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A systematic muon-spin-rotation (@+SR) study is presented of the temperature dependence of the
London penetration depth in sintered powder samples of the YBa2Cu30„system and related compounds.
The in-plane penetration depth A,,b is estimated from the p SR depolarization rate of Bi2Sr2CaCu&08+&,
YBa2Cu408, and a series of samples of the YBa2Cu30„ family, respectively. It is found that not only the
low-temperature value A,,b(0), but also the temperature behavior A,,b(T) is specific to each compound.
The form of A,,b( T) can be well characterized by a simple power law. In particular, the YBa2Cu30„ fam-
ily shows a systematic variation of the form of A,,b ( T) with the oxygen content x which points to a vary-
ing coupling strength, whereas A,,b (0) as a function of x suggests a positive charge transfer into the CuO&
planes with increasing oxygen doping. Furthermore, our data is consistent with an empirical ansatz
which has been proposed in the framework of a Bose-gas picture of high-temperature superconductivity.
As a consequence, the pressure and the isotope coefficients can be extracted from the p+SR depolariza-
tion rate and compared to direct measurements of these quantities, showing good agreement. Moreover,
in the Bose-gas picture the variation of A. b(T) in the YBa2Cu30„ family may be interpreted as a cross-
over from a dense (high-T, ) to a dilute (low-T, ) system of weakly interacting local pairs.

I. INTRODUCTION

The nature of the pairing mechanism of the CuO-based
high-T, systems is still an open question, although con-
siderable progress in determining the unusual properties
of these complex materials has been made. They are all
highly anisotropic extreme type-II superconductors with
very short coherence lengths. Furthermore, supercon-
ductivity depends sensitively on the carrier density in the
Cu02 planes, with the superconducting phase lying close
to an antiferromagnetic phase. In addition, the normal
state shows behavior unlike that of a normal metal.
While most of the conventional superconductors are well
described by the weak-coupling BCS theory, the vast ex-
perimental data on the high-T, superconductors are not
in every aspect consistent with this theory. For instance,
there are measurements indicating that the cup rates
could be in the strong-coupling limit with gap to T, rati. o
26~/k~ T, =5-8, see, e.g., Ref. l for a review and Ref. 2
for recent experimental work. As a consequence many
new models have been proposed in recent years in an at-
tempt to present a pairing mechanism which would ex-
plain those unconventional properties.

Although the theoretical and experimental situation in
the field of high-T, superconductivity seems to be far

from being clarified, these systems nevertheless show
common trends in the relations between certain pararne-
ters. In particular, Uemura et al. found a remarkable
relationship between T, and the zero-temperature p+SR
relaxation rate o (0) ~ n, lrrt, 'b (with n, the superconduct-
ing carrier density and m, b the in-plane effective mass),
which holds for many of the cuprate families. This
"universal" behavior can be obtained from a simple scal-
ing ansatz and the assumption that high-T, superconduc-
tors belong to the three-dimensional (3D)-xy universality
class. Moreover, this ansatz implies important conse-
quences for the pressure and the isotope efFect, two cru-
cial parameters of superconductivity, and also provides
constraints for a microscopic theory.

In order to help elucidate the issues raised above, a de-
tailed and systematic study of the normal and supercon-
ducting properties of various high-T, systems is required.
The muon-spin-rotation (@+SR) technique has already
made important contributions in this field. As an experi-
mental method @+SR is unique because the positive
muon acts as a microscopic probe of local magnetic fields
in the bulk of a sample. By performing @+SR in the
mixed state of a superconductor one is able to extract the
internal field distribution, which reAects the given vortex
structure. It is therefore possible to investigate directly
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the complex vortex structures and dynamics of the cu-
prate high-T, superconductors on a microscopic scale,
see, e.g., Refs. 10—13 for recent work. Moreover, the
magnetic penetration depth A, , one of the fundamental
lengths of a type-II superconductor, can be determined
from the measured local magnetic-field distribution.
Since A, is related to the superconducting order parame-
ter, the temperature dependence of k provides direct in-
formations on the pairing state, see, e.g. , Refs. 14—18 for
recent work.

In the following, systematic p+SR experiments on sin-
tered YBazCu&O (Y123), YBa2CuzOs (Y124}, and
Bi2Sr2CaCu20s+s (Bi2212) samples are presented. Sec-
tion II explains the principles of the p+SR technique and
its application in the mixed state of a superconductor.
The estimation of the in-plane penetration depth A.,b in
terms of the p+SR depolarization rate is discussed. Mea-
surements of the temperature dependence of A,,b for the
various compounds are described in Sec. III. It is shown
that not only the low-temperature value A,,i, (0), but also
the whole temperature dependence of A,,b, is characteris-
tic of each compound and, in the Y123 family, varies in a
systematic way with the oxygen stoichiometry x. The
possible reasons for this are discussed in Sec. IV. Since
our data is in good agreement with the empirical ansatz
proposed by Schneider and Keller, the values of the
pressure and the isotope effect are calculated from the
depolarization rates and compared to directly measured
values of these quantities. In addition, the Bose-gas pic-
ture which leads to this ansatz can also account for the
varying shape of A,,b(T) In Sec. V. we summarize our re-
sults and conclusions of this study. The recent results
presented here complement earlier preliminary measure-
ments on these materials. '

II. p SR IN THE MIXED STATE

The application of the p+SR technique in the mixed
state of a superconductor can, in principle, measure the
internal microscopic field distribution. As a consequence
it is possible to extract the magnetic penetration depth A, ,
one of the fundamental lengths in superconductivity. In
a p+SR experiment (more precisely: transverse field

p SR) highly spin-polarized positive muons are implant-
ed into the sample, which is situated in an applied mag-
netic field perpendicular to the initial direction of the
muon spins. During a short thermalization process
( &10 ' s) the muons come to rest at an interstitial site
without losing their polarization. Each muon then un-
dergoes Larmor precession in the local magnetic field 8„
at the muon site with a frequency co=y„8„, where
y„=2m. X 135.5 MHz/T is the gyromagnetic ratio of the
muon. After a mean lifetime of 2.2 ps the muon decays
into a positron and two neutrinos. Because of parity
violation the decay positron is preferentially emitted in
the direction of the muon spin. This allows one to moni-
tor the time evolution of the muon polarization by regis-
tering the decay events and the corresponding muon life-
time. To this end, each incoming muon starts a clock
while the decay event stops it. Counting the number of
events as a function of the time between start and stop of

8 +8,
P„(t)=P (0) cos(y„Bt) .

g 2
(2)

In the mixed state of a superconductor there exist spatial-
ly varying fields which are described by a probability dis-
tribution P(B). The resulting polarization is then given
by

8 +8,
P„(t)=P„(0)f ', '

cos(y„Bt )p(B)d'B .
g2

The precession signal P„(t) is therefore damped. In a
transverse-field geometry (fields perpendicular to the x
axis), the dainping can be expressed in terms of a relaxa-
tion function R(t):

P„(r) =R ( t)cos(y„(B ) t ), (4)

with (8 ) the first moment ofp(B). In the simple case of
a Gaussian distribution, the relaxation function takes the
form

R(t)=exp( —o t ) . (5)

The quantity o. is the muon-spin depolarization rate
which is related to the second moment ( b,8 ) of the field
distribution p(B) according to

In the mixed state of a type-II superconductor the
probability distribution p(B} is given by the spatially
varying fields from the vortex lattice and therefore de-
pends on the magnetic penetration depth. The general
expression for the zero-temperature limit of A, for an iso-
tropic superconductor is given as

I/I, (0)=[1+//l] 'poe n, (0)/m*,

where g is the coherence length and l the electron mean-
free path. Because the coherence length is extremely
small in the cuprate superconductors, these systems are
in the clean limit (g/l «1), so that A, can be approxi-
rnated by the London penetration depth XL .-

I/A, (0)= I/A, r (0)=aloe n, (0)/m' . (8)

The field distribution of extreme type-II superconductors
was calculated using the London theory approach
(B, &B,2/4) in the case of a triangular lattice, ' lead-
ing to a relation between the second moment (AB ) of
p(B) (width of the field distribution) and the magnetic
penetration depth:

the clock yields the p+SR time histogram, which can
generally be written in the following form:

N(r) =N, exp( r /—r„)[1+AP(r) j+b .

Here Xo is a normalization constant, ~„ the mean lifetime
of the muon, A the maximum experimental decay asym-
metry (precession amplitude), P (r } is the muon-spin po-
larization, and b is a time-independent, uncorrelated
background. Choosing the initial muon-spin direction
parallel to the x axis, the time-dependent polarization in
Eq. (1) in the simple case of a homogeneous field B point-
ing in an arbitrary direction is
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(68 ) =0 003714 A, (9)

Equation (9) is only valid for applied fields 8, )28„,
where ( 68 ) is nearly independent of 8, . However, the
cuprates are layered materials and therefore exhibit an-
isotropic behavior. This can be taken into account by in-
troducing an effective-mass tensor which, in the uniaxial
case has two eigenvalues m, b and m,* for supercurrents
Aowing in the ab plane and along the crystallographic c
axis, respectively. Then, Eq. (8) has the form

1/A, b, poe tt /m b, (10)

A,,b(nm)=224/+o(ps ') . (12)

The derivation of A,,b from the p+SR precession signal
as given so far has been based on the assumption of a reg-
ular vortex lattice. Note that the muon needs only a
short-range ordered Aux lattice to sample the field distri-
bution p(8) of the ideal lattice. Although there is evi-
dence for the existence of a vortex lattice at low tempera-
ture from neutron-scattering ' and decoration experi-
rnents the B-T phase diagram of the cuprates can be
very complex and is not yet entirely understood. In
particular, pinning is generally present and leads to a dis-
tortion of the perfect Aux lattice. The resulting disorder
may considerably afFect the ideal field distribution, lead-
ing to an additional broadening ofp(B) which can be tak-
en into account by convolution ofp(8) with an appropri-
ate broadening function. ' " However, the applied fields
used in transverse field p+SR are much higher than B,&,

so the penetration depth A, ~B ] is larger than the in-
tervortex distance d ~ (8 ) '~ . In this case the inter-
vortex forces responsible for the regular arrangement
may dominate the pinning forces, leading to a vortex
structure which still exhibits short-range order. On the
other hand, random pinning in cuprate systems having
extremely high anisotropy (with quasi-2D vortex struc-
ture) introduces field variations along the B direction and

As a result, the field distribution for the general situation,
where the direction of B, is arbitrary with respect to the
crystallographic axes, is complex, also giving rise to local
field components perpendicular to B,. ' However, for
B, &&B,

&
the local fields are nearly parallel to B„causing

the muon-spin depolarization to be determined only by
the variation of the field component parallel to B,. For
sintered polycrystalline samples one must take a proper
average over all orientations of the crystal axes. In this
respect it is convenient to define an efFective penetration
depth A,,~ by

(68 )„„„„d=0.00371@OX,,q

where (68 )„„„„dis the second moment of the powder
averaged field distribution. It was shown that A,,z- is sole-
ly determined by A,,b if the efFective mass ratio
(m,'/m, &

)' =A,, /A. ,b R 5. ' ' Analyzing p SR data
of sintered samples reveals that to a good approximation
the relaxation function R (t) is given by the Gaussian of
Eq. (5). For practical use A,b can ,therefore be extracted
directly from the muon-depolarization rate o. by using
the simple relation:

may reduce the second moment (bB ) below the value
of the ideal lattice given by Eq. (9). This is possible if
pinning prevents interlayer alignment of the pancake vor-
tices leading to partial destructive interference of the 6eld
modulation in difFerent layers. Unusually narrow 6eld
distributions measured using p+SR have been attributed
to this efFect in highly anisotropic Bi2212 single crys-
tals. ' ' In addition to pinning, thermal fluctuations
which destroy spatial correlations on the time scale of the
muon lifetime may give rise to further deviations of
(bB ) from the ideal value, especially at high tempera-
tures. It was shown that the influence on (68 ) of
thermal (dynamic) vortex fluctuations is qualitatively
similar to the effects of pinning induced (static) vortex
disorder. Experimental evidence for a significant
influence of thermal fluctuations on the linewidth ofp(8)
have recently been obtained.

According to the discussion above, the extraction of a
reliable value for the penetration depth from the mea-
sured field distribution using p+SR may be difBcult be-
cause pinning, thermal fluctuations, as well as demagneti-
zation efFects give rise to a distorted vortex lattice. How-
ever, if one is mainly interested in the second moment of
p(8) and not in the specific line shape, it was shown
that in sintered samples the assumption of a Gaussian
form of p(8) is valid and yields reasonable estimates of
A,,b which compare well with those obtained with other
experimental techniques. One has to bear in mind that a
misinterpretation in ( 68 ) of say 25% results in a
change of the estiinated k,b by only 7% [Eq. (12)], which
is of the order of the experimental error. For example, an
evaluation of A,,b in YBazCu307 &, taking into account
the critical-state model and broadening by pinning,
yields a value of A,,&(0)=130(10)nm, in excellent agree-
ment with Ref. 22. Moreover, a detailed p+SR study of
the magnetic penetration depth in various sintered sam-
ples of the (BiPb)zSr2(Ca Y)Cu20, +s family was per-
formed, where all possible efFects which infiuence the field
distribution were taken into account in the data
analysis. ' Nevertheless, the values of A,,b the authors ob-
tained from this extensive analysis compare quite well
with those determined from the same data by using a sim-
ple Gaussian relaxation function (for comparison see also
Refs. 4 and 6). Analyzing p+SR data in terms of the
depolarization rate o. is therefore a useful and straightfor-
ward method for estimating the penetration depth and
for systematic investigations of this important parameter
of superconductivity in various cuprate families.

III. EXPERIMENTAL RESULTS

The samples used in this study were sintered disks of
high quality with diameters between 10 and 25 mm. All
samples of the Y123 family and the Y124 sample were
prepared at the ETH Zurich (Switzerland), the Bi2212
disk at IBM Zurich. Characterization was performed by
superconducting quantum interference device magnetiza-
tion, dc resistivity measurements, and x-ray
diffractometry, respectively. The determination of the
oxygen content in the Y123 samples is described else-
where. A summary of the characterization results is
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TABLE I. T, (onset of magnetization) and AT, (10—90%
magnetization) of all measured compounds. hT, is a measure of
the width of the superconducting transition and is seen to have
higher values for YBa2Cu30 with x between 6.6 and 6.8.

Sample

YBa2Cu306. 970

YBa2Cu306 962

YBa2Cu306. 955

YBa2Cu306. 906

YBa2Cu306. 828

YBa2Cu306»3
YBa2Cu306 702

YBa2Cu306. 666

YBa2Cu306. 602

YBa2Cu306. sss
YBa2Cu306. s46

YBa2Cu306. sos

YBa2Cu408
Bi2Sr2CaCu208+&

T, (K)

91.3(5)
92.1(2)
91.8(5)
92.4(5)
88(1)
71.2(2)
69(1)
60.5(5)
59.4(4)
58.5(5)
59.4(5)
58.7(7)
82.0(5)
83.5(6)

AT, (K)

8
7
7

11
9

16
13
17
17
8

12
12

18

given in Table I. It lists T, (onset of superconductivity as
measured by dc magnetization) and the width of the tran-
sition hT, (10—90% magnetization) for all compounds.
While AT, of the highly oxygenated and the low oxygen
samples are small, the samples with intermediate oxygen
content 6.6~x ~ 6.8 exhibit a somewhat broader transi-
tion. Figure 1 shows T, as a function of the oxygen con-
tent x of the Y123 samples. The two plateaus at 60 K for
x S6.7 and at 90 K for x ~6.9 can clearly be dis-
tinguished. Note that the samples needed in p+SR have
to be rather large compared to those used in other experi-
mental techniques (say 10 mm in diameter and 2 mm in
thickness). Therefore sintered samples are most ap-
propriate for investigations which compare a large num-
ber of various superconductors from di6'erent cuprate
families, since the quality of big single crystals is general-
ly far less than that of sintered materials, apart from the
difhculty of synthesizing many single crystals of difFerent
stoichiometry with comparable quality.

The experiments were performed at the Paul Scherrer
Institut PSI (Switzerland) and some early experiments at
TRIUMF (Canada). To achieve a transverse geometry,
the low-momentum muons were spin rotated which has
the advantage of focusing the muon beam on the target
(the applied field is parallel to the muon momentum).
Special attention was paid to ensure the same experimen-
tal setup for all samples, so that the measurement condi-
tions were identical. In particular, it was assured that all
muons stopped either in the sample or in the part of the
sample holder made out of a plate of hematite (Pe@03).
Fe203 is an antiferromagnet wherein the muons see a lo-
cal field of the order of 1.6 T. The corresponding spectral
line does not interfere with the signal originating from
the sample, leading to a spectrum nearly free of back-
ground. This has been demonstrated by performing
zero-field-cooling measurements (see, e.g. , Fig. 1 in Ref.
40 or Fig. 1 in Ref. 12, and Sec. II in Ref. 12 for explana-
tion).

100 g
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FIG. 1. Transition temperature T, vs oxygen content x of the
YBa2Cu30„samples used in this study. Note the previously ob-
served (Ref. 58) two plateaus at 60 and 90 K for x ~6.7 and
x ~ 6.9, respectively.

In order to apply Eq. (12) to estimate A,,&, one must en-
sure that the applied field is high enough to justify the va-
lidity of Eq. (9). Therefore, the muon depolarization rate
o ~((b,8 ))'~ was measured as a function of the ap-
plied field B, at low temperatures, see Fig. 2. Note that
this is not a field scan of o, but each point in Fig. 2
represents a true field cooling. That is, the sample is
slowly cooled from far above T, to low temperatures in
the corresponding field. It can be seen that all samples
show a very similar behavior. The depolarization rate
first increases with increasing field, then reaches a broad
maximum and finally becomes constant above B,=150
mT. For samples with a small value of o at high fields
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e-~
e

/e
~ 5 ~=~~

Ig

—~— ~

0 . 0
100 200
applied field B, [mT]

I 0-
300

FICi. 2. Field dependence of the depolarization rate o of
various cuprate superconductors at 10 K (6 K for YBa2Cu408).
Note that o becomes constant for applied fields above 150 mT.
o.(8, ) is plotted for YBa2Cu30„, x =6.970 (filled circles),
x=6.516 (filled diamonds), YBa2Cu40, (filled squares), and
Bi2Sr2CaCu208+z (filled triangles), respectively. Open circles
denote o. measured far above T, for YBa2Cu30„, x =6.970. In
this case o. is field independent and of the same order in all the
other samples (omitted for clarity). This small depolarization
(about 0.1 ps ') most probably originates from copper nuclear
moments.
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x=6.
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x=6.51 6~i
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FIG. 3. Depolarization rate o. at high field (where o. ~ k,b )

plotted against the field 8~ [where o(8, ) has a maximum] for
the samples shown in Fig. 2. Y123 stands for YBa2Cu30, Y124
for YBa2Cu40s and Bi2212 for Bi2Sr2CaCu20s+q, respectively.
The errors are estimated by accounting for the uncertainty in
determining S~ from the measured o.(B, ) curve. Straight line is
a linear fit to the data, see text.

(low oxygen Y123 and Bi2212) the maximum is at a field
below 50 mT, while for the samples with larger o (high
oxygen Y123 and Y124) this maximum lies around 100
mT. The bump observed in o (8, ) can be explained by a
distortion of the Aux lattice due to nonlocal pinning, '

since pinning leads to an enhancement of (b,8 ) (Ref.
25) as stated in the previous section. This effect is most
prominent at low fields near 8,&, where the intervortex
forces are still small. According to Eq. (12),
o ~ I/A, ,b

~ 8, i when the applied field is sufficiently high.
Therefore, if one assumes that the applied field 8 at
which o (8, ) takes a maximum is roughly equal to 8,i,
then the high-field value of o. for each compound should
scale with the corresponding 8 . This is in fair agree-
ment with the data, see Fig. 3. Also shown in Fig. 2 is
the constant and small o measured at a temperature well
above T, . This depolarization most likely arises from nu-
clear copper moments. Our measurements of o (8, )

demonstrate that if 8, & 150 mT then for all samples the
necessary condition for the existence of a more or less
regular vortex lattice is achieved. The use of Eq. (12) is
then a valid means of extracting A.,b.

In a next step we measured the low-temperature depo-
larization rate at a field of 350 mT of the samples listed in
Table I and, in addition the temperature dependence
o(T) of a subset of these samples. The low temperature
cr was used together with Eq. (12) to estimate A,,b(0).
Table II presents the results, where cr(0) is either the
measured value of cr at low temperature or the value ex-
trapolated to zero temperature from a fit to the tempera-
ture dependence of a (see below). Note that these values
are corrected by subtracting the part of the depolariza-
tion rate originating from the copper moments, which is
of the order of 0.1 ps ', see Fig. 2. The errors of o(0)
given in Table II are estimated experimental uncertain-
ties; the statistical errors of the fit of the precession signal

TABLE II. Low-temperature depolarization rate cr(0) and
in-plane penetration depth k,b(0) of the samples listed. The
u(0) values were derived by fitting the temperature dependence
of o(T), see text. The values marked by represent direct mea-
surements at low temperature. Also listed is the exponent n, a
fit parameter of Eq. (13), which characterizes the form of the
temperature dependence of A,,b, see text.

Sample

YBa2CU306. 970

YBa2Cu306 962

YBa2Cu306 955

YBa2CU306. 906

YBa2Cu306 s2s

YBa2Cu306 7»
YBa2Cu306 702

YBa2Cu306 666

YBa2Cu306. 602

YBa2Cu306. 556

YBa2Cu306. 546

YBa2CU306. 516

YBa2Cu40s
Bi2Sr2CaCu20s+q

o.(0)(ps ')

3.06(2)
2.74(2)
2.66(2)
2.03(4)
1.58(4)*
1.15(2)
1.11(4)*
0.97(2)
1.04(2)
1.01(2)
0.78(4)*
0.82(4)
2.00(4)
1.18(2)

A,,b (0)(nm)

130(10)
135(10)
140(10)
160(20)
180(20)
210(15)
210(20)
225(15)
220(15)
225(15)
255(20)
250(20)
160(20)
205(15)

3.99
4.17
4.27

2.64

2.88
2.46
3.47

2.21
2.38
2.78

to Eq. (5) are much smaller. Our values for the penetra-
tion depth of Bi2212 and Y124 agree fairly well with oth-
er measurements, e.g. , for Bi2212: 185(10) nm, ' 240
nm, ' (p+SR on sintered material), 180 nm, ' (p+SR on
single crystals), and 210 nm (Ref. 42) (magnetization on
single crystals); for Y124: 174 nm (Ref. 43) (@+SR on
sintered discs) and 196 nm (Ref. 44) (magnetization on
grain-aligned powder). Some of the variation in the
Bi2212 data may be due to slightly different oxygen
deficiencies 5 of the samples used in these studies. We
note here that estimates of the penetration depth using
the @+SRmethod are generally to be taken as lower lim-
its because of the reasons already explained in the
preceeding section.

Because Eq. (11) is valid for all T(T, the muon depo-
larization rate can also sample the temperature depen-
dence of the penetration depth. We therefore measured
o. as a function of temperature for a subset of the samples
listed in Tables I and II. The results are presented in
Figs. 4 and 5, where, for the sake of clarity the plots of
o.( T) of all the various samples are split into groups. Fig-
ures 4 and 5 show the normalized depolarization rate
o'( T) o/( )0=k, (b)0A/, , (bT) as a function of the reduced
temperature T/T, . In order to investigate and compare
these data we characterize the overall temperature depen-
dence of cr with an empirical power law of the form

(13)
T

C

cr( T)=sr(0) 1—

The solid lines in Figs. 4 and 5 represent the fits of each
data set to Eq. (13). Note that for two specific values of
the exponent n, Eq. (13) is actually the formula for

( T) in the two-fiuid model (n =4) and in the model of
the ideal charged Bose gas (n =3/2), respectively. The
curve for n =3/2 is added in Fig. 4(a) as a dashed line for
comparison, as well as the dotted line, which depicts the
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weak-coupling BCS case (taken from Ref. 46). The curve
for the two-Quid model is omitted in Fig. 4 for clarity, be-
cause it would nearly coincide with the fit of the Y123
x=6.970 data (full circles). It is therefore shown as a
dashed line in Fig. 5(b). The values of n extracted from
our data are listed in Table II. It can be seen that the
general feature of the measured o (T) is the weak or al-
most absent temperature dependence for T/T, & 0.3 fol-
lowed by an increasingly stronger T dependence for in-
creasing T/T, . The curvature at intermediate tempera-
tures and the slope of the nearly linear part below T, are
typical for each sample. Therefore Eq. (13) describes the
data well, especially the curvature at intermediate tem-
peratures, which is the part where the data of the various
samples diff'er most significantly.

Furthermore, Figs. 4 and 5 show clearly a systematic
trend towards fiatter behavior of 0(T)/cr(0) with de-
creasing oxygen content x in the Y123 family, the notable
exception of the Y123 x=6.5S6 sample with n =3.47
notwithstanding. Only the members with x above 6.9

0.8-

show a temperature dependence similar to the two-Quid
model. The behavior of o ( T) /cr (0) of Y 124 with
n =2.38 [Fig. 5(b), open circles] and Bi2212 with n =2.78
[Fig. 5(b), full circles] also di6'ers from the well oxygenat-
ed Y123. We note however, that there are small devia-
tions from Eq. (13) in the vicinity of T„which probably
can be attributed to thermal fluctuations. In addition,
the dimensions of the vortex core near T, can no longer
be ignored, because the coherence length diverges at the
transition. As a consequence, the simple relation between
the penetration depth and the width of the field distribu-
tion is no longer valid, since Eq. (9) is based on London
theory. The data of Y123 x =6.516 [Fig. 4(b), full trian-
gles] exhibits some scatter over the whole temperature
range, so the exponent n =2.21 can only be regarded as
an approximate value. A further complication concerns
the Bi2212 data. If o ( T) is assessed over the whole tem-
perature range one has to be aware that temperature-
dependent changes in the vortex structure may inhuence
the results, as discussed in Sec. II. In the range of ap-
plied fields used in this work (a few tenths of a Telsa) the
possible change in the vortex structure as suggested by
the irreversibility line takes place only very near T, in
Y123 (Ref. 47) and Y124, respectively. However, due
to the extremely high anisotropy of the Bi2212 com-
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FIG. 4. Normalized depolarization rate a(T)/o. (0) as a
function of the reduced temperature T/T, at 350 m T:(a)
YBa&Cu3O (Y123) with oxygen content x =6.970 (full circles)
(taken from Ref. 22); Y123, x =6.773 (open circles). (b) Y123,
x =6.955 (full circles); Y123, x =6.666 (open circles); Y123,
x =6.516 (full triangles). The solid lines are fits to Eq. (13) with
the exponent n ranging from 2.21 (Y123, x=6.516) to 4.27
(Y123, x =6.955). For comparison, the dotted line shows the
weak coupling BCS prediction, while the dashed line represents
the case of the ideal charged Bose gas with n =3/2. The two-
Auid model (n =4) is omitted, because it would almost coincide
with the fit for Y123, x =6.970.
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FIG. 5. Normalized depolarization rate o.( T)/o. (0) as a func-
tion of the reduced temperature T/T, at 350 m T:(a)
YBa&Cu30„(Y123) with oxygen content x =6.962 (full circles);
Y123, x =6.602 (full triangles); Y123, x =6.556 (open circles).
(b) Bi&SrzCaCuzO&+z (Bi2212) (full circles); YBa&Cu408 (Y124)
(open circles). The solid lines are fits to Eq. (13). For compar-
ison, the dashed line in (b) corresponds to the two-Quid model
(exponent n =4).
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pound thermal fluctuations already become prominent at
temperatures well below T, . As shown in Ref. 13 the
Geld distribution at low temperatures is still similar to
that of a 30 Aux-line lattice, and the p+SR depolariza-
tion rate provides a reasonable estimate of A,,b(0). At
elevated temperatures and in particular above the melting
transition, the assumptions leading to Eq. (12) are no
longer valid. The interpretation of o(T) of Bi2212 in
terms of the in-plane penetration depth is then only possi-
ble at low temperatures. At the melting transition a rath-
er sharp change in cr( T) is seen in single-crystal measure-
rnents. ' Such a feature is not observed in the sintered
Bi2212 data, see Fig. 5(b}, where it should appear at
T/T, =0.35. The reason for this may be the dependence
of the melting transition on the angle between the applied
Geld and the crystallographic c axis. Any sharp changes
in cr(T) could be smeared out in a sintered sample be-
cause of the isotropically distributed orientations of the
crystallites. As a closing remark we point to the fact that
measurements on single crystals generally show much
Qatter temperature dependence than corresponding sin-
tered samples, e.g. , small-angle neutron-scattering, mi-
crowave and p+SR work on 90 K Y123, and p+SR
(Ref. 11) on Bi2212. In @+SR this phenomenon is partly
due to smaller cr(0) in single crystals, the origin of which
is still not understood completely. This problem is as-
sessed in Ref. 11,where the authors state that in the case
of Bi2212 one of the reasons may be not fully or inhorno-
geneously oxygenated crystals.

IV. DISCUSSION

A. Carrier doping and systematic trends

According to Eq. (8) the penetration depth is related to
the superconducting carrier density which in turn is
determined by the order parameter. Therefore, the tem-
perature dependence of the magnetic penetration depth is
one of the most important properties concerning infor-
mation on the pairing state. Assessing A, (T) in the inter-
mediate temperature range yields informations about the
coupling strength, while measurements at low tempera-
tures could in principle probe the symmetry of the pair-
ing state. Any theory of superconductivity should be
able to predict the temperature behavior of A, . However,
the situation is much more complicated due to various
experimental constraints imposed on these measurements
(e.g., techniques which probe only the surface of a sam-
ple).

In the case of Y123 Nicol and Carbotte ' have shown
that the temperature dependence of the YBa2Cu30697O
sample is consistent with the prediction of a phenomeno-
logical, marginal-Fermi-liquid model with a supercon-
ducting gap to T, ratio of 260/k~T, =5, suggesting
strong coupling. The two-Quid model would also well de-
scribe o(T) of this highly oxygenated sample, see Fig.
4(a). The coupling strength influences the form of
A,,b( T); a decreasing value of the coupling strength tends
to flatten A,,& (T). Depending on the parameters of
the respective model, calculations of A,,b (T) can even lie
above the two-Quid model if the coupling is chosen

sufBciently strong. '
Similar features are seen in Figs. 4 and 5 and Table II:

First, the data points of Y123 with x =6.962 and
x =6.955 lie above the two-fluid curve; fits to Eq. (13)
yield exponents n =4. 17 and n =4.27, respectively.
Therefore, our results of Y123 with high oxygen content
seem to point toward strong coupling. This is supported
by recent work of Reeves (specific heat) and Neminsky
and Nikolaev (ac susceptibility). Second, the tempera-
ture behavior of o in low oxygenated Y123, the Y124,
and Bi2212 samples are not consistent with the two-Quid
model. In particular, there is a trend in o ( T) of the Y123
family towards Hatter temperature dependence with de-
creasing oxygen content x. The exponent n ranging from
4.27 for x =6.955 to 2.21 for x =6.516 reAects this trend,
indicating a decreasing coupling strength with reduced
oxygen content. o ( T) of the highly oxygen-deficient sam-
ples with small n can also be described fairly well by
weak-coupling BCS theory (2b. o/k& T, =3. 52), because
the BCS curve shown in Fig. 4(a) is similar to Eq. (13}
with n =2.4.

The theoretical calculations presented in Ref. 54 could
give an alternative explanation of this trend in the Y123
family. There it is shown that in the framework of the
complete anisotropic Eliashberg equations an increasing
anisotropy in the pairing also flattens A,,b ( T). However,
the amount of change in the form of A,b (T) d. epends on
the coupling strength. Taking a value representative for
strong coupling, the dependence of A,,b ( T ) on the pairing
anisotropy is greatly reduced. In this case, all the curves
calculated for various values of the pairing anisotropy
come close to the two-Quid behavior. Therefore, it is
unlikely that the observed variation of the temperature
dependence of the in-plane penetration depth as extracted
from the depolarization rate in Y123 is due to an increas-
ing pairing anisotropy with decreasing x.

Systematic trends in the Y123 family are also manifest
in the low-temperature values of the measured depolari-
zation rate. The dependence of 0.(0) and A,,i, (0) on oxy-
gen stoichiometry x is shown in Figs. 6(a) and 6(b), re-
spectively. It is clearly seen that A,,&(0) is decreasing
with increasing x, ranging from 255(20) nm for low x to
130(10) nm for high x. These results agree well with
magnetic torque measurements of )L,,b(0) by Janossy
et al. The stoichiometry dependence is stronger above
x =6.8, while below this value A,,b(0) is only weakly
dependent on the oxygen content, notwithstanding the
scatter in the data for very low x. Because a ~ A, these
features are also present somewhat more pronounced in
o(x), see Fig. 6(a). Comparing o (x) with T, (x) (see Fig.
1) it can be seen that both data sets exhibit a plateau for
low x. Also, the initial increase of cr(x) roughly coincides
with the region where T, changes from 60 to 90 K.
However, for x )6.9 the transition temperature T, is al-
most independent of x, whereas o. is still increasing rath-
er rapidly.

Since 0. ~n, /m, Fbig. 6(a) implies that the superfluid
density n, /m, b is monotonically increasing with oxygen
content x. It was shown in Ref. 57 that the in-plane
effective mass m, b =m, for x =7 and it increases only to
about 2m, for x=6.5 (m, is the electron mass). The
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FIG. 6. Oxygen content dependence of (a), the low-
temperature depolarization rate o.(0) and (b), the estimations of
k,b(0) for the YBa2Cu30„ family. o(0) is monotonically in-
creasing with increasing x, with cr(0) nearly constant for
x &6.8. The qualitative behavior of cr(x) is similar to that of
T,(x) except for x )6.9, see Fig. I.

behavior of o. as a function of oxygen stoichiometry is
therefore mainly determined by the superconducting car-
rier density n„suggesting a positive charge transfer from
the CuO chains to the Cu02 planes. Indeed, there are in-
teresting similarities between cT(x) and the bond-valence
sum around the Cu02 plane copper which is related to
the actual charge sitting on that particular copper atom.
The nonlinear dependence of the zero-temperature depo-
larization rate on the oxygen stoichiometry reveals the
complexity of the relation between the density of the car-
riers involved in superconductivity (pairs in the Cu02
planes) and the number of holes in the whole Y123 sys-
tem (given by the oxygen content x). Such a nontrivial
relation is to be expected, since the pair density and
therefore the superconducting properties (e.g., T, ) are
correlated with structural parameters such as the crystal-
lographic c axis, plane-Cu to apex-0 bond length and
oxygen ordering phenomena in the chains and the
planes 58, 37, 59

In addition to A,,&(0), measurements of A,, (0) were also
reported in Ref. 57. The results show that the anisotropy
ratio y=A, , /A, ,b=(m,'/m, 'b)'~ is increasing with de-
creasing oxygen content x. In that paper the authors in-
terpret this behavior of y in terms of the Lawrence-
Doniach model of layered superconductors as due to a
decreasing interlayer coupling strength. This is because
m, ~ A,, increases much more strongly with decreasing x
than m,*b ~ A,,b. The main contribution to the increase of
y is thus due to the interlayer carrier transport which is

reduced with decreasing oxygen content. Since we ob-
serve a qualitative trend of o ( T) becoming flatter with
decreasing x, this may possibly reAect the increasing an-
isotropy in less than optimally doped Y123. This would
imply that a comparatively small exponent n is an indica-
tion of a large anisotropy. According to Ref. 57 the
values of y range from 5 (x =7, n =4) to 25
(x =6.5, n =2). Interestingly, the structurally related
compound Y124 lies between these limits, both for the
exponent n =2.38, as well as for the anisotropy ratio

)O 60

The unconventional properties of the cuprate high-T,
superconductors have beers' the motivation to formulate
models which propose mechanisms of superconductivity
difFerent from the electron-phonon interaction in the
weak-coupling BCS theory. Some of these models lead to
a d-wave-type pair-wave function. Considerable theoreti-
cal and experimental work has been done in this field, but
the experimental results are still controversial, see, e.g. ,
Ref. 6j. for a short review and Ref. 62 for recent experi-
ments. The measurements of cr( T) presented here and in-
terpreted in terms of A,,& ( T) do not allow to make
definite statements about the pairing symmetry. To this
end, precise measurements at very low temperatures
could yield significant informations.

d lnT,

dp

and the isotope coefficient

(14)

d lnT,13=-
d lnm

m de
T~ dm

show generic behavior in several classes of doped cu-
prates. Both a(T, ) and P(T, ) have two nearly sym-
metric branches, one with positive and the other with
negative values of the coefficients. These branches merge
at T, , the maximum T, of the respective cuprate family.

B. Generic properties

Recent p+SR studies of the magnetic penetration
depth in various classes of cuprate superconductors re-
vealed a remarkable empirical relation between T, and
the low temperature limit of the depolarization rate
o (0) ~ A,,b (0) cc n, (0)/m, b. This relation seems to be
universal for many cuprate high-T, systems and other ex-
treme type-II superconductors and, when plotted as T,
versus cT (0) ("Uemura plot" ) exhibits the following
features: (i) by increasing the carrier doping, T, initially
increases almost linearly, then saturates, and finally is
suppressed for high carrier doping, (ii) the initial slope of
the linear increase of T, (o. ) appears to be nearly the same
for difFerent families, while the saturation and suppres-
sion of T, starts at difFerent values of cr(0) for each fami-
ly. According to Refs. 4 and 5 the relationship between
T, and n, (0)/m, b points to rather strongly bound pairs,
and therefore cannot be explained within the framework
of weak-coupling BCS theory. Also, the pressure p and
isotope mass m dependence of the transition temperature,
described by the pressure coefficient
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The coeKcients nearly vanish at T, and their magnitude
increases with decreasing T, .

In order to account for these trends Schneider and
Keller originally proposed an empirical scaling ansatz
for T, (cr ) near the optimum stoichiometry of the form

with

and

1 dTe 1 der(0)
dp

' o. (0) dp
(19)

T, =2o(1—a /2), (16)

Ql —T, QI —T,a=a k2 ao, P=P k2 Po,
Tc

(17)

or

1 —o. 1 0a=a + ao, &=&~+ 13
o (1—cr /2) o (1 cr /2)—

(18)

where T, = T, /T, and o =a(0)/o (0); o (0) is the
depolarization rate of the optimally doped system. This
ansatz can be justified by considering high-T, systems as
belonging to the 3D-xy universality class, being extreme
type-II superconductors with short coherence length,
uniaxial mass anisotropy, and complex order parameter.
Note that the coherence lengths in the cuprates are com-
parable to their crystallographic lattice constants and
that the coherence volume g (size of a Cooper pair) is
about 5 to 6 orders of magnitude smaller than in conven-
tional BCS superconductors and therefore similar to that
of He. From this point of view high-T, superconductivi-
ty may be discussed in terms of Bose condensation of
weakly charged, interacting local pairs. The p+SR data
of a large number of cuprates indeed follow the ansatz
given in Eq. (16). Moreover, it has been shown that this
universal behavior is not just an artifact of the p+SR
method. Values of A,,b(0) obtained from magnetic torque
and magnetization measurements for Y123 and
La& „Sr„Cu04 (La214) also fall on the parabola.

While the agreement of the data with Eq. (16) is good
for underdoped, optimum doped, and mildly overdoped
samples, there is evidence that this is not the case for
heavily overdoped compounds. According to Eq. (16),
overdoping the systein should lead to an increasing o(0)
and a decreasing T, . However, in T1~Ba2Cu06+&
(T12201) (Refs. 15 and 16} and in (YbCa)(BaSr)2Cu307
(Ca- and Sr-doped Yb123), ' both o(0) and T, decrease
with overdoping. This behavior can be understood by
taking into account the short-range repulsive interaction
between the bosons. Increasing the doping in the over-
doped regime increases the boson density n~. In this
case, the short-range interaction causes the bosons to be-
come more and more immobile (their efFective mass mz
increases). As a consequence, T, and the superfluid den-

sity p(0)=nz/tnt =n, /4m, b
~ a(0} both decrease The.

observed shape of T, (a } over the whole doping regime
then resembles the form of a Ay wing. Nevertheless, the
parabolic ansatz is consistent with experimental data of
cuprate families lying in the underdoped and around the
optimum doped region.

Equation (16) can be used to predict the T, dependence
of the pressure and the isotope coe%cient yielding

m d+c m do (0)Po=-
Tm drn a (0) dm

(20)

respectively. Here, ao(Po) is a constant specific to the
material which may also depend on doping, and a (P )

accounts for a small pressure (isotope mass} dependence
of the optimally doped system. The signs + and —refer
to o (0) & cr (0) and o (0)) cr (0), respectively. The
p+SR depolarization rate can therefore be used to esti-
mate the pressure and isotope coefBcients, two crucial pa-
rameters required to understand the microscopic mecha-
nisms responsible for high-T, superconductivity. To test
the prediction for the T, dependence of the pressure
coefficient a and the isotope coefficient P we applied Eq.
(18) to our p+SR data of Y123, where T, =95 K and
o (0)=2.4 ps '. The estimated values of a and P
thereby extracted are shown in Fig. 7 along with mea-
sured values of the pressure and isotope coeKcients. Fig-
ure 7(a) shows a(T, ) of the p SR estimates (full circles).
The solid line corresponds to Eq. (17) with u =0.002
kbar ' and ao =0.0037 kbar '. The open symbols
denote measurements of a by Bucher et al. (triangles)
and by Almasan et al. (circles). The reasonable agree-
ment between the measured values and the p+SR esti-
mates is obvious, except for the two data points of Buch-
er et al. at T, =0.675 and T, =0.78, respectively. The
reason for this deviation is not yet understood. Note that
the universal behavior of the pressure coefBcient is re-
stricted to the T,-dependent part of Eq. (17), because ao
is not expected to remain constant over the whole T,
range and ao as well as a may vary from family to fami-

ly. In addition, Eq. (18) follows from the parabolic ansatz
Eq. (16) which is only valid for a region not too far away
from the optimal doping.

Figure 7(b) shows the p+SR estimates of P(T, ) for
(YPr}Ba2Cu30697 [(YPr)123] (Ref. 66) (full circles). The
curve corresponds to Eq. (17) with P =0.007 and
PO=O. 113. For comparison, the measured isotope
coefficients of (YPr)123 from Ref. 67 (open circles) are
also plotted. The experimental data are again consistent
with the predicted behavior of P( T, ) given in Eq. (18).
Interestingly, our @+SRestimates of P( T, ) for Y123 (full
triangles} and measured values of P for Y(BaLa)zCu307
(Ref. 68) (open triangles) are also consistent with the
behavior of P for (YPr)123. They show a similar trend in

P(T, ) with the same parameters P and Po. As for a
and ap, the same reservations concerning the universality
of P( T, ) also apply for Po and P~.

According to the results above, the data from @+SR
and other measurements are in agreement with the pre-
dictions of the empirical ansatz Eq. (16) proposed in the
framework of a Bose-gas picture. Moreover, this picture
can also give an explanation for the varying shape of
A,,& (T) in the Y123 family presented in Sec. IV A. From
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this viewpoint, a strongly underdoped system corre-
sponds to a dilute Bose gas. Such a system is then well
described by an ideal Bose gas with a temperature depen-
dence of the penetration depth given by Eq. (13) with an
exponent n =3/2. Increasing the carrier density up to
optimal doping results in a system corresponding to a
Hose gas in the dense limit. As shown by Weichman, in
this limit and for temperatures suf5ciently far below T„
an interacting critical region opens up where A,(T) can be
approximated by the two-fiuid model (n =4). As T be-
comes sufBciently close to T, this will, however, cross
over to a dependence given by 1/A, ( T)
= 1/k (0)(1—r/T, ) . The teinperature dependence of
A, in the intermediate temperature region thus depends on
the boson density. The limiting cases of dilute and dense
Bose gas should thus be well described by Eq. (13) using
n =3/2 and n =4, respectively. The intermediate cases

then follow from an interpolation between these two lim-
its, which in a phenomenological way can be approximat-
ed by intermediate values of n. While, in principle, more
exact interpolations could be made using the approach of
Ref. 69, fits of Eq. (13) to the experimental data should
yield values of n which qualitatively reAect the crossover
from the dilute to the dense condensate limit.

The measurements of A,,b(T) of the Y123 family are
indeed consistent with the above expectations: Samples in
the underdoped regime exhibit a comparatively Rat
A,,b (T), while samples near optimal doping show a two-
Auid like behavior. This is shown in Fig. 8, where the ex-
ponent n which characterizes the overall temperature
dependence of A,,b is plotted as a function of o.. Unfor-
tunately, the data presently available on the temperature
dependence does not yet cover the region 0.5&o. &1.1

and in addition the exact form of n(o ) is not known. The
data points in the mildly overdoped region (cr ) 1) sug-
gest that the exponent n is probably larger than 4 for the
optimal doping (x =6.92) and decreases by further dop-
ing in the heavily overdoped region. Indeed, it was pro-
posed that the exponent comes back to n =3/2 in the
limit of maximum doping, where T, and the superAuid
density p ~ o vanish. As a consequence, n (cr ) would also
exhibit a kind of a "ffy wing" similar to that for T, (a ).
It is interesting to note that T12201 (Ref. 15) seems to
mimic this behavior, as shown in the inset of Fig. 8
(dashed line is a guide to the eye). However, the absolute
values of the exponents are not in agreement with the ex-
pectations of the simple Bose-gas picture discussed above.
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FIG. 7. Comparison of measured values of the pressure
coefficient a aud the isotope coefficient P as a function of the re-
duced transition temperature T, = T, /T, with estimates from
p+SR data:(a) a(T, ) for YBa2Cu30„(Y123) from Ref. 64 (open
triangles) and Ref. 65 (open circles). The full circles denote esti-
mates for a extracted from the p+SR data and Eq. (18) with
a =0.002 kbar ' and a0=0.0037 kbar '. The solid line cor-
responds to Eq. (17) with the quoted values for a and ao. {b)
P{T,) for Pr-doped Y123 [(YPr)123], from Ref. 67 (open cir-
cles). Full circles are p+SR estimates of P for (YPr)123 (Ref.
66) using Eq. (18) with P =0.007 and Pa=0. 113. The solid line
corresponds to Eq. (17) with the quoted values for p and po.
Also included are estimates from our Y123 p SR data using the
same values for p and po {full triangles) and measurements of p
for Y(BaLa)2Cu307 (Ref. 68) (open triangles).

c=a(0)/a (0)

FIG. 8. Power-law exponent n [Eq. (13)] which characterizes
the temperature dependence of A,,b ( T) as a function of
a.=o.(0)/o. (0) of YBa2Cu30 . The data qualitatively follow
the expectations of a Bose-gas picture, wherein the condensate
density p cc- cr. Increasing the doping from a highly underdoped
system (small cr) to an optimally doped one (0= 1) corresponds
to a crossover from a dilute to a dense Bose gas. This influences
the form of the temperature dependence of A,,b ( T) such that n
increases from 3/2 in the extreme-dilute limit (ideal Bose gas) to
n =4 in the dense limit. Inset shows T12Ba2CuO6+q data from
Ref. 15: The exponent n is decreasing with increasing overdop-
ing and follows the proposed behavior for the heavily over-
doped regime, see text. The dashed line is a guide to the eye and
the arrow indicates the direction of increasing oxygen content.
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V. SUMMARY

In conclusion systematic p+SR experiments have been
performed in order to investigate the temperature depen-
dence of the magnetic penetration depth in terms of the
measured depolarization rate in various samples of the
Y123 family, as well as in Y124 and Bi2212. It is found
that the behavior of A,,b ( T) as extracted from cr ( T) is
characteristic of each compound. This can be interpreted
as a varying coupling strength in these systems. The
form of cr(T) is well described by the two-fiuid model in
Y123 with high oxygen content, indicating strong cou-
pling with 2b,elk~ T, =5. The rest of the cuprates inves-
tigated show a cr(T) which points to weaker coupling,
with o ( T) of highly oxygen-deficient Y123 being similar
to the weak-coupling BCS prediction (2b elks T, =3.52).
In addition, the overall temperature dependence of o.
varies in a systematic way with the oxygen stoichiometry
x in the Y123 family. A further trend was also observed
in the stoichiometry dependence of the low-temperature
value of o., which suggests a positive charge transfer into
the Cu02 planes with increasing x. The low-temperature

values of the in-plane penetration depth k,b(0) for all
compounds measured range from 130(10) nm (Y123 with
x =6.970) to 255(20) nm (Y123 with x =6.546) and are in
good agreement with values found by other experimental
methods.

In addition, our results are consistent with an empiri-
cal ansatz which has been proposed in the framework of a
Bose-gas picture for high-T, superconductivity. It is
found that the data of A,,b follow the predictions of this
ansatz in (i), the relation between A,,&(0) and T, (ii), the
T, dependence of the pressure and the isotope efFect and
in (iii), the doping dependence of the temperature
behavior of A,,b.
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