
insulator-superconductor) type and the thickness does
not change, J,~;„„,} will vary with the energy gap and it is
likely that bulk pinning energies will vary in a similar
way. Second, if the boundaries are SNS
(superconductor-normal-superconductor) type, J, will be
determined by the order parameter on either side of the
boundary and the coherence length within the boundary.

If the dopants do not affect the nature of the grain
boundary layer significantly we would again find scaling
of the two current densities. Thus, our results suggest
that doping does not affect significantly the width or
properties of the boundary between grains.

Additionally dc magnetization measurements have
been undertaken on the magnetically aligned composites.
In this case no intergrain currents are involved at all.
Results measured at 4.2 K with Geld parallel to the c axis
are shown in Fig. 9. All curves show a similar field
dependence, with almost field-independent magnetization
at high fields indicating a high and field-independent
J,~;„„,~. The smaller size of the hysteresis means that
J,~;„te,) decreases as Cu is partially substituted.

To correlate J,&;„„,} with the superconducting parame-
ters, we consider a simplified single-site pinning model.
In this model, the pinning force density F =J,B (where
B is the flux density} can be linked to the pinning energy
(related to the condensation energy} and the coherence
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0.8

0.6

c(inter)J

L Jc(intra)

length in a straightforward manner. Consider the situa-
tion of field parallel to the c axis. The energy of the core
of a vortex is E=

2t poH, (,b per unit length so the max-
imum force in creating a core is VE = —,tp0H, (,b. This is
the pinning force. The driving force (Lorentz force) per
line is t)I0J, per unit length so that we can write J,t;„„,i as

2
c(intra) II (Pc(ah ~ 00 & (14)

0.4

0.2 —

)

0 1 2 3 4 5

Co content (x%)
6 7 8
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0.8
CO
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Jc{inter)
A c(intra)
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I

2 3 4 5
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7

FIG. 8. Critical-current densities of (a) the Co-doped samples
and (b) the Zn-doped samples measured at 4.2 K with using ac
inductive technique (for J,(;„„,)) and dc magnetization (for
J,(;„„,)). Results of both J,(;„„,) and J,(;„„,) are normalized by
values of the pure YBCO sample.

J, ccHc(nb rr-H IA b (15)

that is the depairing current. Therefore, J,~;„„,~ scales
with the depairing current. Also, Eq. (15) suggests that
for the purpose of applications we should look for materi-
als with small A, (or high H, t )

where g is a numerical factor accounting for incomplete
suppression of the order parameter at the pinning site
and other deviations from the optimal case. In a real sys-
tem, the situation is expected to be more complex. How-
ever, the essential characteristics of Aux pinning are con-
tained in this simplified form. According to Eq. (14), a
linear relation between J, and the product ttt0H, g, b is ex-
pected. In Fig. 10, J,t;„„,i of four samples (YBCO,
YBCO-1.5%Co, YBCO-4%Co, and YBCO-5%Zn) mea-
sured at 4.2 K and 1 T with the field parallel to the c axis
is shown as a function of itt0H, (0)g,b(0)!2 (H, and g,b

values are from Table I) for corresponding samples. The
graph shows a reasonable proportionality between the
two quantities, supporting the essential validity of the
above simple single-site pinning model for predicting the
effect of doping. Also the result shown in Fig. 10 sug-
gests that the strength of the pinning in high-T, super-
conductors is strongly influenced by the thermodynamic
properties such as H, and g, and thus any attempts to in-
troduce pinning centers have to be done without lowering
the value of H, . In this regard, point or columnar defects
produced by neutron, proton, and heavy-ion irradia-
tion and small precipitates of Y2BaCu05 in YBa2Cu307
(Ref. 51) may act as such candidates. Additionally, using
Eq. (5), J, can be written as
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FIG. 9. Magnetic hysteresis loops of the magnetically aligned

YBCO, YBCO-1.5%Co, YBCO-4%%uoCo, and YBCO-5%%ugZn sam-
ples with field parallel to the c axis.

FIG. 10. The intragrain critical current density J,(;„„,) at 4.2
K and 1 T shown as a function of the product iMnH, g,&.
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E. The irreversibility line 0.35

Hc2 (YBCO)
H. (YBCO)In Fig. 11, we show the irreversibility line H;„(T) of

the YBCO, YBCO-1.5%Co, YBCO-4%Co, and YBCO-
5%Zn samples. Because H, 2 and T, change with Co and
Zn substitution, all fields and temperatures in this dia-
gram are normalized to H, 2(0) and T', of the correspond-
ing sample, respectively. The H, 2 values of YBCO,
YBCO-1.5%Co, and YBCO-5%Zn are those measured
experimentally as described in Sec. III D. For the
YBCO-4%Co sample, H, 2 could not be measured direct-

ly, and hence the value listed in Table I is used. It is
noteworthy that the normalized irreversibility line of the
Zn-doped sample seems identical to that of the undoped
sample. At lower temperatures or high fields, the irrever-
sibility of the two samples may become quite different,
but at least below 0.3H, 2 the magnetic phase diagram
seems to be unchanged by the Zn doping even although
T, is reduced drastically. However the effect of Co dop-
ing seems different, the irreversibility line is more curved
and eventually is pushed to much lower temperature or
field with increasing the Co dopant. The magnetic rever-
sible region expands rapidly with doping.

We have seen in Secs. III A and III B that Co doping
results in a large increase in anisotropy. Thus, the results
presented here strongly suggest that in high-T, supercon-
ducting oxides the degree of their anisotropic character is
a key factor in determining the irreversibility line. In
high-T, superconductors, due to their layered structure,
Aux lines along the c axis might be regarded as vortex
pancakes coupled via the Josephson effect and their
magnetic interaction. In YBCO, CuO chains, which are
believed to be conducting, are present between supercon-
ducting CuOz biplanes, and hence enhance the coupling
along the c axis, resulting in a good Aux pinning and
critical-current behavior at high temperatures and high
fields, and a high irreversibility line compared to other
high-T, superconductors. When Co ions are doped into
the CuO chains, they presumably weaken the coupling
and cause the vortex lattice to more easily break into
pancakes which are easily thermally activated, leading to
a low irreversibility line.

0.30 E&

0.25

0.20

0.15

0.10

0.05

0 ~ 00 l~
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIG. 11. The irreversibility line and upper critical field (H,2)
of YBCO, YBCO-1.5%Co, YBCO-4%%uoCo, and YBCO-5%Zn.
The fields and temperatures are normalized to H, 2(0) and T„
respectively.

A,,b(0) is just in excess of the experimental uncertainty.
In contrast, Zn doping gives a particularly strong in-
crease in A,,b(0). This can be understood by linking the
anisotropy difference between Co and Zn doping to their
different substitution sites in the YBCO crystal unit cell.
The chain site substitution of Co probably reduces the
coupling between the superconducting Cu02 plane and
therefore increases the anisotropy. With the aid of the
Ginzburg-Landau relations, basic superconducting pa-
rameters such as the upper and lower critical fields, H, &

and H, 2, the coherence length g, and the Ginzburg-
Landau parameter ~ were calculated from A, and the ther-
modynamic critical field H„which was determined from
specific-heat measurements. The values of H, 2 measured
directly near T, were consistent with these estimated
values. Both inter- and intragrain critical-current densi-
ties, Jc(inter) and Jc(intra)& decreased with doping. Jc(intra)
showed good correlation with the pinning model parame-
ter —,'peH, g,b. This suggested that the decrease the con-
densation energy —,'pDH, by doping is responsible for the
reduction of J,. Moreover, the irreversibility line was
lowered by doping, in particular by Co doping which
weakens the interlayer coupling and increases the anisot-
ropy. The results strongly indicated that in high-T, su-
perconducting oxides the degree of their coupling be-
tween planes is a key factor in determining the irreversi-
bility line.

IV. SUMMARY

In summary, the effect of Co and Zn doping on the su-
perconducting properties of YBCO has been studied by
means of ac susceptibility and dc magnetization. By us-
ing magnetically aligned powdered samples, the magnetic
penetration depth A,,b and A,, could be measured. Both
A,,b and A., were decreased by doping. However, the
effects of Co and Zn doping on the anisotropy of YBCO
are different. The experimental data indicate that Co
doping increases the anisotropy [as reflected by
A,, (0)/A, ,b(0) or g,b(0)/g, (0)], while the increase in
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