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Results on the systematics of the magnetic penetration depth k, b in the high-temperature supercon-
ductors Bi2Sr~Cal, Y,Cu208+g (z =0,0.1,0.2,0.3,0.4, 0.45) and Bi2 Pb Sr2CaCu208+g
(x=0.15,0.30,0.70) are reported from muon-spin-rotation measurements on polycrystalline samples
with known oxygen excess 5. In determining A,,z various additional sources for inhomogeneous internal
field distributions, besides the one arising from the Aux-line lattice, have been critically taken into ac-
count. The most important one arises from a type of powder broadening due to the anisotropy of the
field-cooled magnetization. It is found that A,,& in the Y-doped compounds correlates in the expected
manner with the nominal hole-carrier concentration p (k,& ~p) while the Pb-doped compounds k, b is
practically independent of p. It is concluded that Pb doping (valence state is +2) does not increase the
density of free charge carriers in agreement with results from Hall-eft'ect measurements. No correlation
between A,,b and T, in the manner seen in the 1:2:3family is found in the present case.

I. INTRODUCTION

The London or magnetic penetration depth A, in super-
conductors is one of the most basic parameters as its tem-
perature dependence can give information on the symme-
try properties of the energy gap and coupling mechanism
of the superconducting state and as its low-temperature
value is related to the eff'ective-mass tensor (m; ) and den-
sity of the superconducting carriers n, as follows

4~r, n,

where the index i refers to the principal axes of the
effective-mass tensor of an (anisotropic) superconductor.
(r, = classical electron radius, rnp=free-electron mass).
Most of the information on the magnetic penetration
depth in high-temperature superconductors stems from
muon-spin-rotation (ILtSR) measurements, which can be
performed relatively easily using polycrystalline or mono-
crystalline material. Systematic measurements as func-
tion of composition and doping have generally been per-

formed on polycrystalline material, since monocrystalline
samples were usually not available. Based mainly on re-
sults from the system YBazCu307 &, Uemura and co-
workers have postulated the existence of a universal
linear relationship between 1/A, , extracted from pSR
data, and the transition temperature T„which seems to
hold for compounds with T, (T, „=90K. ' Interest-
ingly, this behavior extrapolates to the system
(La,Sr)Cuo~, members of the Bi- or Tl-based 2:2:1:2and
2:2:2:3 families, the bismuthates and even chevrel-phase
superconductors, implying that for low carrier density
compounds

T, ~ n, /m*,

where m* is the effective-carrier mass. Uemura et al.
have suggested that these and other exotic superconduc-
tors, like certain heavy-fermion systems provide evidence
for a state which interpolates between BCS pairing and
Bose-Einstein condensation. On the theoretical side
Schneider has shown that T, ~ 1/A. ~ n, is obtained from
an approach which treats the superconductivity in high-
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T, systems, bismuthates, and fullerenes in close analogy
to superAuid helium. Equation 2 seems also to be im-
plied from the non-Ohmic I-V characteristics observed in
several high-T, families.

In view of the far reaching implications of the postulat-
ed universal behavior, it is important to test how univer-
sal this phenomenon really is and to locate its limitations
and violations. On the experimental side, it is necessary
to critically assess to what extent the pSR data (the way
they are usually analyzed) allow one to determine directly
the quantity I/A, (see Sec. II) and what other effects
could be present which could interfere with the absolute
determination of I/A, (see Sec. III). Concerning the pos-
sible physics behind the universal scaling, it would be,
moreover, extremely interesting to find out about the role
of hole doping on one side and of hole filling (electron
doping) on the other side. In other words one can ask if
it makes a difference in which way a certain net hole con-
centration is established. As far as the system
YBa2Cu307 & is concerned it does not seem to make a
difference, since hydrogen charging or partial replace-
ment of Y by Pr (where Pr is in the +4 ionic state) or an
increasing oxygen deficiency produce results which are
all compatible with the universa1 curve. No such sys-
tematic tests have yet been undertaken in the Bi-based
high-T, families. Given this and the fact that only two
different members of the 2:2:1:2 family are included in
the data basis of Ref. 5, we have undertaken to investi-
gate by pSR the system

Bi2 ~Pb Sr2Cai, Y,Cu208+&,

by changing x and z in a systematic way, determining in
each case also the oxygen excess 6. Assigning the valence
state +3 to Bi, +2 to Pb, +2 to Sr, +2 to Ca, +3 to Y,
and —2 to oxygen, charge neutrality requires for Cu the
valence state 2+p, where p, the hole concentration per
Cu atom, is given by

finds A,, /A, ,&
~55. This value will be used in the data

analysis, to be described in Sec. V.
The phase diagram ( T, versus hole concentration) of

the 2:2:1:2family has been studied extensively by Groen,
de Leeuw, and Feiner. ' It is shown there that supercon-
ductivity is absent for hole concentrations p below 0.06.
Above this concentration, T, rises in a highly nonlinear
fashion and reaches a maximum around 0.15—0.2
holes/Cu. Recently the dome-shaped T, versus p curve
has been explained by Dallacasa and Feduzi' in terms of
a quantum percolation model. In the low carrier concen-
tration range they find approximately T, o- n/m*, in
qualitative agreement with the observations of Uemura
et al. and others.

Our results on the 2:2:1:2family, to be presented and
discussed below, do not follow the universal curve. Al-
though the carrier or hole concentration changes by a
factor of almost 2 (judging from both the behavior of
I/A, ,& and the formal Cu valency) T, stays nearly con-
stant. Only at much smaller carrier concentrations is a
decrease of T, also observed (see Fig. 19).

This paper is organized as follows: In Sec. II we dis-
cuss the pSR-frequency spectrum arising from the Aux-
line lattice of an anisotropic superconductor, in Sec. III
we consider other contributions to the pSR-frequency
spectrum, in particular the role of the anisotropic magne-
tization leading to "powder broadening" in a polycrystal-
line specimen. In Sec. IV we describe the measurements
and present the results in a particular rationalized form,
in Sec. V we enter into a detailed analysis of the results,
which in the end allows one to determine the London
penetration depth. The dependence of the penetration
depth on the particular composition of the samples is dis-
cussed in Sec. VI. The paper ends with a summary.

This work supersedes previous preliminary reports
[Hyperfine Interactions 63, 93 (1990); Supercond. Sci.
Technol. 4, S403 (1991), Physica C 185—189, 749 (1991)
185-189, 1093 (1991)].

p =6+
2

(3)

Pb doping leads thus to additional holes, while Y-doping
diminishes the number of holes. The oxygen excess 5 is
the primary source for holes. Hall-effect measurements
in the Y-doped compounds show that the actual hole
concentration scales well with p. ' This is not so in the
Pb-doped compounds, as we will discuss later.

It is well recognized that the Bi-based high-T, com-
pounds are extremely anisotropic owing to their
enhanced two-dimensional character. Measurements of
the anisotropy of H„, H, 2, and torque measurements lead
to effective-mass ratios of 400 ~ m, /m, b

& 10,
where m, is the effective-mass for carriers moving along
the crystallographic c axis and m, b the effective mass for
carriers moving in the basal (a, b) plane. This translates
into anisotropies of the penetration depth of

II. MAGNETIC-FLUX DISTRIBUTION
IN THE MIXED OR ABRIKOSOV STATE

OF AN ANISOTROPIC SUPERCONDUCTOR
AND THE p FREQUENCY SPECTRUM

The magnetic-fiux distribution h(r) arising from the
Aux-line or vortex lattice in the mixed state of a type-II
superconductor can be well treated within the London
theory provided that the Ginzburg-Landau parameter a
is large and that the external field is small in comparison
to H, z. Both conditions are naturally fulfilled in the
high-T, cuprate superconductors. Following Thiemann,
Radovic, and Kogan the anisotropy in the penetration
depth A, is taken into account by introducing a phenome-
nological dimensionless tensor

m, cos 0+m3sin 0 0 (m, —m3)sin8cos9
20 A,, /k, b 320 .

Considering only results from torque measure-
ments, "' ' which are believed to be the most reliable
ones, owing to their weak sensitivity to Aux pinning, one

(m;k)= 0

(m ] m 3 )sing cosg 0 m, sin 9+m 3cos 9

(4)
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Consequently, in calculating the s ectral
rt

p

expressed by the formula
r . The spectral distribut'bution can then be

F(co)=—f f y„ 1—1 h (r)
h( )

5(h —h(r))d r, (13)

r)) denotes the Dirac 5where 5(h —h(r
integral extends hs over the area S of the

irac function and the

11 f h fI 1'e ux- ine lattice. Fi ure
calculated with the same coe same parameters as the co tcon our p ot
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The latter expression can be used to calculate the poly-
crystalline average of ( b,co ) e..

O=o o =60' 0=9O 0.0037goy„m 3+2m i5co 3-
ab m3

(19)

6)

CL
E
0$

0
LL

M (a.u. )

FIG. 2. Spectral distributions F(co) of p+ precession fre-
quencies in monocrystalline material following from the spatial
distributions shown in Fig. 1. The indicated angles refer again
to the directions of the average magnetic induction 8 with
respect to the c axis. As can be seen the overall width of F(co)
depends very much on the orientation and reflects the anisotro-

py of the mass tensor.

For very strong anisotropy (m3/m, —+ ac ) one arrives at
the approximation

0.0037$oy„
io~v=

3Xab
(20)

1P (O, t)=Re. Fe(co)e' 'dco . .
2m o

(21)

The time evolution of the p+ polarization, P (t), of an
ensemble of p+ exposed to h(r) [as before, the initial po-
larization P„(0) is assumed to be perpendicular to
B=(h(r)) and P„(t) is observed in the direction of
P„(0)] is given by the Fourier transform of Fs(co), i.e.,

(4co ) = =y (bh(r) )

=0.0037y„go/A, ,b,
(Aco )e 9o =0.0037y Pc/A, ,bA,

(14)

(15)

For other orientations one has again to take into account
that P„(0) and h(r) are not necessarily perpendicular to
each other. In this case one finds

(a~'), =y„'I (ah(r) )+a'] —(~)', ,

where

(16)

(rr)r=y„'(h(r) 1— h (r)
h(r)

(17)

which, according to Fesenko, Gorbunov, and Smilga
can be expressed more conveniently by

(Aco')e= "
(b,co')e, .

m3

in Fig. 1. The spectra in Fig. 2 reAect the true ratios of
the width of F(co) for diff'erent g. As is well known the
spectra are characterized by three Van Hove singularities
appearing at the saddle-point field (logarithmic singulari-
ty) and at the minimum and maximum fields (steplike
singularities).

In most cases pSR measurements have been performed
in polycrystalline material. The above considerations ap-
ply to monocrystalline material. The spectral distribu-
tion in polycrystalline material, (Fe(co) )~„„,can be cal-
culated by performing a proper average over all possible
orientations of the crystallites. As an example, Fig. 3(a)
shows (Fe(co) )»„calculated for A,,b =2000 A and
k, /k, b =55. A characteristic feature of a polycrystalline
spectral distribution is the shoulder on the low-frequency
side of (Fe(co)) „„.

The second moment (b,co ) of the frequency distribu-
tion Fe(co) is easily calculated. ' For 8=0 and 8=90'
one finds

C
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0
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0
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Frequency (MHz)

0.98 1.00 1.02

9.0 39.5 40.0 40.5 41.0 41.5
Frequency (MHz)

1.00 1.02 0.98 1.00 1.02

Bl'B ext

FIG. 3. Calculated spectral distributions of local magnetic
fields in a polycrystalline anisotropic superconductor with

0
A,,b =2000 A, X, /A, ,b =55: (a) distribution arising only from the
vortex lattice; (b) vortex lattice plus nuclear dipolar fields
((bBd; )'~ =1.88 G); (c) actual frequency distribution, P(co)
following from a Fourier transform of a generated pSR signal
based on the distribution (b). The difference in shape between
(b) and (c) arises from the finite time window ( —8 ps) of a realis-
tic pSR signal and consequently limited integration range in cal-
culating the Fourier spectrum; (d) vortex lattice plus distribu-
tion in demagnetization factors assuming AN& =4n/8 and an
isotropic M(0) = —3 emu/cm; (e) like in (d) plus nuclear dipole
fields; (f) actual frequency distribution of the Fourier
transformed pSR signal based on (e) like in (c).

Given the complicated form of Fe(co), Pe(t) does not fol-
low a simple law, such as an exponential or Gaussian de-
cay function. Nevertheless in a majority of cases experi-
mental data have been analyzed by assuming P(t) to be
of a Gaussian form [i.e., P (t) =exp( —

—,'cr t )] identifying
the decay constant o. with the second moment expressed
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in Eqs. (14), (15), and (19). This can give rise to rather er-
roneous determinations of A,,b. For instance we have
generated an artificial pSR spectrum for a field distribu-
tion associated with X,b =2000 A and have then fitted it
with a Gaussian decay function, resulting in a A,,b of 3060
0
A. Fortunately the situation is not as bad in practice as
suggested by this example, due to other contributions to
the overall field distribution in the mixed state which
tend to smear out the Van Hove singularities in F(co„),
rendering F(co) more symmetrical.

One important source for a smearing-out effect consists
in static random small displacements of the vortices out
of their rigid-lattice positions. As shown by Brandt,
this can be approximately accounted for by convoluting
the rigid-lattice spectral distribution F(co) with a Gauss-
ian distribution of width o, . According to Ref. [25], an
average displacement of 3% will lead to a width
o, =0.2M, where M is the n ~gnetization of the sample
in the mixed state. The spectral distribution in the case
of complete random order of the vortex lines (vortex
glass) has, to our knowledge, not been treated in the
literature yet. It can be expected that the distribution
will assume a rather symmetric shape. However, Portis
has calculated the second moment for a vortex glass, as-
suming that the vortex density is homogeneous over areas
larger than the two-dimensional unit cell. In the limit of
high vortex densities for an isotropic superconductor he
obtained

(b,co ) =0.0063y„g /X (22)

which is about 70% larger than in the case of a triangular
rigid vortex lattice.

In addition to the lateral disorder of an otherwise rig-
idly arranged lattice of parallel running Aux tubes, as just
discussed, also some disorder along the 8 direction can
be expected to occur in a hi.ghly anisotropic superconduc-
tor with extremely small coherence length as in the case
of the Bi-based high-T, families, in which the distance of
the superconducting Cu02 planes ( —3.4 and 12 A in the
2:2:1:2family) is much larger than the coherence length
along the c axis (-2 A). The resulting arrangement of
"pancake"-like vortex disks may show considerable phase
shifts from plane to plane leading to field variations also
along the 8 direction. However, since the average lateral
distance between vortex disks (877 A at 3 kG) is much
larger than the plane distances, the misalignment of a
string of disk vortices as compared with a rigid tube is
probably not too severe and the resulting modification of
F(co) may again be taken into account by convoluting
F(co) with a Gaussian distribution.

Vortex motions due to thermally induced vibrations
and depinning are another source of smoothing of the
spectral distribution F(co). This will be primarily of im-
portance at higher temperatures and could be a very im-
portant contribution to the temperature dependence of
the p relaxation rate in addition to the temperature
dependence arising from the penetration depth. At low
temperature, which we are primarily interested in, such
effects can probably be neglected.

III. OTHER CONTRIBUTIONS
TO THE FLUX DISTRIBUTION

IN A POLYCRYSTALLINE SAMPLE

In this section we discuss additional sources of nonho-
mogeneous Aux distributions with particular reference to
polycrystalline samples. These sources are (1) nuclear di-
pole fields (also important in single crystals), (2) aniso-
tropic magnetization in the superconducting state, (3) dis-
tribution in demagnetization factors, (4) texture, and (5)
critical state.

A. Nuclear dipole 6elds

The presence of Cu nuclei ( Cu) with nonzero mag-
netic dipole moments in all high-T, superconductors
gives rise to a distribution of dipolar fields, the spectral
distribution of which is Gaussian. F(co) has to be con-
voluted with this distribution. The effect of nuclear di-
pole fields is therefore similar to the effect of slight ran-
dom displacements of the vortices or vortex disks from
their regular periodic positions as discussed above. The
nuclear dipolar field distribution width (b,Bd;p)' can
be determined from the LM+-spin relaxation just above T, .
In the Bi-2:2:1:2 family members it amounts to
(b,B&; )'~ =1.88 G. In all following calculations of the
spectral distribution this contribution is generally folded
in. Its effect is seen in Figs. 3(b), 3(e), 6(b), 6(e), and 6(h).

B. Anisotropic magnetization

—pGNGM(8) . (23)

The various terms have the following mean-
ing: 8, ,=externa1 field p pXp M p is the demag-
netization field of the whole poly crystalline
sample [Np=demagnetization factor, Mp=(M(9))
=(I/4') f &M(8)dQ is the sample magnetization, pp is
the crystalline density, p& is the effective volume density,
M(8) is the crystalline Meissner magnetization,
Mp, M(8) are always measured in emu/g], +ppNHMp is
the field associated with the hole that would emerge when
the p containing grain is removed, 4mpGM(9) is the in-
duction due to the Meissner magnetization of this grain,
and pGNGMG(8) its —demagnetization field. Perform-
ing an average over all grains it is seen that the last three
terms will give rise to a spread in local fields. The most
serious contribution is associated with the anisotropy of
M(8). 8 is defined as in Eq. (4).

If M(9) in our field-cooling procedure behaves like the
remanent magnetization M„(9),one expects '

M(8)=MD+M, cos8 . (24)

It is well known that the induced magnetization in the
superconducting state of a high-T, compound is very an-
isotropic. This has pronounced consequences for the
field distribution in a polycrystalline or granular sam-
ple. Let us consider the local magnetic induction of the
local average field sensed by the p+ sitting in a particular
grain:

B&(8)=8 t ppNpMp +ppNHMp +4npGM( 9)
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If, on the other hand, M(8) iis given by the ansatz 3.0

M =y.H ext &

where iy 's a traceless susce tibilit
follo h

(25)
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effect of such a I' (NG ) in case of an isotropic M(8)%0.
The result is a much more symmetric over all distribu-
tion.

D. Texture

E. Critical state (Bean's model)

Upon field cooling a nonuniform distribution of local
induction B (r) will evolve in a sample if pinning hinders
the uniform expansion of the Aux-line lattice due to dia-
magnetic screening currents. Assuming field-independent
pinning forces the induction 8 or the density of vortices
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FIG. 7. Effect of texture on the spectral distribution of inter-
nal fields; (a) same as in Fig. 6(a), (b) with inclusion of texture
(c =0.8, see text).

Ceramic samples prepared by cold or hot pressing may
contain grains with a certain preferred orientation. For
example, if the grains are present in the form of thin
platelets with the crystallographic c axis perpendicular to
the Bat surface one may envision a preferred stacking of
the platelets along the c direction. However this effect is,
if present at all, rather small. To get an idea on its
inhuence on the p frequency distribution we assume
O=cO' with c & 1 and a distribution of 0' given by
F(8') ~ sin8'. 8 is, as before, the angle between B( =B,„,)
and the c axis of a crystallite, i.e., F(8') reflects a pre-
ferred orientation of the crystallite's e axis parallel to B.
Figure 7 shows two generated spectra, one (a) without
texture [same as in Fig. 6(a)], the other one (b) with tex-
ture (c =0.8), as described. According to Fig. 7, modest
texture, if present, leads also to a more symmetric spec-
tral distribution.

decreases linearly with distance from the center to the
edge of the grain. The resulting spectral distribution (for
a cylindrical geometry) is given by
Ecs(B)=2(Bo B—)/B*, were Bo —B*(B(Bo and
B*=(4m. lc)R J„Bo is the trapped fiux at the center of
the grain, J, is the critical current density, and R is the
radius of the cylinder. Variations in grain sizes and
shapes in a polycrystalline sample were taken into ac-
count in Ref. 34 by averaging Fcs(B) over a Gaussian
distribution in 8 . It was shown that the shape of the
overall spectral distribution of co in a ceramic YBazCu307
sample was very much influenced by Fcs. Work pub-
lished by the same group on measurements in
BizSr2CaCuz08 (Ref. 35), revealed much more symmetric
spectral distributions and no attempt was made to in-
clude the possibility of a nonuniform local induction dis-
tribution inside a grain into the analysis. Also the
present data do not lend evidence for the importance of
gradients in the Aux-line density on the overall spectral
distribution of co. We will, therefore, neglect this possi-
bility in the analysis of the present data.

IV. MEASUREMENTS

A. Samples

All samples belonging to the 2:2:1:2 family were
prepared at Hoechst AG (Hiirth) by a proprietary melt
process, which starts with heating a homogeneous mix-
ture of the binary oxides Be203, SrO, CaO, CuO, and
PbO, respectively, Y203, to about 10SO C until a homo-
geneous melt is obtained. The melt is cast into copper
molds where solidification and slow cooling to room tem-
perature occurs. The thus obtained compact cast bodies,
which are multiphased, are subjected to an annealing
step around 8SO'C during which the superconducting
two-layer phase is formed. The rapid transformation of
the multiphased material is assisted by a partial melting
in the bulk material during annealing. The oxygen con-
tent can be monitored during the anneahng step by a
proper adjustment of temperature and partial oxygen
pressure. The oxygen content was chosen such that for
each composition a maximum in T, was achieved. The
exact metal content was subsequently determined by
chemical analysis and the oxygen content by iodometric
titration. The presence of foreign phases in the samples
was checked by x-ray diffraction. Within the accuracy of
these measurements ( (5%) no foreign phases could be
detected.

Critical temperatures T, were determined by resistivity
and low-field (10 G) magnetization measurements. Su-
perconducting quantum interference device measure-
ments served also to determine the field-cooled magneti-
zation at 3 kG, an important parameter in the analysis of
the pSR data (see Sec. V). The latter results are displayed
in Figs. 8(a) and 8(b).

Table I presents a list of the investigated samples and
their T, (onset of diamagnetic response; at this tempera-
ture the resistivity had essentially vanished) and field-
cooled (3 kG) low-temperature magnetization M(T~O).
The oxygen excess 6 is listed in Table II.
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TABLE I. List of samples, critical temperatures T„and
low-temperature magnetization M~ ( —10 K) after field cooling
in 3 kG.

Sample

Bi, 30Pbo. 7oSr2CaCu20s 2,
Bi1.70Pbo. 30SI2CaCu20s. 2s

Bi1 s5Pbo. 1sSr2CaCu20s. 1o

81(1)
81(1)
91(1)

—0.235(8)
—0.371(8)
—0.567(2)

T, (K) Mp ( —10 K) (emu/g)
-0.2—

CD

E -03—
(D

0.4—

-0.5—

x=p

Bi2Sr2CaCu20s 16 92(1) —0.537(2)

Bi2Sr2CaQ 9pYp 1pCu20s 17

Bi2Sr2Cap spYp 2pCu20s 19

Bi2Sr2Cap 7pYp 3pCu20s 2s

»2Sr2Ca0. 60Y0.40Cu2Os. 31

Bi2Sr2Cap» Yo 45Cu20s 33

89(1)
88(1)
86(1)
85(l)
84(1)

—0.405(8)
—0.233(8}
—0.268(8)
—0.198(8)
—0.161(8)

For the pSR measurements 50 g of the powderous ma-
terial were cold pressed into the form of a disk with 40
mm diameter and 6—10 mm thickness. Typical densities
of pG=4. 66 g/cm were obtained. The demagnetization
factor Nz of these disks for fields in the disk plane was
determined from the ratio thickness over diameter with
use of a table taken from Ref. 38 to amount to
Np = (0.76+0. 10)4m.

B. Data acquisition

The pSR measurements were performed on the muon
beamline of the Phasotron of the Joint Institute for Nu-
clear Research in Dubna (Russia) using the spectrometer
"MUSPIN. " An external field H,„, of generally 3 kG,
controlled by NMR, was applied perpendicular to the ini-
tial p polarization, i.e., perpendicular to the beamline,
allowing to observe a transverse field pSR signal {p+ Lar-
mor precession). The sample was mounted in a He-flow
cryostat, which allowed us to use temperatures between
4.2 K and room temperature. The temperature was sta-
bilized to better than 0.05 K.

The pSR signal was observed in the usual time
differential way by monitoring the positron rate from the
p+ decay as a function of elapsed p+ lifetime in two posi-
tron detector telescopes mounted in forward and back-
ward direction with respect to the initial p+ polarization.
The time dependence of the positron rate is basically
given by the expression

dN
=No e "[1+AG (t)cos(cot+@)]+BG, (30)

dt

x=0.
x=0.15

-0.6 I I I j
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~ -0.40 -Z=O.
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FIG. 8. Measured temperature dependence of field-cooled
magnetization (B,„,= 3 kG) for (a) the Bi2 „Pb„Sr2CaCu20s+ q

compounds and (b) the Bi2Sr2Ca, ,Y,Cu20s+z compounds.

where co=y„. H,„, is the I.armor frequency, ~„ is the p+
lifetime, A is the efFective decay asymmetry {=10% in
the present set up), and G (t) is a relaxation function, the
shape of which depending on the mechanisms leading to
depolarization [e.g. , it may follow from Eq. (21)].BG is a
time-independent background which accounts for ac-
cidental decay events with BG /No (2 X 10 . As we will
see later P(t)= AG(t)cos(cot+y) may have to be re-
placed by a multicomponent expression
g; A;G;(t)cos{co;t+p) in order to describe the data more
accurately. For example, a two-component expression is
needed if part of the muons stop outside the sample (e.g. ,
in the cryostat walls) where a different to and/or a
difFerent G (t) is observed.

C. Results

Figure 9(b) shows a typical Fourier transform (real am-
plitude) of the @SR signal in time space obtained at low
temperatures. It consists of a relatively narrow peak su-

TABLE II. List of "best" A,,b (T=10 K) for the compounds Bi2 Pb Sr2Ca1, Y,Cu20s+q.

0.00
0.15
0.30
0.70

0.20
0.45
0.40
0.10
0.30
0.00

0.19
0.33
0.31
0.17
0.28
0.16
0.10
0.25
0.28

0.09(1)
0.10(1)
0.11(1)
0.12(1)
0.13(1)
0.16(1)
0.18(1)
0.40(1)
0.61(1)

k., (A)

2250(150)
2300(150)
2250(150)
2000(150)
1950(150)
1850(100)
1900(100)
1850(100)
2050(100)

np(m, b/mp) ' (cm )

5.6(4) x 1020

5.3(4) x 1020

5.6(4) x 1020

7.0(5) x 1020

7.4(6) x 1020

8.3(5)x 1020

7.8(5) x 1020

8.3(5)x 10
6.7(5) X 10
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FIG. 9. Fourier spectra of the pSR signal above (a) and
below (b) T, in Bi& 85PbQ»Sr2CaCu&08 &Q (B,„,=3 kCx). The
broadening below T, is readily visible. The narrow signal su-
perimposed on the broad signal arises from p+ stopped outside
the sample.
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P„(t)= Abe

with

—(1/2)0P„" "(t)=g A e ' cos(co t+(()) for T(T, ,
j=1

P'™"(t)=ye " "~ ' cos(cot+/) for T& TP C (32)

The same procedure was applied to the amplitude 2
&

of
the sample signal. It was fitted at the lowest temperature
and then fixed at this value in the further analysis. As an
example, Fig. 10 shows the thus obtained results for the
compound Bi& 7Pbo 3Sr2CaCu2Og 2& as a function of tem-
perature below T, . For comparison with results from

perimposed on a much wider, somewhat asymmetric sig-
nal. The narrow peak arises from those rnuons stopping
outside the sample, e.g., in the cryostat walls, etc. Its
contribution to the total signal is of the order of -25%.
Above T, the Fourier transform signal is rather sym-
metric and the background signal is no longer visible as a
distinct peak as can be seen from Fig. 9(a). For a con-
sistent and rationalized display of the results all pSR
spectra taken below T, were analyzed by fitting a three-
component expression to the data (one accounting for the
background signal, two for mimicking the asymmetric
main signal) and all sp'ectra taken above T, were ana-
lyzed by fitting a two-component expression to the data
(one accounting again for the background signal, and
only one for the now symmetric main signal). The back-
ground signal was most easily fitted at the lowest temper-
atures, where it appears as a distinct component as can be
seen from Fig. 9(b). Its fitted amplitude at the lowest
temperature ( Ab) was subsequently fixed in the analysis
of the higher-temperature spectra. Explicitly,

cos(cost+P)+P'„' ~"(t) (3l)

FIG. 10. Temperature dependence of the three component fit
parameters up to —T, for Bi& 7QPbQ 3QSr2CaCu208», (a) asym-
metries A&, Az', (b) precession frequencies v&, v&', (c) relaxation
rates cr&, crz [see Eqs. (31) and (32)].

other groups the main signal was also fitted by only one
component. The resulting o. was used in producing Fig.
19.

Assuming that the two-component function for the
main signal accounts well for the asymmetric frequency
distribution seen in the Fourier spectra, the second mo-
ment of this distribution as well as the average field can
be calculated from the expressions

~~+~ ~ +(
i=1

(33)

3;co;

3)+Aq (34)

(B„)—H,„,= ppNt, Mt +pp(NH )Mp—+4rrpG ( M(9) )
— p( N)( M(e)) . (35)

Assuming that the average shape of individual grains can
be approximated by a sphere we write
(Ntt ) = (,NG ) =4~/3 and further (M(6) ) =M& and

As an example Figs. 11 and 12 display the temperature
dependence of ((co) —cob)/27' and (b,co ),'~~, calculated
in this way for the compound Bi& 85Pbo, 5Sr2CaCuz08, 0.
According to Eq. (23), the shift of the average field at the
p+ with respect to the applied field (measured by the fre-
quency of the background signal, cob ) is given by
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FIG. 11. Temperature dependence of (b,co ),p [Eq. (33)] in
Bi& ggPbp ~5Sr2CaCu20g &p. The solid line represents the BCS
weak-coupling temperature dependence of A,,b(0)/A. ,b(T), the
dashed line shows the temperature dependence of the field-
cooled sample magnetization M~.
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FIG. 13. Summary on the results for (Ace ),'z~ at 10 K for all
samples, displayed in (a) as a function of x —z and —y and in (b)
as a function of Mp (10 K). Included in (a) are the results (one-
component o.) of Ref. 44.

4~ 8~—Xp pp+ pG Mp .
3

(36)

(37)

The frequency shift ((co ) —
cob ) =y„((B„)—B,„,) should

thus scale with the sample magnetization. This is indeed
observed as can be seen from Fig. 12, which displays also
the measured temperature dependence of M~( T) normal-
ized to ( co„) cob at th—e lowest temperature point.

If the second moment (b,co ) arises from the vortex-
lattice field distribution, it should be given by Eq. (19),
l.e.,

seen in Figs. 11 and 12 are typical for all samples investi-
gated. In particular, ((co) —cob)/y„scales always well
with the measured Mz and the observed scaling factor
( =36) is closely reproduced by (47r/3 —X~ )p~
+(8m/3)pG ——30.

Finally, Fig. 13 summarizes the results on (Ace ),'s/ at
T=10 K for all samples investigated. In Fig. 13(a),
(b.co2),'s/ is plotted versus x —z and in Fig. 13(b) versus
the measured Mz at 10 K. From the latter, one may get
the impression that (he@ ),'s/. could reflect, to a large ex-
tent, the bulk magnetization. It is, therefore, mandatory
to take seriously into account possible broadening mecha-
nisms which involve the magnetization of the samples.

The solid line in Fig. 11 was calculated assuming the tem-
perature dependence of A, ( T) to follow the BCS predic-
tions for weak coupling. It describes the data quite well.
However, this must not be taken as evidence that it is
indeed the vortex-lattice field distribution which deter-
mines primarily the p+ frequency distribution, as we will
see later in more detail. The temperature dependencies

0-
-0.05—

~ -0.10-
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FIG. 12. Temperature dependence of ((v) —vb) [see Eq.
(34)] in Bi& S5pbp „SrzCaCug08, p. The dashed line shows again
the temperature dependence of the field-cooled magnetization
Mp. As can be seen ( ( v) —vb ) scales well with Mp as expected
[vb =(y~/2~)B, „,].

V. ANALYSIS QF RESULTS

In this section we will concentrate exclusively on the—10 K results of all the investigated compounds with the
aim of determining the London penetration depth proper.
Our approach consists in a comparison of measured and
simulated data, both by comparing real amplitude
Fourier transforms and two-component fits. We begin by
selecting a certain A,,b and, assuming 1,, /A, ,& =55, we cal-
culate for 150 equally spaced values of 8 in the interval
0' —90' the distributions Fo(ro). Next, in calculating the
polycrystalline average (Fe(co) ),t„ the anisotropic mag-
netization, given by Eqs. (24), (26), or (27), is taken into
account via Eq. (23) as described in Sec. III B. Mo and
M& in Eqs. (24), (26), and (27) were determined by identi-
fying (M(0)),&„with the measured magnetization at low
temperatures, collected in Table I, and from the ratio
M(0 )/M(90 )=6.5 taken from Ref. 32. Additional as-
sumptions entering into this first step are as follows:

(i) The induction B and B,„, are parallel for all angles
0. This is justified if B,„, H, .

1

(ii) The flux lattice within an individual grain is abso-
lutely regular, i.e., distortions due to pinning, etc., are ig-
nored. We justify this with the following argument: if
pinning or trapping is important it can be expected that it
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will become more pronounced with increasing Pb or Y
content, leading to additional line broadening. The fact
that (b,co ),s. rather decreases with rising Y or Pb con-
tent (see Fig. 13) suggests that fiux-line disorder due to
trapping is of minor inhuence.

In a second step the Gaussian distribution arising from
the Cu nuclear dipoles is folded in, as well as the Gauss-
ian distribution arising from the demagnetization factors
NG, as discussed in Sec. III C.

Next a background signal is added, accounting for the
p+ stopping outside the sample. It is taken from fits to
the experimental data at the lowest temperatures (see Sec.
IV C). The thus obtained overall spectral distribution is
then used to generate an artificial @SR time spectrum by
use of Eq. (21) and by taking into account the p decay
and imposing statistical Gaussian noise. The length of
this spectrum is adjusted to the length of the experimen-
tal histograms. This artificial spectrum can now be ana-
lyzed in the same way as the experimental ones. In par-
ticular, Fourier transforms P(co) can be compared direct-
ly to each other, since the effect of the finite length of the
histograms is now properly included. The artificial spec-
tra in time space can also be fitted with a three-
component expression [see Eqs. (31) and (32)] just as the
experimental data.

The only really free variable in these calculations is the
penetration depth A.,b. All other parameters
(Mo, M„oc„,hNG ) a.re taken from independent measure-
ments. There is still a choice for the form of M(8).
is then varied until the generated and experimental
Fourier transforms agree closely within their statistical
noise (judging by eye) and, more qualitatively, until the
maxima of the Fourier amplitudes (the latter quantity is
particularly sensitive) and the parameters from the
three-component fits of both the generated and the exper-
imental time spectra agree within their statistical error
bars. Likewise all three expressions for M(8) are tried.
As an example Fig. 14 shows "best" results for the corn-
pound Bi, 85Pbo»Sr2CaCu208, 0 using all three expres-
sions for M(8). Depending on the choice of M(8) the
thus extracted k,b varies between 1900 and 2500 A. A
closer inspection of the line shapes in Fig. 14 reveals that
agreement with the data is least satisfactory for the
choice of Eq. (26) for M(8). The two other forms of
M(8) reproduce the data equally well in Fig. 14. Howev-
er considering all compounds, the choice of Eq. (27) for
M(8) appears slightly better. [This is consistent with the
data of Niskanen, which are well described by Eq. (27)
but only poorly by Eq. (24) (see Fig. 4).] Although Eq.
(27) cannot be justified theoretically the final analysis of
all data was based on this expression. The results for k, b

are listed in Table II together with the hole concentration
p calculated from Eq. (3). The errors are estimates based
on how much the input k,b had to be changed in order to
lead to differences between the fitted two-component pa-
rameters from the generated and measured spectra
exceeding the sum of their error bars.

A surprisingly good description of the measured
Fourier spectrum in Fig. 14 is also obtained by ignoring
the magnetization altogether but allowing the ratio
A,, /A, ,b and an additional Gaussian width o., due to some
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FIG. 14. Fourier spectrum of the pSR signal measured in
Bi, »Pbo»Sr, CaCu&O, &o at 11.6 K after field cooling in 3 kG
(dashed lines) and best generated spectra assuming different ex-
pressions for M(0) (solid lines). See text for details.

unspecified broadening to become variables, leading to
A,,&=1200 A, A,, /A, ,b=7, and o, =0.7 ps '. The in-
creased o, may still arise in part from the distribution in
demagnetization factors but could also point to a distor-
tion of the Aux-line lattice, as discussed in Sec. II. Indeed
many pSR results on high-T, compounds have been ana-
lyzed just in this way (see, e.g., Ref. 42). However, gen-
erally for all compounds, A,,b and k, /k, b had to be
chosen considerably smaller in order to reproduce the
data as compared to the former procedure. This widens
the discrepancy, at least in compounds of the 2:2:1:2fam-
ily, with results obtained by other methods (Table III).
Also A,, /A, ,b appears definitely too small in view of
efFective-mass ratio measurement. "' Given the fact
that M (8) is anisotropic we believe that our approach is
basically well founded. Admitting a Aux-line lattice dis-
tortion also in our treatment would shift A,,b to even
larger values bringing it closer to results obtained by oth-
er techniques. We have not actually tried to analyze the
data in this way, since an additional o, leads quickly to a
more symmetric line shape in disagreement with the data.

Further checks concerned the infIuence of the ratios
&, /&, b and M(0')/M(90') and the assumed width of the
distribution of demagnetization factors, hXG. Increasing
A, , /A, b from 55 ,to 1000 has a negligible infiuence on the
spectral distributions. Changing M (0 )/M(90 ) from 6.5
to 55 changes the best value for k,b by less than 10'.
Changing AXG between zero and 4m/3 produces only a
change in the best A,,b of less than 3%%uo.

For further discussion we calculated from the obtained
best A.,b values the vortex-lattice second moment
(b.co )„„„„~1/A,,b using Eq. (20). The dependence of
(b,co ),'~„,„on the hole concentration p [see Eq. (3) and
Table II] is displayed in Fig. 15. It is seen that
(b,co )„'~„,„rises linearly with p for the Y-doped com-
pounds, while it is nearly independent of p in the Pb-
doped compounds. Comparing this figure with Fig. 13 it
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FIG. 15. Plot of the vortex-lattice second moment
( b, co )„'g„„versus the hole concentration p.

becomes clear that the decline of (Ace )',s~ for rising Pb
content is essentially a result of a reduced contribution
from the anisotropic magnetization. If (b,co ),'fP is plot-
ted versus the hole concentration p no smooth depen-
dence for the Y-doped compounds does result.

05 1.0
p (10 cm )

FICx. 16. Plot of n, (m, b /mo )
' versus the hole concentration

p for the Bi2Sr2Ca& „Y,Cu208+z system. The data are compati-
ble with a constant m, b/mo which, if n, is identified with p, as-
sumes a value =5.

VI. DISCUSSION

Assuming that the extracted values for A,,b reAect the
true London penetration depth [keeping in mind that the
quoted values for A,,b (Table II) may have to be under-
stood as lower limits] we try to understand the results on
the basis of the London expression for the penetration
depth [Eq. (1)], taking into account a correction related
to the purity of the samples:

1

b

4mn, e

m.bc' I+//I (38)

Here n, is the density of superconducting carriers, m, b is
the effective mass in the basal plane, f is the coherence
length, and l is the electron mean-free-path length. The
factor (I+//l) ' accounts for the purity of the sample
via the free mean path.

It is possible that the dependence of A,,b on the Pb or Y
content could reAect the dependence of l on Pb or Y dop-
ing, which introduce a certain disorder. However, two
observations seem to disfavor such an explanation: (i) g is
only of the order of 30 A or below and l would have to be
extremely short to inhuence A,,b. Very short l are not
supported by resistivity data in the normal state. (ii) In
the Y-doped compounds, 1/k, b appears to scale with the
total hole concentration p (see Fig. 16) but not with the Y
content z. In the Pb-doped compounds 1/A, ,b is essen-
tially constant despite a considerable variation of the Pb
content. Hence it seems that a possible dependence of l
on the Pb or Y concentration is not rejected in the data.

The other possibility then is to trace back the depen-
dence of A,,b on the Y and Pb content to their effect on
the ratio n, /m, b, where n, is given by the hole concen-
tration. At least the results in the Y-doped compounds
favor such an explanation. Figure 16 shows a plot of
n, (m, / bm)o', calculated from Table II and Eq. (1),
versus the hole concentration p for the compounds

Bi2Sr2Ca, ,Y,CuzOs+s (O~z 0.45). As can be seen
the data are reasonably well represented by a straight line
through the origin suggesting strongly that X,b is deter-
mined by the actual two-dimensional hole concentration
and that m, b /mo is independent of doping.

The situation is different in the Pb-doped compounds.
A.,b hardly changes with the Pb content implying that the
density of superconducting carriers is not affected by the
holes introduced by replacing Bi + by Pb +. This is con-
sistent with the results of Hall-effect studies mentioned in
the introduction, ' which show an almost constant Hall
constant in the Pb-doped compounds for hole concentra-
tions exceeding 0.15 per Cu atom. Apparently the holes
introduced by doping with Pb are not mobile and do con-
tribute neither to the Hall conductivity nor the supercon-
ducting carrier density. The holes may be localized at Pb
sites or alternatively at 0 sites. But note that the Pb con-
tent changes T, significantly.

Next we address the question of the scaling of 1/A, ,b

with T, . Obviously this has to be restricted to the Y-
doped compounds. Figure 17 shows a plot of T, versus

n, (m, b/mo) ' in comparison with a plot of T, versus the
Y content z. As one can see T, decreases linearly and
smoothly with increasing z, while no obvious relationship
exists between T, and n, (m, l, /mo) 'o-A, ,b'. This has to
be contrasted with Fig. 16, which shows that k,b is clear-
ly linearly related to the hole concentration. We con-
clude that, at least for the Y-doped compounds, T, does
not seem to scale with the hole concentration in clear
contrast to I /A, ,b. Rather, the smooth dependence of T,
on z could be suggestive of a nonelectronic effect point-
ing perhaps to a phonon-related mechanism. A
similar behavior is seen in the only other systematic
pSR study on members of the 2:2:1:2 family
[Bi~ sPbo 3(Sr2 ~La )Cao 9Cu20s+s) by Ansaldo et al. ]:
T, declines linearly with the La content x (see Fig. 18).
Since 5 was not determined the actual hole concentration
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is not known in these compounds. One-component
Gaussian its yield o. values which decrease with the La
content very similarly to what is seen in the Y-doped
compounds (see Fig. 13). However, as Fig. 13 shows, the
o. values of Ref. 44 are generally smaller than the present
results. Also T, drops much faster with increasing La
content (see Fig. 18). The difference in behavior is
dificult to understand, in part because the true hole con-
centration is not known in the La doped compounds. In
any case, the reduced relaxation rates in these com-
pounds imply smaller hole concentrations than in the Y-
doped systems. The observation of simultaneously re-
duced hole concentrations and reduced T, (eventually T,
becoming zero) is qualitatively consistent with the phase
diagrams measured by Groen, de Leeuw, and Feiner, '

which shows a highly nonlinear correlation of T, and p.
Figure 18 includes data from Ref. 18. It can be noticed
that above z =0.3, T, decreases again linearly with z

0
0

I l

2 3 4

Relaxation Rate a' (0) (tjs ')

FICx. 19. Correlation between T, and the relaxation rate a.

(from one-component fits). All entries represented by filled sym-
bols are taken from Refs. 4 and 5. The open stars refer to the
present results. V was obtained in a Bi2Sr, ,Cap 7Cu06 2 sample
and 0 in a Bi] 83PbQ 33S1] 97Ca] 97C113 Q70]Q+$ sample {M.Weber,
Ref. 33). Included are also the results from Ref. 44.

(despite different 5). It is also seen that, e.g. , at
z =0.45 —0.5, our T, and the T, of Ref. 18 differ by al-
most a factor of 2 despite very close 5 in contrast to the
situation at z =0.1. Taken altogether„ it seems that
1/A. ,b is determined by the actual mobile hole concentra-
tion, while T, depends in a complicated, yet to be deter-
mined fashion and perhaps through different channels,
reflecting different mechanisms, not only on the hole con-
centration and the oxygen content but separately also on
the Y, Pb, or La doping. In conclusion we doubt that the
universal scaling of T, with 1/A, ,b for small hole concen-
trations, which is observed mainly in the YBa2Cu307
family, ' ' is also present in the 2:2:1:2family. This will
become particularly obvious if we include our results (o.
from one-component fits for the main signal) and the re-
sults from Ref. 44 in the diagram presented by Uemura
et al. (see Fig. 19).

Finally we compare in Table III various results for A,,b

in Bi2Sr2CaCu08+& obtained by different methods. Our
value is significantly smaller than all the other ones (with
the exception of the result from a torque measurement). '

TABLE III. Compilation of k,b values obtained by different
methods in Bi~Sr2CaCu&Og+z (* same sample).

Method A.,b (T~O II i [A]
«Bi&Sr2Ca, „Y„Cu208+~

o Bi& 8Pb03Sr2 &La&Cao 9Cu208+~

0
0 0.2

1

0.4
x,y

0.6
I n

0.8

FIG. 18. Dependence of T, on Y and La doping in two
different 2:2:1:2systems. ( from Ref. 18, o from Ref. 44, e
present results). The values attached to the data points
represent the oxygen excess 5.

Bi&SrzCaCu20g &6

Bi2SrzCu20g+ g

Bi2Sr2CaCu20g l6

Bi2Sr2CaCu20g+ q

Bi2SrzCaCu20g+ q

Bi2SrzCaCu20g+ q

Bi2Sr&CaCu&Og+&
Bi2Sr2CaCu20g+ g

Bi2Sr2CaCu20

p+SR
M(H)

Hc
EPR

Torque
rf

1850
3100
2900
3900
3000
3000(5000
1100
5000

This work
Ref. 43
Ref. 48
Ref. 29
Ref. 49
Ref. 12
Ref. 50
Ref. 17
Ref. 51
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As mentioned before this may be a result of underes-
timating the broadening contributions during field cool-
ing in a polycrystalline sample. Interestingly measure-
ments on single-crystalline material tend to yield general-
ly smaller relaxation rates, even in the case that the
external field is parallel to the c direction. This may
indeed be taken as evidence that the true A,,b is larger
than what is generally extracted from pSR measurements
on polycrystalline samples, including the present ones.

VII. SUMMARY

We have presented low-temperature results from a sys-
tematic study of the width of the internal field distribu-
tion after field cooling through T, in the mixed state of
high-temperature super conductors belonging to the
2:2:1:2 family: BizSrzCa, ,Y,CuzO8+ &, changing the
concentration of the electron donor Y, and
Bi2 Pb Sr2CaCu208+& changing the concentration of
the hole donor Pb. In trying to fully understand and ex-
ploit the observed line shapes and amplitudes of the
Fourier transformed @SR spectra, we include in the
analysis not only the spectral field distribution expected
to arise from an anisotropic superconductor in the mixed
or Abrikosov state, which is determined by the London
penetration depth, but also the distribution arising from
the pronounced anisotropic magnetization in the poly-
crystalline samples. Other contributions considered and
taken into account include the nuclear dipole fields origi-
nating from the Cu nuclear magnetic moments and the
distribution in demagnetization factors associated with
varying grain shapes present in the investigated cold-
pressed samples. We came to the conclusion that texture,
macroscopic field gradients in the grains due to Bean's
critical state model, and disorder in the fIux-line lattice
can be ignored, at least as far as the measured pSR line
shape is concerned. Flux melting and glassy features
should be absent, since the reported results were all ob-
tained at low temperatures ( —10 K) and not too large ap-
plied fields (3 kG), i.e., well below the phase boundary to
the molten Aux-line state. We have obtained best values

of the penetration depth A,,b (assuming A,, /A, ,b
~ 55, de-

duced from torque magnetometry) by requiring the shape
and amplitudes of Fourier transformed measured and
generated spectra to coincide within their error bars. We
find that in the Y-doped samples 1/A, ,b

CC n, /m, b scales
well with the hole concentration following from the mea-
sured oxygen excess and the Y content, while T, in these
compounds scales very well only with the Y content. In
contrast, in the Pb-doped samples 1/A, b ,turns out to be
independent of doping concentration, in essentially good
agreement with Hall-effect measurements, implying that
the holes provided by the Pb+ ions are not mobile and
do not contribute to the superconducting carrier density
and neither to the Hall conductivity. Our results from
the 2:2:1:2family are in disagreement with the universal
T, versus o. curve put forward by Uemura et al. , and
suggest instead that T, is a more complicated function of
not only the actual hole concentration but separately also
of the Y or Pb content. In view of this it would be very
interesting to study the dependence of T, on the oxygen
excess and the doping concentrations separately in much
more detail.
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