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Superconductivity in Zn-doped tetragonal LaBaCaCu3O72d systems
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Resistivity and ac susceptibility of Zn-doped samples of the LaBaCaCu3O72d ~LBCCO! system have been
measured for Zn content of 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0% at. wt. X-ray diffraction has been used
to find the lattice parameters of the samples. The samples remain tetragonal for all the considered concentra-
tions of Zn. Idometry and thermogravimetric analyses have been done to estimate the oxygen content of
different samples. Analyzing the resistivity and ac susceptibility data, the following conclusions are drawn
about the role of Zn in the LBCCO samples.~1! The conduction mechanism of electrons appears to follow a
crossover from the purely metallic regime to the localization regime due to either weak localization or electron-
electron interaction effects after about 1.5% Zn.~2! The superconducting transition as revealed by the resis-
tivity vs temperature curves or susceptibility vs temperature curves becomes sharper with Zn increasing
content of Zn up to 1.0%. After 1.5% the resistive and ac susceptibility transitions become broader with
increasing Zn.~3! Tc depression up to Zn content of 1.0% seems due to direct suppression of the effective
pairing interaction, while at and above 2.5% ZnTc depression is expected to be due to disorder effects such as
reduction of density of states at the Fermi energy.@S0163-1829~97!07701-1#
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I. INTRODUCTION

Substitutions of metallic dopants in high-Tc supercon-
ductors~HTSC’s! have played an important role in unde
standing these systems.1 Partial substitutions of the HTSC’
by impurities like Fe, Co, Ni, Zn, and Ga at the Cu site ha
been found to shed light on many important features of
normal and superconducting states of these systems.2–14 On
the basis of experimental studies by different groups it
now become clear, for example, thatTc depression in differ-
ent cuprate superconductors due to the dopants such a
Fe, Co, Ni, Zn, Ga, etc., has no correlation with the magn
character of these impurity atoms.1–3 However, the precise
cause of occurrence and destruction of superconductivit
doped HTSC’s has not yet been satisfactorily understood
the basis of the existing experimental results. Conseque
this field is still open and calls for a systematic study that c
provide new insight into the behavior of HTSC system
subjected to metallic dopings. Motivated by this necess
in this paper, we have investigated the Zn-dop
LaBaCaCu3O72d ~LBCCO! system. This system is chara
terized by a tetragonal crystal structure15–18with Tc around
75 K.16,18 Unlike the orthorhombic system YBa2Cu3O72d
~YBCO! in which substitutions have been extensively stu
ied, very little substitutional data exist for the tetragon
LBCCO system.

Yamaya et al.18 have studied the oxygen-deficie
samples of LBCCO samples and they have found this sys
to remain tetragonal for all the values of the oxygen cont
investigated by them. The resistivity behavior of the oxyge
deficient samples is found to be similar to that of the oxyg
deficient YBCO systems.19

Studies of various Zn-doped HTSC systems~other than
550163-1829/97/55~2!/1216~7!/$10.00
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LBCCO! have been made from different angles by a lar
number of experimental groups.1–14While the local moment
formation due to Zn is suggested by most of the studies,10–12

the role of Zn in strong suppression of superconductivity
still controversial.5,11,13,20Some authors believe that suppre
sion ofTc due to Zn in the HTSC’s is due to magnetic pa
breaking,5,13 some suggest that Zn lowersTc due to potential
scattering,11 while many attribute this to suppression of th
pairing interaction caused by Zn.13,20

We will make an attempt to clarify the role of Zn i
suppressingTc in the LBCCO system. Interestingly, for thi
system we find the resistivity of the Zn-doped samples
exhibit a crossover in the resistivity slopedr/dT at a par-
ticular concentration of Zn. Similar crossover is observ
also in the real (X8) as well as the imaginary (X9) parts of
the ac susceptibilityX82 iX9 of Zn-doped samples. Occur
rence of this crossover has been considered in detail,
possible clues to the role played by Zn in the LBCCO syst
have been examined.

This paper is organized as follows: In Sec. II we pres
methods of measurements of x-ray diffraction, mass dens
weight loss, oxygen content, resistivity, and ac susceptibil
In Sec. III we present analysis of the experimental data
weight loss, resistivity, and ac susceptibility. In Sec. IV w
present a brief discussion on the peculiar behavior of Zn
cuprate superconductors.Tc depression with increasing Z
content has been discussed in Sec. V. Conclusions are d
in Sec. VI.

II. EXPERIMENT

Samples with composition LaBaCa(Cu12xZnx)3O72d
~wherex50.0–0.3! were prepared by thoroughly mixing an
1216 © 1997 The American Physical Society



55 1217SUPERCONDUCTIVITY IN Zn-DOPED TETRAGONAL . . .
TABLE I. Values of the density, lattice parametersa andC, oxygen content 72d in the pure and doped
samples of LBCCO system: The lattice parameterb is found equal toa for all the sample.

Density (72d) (72d)
Sample ~g/cc! a ~Å! c ~Å! ~idometry! ~TGA!

Pure 4.92 3.869 11.645 6.86 6.85
0.5% Zn 4.92 6.86 6.89
1.0% Zn 4.97 3.866 11.645 6.86 6.90
1.5% Zn 4.88 3.868 11.645 6.84 6.80
2.0% Zn 5.10 3.868 11.645 6.82 6.83
2.5% Zn 5.17 3.868 11.646 6.86 6.81
3.0% Zn 4.94 3.867 11.645 6.86 6.84
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grinding La2O3, BaCO3, CaCO3, CuO, and ZnO~as the
case may be! in stoichiometric ratio and firing at 975 °C fo
12 h. The samples were cooled to room temperature by
quenching. Then the powders were reground and heate
975 °C in air for 12 h before furnace cooling to room tem
perature. After grinding a second time, the powders w
pressed into pellets. These pellets were annealed at 575 °
flowing O2 for 24 h and were furnace cooled to room tem
perature.

The dc resistivity measurements were carried out in
closed-cycle refrigerator using the conventional four-pro
technique. The temperature of the samples was monito
using a standard PRT 100 in conjunction with a Keithl
195A DMM with an accuracy of 0.1 K in the temperatu
range 30–300 K. The entire measurement system compri
the nanovoltmeter, a constant current source and temper
controller and indicator was hooked onto a HP 216 sys
controller for automatic data acquisition and control. T
x-ray diffraction~XRD! was obtained and used to determi
the phase purity of the samples using a Siemens D-500
fractometer with CuKa radiation. The XRD of all the
samples were characteristic of a single-phase tetrag
structure. The lattice parametersa and c of the pure and
Zn-doped samples were practically invariant, as may be s
from Table I. ac susceptibility measurements were carr
out using a SQUID-Quantum Design Magnetometer in a r
field of 0.01 Oe and frequency of 31 Hz in the temperat
range of 4.2–100 K.

We have estimated the mass density of all the samp
The values are shown in Table I. It is clear that while t
density vary only little~up to 6%! from sample to sample, i
is about 30% smaller than the ideal density of the YBC
based samples.

The oxygen content for pure and doped LBCCO samp
was determined both by iodometry and thermogravime
The estimated values are given in Table I. The latter w
done by using a Perkin Elmer TGA-7 thermogravimet
analyzer. The measurements were carried out at the ra
20 °C/min under nitrogen atmosphere. The weight-lo
variation with temperature is plotted in Fig. 1 for all th
samples. The weight loss was studied up to 950 °C, ex
for the 1.5% Zn sample where the loss was found to oc
relatively rapidly as compared to other samples. Becaus
this the weight loss of the 1.5% Zn sample was studied u
830 °C only.

The weight loss shown in Fig. 1 has different variatio
with temperature than that found by Penget al.17 In particu-
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lar, Penget al. have observed a weight-loss saturation af
about 800 °C. The main reason of difference between
observations and that of Penget al.17 lies in the fact that we
have not used hydrogen gas in measuring the weight l
The other point regarding the weight loss is that for a giv
sample different observations lead to different values
weight losses. However, the qualitative variation of weig
loss remains similar in all the different observations. In p
ticular, the shape of weight loss for the 2.0% Zn sample
reproduced every time. The average weight loss is show
Fig. 1 for different samples. In extracting the oxygen cont
we have taken average of different values of weight los
observed by us for a sample of given Zn content. The va
of the oxygen content thus determined from the TGA m
surements agree with those obtained by using iodome
method within 1.0%. The oxygen content is estimated fr
the TGA measurements in the following manner. L
m1(x) denote the molecular weight of the starting sam
LaBaCa(Cu12xZnx)3O72d . When heated up to 950 °C o
830 °C this sample loses an amount of (12d) of the oxygen
atoms. The weight of the oxygen lost in this manner
16(12d). Then ifL denotes the experimentally observed
weight loss, we get 16(12d)/m15L/100. This formula
helps us in extracting the oxygen content from the obser
weight losses.

III. WEIGHT LOSS, RESISTIVITY,
AND ac SUSCEPTIBILITY

A. Weight loss

The weight loss shows a peculiar trend in the samp
considered. As we move from the pure sample, increas
the Zn concentration, it is seen from Fig. 1 that below ab
400 °C the rate of weight loss increases in the order: 0.
Zn, pure, 1.0% Zn, 2.5% Zn, 2.0% Zn, 3.0% Zn, and 1.5
Zn. This shows that the binding of the oxygen atoms in
chains~wherefrom it is released on heating! is lowest for the
1.5% Zn sample. Zn concentration above 1.5% makes
oxygen tightly bound. Below we shall see that this kind
change of oxygen binding in the CuO chains at a particu
Zn concentration is visible in almost every property
LBCCO system considered here.

It may be noted that the behavior of weight loss w
different contents of Zn in the LBCCO sample is differe
from that observed by Tarasconet al.2 in the Zn-doped
YBCO systems. There are two main reasons for such a
ference. First, our base system LBCCO is different from
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YBCO sample in crystal structure. Second, we have u
only low concentration of Zn in our samples. As the weig
loss observed by us for the samples of increasing Zn con
~cf. curves 5, 6, and 7 in Fig. 1! tend to coverage into on
curve, we hope that for higher concentration of Zn the
havior of Zn-doped LBCCO samples may be similar to th
observed by Tarasconet al.2 in the Zn-doped YBCO sample

B. Resistivity

The resistivity vs temperature plots of all the samples
LaBaCa(Cu12xZnx)3O72d are shown in Fig. 2. A few de
grees above the onset transition temperature, the resist
appears to be linear at least up tox50.02. In particular, there
is no signature of the so-called spin gap21 in the resistivity
behavior ~up to x50.02). We therefore assume that~for
x<0.02) the normal state resistivity is given by

rn5r01r1T. ~1!

FIG. 1. Weight loss measured by the thermogravimetric anal
for all the samples.
d
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-
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Herer05rn (T50) is the residual resistivity andr1 is the
resistivity slope in the normal state. Equation~1! presents the
usual behavior of resistivity in the optimally or near to op
mally doped cuprates.22 There are many different explana
tions given for this behavior in literature.23

The values ofr0 and r1 are estimated and presented
Table II for all the samples. Forx50.025 and 0.03 samples
the linear-T fit is made for theT.130 K portion of the
rn-T curves. From these values it is clear that the pure s
tem (x50) does not have zero residual resistivity. Simil
behavior has been observed by Carimet al.16 and Yamaya
et al. 18 This is most likely due to the oxygen disorder as t
oxygen content in all the samples is less than the stoic
metric value of 7.0. Partial substitutions of Cu by Zn i
creases the residual resistivity gradually withx. However,
the resistivity slope increases with increasing Zn content fi
up tox50.01; thereafter, it decreases forx50.015, followed
by a fresh increase forx50.02.

Samples withx50.025 and 0.03 cannot be satisfactor
fitted with Eq.~1!, especially below 130 K~cf. Fig. 2!. This
means that the origin of resistivity forx50.025 and 0.03 is
different from that of thex<0.02 samples. Activation
behavior,24 variable range hopping24 ~VRH!, Kondo effect,25

and localization26 may be considered as possible origin
However, it was impossible to fit our resistivity curves by t
exp(1/Ta) law. Thus possibilities due to activation behavi
(a51) and variable range hopping@a51/(11d) with d as
dimension of the VRH# may be ruled out. We found that th
T dependence of resistivity forx50.025 andx50.03 is best
fitted by

rn~T!5r01r1T2r2lnT, ~2!

up to about 250 K. The fitting is shown by solid lines in Fi
2. Presence of the2 lnT term in Eq. ~2! indicates that the
resistivity behavior~for x50.025 and 0.03! appears to be
due to either Kondo effect,25 weak localization,26 or interac-
tion effect.27 However, Kondo effect appears to be unlike
because according to Walstedtet al.11 Kondo temperature in
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r
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FIG. 2. Resistivity vs temperature plots fo
the pure, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, a
3.0% Zn-doped LBCCO samples. Solid curv
for 2.0%, 2.5%, and 3.0% Zn are fits to Eq.~2!.
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TABLE II. Values of the fitting parametersr0 andr1 ~Eq. 1!, Tc,R50 , Tc @from (dr/dT)peak#, Tc,X ~from
X8 vs T plots!, andTp /Tc for different samples of LBCCO. Values ofr0 andr1 for x>0.02 in parentheses
correspond to Eq.~2!.

r0 r1 Tc,R50 Tc Tc,X
Sample ~mV cm! (mV cm/K! ~K! ~K! ~K! Tp /Tc

Pure 0.60 2.93 67.7 72.6 68 0.81
0.5% Zn 0.87 3.72 62.9 68.8
1.0% Zn 0.94 4.52 58.0 63.7 58 0.85
1.5% Zn 1.17 4.47 52.4 57.7 53 0.85
2.0% Zn 1.78 5.03 48.3 51.6 44 0.64

~1.86! ~5.30!
2.5% Zn 3.16 7.27 40.3 47.1 34 0.18

~7.47! ~13.42!
3.0% Zn 5.23 3.88 32.2 15

~9.68! ~9.88!
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Zn-doped cuprates is very small, of order of mK. The o
served behavior may therefore most reasonably be attrib
to localization arising due to weak localization26 or electron-
electron interaction effects.27 Our data is not adequat
enough to clarify whether weak localization or electro
electron interaction effect is dominating in the present ca
In fact, we require experiments like magnetoresistance
resolve this issue.

It may furthermore be noted that aboveT'250 K Eq.~2!
does not fit well with the observed curves. A better fit belo
and above 250 K is obtained when contribution due to s
gap is used in place of the linear term in Eq.~2!. Since the
pure LBCCO samples does not show a spin gap effec
resistivity ~Fig. 2!, and since Zn is known either not to alte
the spin gap~for low Zn content!, or to suppress it,28 pres-
ence of spin gap in thex50.025 and 0.03 samples is to b
taken carefully. In fact other experiments like inelastic ne
tron scattering are needed to resolve the issue.

From the values of the density of the different samp
presented in Table I it is clear that these densities are
much different for the samples considered here. Then, s
rna @d(x)/d(0)#1/3 ~Ref. 9! we do not expect any signifi
cant change in the relative variation of the resistivity beh
ior for samples of different Zn content.@Here d(x) is the
density of the LBCCO sample for Zn contentx.# We will
thus limit the following analysis on the basis of the resist
ities presented in Fig. 2 only.

The resistivity curves are used to specify the transit
temperatureTc . There are numerous ways in literature f
estimatingTc . We have adopted the one whereTc is defined
as the temperature for whichdr/dT is maximum. The values
of Tc obtained in this way are presented in Table II. Belo
@cf. Eq. ~7!# we shall treatTc as the mean-field transitio
temperature.

C. ac susceptibility

A peculiar feature of the HTSC systems is that they
granular systems.29 This became clear ever since the disco
ery of superconductivity in these systems.30 Thus in general
a high-Tc superconductor contains two regions—the reg
of superconducting grains and the region of weak lin
where the grain boundary regions essentially serve as w
-
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links. The weak-link region may acquire a weak superco
ductivity due to proximity effects. As a consequence, t
lower critical field of this~weak-link! region will be low. In
fact, atT50, the value of the lower critical field of the wea
links, HC1(o), is of the order of 1G ~Refs. 31 and 32!. This
is much smaller than that for the intragranular region. T
typical value of lower critical field for the intragranular re
gion,HC1g(o), is 140G at T50 ~Refs. 31 and 32!.

As our ac measurements are done at a fieldHa50.01 Oe,
we do not expect this field to penetrate the grains unl
T'Tc . In fact,HC1g(T) varies like

31

HC1g~T!5HC1g~o!@12T2/Tc
2# ~3!

so that it will be quite small only very close toTc . We have
not observed any peaks in theX9 vsT plots nearTc in any of
the samples studied by us~Fig. 3!. This absence of a pea
nearTc in our X9 vs T plots may be understood in the fo

FIG. 3. ac susceptibility curves for the pure, 1.0%, 1.5%, 2.0
2.5%, and 3.0% Zn-doped samples.
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lowing way. The temperature required to penetrate
granular region by the low field of 0.01 Oe may be too clo
to Tc that it is not accessible practically. SinceHC1J is rather
small we expect the applied magnetic field of 0.01 Oe
enter in the intergranular~weak-link! regions. This is indeed
observed for all the samples as is seen in Fig. 3 in theX9 vs
T plots.

We turn to the detailed features of the real and imagin
parts of the ac susceptibility,X8 and X9. Using theX8-T
plots of Fig. 3 we have estimated the superconducting tr
sition temperatureTc,x . Values of Tc,x are presented in
Table II. These values agree reasonably well with
Tc,R50 values extracted from ther-T curves of Fig. 2~cf.
Table II!. The real part of the ac susceptibility,X8, represents
the flux excluded jointly by the intragranular and the inte
granular regions. We consider features ofX8 from the view-
point of the relative effects of different contents of Zn. Fro
Fig. 3 it is clear that flux is excluded rather sharply in t
case of thex50.01 sample. This behavior corroborates w
the narrow resistive transition observed for thex50.01
sample@cf. (dr/dT)peak vs x plot in Fig. 4#.

The imaginary part of the ac susceptibility,X9, is the
result of the absorption of the flux inside the weak-link r
gions formed by the intragranular space. Looking at theX9
vsT plots of Fig. 3 we find that the peak height of theX9 vs
T plot, Xpeak9 which represents the flux absorption is re
tively maximum in case of thex50.01 sample~cf. Fig. 4!.
This corroborates well with the behavior of the (dr/dT)peak
as shown in Fig. 4.

In order to further understand theX9 behavior we have
calculatedTp /Tc , whereTp is the temperature whereX9 has
its maximum value. This ratio (Tp /Tc) is given in Table II.
It is clear thatTp /Tc is relatively higher for thex50.01 and
x50.015 samples than that of the pure and other samp
Assuming thatHC1J(T) has aT dependence similar to tha
of HC1g(T), i.e., HC1J(T)5HC1J(o)@12T2/Tc

2#, we may
say that for the same applied field, higher values ofTp /Tc
imply higher values ofHC1J(o). In this sense,HC1J(o) ap-
pears to be higher in the cases of thex50.01 andx50.015
samples. In order to understand how it can be so, we proc
as follows. We estimate the transition width from ther-T
and theX9-T curves separately. From ther-T curves we
define the transition width as the difference between the
set and theR50 temperatures, i.e.,DTc,R5Tc,on2Tc,R50.
On the other hand, from theX9-T plots we estimate the tran
sition width in terms of the full-width at half-maximum
~FWHM! of the X9-T curves. This gives us the transitio
widthsDTc,X .

The values ofDTc,R andDTc,X obtained in these manner
are plotted in Fig. 4 for various Zn concentrationsx. It is
clear that bothDTc,R and DTc,X have similar qualitative
variation withx and both are minimum forx50.01. Reduced
values ofDTc,R implies strongly defined Cooper pairs. Whe
this is so~for x50.01), the weak-link region is expected
experience a rather sharp effect of superconductivity. Tha
to say, the weak-link region of thex50.01 sample is ex-
pected to be relatively more superconducting than tha
other samples. When this is so,HC1J is certainly likely to be
higher for thex50.01 sample. This is what is inferred abo
on the basis of the relative variation of theTp /Tc values. In
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this way, the resistivity behavior and the ac susceptibi
behavior of the different samples corroborate with each ot
reasonably well.

IV. CROSSOVER EFFECT OF Zn

We have seen from the resistivity slope,X8 slope,
(dr/dT)peak, Xpeak9 , DTc,R , and DTc,X that in the Zn-
doped samples of LBCCO, the effect of Zn appears to
optimal for the particular concentrationx50.01. This raises
a question: has such an optimal effect of Zn for a particu
concentration been observed earlier in any of the HTSC s
tems? After going through literature we have found that
though no one has specifically reported such an effect,
evident in the existing experimental data of some groups.
example, in the Raman study on the Zn-doped YBa2Cu3O7
~YBCO! system Shinet al.8 have found a dip in the effect o
Zn on the FWHM of the Cu~2! A1g mode. While Fig. 8 of
Shin et al.8 shows a clear dip in the FWHM of the Cu~2!
A1g mode for a particular Zn concentration, these auth
have overlooked this~dip!. A careful fitting of the FWHM
data presented in Fig. 8 of Shinet al.shows that Zn shows its
smallest effect on the FWHM of the Cu~2! A1g mode for the
Zn concentration corresponding toTc576 K. According to
Licci and Raffo5 this value ofTc corresponds to a Zn conten
of about 1.3%. This is somewhat similar to thex50.01 value
in the present case. In fact in the present case of the
doped LBCCO systems the optical effect of Zn is expec
betweenx50.01 andx50.015.

The FWHM of theA1g mode may be ascribed to th
scattering of charge carriers by Zn in the CuO2 planes. Thus,
the FWHM measurements of Shinet al. indicate that up to
about 1.3% Zn, the effect of scattering of charge carri
with Zn become relatively weaker with increasingx. In the
present case, the scattering of charge carriers with Zn is c
acterized byr0 ~Table II!. It is seen from Table II that with
increasingx the relative increase ofr0 is relatively slower up
to 1.0% Zn. Afterx50.01, the relative increase ofr0 be-
comes faster with increasingx. Combining this with the

FIG. 4. Tc , DTc,R , DTc,X (dr/dT)peakandXpeak9 for different
Zn concentrationsx.
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55 1221SUPERCONDUCTIVITY IN Zn-DOPED TETRAGONAL . . .
above result obtained on the basis of the work of Shinet al.
it may be argued that the scattering of charge carriers w
Zn has qualitatively similar behavior in the LBCCO an
YBCO systems. A very recent observation on the optim
role of Zn in HTSC’s is given by theab direction coherence
lengthjab inferred by Axnaset al.33 According to Fig. 3 of
these authors Zn shows an optimum effect onjab for
x50.01. However, no such peculiarity injab as a function of
x was observed by Sembaet al.34 Even so, it is desired to
further investigate the peculiar role of Zn in cuprate sup
conductors. Our results and those of Shinet al. and Axnas
et al. serve only as a signal to such a peculiarity.

V. SUPERCONDUCTIVITY

Let us now see in what way we can understand the su
conducting transition in the Zn-doped LBCCO samples. F
of all, we consider the variation of the superconducting tr
sition temperatureTc with the Zn contentx. This variation is
presented in Fig. 4. On the basis of this figure we can div
the variation ofTc with x in three parts. The first part extend
from the pure sample to the 1.0% Zn sample. This part
longs to an almost linear decrease ofTc with Zn. The second
part belongs to the Zn concentrations fromx50.01 to
x50.02. In this part the rate of decrease ofTc is reduced
with increasingx. In the third and last part which lies some
what afterx50.02, the rate of decrease ofTc increases with
increasingx.

Combining the variations ofTc with x from all the three
parts we find that atx50.01 andx50.025 this variation
shows crossover effects. Let us consider the crossove
x50.01. We note the following facts.~1! The oxygen con-
tent does not change much from sample to sample~Table I!.
Thus, fromx50.00 tox50.01 we expect no additional ef
fect on the superconductivity due to the oxygen disorder.
the reduction ofTc from x50.00 tox50.01 samples is no
likely to be due to oxygen disorder~or, equivalently, due to
reduction of carrier density!. ~2! If Tc depression from
x50.00 to x50.01 were due to the disorder effects of Z
ions, there would have been increasing broadening of
resistive transition with x. Our experimental results
(DTc,R , DTc,X vs x in Fig. 4! show the opposite effect
ThusTc reduction for thex50.00 tox50.01 samples is no
expected due to the Zn disorder also.~3! No trace of local-
ization is found up tox50.01 ~Fig. 2!. Thus, we cannot
expect the density of states at the Fermi energy,NF , to de-
crease at least up tox50.01. So, the reduction ofTc up to
the samples ofx50.01 is not expected due to the density
states effect also.

In view of the above, it may be argued that at least up
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e
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o

the x50.01 samples the degradation ofTc will be due to a
mechanism different from those mentioned above. One
such a mechanism in the cases of the Zn-doped HTSC
the direct suppression of the effective pairing interaction.13,20

The situation changes in samples having Zn concentra
abovex50.01. Now, the resistive transition starts to broad
and afterx50.02 localization~due to weak localization or
electron-electron interaction! starts to show dominating ef
fect nearTc ~see above!. Thus, as we move beyond the Z
concentrationx50.015, disorder effects~e.g., reduction of
NF) may start to take part in suppression ofTc .

The above conclusions are based on the measuremen
the resistivity of the polycrystalline samples. It is therefo
desired to know how far the above results will hold in
single crystal. In a very recent paper Lalet al.4 have demon-
strated that from the viewpoint of qualitative variation of th
resistivity, there is no significant difference between the
havior of the single crystalline and polycrystalline sampl
We thus hope that the qualitative essence of the above re
will not be drastically altered in the single crystals of LB
CCO.

VI. CONCLUSIONS

We have presented measurements of weight loss, resi
ity, and ac susceptibility of the Zn-doped samples of t
LBCCO system. Unlike the YBCO system, this system p
sesses a tetragonal crystal structure in the undoped as w
Zn-doped conditions. Analysis of the weight loss, resistivi
and ac susceptibility shows that Zn has its optimal effect
specific concentration lying between 1.0% and 1.5%. Occ
rence of this kind of optimal behavior of Zn has been furth
found in the resistive transition width and in theX9 vs T
shape. Guided by this discovery, we have pointed out
such an effect was observed earlier also, although it w
overlooked. The Zn-doped LBCCO samples appear to p
vide a clear-cut case for the optimal behavior of Zn for
specific concentration.

The impact of the optimal behavior of Zn onTc depres-
sion has been analyzed. It is argued, in particular, that u
the concentration required for optimal behavior of Zn, t
decrease ofTc is mainly due to the direct suppression of th
effective pairing interaction. The situation remains less cl
for higher concentration of Zn.
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