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Systematic measurements of the resistivity of the polycrystalline samples of the YBa2(Cu& „M„)408
system with M=Fe, Ni are reported. The resistivity behavior depends strongly on the dopant concen-
tration. For the Fe 6-at. % sample, there is no metallic behavior in the resistivity, but for T & 50 K, the

resistivity decreases very slowly with temperature. The behavior of the resistivity of the Fe 10-at. % and

Ni 5-at. %%uosample s isanalyze d, an d it is foun d tha t th evariable-rang ehoppin gproces sma yoccu r in

these samples below about 30 K. While the Ni 5-at. % sample is found to show signs of the nearest-

neighbor hopping process of conductivity above about 150 K, the Fe 10-at. % sample does not show

such behavior up to 300 K. On this basis it is found that localization may not be a possible reason of the

large T, depression in the YBaz{Cu& M )4OS system by the Fe and Ni dopants. We have examined the

possibility of T, degradation due to carrier-impurity potential scattering also by using a single-crystal

analog of the polycrystalline sample. This analogy is justified to within a factor of less than 1.33. On the

basis of this analogy we have found that potential scattering may not be a reasonable source of T, degra-

dation in the Ni- and Fe-doped samples of the system considered.

I. INTRODUCTION

The problem of T, degradation by 3d metallic (and
other) impurities in the cuprate superconductors is as
complex as the problem of occurrence of superconduc-
tivity in the clean phase of these systems. Experimentally
it has been found that 3d metallic impurities (Fe, Co, Ni,
Zn, and Ga) suppresses T, in the cuprate systems much
more strongly than in the conventional superconduc-
tors. ' There are principally four known reasons of T,
degradation in the impurity-doped superconductor s.
They are localization, magnetic pair breaking (for s
wave pairing}, potential scattering (for d-wave pairing),
and direct suppression of the e6'ective pairing interac-
tion. ' In the case of cuprate superconductors Walstedt
et al. have found very recently that the magnetic pair
breaking is inadequate in the Zn-doped YBa2Cu 307
(Y123) system. A similar conclusion is drawn by Lal
et al. on the basis of the T, degradation in the dirty
YBa2CuzQ& (Y124) and Y123 systems. If the nature of
pairing in cuprate superconductors is of d-wave type,
then T, degradation may be due to potential scattering
from the impurity. ' But whether cuprate superconduc-
tors have d-wave pairing or s-wave pairing is not clear at
present because there are evidences in favor of both of
them. ' Thus a mechanism of T, degradation based on
potential scattering may be reasonable in cuprates.
Whether T, degradation in cuprates is due to localization
or potential scattering can be ascertained to some extent

by the measured resistivity of cuprate systems doped with
di6'erent 3d metallic impurities. However, since the car-
riers are limited mostly to the ab plane, and since the cu-
prate superconductors are highly anisotropic, ' '" we
should consider single crystals or epitaxial thin films for
the resistivity measurements. But we have not yet suc-
ceeded in preparing single-crystal samples of Y124 doped
with di6'erent 3d metallic impurities. In fact, there are
many difhculties in the way of preparing a single crystal
or epitaxial film of Y124 doped with 3d metallic impuri-
ties. The main trouble arises due to the presence of
Y123.

For the study of localization e6'ects we expect no prob-
lem due to the polycrystalline nature of the samples, be-
cause the scaling theory of localization' does not permit
anisotropic localization (even) in an anisotropic system.
As far as the carrier-impurity potential scattering is con-
cerned, we need the scattering rate for the process corre-
sponding to the ab plane. In the absence of single crys-
tals of the doped Y124 systems, it is advantageous to
represent the polycrystalline samples of Y124 by their
"single-crystal-analog" samples of ab plane resistivity'

p,b=[y(x)] 'p(x)-

Here y(x) =(p, /p, b)'~, with p, as the c-direction resis-
tivity and p, b as the ab-plane resistivity, is used to
characterize the anisotropy ratio' "of the sample. (Ac-
cording to Ref. 10, y&z4=2y&z3. } In the Appendix we

have found that from the view-point of resistivity the
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analogy of the single-crystal analog of the polycrystalline
samples is justified to within a factor of about 1.33. In
the absence of resistivity data of actual single-crystal
samples, one may therefore employ the polycrystalline
samples to study the localization and carrier-impurity po-
tential scattering effects. The result of this type of study
will be uncertain by a factor of about 1.33. We have mea-
sured the resistivity of the superconducting and nonsu-
perconducting Fe- and Ni-doped Y124 systems for those
impurity concentrations for which the corresponding
Y123 system is superconducting. The localization effect
is obtained from the resistivity data of Fe- and Ni-doped
nonsuperconducting Y124 samples, while the carrier-
impurity potential scattering rate has been obtained from
the resistivity data of the superconducting samples.

II. EXPERIMENTAL

Samples with nominal compositions
YBa2(Cu, „M„)40& (M =Fe and Ni) have been prepared
at ambient pressure of oxygen using NazCzO~ as cata-
lyst' by solid-state reaction of stoichiometric mixtures of
the constituent oxides. Y203, Ba(NO3)z, CuO, Fe203, and
NiO, each of 99.99% purity, were used as starting in-
gredients. These were mixed in the stoichiometric ratio
required for each sample along with 0.2 mole fraction of
sodium oxalate. The synthesis process is relatively sim-
ple, involving two steps. In the first step, the homogene-
ously mixed constituents were prereacted in the powder
form for 30 min at 900'C and then cold pressed into rec-
tangular bars which were again reacted for 24 h at 900 C
in a continuous How of oxygen. In the second step the re-
action temperature was reduced to 815 C for another 48
h.

4 lattice. The parameters of the Fe-doped system are
shown in Fig. 1.

Powder x-ray diffraction (XRD) patterns of and pure
Y124 samples substituted with 1, 3, and 5 at. % Ni were
also obtained at room temperature. In all the samples
(pure and Ni substituted) most of the diffraction peaks
were indexed by the orthorhombic structure of the 1-2-4
phase. These x-ray data confirmed the previous re-
port' ' that the Y124 structure is less affected by Ni
substitution. The XRD pattern of the Ni-substituted
Y124 samples also indicated that in all the samples of
YBa2(Cu& „Ni„)40s with x =0.01—0.05 the crystal
structure remains invariant. The orthorhombicity of the
system does not seem to be affected by Ni substitution, as
evidenced through the unaffected splittings of the
[017],[111]and [020],[200] planes. The lattice parame-
ter values (Fig. 2) do not change significantly with in-
crease of Ni content in the samples.

The temperature dependence of the ac susceptibility of
the pure Y124 sample is shown in Fig. 3. The measure-
ments were performed in a field of 0.1 Oe rms by increas-
ing the temperature from 63 K upwards. The diamagnet-
ic onset starts around 75 K. The y' curve is sharp and
saturation is observed around 62 K. Also, there is a peak
in the y" curve around 68 K, corresponding to the sharp
drop in y, which is an indication of intergranular cou-
pling. The T, degradation in Fe- and Ni-doped Y124, as
reported in Ref. 2, is confirmed by resistivity measure-
ments of the Fe- and Ni-doped samples [Figs. 4(a) and
4(b)]. The resistivity versus temperature behavior of the
superconducting as well as nonsuperconducting samples
of Fe- and Ni-doped Y124 is presented in Figs. 4(a) —4(c)
for 10&T(300 K.

Measurements of the temperature dependence of resis-
tivity were carried out using the standard four-probe
technique. Air-drying silver paste was used to make elec-
trical contacts on the samples. The temperature of the
sample was monitored using a Ge sensor. The measure-
ment system was hooked to a HP-216 system controller
for automatic data acquisition and processing. The x-ray
diffraction pattern of the samples were recorded using a
Siemens D-SOO x-ray difFractometer with Cu Eo. radia-
tion. The ac susceptibility of a pure Y124 sample was
measured using Lakeshore ac susceptometer model 7000.

III. RESULTS
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Powder x-ray diffraction patterns of Y124 sample, sub-
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that the YBa2Cu408 structure suffers from structural
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FIG. 1. Variation of the lattice parameters a, b, and c with x
for the YBa2(Cu& „Fe„)408samples.



27.20

27.50

27.00
O~

26.90

o 26.80
3.88
3.8r

~~
3.86
3.85

541

start from the VRH process. First of all, we identif the

law, for constant density of states at the
Fermi level, the resistivit beh

'
y p aves as 1n(pip )

for the d-dimensional VRH rocess.
Here the parameter po depends on the material

process.

specifications; it can have a wea k T dependence also;
zgt g is the temperature below which the lo-

calization process will take lace He p ace. ere t is the sample

of s
ic ness, k~ is the Boltzmann constant g

'
th d

states at the Fermi energy a d
is e ensity

, an is t e localization

T DEGRADATION IN CUPRATE SUPERC ONDUCTQRS FROM

3.84
3.83
3.82
3.8I

3.80 I

O.OO O.O~

I I I

0.02 0.03 0.04 0.05 0.06
Ni Content X

FIG. 2. Variation of the lattice arameter
for the YBa (C

ice parameters a, b, and c with x
e ap u] Ni„)408 samples.

3.0—

2.5
(

2.0

I—) 1.5
I—

1.0

3 /oFe

2/oFe

1 /oFe

24 Pure

IV. DISCUSSION

A. Localization and superconductivity

In order to extract information from the resistivit
i opants on the T

, we rs o a 1 calculate the localization len th'
corresponding to the Fe 10-at. %%u

dN'-a . o an i 5-at. % sam les
of Y124. The localization len th in heng in t e x (0.1(x (0.5)
amp es o e (Ni) will definitely be larger th h

these sam les. F
arger t an that of

p es. or this purpose we consider the
of electrical cononductivity in the system consid d P

e process

ble mechanism
nsi ere . ossi-

isms of electric conduction are (1) weak locali-
zation, (2) the Kondo effect (3) v

, and (4) nearest-neighbor hopping (NNH). We

0.5

0.0

2.0—
E

E

1.0)
I— 05—
LLi

0.0

60

60

1 20 180 240
TEMP E RATURE (K)

120 180 240
TEMPERATURE (K)

300

3/o Ni

2/oNi
/o Ni

4 Pure

300

0.400
0.200-
0.000

U) -0.200-
-0.400—

~ -0.600—
-0.800
-1.000

1-2-4 Pure

24
E

E
l6

lh e

0- (f' /Io 00)

e 6%

e 4

) 5'!

Fe 10'/0

-4.200
40 50

I I I

60 70 80
Temperature(K)

I

90 400

FIG. 3. ac susceptibility of ure Y
Oe rms.

'
y o pure YBa&Cu4OS specimen at 0.1

10050 250l50 200 300
Temperature (K)

FIG. 4. R-T lots forp for YBazCu40& samples at different do in
levels of Fe [(a) and (c)] and Ni [(b) and (c) .



RATAN LAL et ul. 51

length. The parameter P=21 for d =3, and P=14 for
d =2."

In Fig. S we have plotted lap vs T ' and T ' to
find the temperature range of the VRH regime. We find
that for the Fe 10-at. % sample, two-dimensional (2D) or
3D VRH is not possible above -20 K, while for the Ni
S-at. %%uosampl e2DVRH isno t possibl eabov e-6OK,
and 30 VRH is not possible above -40 K. In any case,
the temperature range from 10 K to these temperature
values is so small that on the basis of Fig. 5 it is difficult
to identify the extent and dimensionality of the VRH pro-
cess. At most, the temperature range T-10—30 K can
be thought of as being the boundary region of the VRH
regime from the low-T side. For further clarification of
the variable-range hopping regime and its dimensionality,
we have made a plot of the logarithm of the localization
energy E, =d(lnp)/d(1/T) vs the logarithm of the in-
verse temperature 1/T in Fig. 6. It is seen that only the
portion from T =10 K to T-30 K, which is not more
than an end region of the suspected low-T VRH regime,
corresponds to the VRH process. As shown in Fig. 6, the
T &30 K points on the plot can be fitted with the slopes
of —

—,
' and —

—,
' without a clear distinction. So the ques-

tion of the VRH dimensionality cannot be answered with
certainty on the basis of the small temperature range of
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FIG. 6. Plot of the logarithm of the local activation energy
[din(p)/d(1/T)] vs logarithm of the inverse temperature 1/T
for the samples of Fig. 5. The solid lines correspond to the
slope of —

—, (2D VRH process), while the dashed lines corre-
spond to the slope of —

~ (3D VRH process). The plots do not
show that either of these slopes is a better 6t.
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8.0, 11.6, 52.7, and 301.4 K, respectively, for the Ni 5-at. % (2D
VRH), Ni 5-at. % (3D VRH), Fe 10-at. % (2D VRH), and Fe
10-at. %%uo(3DVRH )samples.

10—30 K. But it is not difFicult to see that a slope of —
—,
'

will be a relatively poor fitting to the T & 30 K points. So
it may be said that the Abeles law of the VRH process,
namely, lnp- T ', is unlikely to occur around or below
30 K. Taking the above results together means that in
the Fe 10-at. % and Ni 5-at. % samples of Y124, the
VRH process of conductivity can only take place at tem-
peratures below about 30 K.

It is well known that with increasing temperature there
takes place a transition from the VRH process of conduc-
tivity to the nearest-neighbor hopping process of conduc-
tivity. However, there is yet no way to ascertain the
width of the transition region. Theoretically, the value
of the local activation energy E, in the NNH regime
should be three times greater than that at the transition
point from the VRH side. Furthermore, in the case of
the full NNH process, the local activation energy E,
should be independent of T. This is seen to occur in Fig.
6 only for the Ni S-at. %%uosampl eabov e15OK . One-third
of this temperature is 50 K, which indicates the tempera-
ture below which the VRH process should occur in the
Ni 5-at. %%uosampl e, wed ono t seean ysaturatio no f this
sort of the local activation energy up to 300 K. This
means that in the temperature range considered the Ni
S-at. %%uosampl e isexpecte d tohav e aNN Hproces sof
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conductivity above 150 K, while the Fe 10-at. %%uosample
will not. A —lnT contribution may be reasonable for the
Fe 10-at. % sample. Physically such a contribution is ex-
pected from the Kondo effect or weak localization, and
is associated with a change of density of states at the Fer-
mi energy.

From the straight-line portions of the traces in Fig. 5,
we find that To —10 K for the Ni 5-at. % sample, while

To —100 K for the Fe 10-at. %%uosample . Thes evalue sof
To correspond to gt "g"-10 states per eV per localiza-
tion volume for the Ni 5-at. %%uos am pl e, an d to
gt "g —10 states per eV per localization volume for
the Fe 10-at. % sample. This means that g+ 100 A for
the Ni 5-at. % sample, and g~ 40 A for the Fe 10-at. %
sample. These values of g are much larger than the
coherence length of the clean system, $„„=5—20 A.
This means that, according to the resistivity data of the
Ni 5-at. % and Fe 10-at. % samples of Y124, the carrier
localization in the samples considered is expected to be of
less extent.

We now turn to the occurrence of superconductivity in
the Fe- and Ni-doped Y124 system. For the
YBaz(Cu, „Fe„)40s system, superconductivity is de-
stroyed completely below x =0.04 [Fig. 4(a)]. According
to Ref. 19 g increases rapidly with decrease of resistivity.
Since we have also used the VRH process to obtain the
value of g, we expect g to increase rapidly for decreasing
x. Thus in the x &0.03 samples of Fe- and Ni-doped
Y124 g is expected to be larger than g„h. This means
that in the x &0.03 Fe- and Ni-doped samples the locali-
zation length may be much larger than the pure-sample
coherence length g«h, and so the x &0.03 disorder may
not be sufhcient to destroy superconductivity, because for
that to happen we require g&g„„. We emphasize that
this result will not change if we use data from a single
crystal of Y124, because localization remains isotropic
even for an anisotropic system. '

B. Carrier-impurity potential scattering

For d-wave pairing the carrier self-energy due to the
carrier-impurity potential scattering will be different in
the normal and superconducting states. Because of this
superconductivity will be suppressed; the rate of suppres-
sion will depend on the strength of the scattering rate.
The carrier-impurity scattering rates for Fe- and Ni-
doped Y124 can be obtained from the resistivity data of
the superconducting samples by calculating the slope
dp„,, /dx for low x. Here p„, is the T =0 value of the ex-
trapolation of the linear part of the resistivity. Accord-
ing to Tarascon et al. , the average value of dp«, /dx for
Fe-doped Y123 of low x is =45 mQ cm per Fe concentra-
tion, while for Ni-doped Y123 it is =1.8 mQ cm per Ni
concentration. According to Figs. 4(a) and 4(b), the
corresponding values of dp„, /dx for Fe- and Ni-doped
Y124 are =65.0 mQcm per Fe concentration, and =90
mQ cm per Ni concentration. Using Eq. (1) we may find
values of the ab-plane scattering rates for the single-
crystal analog of the polycrystalline samples by using the
formula

= [y(x)] ' ——'[y(x)] ~'p (x)x 3 pres x

(2)

For low x we evaluate the derivatives in Eq. (2) at x =0
for which p„,(x)=0. So the second term on the right-
hand side of Eq. (2) will be almost zero. Moreover, for
Y123, y(0)=8.8 (Ref. 11}. Thus dp, & „,=10.5 mQcm
(0.42 mQ cm) per Fe (Ni) concentration in the Y123 sys-
tem. According to Zech, ' y, 24=2yI23. So for Y124 we
take y(0)=17.6. This gives dp, b „,/dx =9.5 mQcm
(13.0 mQ cm) per Fe (Ni) concentration in the Y124 sys-
tem. If we calculate dp, b „,/dx at x =0.01, all the re-
sults will be reduced by about 15%. This is because ac-
cording to Chien et aI." in the Fe-doped Y123 system
and for x (0.013 we may write y(x) as y(x) =y(0)+ Qx
with Q=dy/dx =150. For Ni-doped Y123, and for Fe-
and Ni-doped Y124, we also expect Q to be near 150.
Even if Q is quite difFerent for other than Fe-doped Y123
samples, the difference between the values of dp, b „,/dx
is so sharp (31 times for Ni-doped Y123 and Y124) that
for the physically reasonable values of Q this factor of 31
(for the Ni-doped system) cannot be reduced to, say, a
factor of 2 or 3. In fact, the maximum effect of the value
of Q will be about 15% or a factor of about 1.2 only. The
scattering rate per impurity d(1/r)/dx, where ~ is the
carrier relaxation time, is proportional to n (dp, b „,/dx).
Here n is the planar carrier density.

On the basis of penetration-depth measurements in the
Y123 and Y124 systems, the planar carrier concentra-
tion in the Y124 system is smaller by a factor of 0.64 than
that in the Y123 system. Combining this with the
above-estimated values of dp, b „,/dx, we find that the
carrier-impurity scattering rate in the Y124 systems is
6.0A for Fe and 8.3A for Ni, as against 10.5A for Fe
and 0.42A for Ni in the Y123 system. Here A is a pa-
rameter having dimensions of the scattering rate. The
scattering rate of Fe-doped Y124 is less than that of the
correspondingly (Fe-) doped Y123 system by a factor of
about 1.7. Because of the uncertainty of about a factor of
1.8 (see the Appendix} due to the polycrystalline nature
of the samples used, the ratio of the scattering rates per
Fe concentration in the doped Y124 and Y123 systems
will be reduced to about 1.7/1. 8=0.94. This means that
the scattering rate per Fe concentration will remain less
in the Y124 system than in the Y123 system. But if Fe
has to suppress T, in Y124 relatively more strongly, the
scattering rate per Fe concentration should be more in
Y124 by about a factor of 7.0. This is because in Y124
(Y123) superconductivity is suppressed by Fe with
x =2.2 at. % (x =18.0 at. %), and because T, of pure
Y124 (Y123) is 78 K (90 K). In view of the conclusively
large difFerence in the observed (0.94) and required (7.0)
ratio of scattering rages per Fe concentration in Y124
and Y123, we conclude that in Fe-doped Y124 carrier-
impurity scattering may not be a possible reason for T,
degradation.

According to the above estimates, the scattering rate of
Ni-doped Y124 will be about 20 times larger than that of
the Ni-doped Y123 system. This is a very large factor,
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and cannot be reduced below about 20/1. 8=11.1. On
the other hand, for the interpretation of the observed'
T, degradation in the Y123 and Y124 systems, the ratio
of the scattering rates per Ni concentration in these sys-
tems should also be about 7.0. Thus in the case of the
Ni-doped Y123 and Y124 systems the potential scattering
does not seem to be a possible source of T, degradation.
The situation will become clearer when single-crystal
data become available.

C. Direct suppression of pairing interaction

Since carrier-impurity potential scattering is found to
be a doubtful source of T, degradation in Fe-doped Y124,
and since localization is also doubtful, it is reasonable to
consider as the source of suppression of superconductivi-
ty the direct suppression of the pairing interaction. Since
the Fe and Ni dopants enter at the Cu sites, the pairing
interaction will involve the Cu sites in an essential way.
This means that from the viewpoint of the direct suppres-
sion of the pairing interaction only that type of pairing
interaction will be reasonable in the superconducting
phase of the considered system whose formation is
significantly sensitive to the absence of the Cu atom at
the impurity site. Spin fluctuations and excitons involve
the Cu sites in an important manner so they are favorable
for the pairing interaction from this point of view. On
the other hand, plasmons, having their origin in a single
(mainly 0 2P-based) band, are not obviously favorable.

In view of the above it is desirable to understand how
the pairing interaction can be suppressed so drastically in
the Fe- or Ni-doped Y124 system. Stacking faults in the
Y124 system may be one of the reasons. Local distor-
tion around the impurity of the type observed in Fe-,
Co-, Ni-, or Zn-doped Y123 is another reasonable possi-
bility.

V. CONCLUSIONS

In conclusion, we have made measurements of the
resistivity of polycrystalline samples of the Fe- and Ni-
doped Y124 system. The behavior of the resistivity is
much different from the Mott law of VRH for T above
about 30 K. While the Ni 5-at. % sample is expected to
have NNH behavior in the resistivity above 150 K, no
such indication is found in the Fe 10-at. % sample. Lo-
calization and the carrier-impurity scattering of magnetic
or potential origin do not seem to be important for T, de-
gradation in the Fe- and Ni-doped Y124 system. The
direct suppression of the pairing interaction may be a
reasonable source of T, degradation in the system stud-
1ed.
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APPENDIX

TABLE I. dp, b „,/dx for single crystals of Zn- and Co-doped
Y123, and dp„, /dx from polycrystalline samples of Zn- and
Co-doped Y123.

Sample

Zn-doped
single crystal

0.0053
0.036

d ~ pab, res& pres ~ /dx
(mQ cm per impurity

concentration)

1.88
3.11

Reference

30
30

Co-doped
single crystal

0.041
0.096

2.43
2.81

31
31

In this Appendix we consider resistivity data of Zn-
and Co-doped single crystals and polycrystalline samples
of Y123, and examine how far the single-crystal analogs
of the polycrystalline samples represent the real single
crystals. The single-crystal analog of a polycrystalline
sample is obtained by eliminating the c-direction resistivi-
ty by using Eq. (1). We shall consider the resistivity data
of a single crystal of Zn-doped Y123 from Ref. 30, a sin-
gle crystal of Co-doped Y123 from Ref. 31, a polycrystal-
line sample of Zn-doped Y123 from Ref. 32, and a poly-
crystalline sample of Co-doped Y123 from Ref. 33. We
shall denote these four crystals, respectively, by SZn,
SCo, PZn, and PCo. Let dp, b „,/dx denote the rate of
change of ab-plane residual resistivity of a single crystal
with the impurity concentration. dp, b „,/dx denotes (see
text) the same quantity for the single-crystal analog of the
polycrystalline sample. The value of dp, & „,/dx and

dp„, /dx are given in Table I. An interesting observation
is that for Zn d (p, b „„p„,)/dx varies rather sharply with
x, while for Co this variation is much slower. This may
be considered to imply that the effect of the impurity is
qualitatively similar in both the single-crystal and poly-
crystalline samples.

In obtaining the values of p, b „, or p„, for the SCo
sample of x =0.041 and I'Co sample of x =0.0167, we
have considered the extrapolation of the values of these
quantities from T =250 K to T =300 K. This is because,
for these values of x, p, b for the single crystal (Ref. 31)
and p for the polycrystal (Ref. 33) decrease faster than a
linear relation near T, . For the SCo sample of x =0.096
and PCo sample of x =0.010, we have taken the values of
p, b „,and p„, on the basis of the values of p, b and p near
T, . The reason for this is that for these samples of Co
p, b or p starts to become nearly independent of T near
T=T, (Refs. 31 and 33).

According to Table I the average values of dp, b „,/dx
for the SZn and SCo samples are, respectively, 2.50
mQcm per Zn concentration and 2.62 mQcm per Co
concentration. On the other hand, the average values of
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Zn-doped
polycrystal

Co-doped
polycrystal

0.02
0.053

0.0167
0.10

10.52
8.80

9.13
9.32

32
32

33
33



51 T, DEGRADATION IN CUPRATE SUPERCONDUCTORS FROM. . . 545

dp„, /dx for the PZn and PCo samples are 9.66 rnQ cm
per Zn concentration and 9.23 mQ cm per Co concentra-
tion, respectively. Taking y(0)=8.8 (Ref. 11) and using
Eq. (2) at the x =0 point, we obtain dp, b „,/dx =2.26
mQ cm per Zn concentration for PZn and
dP, & „,/dx =2. 16 mQ cm per Co concentration for PCo.
For Zn dj, t, „,/dx is only about 10.0% different from
dp, &„,/dx, while for Co dp, &„,/dx is about 17 5%.

diff'erent from the corresponding value of dp, b „,/dx
Noting that Zn goes mainly into the Cu02 planes and Co
goes mainly into the CuO chains, these changes provide
an idea regarding the general nature of the single-crystal
analogy of polycrystalline samples. Thus we may roughly
take 17.5%%uo as the upper limit of the difference in the
values of dp, & „,/dx and dp, & „,/dx. With Fe and Ni we
do not expect much change in the upper limit, particular-
ly because in Sec. IVB we have considered only low-x
samples of Fe and Ni. However, for safety we may as-
sume that the maximum diff'erence between dp, & „,/dx
and dp, & „,/dx will not exceed, say, the limit of 25%%uo.

When this is so, the single-crystal analog of the polycrys-
talline sample will represent the resistivity of the poly-
crystalline sample in the ab plane to within a factor of
about 1.33. This means that, in the case where we en-
counter a difference between dp, & „,/dx and dj,& „,/dx
by a factor of much more than 1.33, the approximation of
the single-crystal analog of polycrystalline samples will be

a good approximation. In this sense, when we compare
the resistivity of two polycrystalline samples, there will
be an uncertainity of a factor of about 1.33 X 1.33= 1.8.
The above way of treating polycrystalline samples is ex-
pected to be useful for the Fe- and Ni-doped samples of
Y124 also. This is because such samples are similar to
the corresponding samples of Y123 in at least two ways.
First, in both the Y123 and Y124 systems, Fe replaces
mainly the Cu atoms on the chain sites, while Ni replaces
mainly the Cu atoms on the planar sites. ' Secondly,
for low concentration (x +0.03) of Fe and Ni, the room-
temperature resistivity, p3oc(x) rises by a similar factor.
For example, for an Fe-doped sample of Y123 (Y124} the
room-temperature resistivity assumes the values (in
mQcm) 0.5 (0.8), 1.1 (1.75), 1.9 (2.4), and 2.7 (2.9) for
x =0, 0.01, 0.02, and 0.03, respectively. In obtaining the
values of the room-temperature resistivity for the Fe-
doped Y123 system we have used interpolation of the
values given in Ref. 36. On the basis of these values of
p3oc(x} we see that p3oc(0. 01)/p3oc(0) is almost the same,
2.2, in the cases of the Y123 and Y124 systems. For
x =0.02 and 0.03, p3co(x) /p3oc(0) is less for the Y124 sys-
tem, implying that the contribution of the c-axis resistivi-
ty will be less in the Fe-doped Y124 system than in the
Y123 system. Thus for x ~0.03 we may use similar an-
isotropy variation with Fe and Zn doping in the Y123
and Y124 systems.
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