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Influence of Ni and Zn substitution on anisotropy of the penetration depth in Lg gsSrg 1:CuQO,
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In this paper we present measurements of the penetration depthE) (Hlic) and N (T) (HLc) in
Lay g5Sh 1CW; M, 0O, for x=0, 0.005, 0.01, 0.015, 0.025, and 0.035 kér=Ni and x=0, 0.005, 0.01, and
0.02 for M=2Zn. The penetration depth was obtained from ac susceptibility measurements of powdered
samples, immersed in wax, and magnetically oriented in a static magnetic field of 10 T. The temperature
dependencies of the penetration depths can be described by power laws, but with expeaeyitsy linearly
with substituent content. The exponemincreases at a rate of about 1 per at. % for nickel substitution and 2.5
per at. % for zinc substitution. We also have found that the penetration-depth anisotropy is dependent on
substituent content, decreasing to a minimumxat0.015 and increasing for higher substitutions. The
penetration-depth anisotropy vs substituent content can be described by similar quadratic functions for both
substituents. Our results strongly suggest that both the effective mass and the density of charge carriers must
be taken into account in theories describing high-temperature supercondu¢8d63-182699)08417-9

[. INTRODUCTION peratureT], effective-mass changes, and the density and type
of defects may also influence the penetration depth.

The most distinctive difference between the low- We note that the in-plane penetration depth(T) for
temperature superconducting materials and the highHllc reflects the properties of the superconducting €uO
temperature superconductifgiTS) cuprates is the magni- planes, while the penetration depth(T) for HL c is influ-
tude of the anisotropy of superconducting properties in thenced both by the Cugplane properties and the Josephson
latter. These cuprates may be considered as stacks of supeoupling between them.
conducting Cu@planes separated by bridging blocks, which  Many different techniques have been employed to obtain
act as charge reservoirs for the planes. The different propethe penetration depth, depending upon whether the supercon-
ties of these materials are associated with different strengttducting material was in the form of single crystals, thin
of interlayer Josephson coupling. Studies of the low-films, or bulk ceramics. For single-crystalline samples, sur-
temperature electromagnetic response may help in undeface impedanc® microwave inductancgjnfrared reflectiv-
standing the potential mechanisms leading to the occurrendgy or transmissiort® magnetic torqué! and muon-spin re-
of superconductivity in this system. Fdrwave pairing, a laxation are the main techniquéshat have been used. For
spin-fluctuation model may be applicaBleshereas the BCS thin films, the mutual-inductance metHddas been the pri-
modef is used for conventional low-temperature superconmary technique employed, but also infrafeédand
ductors withs-wave-type pairing. transmission-line techniquEshave been used. For ceramic

The existence or nonexistence of zeros in the supercorer powdered(usually magnetically alignéf) samples, the
ducting energy gap and their locations on the Fermi surfacpenetration depth has been derived from magnetization mea-
can be investigated by experimental techniques that are seaurements in both low fields and high fields, where the
sitive to low-lying excitations. The temperatuf® depen- magnetization is reversiblé.The penetration depth also has
dence of the penetration depih(Refs. 3—6 is useful in  been determined from tunnelifgmagneto-opticaf® scan-
clarifying the situation, since exponential behavior\dfT)  ning Hall probe?! and electron spin resonariéemeasure-
is expected for an isotropic gap, while the presence of thenents.
nodes in the gap gives a power-law dependence. The most reproducible determinations of the penetration

Substitution of copper in superconducting planes withdepth seem to have been obtained from positive muon-spin-
magnetic or nonmagnetic ions provides an additional way ofotation measurements. This technique yields only the pen-
distinguishing between different symmetries of the pairingetration depth\ ,, within the superconducting Cy(lanes,
state. The spin-fluctuation modgdredicts that nonmagnetic which are common to all highi. superconductors. However,
zinc will be a stronger pair breaker than magnetic nickelsince HTS properties also depend upon the quality of the
when it substitutes for copper in the Cuflane. The differ-  blocking layers and the number of Cy@lanes in a unit cell,
ent pair-breaking properties of Zn and Ni also should beit is important to examine also the penetration depth perpen-
revealed in London penetration-depth studies. dicular to the CuQ planes. This can be done effectively

The magnitude of the penetration-depth anisotropy is inusing magnetically aligned superconducting powd®rs.
fluenced not only by the crystal-lattice anisotropy, but also The aim of our investigation was to find out how Cu-site
by the dopant concentration and the shape of the Fermi susubstitution with isovalent magnetic or nonmagnetic ions in-
face. The density of excited quasiparticles(0)—ng(T)] fluences the temperature dependence of the penetration depth
[whereng(T) is the density of condensed electrons at tem-in ceramic, magnetically oriented LgSr 1:=Cl;_xM,O,
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(M=Ni or Zn). Although penetration-depth anisotropy in
La, ,SrCuQ, with different strontium content has been
studied by Shibauchét al?® and Locqueet al.?* we are not
aware of any previous studies of penetration-depth aniso
ropy in zinc- and nickel-substituted ka,Sr,CuQ, samples.

Il. EXPERIMENT

Polycrystalline LagsSf15Cly—yM,0, (M=2Zn or Ni)
samples were prepared using the standard solid-state-reacti
method, with appropriate amounts of g, SrCQ;, CuO,
Zn0O, and NiO taken as starting materials. After two cycles ol
grinding and calcining at 920 and 945 °C, the powder was
ground, pressed into pellets, and fired at 102028 h),
1050°C(24 h), and 1100 °QG48 h). The samples then were
annealed at 920 °C12 h), cooled to 445 °C, annealed at this
temperature for 48 h, and slowly cooled to room
temperaturé? FIG. 1. SEM (scanning electron microscop@hotograph of

X-ray data showed that all our samples were single phasga, ¢Sr, ;<CuO, powder in Okerin wax, oriented in a magnetic
with the KoNiF,-type structure. Ceramic samples were re-field. Each white marker is 0.1 mm in length. The magnetic field
ground in an agate mill for about 100 min. Powderedwas oriented perpendicular to the plane of the photograph. The
samples were magnetically aligned in molten Okerin wax incross-section area of the grains was used for defining their radius.

a static magnetic field of 10 T. The wax was cooled through The above method yields the in-plane penetration depth

the melting point while in this field. Small parallelepiped A .
blocks of dimensions  2X 10 mn¥, with their c axes par- Nap When- the ac f'.GId is oriented perpendicular to the GuO
ganes, since the induced currents all flow parallel to these

?Ilel ":md perpend!::ular o the Iongeét ‘?'me.”s'%f?-twt‘j“; CUWlanes. We cannot distinguish between the penetration
rom the composite using a saw. Lrain-size distrioution epths\, and A\, for currents along the and b direction,

were determmed_from scanning electron microsctHEM) respectively. When the ac field is oriented parallel to the
photographs of different parts of_ these bIO(_:kS. _Cu0O, planes, currents are induced both parallel and perpen-
ac measurements were carried out using a commercigficyjar to the planes, and thus the method yields an effective
Lake Shore ac susceptometer with an amplitude of 0.1 Menetration depth, , which is a complicated mean value of
and a frequency of 111.1 Hz. From SEM photographs it waghe in-plane penetration depth,, and the out-of-plane
seen that the individual grains were well separated. Howeveg-axis penetration depth, .
since the densities of the wax and powders were different, |f the values of the anisotropic penetration depth are to be
some sedimentation was unavoidable. We therefore pebbtained from a susceptibility measurement on magnetically
formed additional tests by measuring the linearity of the susaligned powders, first great care has to be taken so that as
ceptometer output voltage as a function of the ac-field ammuch as possible of the sample volume consists of properly
plitude and frequency. The output voltage was linear withinaligned grains. To achieve this goal, grains of the powder
the limits of =0.1%, indicating that there were no weak links should be single domain. Ball milling rather than grinding
between the individual grains. was therefore employed. Our powders consisted predomi-
The temperature dependence of the penetration depth wasntly of nearly spherically shaped grains. However, grains
determined by a method used earlier by Poettal?® from  with different shapes, ranging from short needles to small
the measured ac signal, volume of superconductor, and meplates, were also presenfan SEM photograph of
sured grain-size distribution using the following formulas: La; gsSIp.1£CUO, grains oriented perpendicular to the mag-
netic field is presented in Fig. 1 as an exampl®ince a
(ﬁ) 2 Vac deviation from spherical grain shape influences mainly the

X0

~3 [VSN_VaC(%_D)]’ magnitude of the penetra_tion deptbur estimated error is
below 5% but has very little effect upon the temperature
2 dependence of, we decided to use the demagnetization fac-
Xi 3\ r 3\ .

(—) =f (1— —coth—+ —2>r3g(r)dr/ f r3g(r)dr, tor of a sphere for our calculations.
Xo r Ao We tested our procedure for penetration-depth evaluation
by measuring seven small tin spheres. We chose tin rather
than lead, as it was much easier to prevent the tin surface
from oxidizing, and therefore diameters of the spheres were
more precisely defined. The measured penetration depth ex-
trapolated to zero temperature was 54 nm, which is in excel-
lent agreement with the values obtained by Barr.

where y; is the measured susceptibility in tlad plane or
perpendicular to ity the susceptibility of a perfectly dia-
magnetic spherical grainy,. the measured ac signah uV
after subtraction of empty holder sighaV/ the volume of
the superconductdin mm®), N the calibration factor for ac
apparatusin xV/mm?® for a perfectly diamagnetic supercon-
ductor withD =0), f the volume of a superconductor divided
by the total volume of the compositB, the demagnetizing
factor of a grainr the radius of a grain, and(r) the mea- The grain distribution was obtained from SEM photo-
sured grain-size distribution function. graphs of different parts of the samples. Histograms obtained

Ill. RESULTS AND DISCUSSION
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FIG. 2. Histograms of the grain distribution for samples of ~FIG. 3. X-ray diffraction patterns for aligned powders of
Lay gt 16CUO,, measured from SEM photographs of secti¢@s ~ -1.855.1sCt - yM,O,, where(a) M =Ni and (b) M =Zn (for clar-
perpendicular antb) parallel to the orienting field. Solid curves are ity, curves are shifted by increments of one degree alongxthe
fitted to the measured points, and their parameters are taken fétirection and 1000 arbitrary units along thelirection.

penetration-depth evaluation. )
wax, were used to evaluate the volume of superconducting

from a few of these photographs were fitted to the samenaterial in the measured samples. The unit-cell parameters
function for all samples. Typical histograms for for the unsubstituted and the Ni- and Zn-substituted samples
Lay gsSrp 1sCuQ, samples cut parallel and perpendicular toare shown in Table | and Fig. 4. The results for the unsub-
the orienting magnetic-field direction are shown in Fige) 2 stituted sample are close to the values presented in other
and 2b) (solid curves show the distribution functions used papers*12?° Although the results for the Ni-substituted
for the penetration-depth evaluatjoriThe grain diameters samples differ significantly from those presented in Ref. 30,
varied from 0.2—6um with a maximum in the distribution at they are similar to those cited by other authtrResults for
about 0.6um for all samples. Mean radius was derived fromthe Zn-substituted samples are similar to those published
the values of the cross sections of the grains seen on SEkIsewhere?
photographs, taken perpendicular or parallel to the orienting The dependencies of the critical temperatlige(defined
magnetic field. as the onset of the magnetic transifiarpon the Zn and Ni
The quality of the powder alignment could be estimatedconcentrations are presented in Fig. 5 and TableTl, de-
from x-ray diffraction patterns. Such patterns are depicted irtreases linearly in both cases but with different slope,
Figs. 3@ and 3b) for Ni- and Zn-substituted namely,—4.1 K/at. % for Ni and—15 K/at. % for Zn.
La; gsS1p.16CUO, samples. As can be seen, almost exclusively  Similar to the behavior in YBZ£u,0,_ 5, the effect of
00 reflections are present, their intensity being 30—40 timeginc substitution orT.. is about three times stronger than in
higher than those for nonoriented samples. Traces of othahe case of nickel® This behavior is different from what is
than 00 reflections arise from the volume of nonaligned ma-observed in conventional superconductors, where magnetic
terial. We have applied the procedure of Ref. 28 to evaluat@ns such as nickel are strong pair breakers, while nonmag-
the percentage of nonaligned grains and found that in all ounetic ions such as zinc have a minor effect Bn In our
samples it was within 10—15 %. view, this clearly supports the idea that substitution by non-
Unit-cell parameters were used to calculate the density ofnagnetic Zn is nevertheless connected with the induction of
superconducting material. These values, together with tha static magnetic moment on the Zn-substituted*%ite sub-
results of density measurements of powders immersed istituted nonmagnetic zinc atom removes & Cspin and
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TABLE I. Critical temperature, lattice constants, unit-cell volume, and penetration depth of compounds studied.

T. a,b c \% Nan(0) A (0)

Compound (K) (nm) (nm) (nm°) (nm) (nm)
Lay gS1 1:CU0, 38.9 0.37949 1.3214 0.190 302 234 547
Lay g1 1:Cly 99Ni0 00:04 36.1 0.37804 1.3227 0.189033 264 521
Lay gsS1y 1:CUg.odNig 0104 33.6 0.37816 1.3229 0.189181 351 453
Lay gsS1y 1:CUg 98Nig.01:04 31.7 0.37758 1.3240 0.188 760 431 436
Lay g5S1p 1:CUg 97Nig.02:04 26.8 0.37925 1.3218 0.190 110 376 508
Lay g5l 15CUg 96Nl 03204 23.8 0.37839 1.3213 0.189187 210 752
Lay g551y.15C Uy 99ZNg 0004 31.9 0.37983 1.3223 0.190776 602 932
Lay g1 1:Clp 9ZNo 0104 27.9 0.37951 1.3219 0.190 384 739 968
Lay g1 1:Clp 9ZNo 04 17.5 0.37879 1.3251 0.190129 664 962

causes its closest Cu neighbors to have partially noncompenmesistivity, their normal-carrier scattering potential is evi-
sated magnetic moments. Nickel, carrying a magnetic moedently quite similar®

ment after substituting copper, introduces only a partial, in-

The temperature dependence of the normalized penetra-

cremental moment, which may be maximally equal to thetion depth \;(T)/\;(0) for the unsubstituted sample is
difference between Ni and Cu. Thus, substitution of coppeshown in Fig. 6. It is seen that below about 20 K, this de-
pendence is linear and changes very weakly with temperature
than substitution by nonmagnetic zinc. Thanks to these nona quadratic dependence has been observed for an under-
compensated Cu moments around the Zn ion, the aredoped, unsubstituted sampfé

by magnetic nickel effectively disturbs the Cu@lane less

around a zinc impurity also may be excluded from supercon-

Substitution of copper by nickel or zinc changes the ex-

ductivity, leading to phase separation as in the “Swiss-ponentn of the power law describing the low-temperature
cheese” modef® One should bear in mind that since both behavior of the penetration depth;(T)—X;(0)]/\;(0)
Zn and Ni have a very similar effect on the normal-state=AT". This is depicted in Figs. (@ and 7b), where the
normalized penetration depths are plotted below 20 K on
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FIG. 4. Nickel- (open circley and zinc-substitutedclosed
circles La; gsSrp 1:CuQ, unit-cell parameters and volungénes are

merely guides to the eye

logarithmic scales for nickdlFig. 7(a)] and zinc[Fig. 7(b)]
substitutions. For nickel, the exponemtchanges from one

for the unsubstituted sampl&ig. 6) to about four for a Ni
concentration of 3.5 at. %. For zinc, these changes are stron-
ger; n varies from one for the unsubstituted sam(iég. 6)

to about five for a Zn concentration of 2 at. %. The exponent
n varies nearly linearly with Ni or Zn concentration, with a
slope of about 1 per at. % of nickel and about 2.5 per at. % of

zinc.

Values of the penetration depths,(0) and X\, (0) for
magnetic fields parallel and perpendicular, respectively, to
the c axis, extrapolated to zero temperature, are summarized
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FIG. 5. Critical temperature vs substituent concentration. Solid
lines are linear fits to the measured points.
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_ ) ! C . - . 102 4 | —e— y=0.005, 4 Lay g5ST, Cu;.,Zn, 0,
with Ni and Zn. The difference between the zinc- and nickel- e 1.85710.015%%1-y=Ty~4

substitution influence on the superconducting properties of o VR0.005, 4,

Lay gsSIp.15CUQ, is seen more clearly in Figs(&@ and &b), 10 A
where the penetration depthg,(0) and\  (0) for the two
substituents are compared.

Substitution first increases the in-plane penetration deptte
\ap @nd then, for concentrations of nickel and zinc above 1.5%
at. %, decreases it. The character of changes,jris similar
for both substituents, although zinc additions have a muct—
stronger effect upon the penetration depth. 106 +

It appears that T. decreases in substituted

—»— y=0.01, 4,
—v— y=0.01, 2,
—=— vy=0.02, i,
104 4|0 v=0.02, 4,
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10° -

MT

La; gsS1p.1£CU0, because the substituents act as impurities, 107 . b)

which shorten the mean free path of the carriers. This mean 4 10

free-path shortening leads to an increase of the penetratio Temperature [K]

depthX ,, (but more slowly for nickel than for zinc substitu- P

tion). From the paper of Nachunetal™ it is seen that FIG. 7. Double logarithmic plots showing the normalized pen-

Lay g551516CUO, may be treated as overdoped and that in-etration  depths A,, and A, vs temperature for
creasing the zinc concentration shifts the compound toward§a1_853r0_15CU1_yMyo4 for substitutions(a) M=Ni and (b) M

the universalT.(ng) curve, i.e., towards underdoped region = zn.
(the “Swiss-cheese” effed}). It also proves that, in spite of
the fact that zinc substitution is isovalent, there are still The behavior of zinc-doped LgsSr, 15CuQy is easily un-
changes of the effective superconducting carrier concentraderstood. Normal microregions created in the vicinity of sub-
tion. It is known® that in overdoped material, superconduc- stituents decrease the coupling between the Lalénes, in-
tivity can be strongly suppressed by electron-electron scakrease the out-of-plane penetration depth, and hence
tering, which may be interpreted as a change of the effectivincrease the effective penetration depth.
mass of the electrons. Zinc doping, shifting the material to As mentioned earlier, nickel influences the superconduct-
the underdoped region, also causes a decrease of electripiy properties of LagsSr, 1CuO, by acting as a simple im-
interaction, reduction of the effective mass, and some depurity scatterer. It has been shotvtthat, for tetragonal non-
crease of the in-plane penetration depth. chain superconductors with a gap order parametef,of
The in-plane penetration depth behavior for nickel hassymmetry, thec-axis hopping integral is a function of the
qualitatively similar character to the behavior for zinc. How- in-plane momentum. This hopping integral is vanishingly
ever, since the “Swiss-cheese” scenario is not applicable fosmall along thec axis in the vicinity of gap nodes in clean
nickel, the behavior oh ., should be connected first of all systems. In the case of induced disorder, if the impurity scat-
with the impurity influence. The subsequent decrease,gf tering is anisotropic impurity-assisted hopgifignight be
can be explained by the decoupling of Gu@anes. more important than coherent hopping, and a new conduc-
The main qualitative difference between the influence oftion channel can be opened, which has a direct contribution
both substituents on superconductivity inlsgBr, 1<CuQ, is  to thec-axis superfluid density” In our opinion, this mecha-
seen in the behavior of the effective penetration depth nism can explain the observed initial decrease\ef for
(HLc) [Fig. 8b)]. Substitution of zinc increases, very  nickel-substituted LagsSry 16CUC;.
strongly, even for low doping levels. In contrast, nickel sub- It was also stated in Ref. 39 that in the case of a super-
stitution first decreases, and, above 1.5 at.% of Ni, in- conductor withd-wave order-parameter symmetry, the disor-
creases it. der connected with substitution has opposite effects on the



14 028 A. J. ZALESKI AND J. KLAMUT PRB 59

800 3 I ! |
a) La1.85570.15CU1-yMyO4 Lay g55r0.15CU1-yMyO4
700 o
600 O M=Ni /l
— a — — quadratic regression / i
E 500 ® 2 ¢ M=1Zn
£ i quadratic regression /
S 400 - /
< (<‘“
300 '
6 -
200
100 T T T
0.00 0.01 0.02 0.03 0.04
Substituent content y
0.00 0.01 0.02 0.03 0.04
1000 5 Substituent content y
900 FIG. 9. Penetration-depth anisotropy ,(— N ap)/\ap (S€€ Fig.
La; g55r0.15Cu1.yM,04 8), vs substituent concentration in Ni- and Zn-substituted
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-
= 600 . .
substituted ones. The morphology of both sets of samples is
500 - the same, and the mean grain radius is also similar. It appears
that both impurities change the anisotropy of the penetration
400 . . . depth almost identically, independent of their magnetic prop-

0.00 0.01 0.02 0.03 0.04 erties. This is a surprising fact, especially if one compares
the very different behaviors of, shown in Fig. 8.

The existence of a minimum in the penetration-depth an-

FIG. 8. Penetration depth, extrapolated to zero temperature, iSOtropy vs temperature can be inferred from theoretical pa-
substituent content for Zn- and Ni-substituted, k¢S, ,:CuO;; (@  pers dealing withc-axis properties of cupraté®®° It may
in-plane penetration depth,, (Hlic) and(b) effective penetration appear in highF, materials, in which the order parameter
depth\, (HLc). possesses eitherwave ord-wave symmetry. Fos-wave-

] ) ] type materials, the minimum should be rather flat and appear
superfluid response in thab plane and along the axis.  apove 0.5, whereas for superconductors with order param-
Thus, changing the impurity concentration should have opaters of d-wave symmetry, the minimum should be more
posite effects upon the in-plane penetration depth and  pronounced, appearing below U5 Thus, the existence of
the out-of-plane penetration deptly (and hence\,). This  the minimum of anisotropy on substituent content is not sur-
increase Oﬁ\ab with Ni addition eVidentIy is connected with whose influence on Superconductivity is so very dif‘ferent’
the decrease of, ; and for large Ni content, the decrease of the minimum in the penetration-depth anisotropy occurs at
N ap is accompanied by an increaseof . the same concentration in LgSry 15Clo.ggdMo.01:04-

The influence of zinc on the penetration depth is appar- Qur investigations indicate that substitutions in
ently not limited to the scattering of quasiparticles by impu-|_al g5l 1:CUO;, first make the material more magnetically
ri_ties as it probably is in the case of nickel. One of the p951sofropié and then strongly decouple the Guanes. Such a
sible effects may be the ability of Zn to alter local spin scenario is independent of the physical mechanisms underly-
fluctuations within Cu@ planes*! This would support the ing changes of the penetration depth.
view' that spin fluctuations are fundamental to high- “|n the weak-coupling limit, the square of the penetration
temperature superconductivity. It seems that the “Swissgepth is proportional to the effective mass of the supercon-

cheese” model can be equally applicable for an explanatiogyycting carriers and inversely proportional to their dengity,
of the above-mentioned effett.

It is interesting to compare the changes of the penetration-
depth anisotropy produced by Ni and Zn substituents. These
are plotted in Fig. 9 asN| —\p)/Aap VS Ni Or Zn concen-
tration. Quadratic fits to the measured points are presented
for Ni (dashed curveand Zn(solid curve. What is surpris- whereng is the concentration of superconducting carriers and
ing is that both fitting curves are almost the same withinm* is the effective mass is the coherence length, ahds
experimental error. The penetration-depth anisotropy first dethe mean free path.
creases, almost vanishes for about 1.5% of substitution, and Usually changes of the penetration depth are connected
then increases. The magnitude of the penetration depth iwith changes in the density of superconducting charge carri-
zinc-substituted samples is almost twice as high as in nickelers. In our opinion, to explain the substitutional dependence

Substituent content y

N2=c2m* [4mnge?(1+ &/,
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of the penetration depth, it is necessary to include also theemperature dependence is still described by a power law
changes of the effective mass of the charge carriers, whicfiT"), but with an exponenn different from unity. The de-
reflects the interactions among them. This is particularly im-pendence oh upon the substituent concentration is stronger
portant if the substitutions change the material from beingor zinc than for nickel, by more than a factor of 2.
underdoped to overdoped. Such a change may occur even if The in-plane penetration depfhy, (HIlc), extrapolated to

the substitution is isovalent. Substitution with zinc or nickel zero temperature, has a similar concentration dependence for
introduces scattering centers, decreasing the mean free pgiih Nj and zn, although the underlying physics of this be-

of the charge carriers and changing the Josephson couplingyior may be quite different. A qualitative difference was
between the Cu©planes. The penetration depth is inversely¢, ,nq for the influence of Ni and Zn on the effective pen-

proportional to both the mean free path and critical Joseph,, i depthh, (HLc). The behavior of the nickel-
son current densit}’

substituted samples can be explained by the influence of im-
purity scattering. To account for the influence of zinc on the

)\fzhCZ/SwdeJc, penetration depth, however, the idea of an effective-mass
change in underdoped and overdoped compounds has to be
employed.

whered is the distance between the planes ahdis the We have found that nearly the same quadratic law de-
density of Josephson current between the planes. scribes the penetration-depth anisotropy vs substituent con-

Nickel substitutions, acting as simple impurity scattererscentration for both Zn and Ni. From our study, it appears that
shorten the mean free path of charge carriers within thenagnetic nickel acts simply as an impurity, decreasing the
CuG, planes and at the same time open new channels fanean free path of carriers within the Cu@lanes and in-
incoherent current transfer perpendicular to the planesireasing impurity-assisted hopping between the pldhes.
thereby increasing the Josephson current density in this didur results support the “Swiss-cheese” motfein which
rection and decreasing the out-of-plane penetration deptbome area around each Zn impurity is excluded from super-
A¢- conductivity. This might be connected with the ability of
It is also seen that the penetration-depth anisotropy ofinc atoms to effectively suppress spin fluctuatith$o ex-
zinc- and nickel-substituted LgsSKp1sCuQ, is not con- plain the properties of zinc- and nickel-substituted
nected with the value of the critical temperature. Since we a; gsSI, 1:CuQ,, we found it necessary to treat this super-
have used isovalent substitutions of copper, the density afonductor as having-wave pairing.
charge carriers should be the same for all samples studied. Our observation of a minimum in the penetration-depth
However, the density of carriers taking part in superconducanisotropy vs substituent content suggests that a complete
tivity may vary if the mean free path is changed by impuri-theory of high-temperature superconductivity must account
ties or if strong magneti¢or othe) pair breaking exists. not only for the impurity concentration and the kinds of im-

We should also note that the measured penetration-deptturities but also for the anisotropy of the effective mass of
anisotropy is much lower than that evaluated from surfacehe carriers. Since different physical mechanisms have dif-
impedance measurements for; &8I, -Cu0,.2® This may ferent influences on the effective-mass componemts;, (
be caused by the fact that whereag, (HIic) is an intrinsic  parallel andm, perpendicular to the Culplane$, they lead
penetration depth, the effective penetration depth(H_L ¢) not only to different temperature dependencies predicted in
is a complicated average of the in-plane penetration deptRef. 40 but also to different dependencies on the impurity
NAap and the out-of-plane penetration depth, which is  concentration. This evidently is the reason for a minimum of
dominated by Josephson coupling. On the other hand, it ithe penetration-depth anisotropy vs temperdflmad vs im-
worth mentioning that the values of our penetration depthgurity concentration(we found this to occur forxXy,
are similar to those reported in the literatdfeé?2° ~1.5%). According to our measurements, the effective

massesmn,, and m, have different impurity concentration

dependencies. We believe that taking into account changes
IV. SUMMARY of both the effective mass and the density of excitations will

permit a more effective interpretation of the phenomena con-

In summary, we have used ac susceptibility measuremenigected with high-temperature superconductivity.

Ni for Cu upon the penetration depth in magnetically ori-pjanes plays an important role in the high-temperature super-
ented, ceramic powders of LgSr :CuQ, for a broader onductors.
range of concentrations than has been reported in the litera-
ture.
Similar to the behavior in YB&Z u;0, substitution of Zn
for Cu in La gsSKy 15CuQ, reduces the critical temperature
more strongly(by a factor of about Bthan does substitution
of Ni. Such behavior may be explained in the framework of The authors express their gratitude to Tomasz Zaleski for
the “Swiss-cheese” mod&l in the case of zinc substitution providing computer programs for the SEM photograph
and simple impurity scattering in the case of nickel. analysis and penetration-depth evaluation. We thank Profes-
The temperature dependence of the penetration depth #r John R. Clem for suggestions and help with editing this
linear for low temperatures in unsubstituted material. Forpaper. This work was sponsored under Grant KBN No.
nickel- and zinc-substituted LgsSry1CuQ,, however, the 2P0O3B15309 and No. 2PO3B054{dartially).
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