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We summarize our results of transverse-field muon-spin-relaxation (TF-pSR) experiments on a variety
of polycrystalline cuprate high-T, superconducting systems. In this paper we present the conditions un-

der which the @SR depolarization rate at low temperatures o.o ~ A,,b (0) ~ n, (0)/m, & is determined in a
unique way by the doping state of Cu02 planes and the consequent critical temperature T, . Disorder
and pinning e6'ects due to various sorts and amounts of dopant atoms do not a6'ect era. From our results
on YBa2Cu307 z, YBa2Cu40&, and Y2Ba4Cu70» z (systems having both planes and chains) we conclude
that a superconducting condensate is not only formed in the Cu02 planes but is induced additionally in
the CuO chains. This chain condensate is rapidly suppressed by any disorder in the chains and depends
strongly on the oxygen ordering.

I. INTRODUCTION

It is widely accepted that the Cu02 planes are the
essential structural element for superconductivity in the
high-T, cuprates. The critical temperature T, (Ref. l)
and many of the highly unconventional normal-state elec-
tronic properties such as resistivity, thermoelectric
power (TEP), Hall eFect, and spin susceptibility exhibit
a systematic variation with the concentration of charge
carriers p,& within the Cu02 sheets. With increasing p,&

the critical temperature T, first rises in the so-called un-
derdoped regime, then saturates towards the system-
dependent maximum ( T, ,„) at optimum doping before
it decreases aghin on the overdoped side. ' Even though
the normal-state electronic properties are unusual and
not yet fully understood, there is growing evidence that
they vary systematically with p,&, independent of the
different insulating spacer layers. Therefore, these
normal-state properties provide a means to determine the
doping state p,& of a sample, for example, by TEP mea-
surements.

Transverse-field muon-spin-relaxation (TF-@SR) exper-
iments revealed a remarkable correlation between T, (and
thus p,&) and the "in-plane" magnetic penetration depth
A,,b. The distribution of the precession frequencies
and the resulting depolarization rate o. of the initially po-

larized muon spins are a very sensitive, local probe for
the field profile in the fiux-line lattice (FLL) state of type
II superconductors which is determined by the magnetic
penetration depth A, . The cuprate superconductors are
highly anisotropic with A., &&A,,b and of extreme type II
with A,, b, ))g, b, . The in-plane penetration depth A,,t, is
generally assumed to be determined by the density of the
superconducting condensate n, and the effective mass
m,'& of the carriers (A,,b ~n, lm, 't, ). " The superfiuid
response across the insulating spacer layers is very weak
and for the strongly anisotropic systems it is probably
based mainly on Josephson effects and, therefore, is relat-
ed to the normal state resistivity for currents across the
CuO2 planes (A,, cc p, ). '

The earliest TF-pSR experiments indicated a unique
linear relationship between the depolarization rate at low
temperatures o.o, and T, in the underdoped regime of the
systems YBa2Cu307 & and La& Sr Cu04..

Around optimum doping where T, saturates, one finds
that cro(p, h ) continues to increase with slight overdoping.
In the regime of strong overdoping, however, recent pSR
experiments on the systems T12BazCu06+s (Refs. 7 and
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10) and (Y,Yb), „Ca„Ba„Cu307 s (Refs. 8, 9, and 16)
show that o o is strongly depressed with further increas-
ing p,& falling more or less linearly with T, . The existing
data imply a generic phase diagram, where T, versus

n, (0)/m, & describes a "boomerang" shaped path with in-

creasing p,& from the underdoped to the heavily over-
doped regime. While the reduction of n, and T, on the
underdoped side can be understood in terms of a decrease
of p,&, some other mechanism has to account for the
reduction of T, and n, in the overdoped regime. An
unambiguous identification of the microscopic
mechanism(s) behind this phase diagram is still lacking
and requires further experimental and theoretical work.
At present, however, it may be even more important to
point out that this unique behavior is not merely an ar-
tifact of an incorrect interpretation of the pSR-data but
rejects intrinsic properties of the superconducting state
of the cuprates.

There has been debate on whether the pSR results on
polycrystalline materials are representative for A,,b,
n, lm, 'b and their changes with p, i, .

' ' The main objec-
tions to the validity of the pSR results can be summa-
rized as follows:

While the interpretation of the @SR results in terms of
penetration depth and condensate density is based on the
existence of a reasonably well-ordered FLL, the strong
anisotropy of these materials may give rise to unusual
Aux states and vortex dynamics. In addition the FLL
may be strongly disordered due to pinning on structural
imperfections that are caused by dopant atoms, vacan-
cies, twin boundaries, or impurity phases. ' ' It was
even argued that the intrinsic features of the cuprate su-
perconductors can only be observed for optimally doped
samples while the results for samples with a reduced tran-
sition temperature T, are dominated by disorder effects. '

A further reason for objections was the finding that, for
some cuprate systems, the pSR results did not follow
such a unique trend. The most prominent examples are
the so-called plateau in YBa2Cu307 &, where close to
5=0 the depolarization rate 0.0 almost doubles despite a
nearly constant transition temperature, and the pSR re-
sults on highly anisotropic systems, such as
Bi2Sr2CaCu208+ ~.

The purpose of this paper is to provide a framework in
which the behavior of T, versus o.0 can now be under-
stood. We summarize our results of TF-pSR and TEP
measurements on series of samples that are doped by
different sorts and amounts of dopant atoms and that
span a wide range of doping. We will show that the rnag-
netic penetration depth A,,b

~ n, Im,*b is determined in a
unique way by the hole-doping state of the Cu02 planes
and the consequent critical temperature T„and relate
the deviations from this universal behavior to specific
properties of those systems. For example in Y-123, Y-
124, and Y-247 superconductivity is induced in long-
range-ordered CuO chains resulting in a substantial con-
tribution to the superconducting condensate density. ' '
Very recent results on the Bi-2212 system show that, due
to its extreme anisotropy, the Aux state is highly uncon-
ventional even at low fields and temperatures, and mean-

ingful values for A,,b indeed cannot be extracted from
18,20

II. THE TF-pSR METHOD

The @SR experiments were performed at the "surface-
muon" beam lines at the Paul-Scherrer Institute (PSI) in
Villigen, Switzerland and at TRIUMF in Vancouver,
Canada. A detailed discussion of the TF-pSR technique
is given in Ref. 11. We give only a brief description of
the technique while more emphasis is given to the data
analysis.

The samples are field cooled below T, in an external
field (typically 8,„,=3 kG) to induce a homogeneous
FLL. Positive muons from a 100%%uo "spin-polarized"
muon beam (p„=29 MeV/c) are implanted with their ini-
tial spin polarization P„(0) transverse to 8,„, Wit. hout
losing their initial spin polarization the muons are rapidly
thermalized (10 ' s) and come to rest on interstitial lat-
tice sites. They are randomly distributed throughout the
field profile of the FLL whose characteristic length scale
A, is far larger than any lattice constant. Each muon spin
starts to precess around the local magnetic field B&„with
a characteristic frequency co„=y„B&„, where
y„=2m. X135.5 MHz/T is the gyromagnetic ratio of the
muon.

The time-resolved spin polarization P„(t) is detected
using the parity violation that occurs in muon decay.
Each positive muon decays (via the weak interaction) into
two neutrinos and a positron, the latter being preferen-
tially emitted in the direction of the muon spin at the in-
stant of decay. The asymmetric position emission rate
N,+(t) thus contains all the information on the precession
and depolarization of P„(t).

From a Fourier transform of P„(t) one obtains the dis-
tribution in the precession frequencies of the muon spins
F (to&) and, in the case for which the flux lines run paral-
lel to the external field, the field profile of the FLL
g(8i„)." For an ideal FLL of an isotropic superconduc-
tor the second moments (hco„) and (68 ) are directly
related to the magnetic penetration depth
((b,co„) ~ (b8 ) ~X ). The so-called "line shape" then
is highly asymmetric and exhibits characteristic features
such as a tail on the high-field side, steps at the maximum
and minimum field values, and a pole at the saddle-point
value. ' Such typical features have been observed by
TF-pSR measurements on a conventional Nb supercon-
ductor as well as on mosaics of YBa2Cu307 & single
crystals ' with 8,„, parallel to the crystal c axis. Slight
imperfections of the FLL result in a Gaussian-like smear-
ing of the characteristic sharp features mentioned
above.

For polycrystalline samples of the cuprate high-T, su-

perconductors one only observes a nearly symmetrical
and Cxaussian shaped distribution F (co„), the sharp

features are smeared out. " For a Gaussian "line shape"
the second moment of F (to ) may be extracted simply byP 2 2
fitting the @SR-time spectrum by P„(t)~ exp( —o t /2),
where the depolarization rate o. is proportional to the
second moment of the distribution of the frequencies;
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that is cr ~ (b,co„). " The more complicated analysis
via the Fourier transformation of P„(t) may thus be
avoided. Even though the Aux lines for these highly an-
isotropic high-T, superconductors are, in general, no
longer parallel to B,„„the relation

was shown to hold, with k,z= 1.23 A,,b for
y = A,, /A, ,z ) 5. Therefore the experimentally deter-
mined depolarization rate o. of the muon spin polariza-
tion provides a direct measure of the in-plane penetration
depth k,b and hence of the ratio of the superconducting
condensate density n, to the effective mass m*b for in-
plane motion

o[ps ']=7.086X10 XA.,b [nm]

Ale=2.51X10 'X Xn, [cm ].
ab

It has been shown that such a nearly symmetric and
Gaussian line shape should be expected in polycrystalline
samples due to random orientations of grains of the
strongly anisotropic cuprate superconductors and the
variation of magnetization in those grains. Then, how-
ever, the influences of pinning, unusual Aux states, and
dynamics cannot be directly estimated (as they can in
single-crystal materials) and these generate systematic
uncertainties in second moments (bco„) extracted from
pSR on polycrystalline samples. These systematic uncer-
tainties have been the grounds for objections to interpre-
tations of pSR results in terms of A,,b and n, /m, *b. ' '

These exist, however, quite clear indirect indications of
the reliability of the A.,b values as they are derived from
the @SR experiments on polycrystalline samples. For ex-
ample, one finds a reasonable consistency between the
low-temperature values of oo and A,,&(0) obtained from
experiments on polycrystalline or single-crystalline ma-
terials. " In this paper we report on a series of pSR ex-
periments on polycrystalline materials which provide evi-
dence that the low-temperature depolarization rate o.

p
and consequently the penetration depth A,,b(T~O) are
determined solely by the doping state of the CuO2 planes
p, I, and the critical temperature T„ irrespective of the
type and amount of dopant atoms used to achieve p,&.
Deviations from this general trend as they occur for some
systems can be understood due to their individually
different intrinsic properties. For the 123, 124, and 247
systems we show that additional contributions to crp arise
from the long-range-ordered CuO chains which act as a
second superconducting structural element. We find evi-
dence that the formation of an unusual Aux state, even at
low temperatures and applied fields, seriously affects the
pSR results for crp in the case of the most extremely an-
isotropic systems only, such as Bi-2212.

The temperature dependence of cr and A,,b as observed
for our polycrystalline samples will not be discussed in
this paper. This is because a meaningful contribution to
this topic can be expected only from experiments on
single-crystalline materials, where for example, the effects

of thermal fluctuations can be studied. Even though our
finding that the CuO chains give an additional contribu-
tion to o and A.,b, which is extremely sensitive on the ex-
act oxygen content and ordering, may provide a key to
resolve the, presently, very contradictory experimental
results as they are obtained on seemingly identical Y-123
single crystals.

III. SAMPLE PREPARATION
AND CHARACTERIZATION

The polycrystalline samples were prepared by standard
solid-state reaction methods using high-purity powders.
The doping state p, h was determined by measurements of
the thermoelectric power (TEP) as described in Refs.
3,7—27. The T, values were obtained from measurements
of the ac susceptibility.

In the case of Y, Ca Ba2Cu307 & we applied a series
of sintering steps to avoid a partial substitution of Ca on
the Ba site. We mixed stoichiometric amounts of Y203,
CaCO&, Ba(NO3)2, and CuO (Johnston-Mathey,
99.999%%uo) and decomposed the powders for 1 h at 750'C
in air. Pellets were pressed and sintered at 910'C in air
for 12 h. The sintering temperature was stepwise in-
creased (with intermediate grindings) by 10'C up to
970 C. We managed to incorporate large amounts of
Ca + on the Y + site as is evidenced by the highly over-
doped state of the fully oxygenized sample
Yp 8Cap 2Ba2Cu306 96. It has a strongly reduced critical
temperature of T, =51 K and a negative room-
temperature TEP value of S(RT)= —4.5 pV/K, which is
typical for strong overdoping. '

If the final sintering temperature was too low, energy-
dispersive analysis by x rays (EDX) indicated Ba-rich im-
purity phases and the fully oxidized samples were less
overdoped. Sintering at very high temperatures resulted
in a Ca-rich impurity phase. To find the phase-pure win-
dow between these extremes the sintering temperature
was progressively increased with intermediate grinding
until Ba-rich phases were eliminated but before Ca-rich
phases appeared. Similar treatments combined with low
oxygen partial pressure have been successfully used to
avoid the occupation of the Ba site by 1arge rare-earth
ions.

To achieve full oxygenation we annealed the samples in
high-oxygen pressures and lower temperatures than
would typically be used for YBa2Cu307 &. The samples
were heated up to 650 in 1 bar O2 and cooled down to
550'C within 12 h. Then an oxygen pressure of 60 bar
was applied and within 24 h the temperature was ramped
down to 350 C where the samples were kept for several
days to one week.

The oxygen contents have been determined by titration
measurements, from mass changes, and for both fully ox-
ygenated and optimized samples by neutron diffraction.
For higher Ca content the titration results appear to be
influenced by small amounts of an impurity phase. As re-
ported in Ref. 30, the titration implies that the maximal
achievable oxygen content decreases for higher Ca con-
tent. The neutron experiments provide the ability to
separate the contributions from impurity phases and to
concentrate on the oxygen content of the 1-2-3 phase.
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They indicate the same oxygen content of
5=0.04(+0.003) (Ref. 29) for all the fully oxidized sam-
ples with a different Ca content of x =0.03, 0.06, 0.1,
0.13, 0.16, and 0.2. The occupation of the "off-chain"
O(5) position, however, is found to increase for higher Ca
content.

For Y-123 it has been shown that bromination, like full
oxygenation, leads to the occurrence of superconduc-
tivity with T, above 90 K. ' While in the case of full
oxygenation the CuO chains are electronically active,
they are completely inactivated for the brominated
samples. ' We placed deoxygenated samples of
Y& Ca„Ba2 ~La~Cu&O& 2(5=0.8) in a quartz tube that
had a separate reservoir for liquid bromide. The bromine
reservoir then was placed in liquid nitrogen in order to
freeze out the bromine. This allowed a careful evacua-
tion and sealing of the tube. The Br then was liquified
again and the end with the sample was warmed up to
260'C where it was kept for 30 min. This resulted in a
very rapid uptake of Br. The ac susceptibility measure-
ments signaled diamagnetic shielding and T, values com-
parable to those of the fully oxidized samples. Longer
treatments in the Br atmosphere resulted in reduced
shielding and broader transitions. Unfortunately the pel-
lets were heavily cracked by the rapid Br uptake and
often crumpled to powder so it was not possible to per-
form TEP measurements. The Br-doped samples were
highly sensitive to exposure to air and had to be stored in
sealed containers before they were mounted into the vac-
uum system of the pSR apparatus.

with various sorts and amounts of dopant atoms
and thus much structural disorder which might
affect o.o. These are Hgo 7Cro 3Sr2Cu04+ &

(T, =58 K), HgB S C Cu&. SRe0.206+5
(T, =91 K), La, 82Sro. isCaCu206+& (T, =48 K),
Y& Ca Bao &Sr& 5Cu2 7Cro ~07 for x=0.2 (T, =28 K)
and x =0.3 ( T, =36 K), strongly deoxygenated
Ybp 7Ca,o 3Ba, 6Sro 4Cu&07 s ( T, =36 K and T, =58 K),
and Yo sCao zBa2Cu&07 & ( T, = 51 K) as well as fully ox-
ygenated NdBazCu&07 & (T, =94 K). It is obvious that
the degree of disorder due to the different substitutions
does not quantitatively affect the pSR data. All these
very different samples have two features in common.
First, they do not contain fully oxygenated or long-
range-ordered CuO chains that may give rise to an addi-
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IV. RESULTS AND DISCUSSION
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Before we present and discuss our experimental results
we want to refer again to the so-called Uemura plot that
summarizes the unique relation between oo n, (0)/-m, 'b

and T, (p,b ) in the underdoped regime. One of the puz-
zles associated with this plot is the plateaulike deviation
from the linear relationship as observed in YBa2Cu207
for 6(0.2 and its understanding. As we will discuss
below, this "plateau" results from a contribution of the
charge carriers in the CuO chains to the superconducting
condensate density when these CuO chains are
suKciently free of disorder. We will focus first on the re-
sults for the underdoped samples before we discuss the
optimally to overdoped systems.

A. Underdoped regime

Figure 1 displays our TF-pSR data on a wide set of un-
derdoped samples from various cuprate high-T, systems.
Three different types of systems can be distinguished.

1. Plane only systems

Represented by the full symbols or stars are all samples
that exhibit the unique behavior for o.o- T„ following
the so-called "Uemura line" (shown by the solid line).
While earlier experiments concentrated on "clean"
systems like YBa2Cu&07 & and La& Sr Cu04,
the samples presented here are as "dirty" as possible

a -n (0)/m b* [P,S "]

FIG. 1. T, plotted as a function of the low-temperature pSR
depolarization rate o.

p for various samples from the underdoped
regime. The solid line represents the so-called "Uemura line"
for underdoped plane-only samples (Ref. 6). Shown by solid
symbols are our results on several highly nonstoichiometric un-

derdoped samples; (solid triangles) HgQ 7Clp 3Sr2Cu4+g (T, =58
K) and HgBaSrCaCu&, Rep 206+g (T =91 K) (solid inverted
triangles) La& 82Ca»8Cu206+z (T, =48 K), (solid diamonds)
Y) „Ca Bap 5Sr) 5Cup8C1p 207 for x=0.2 and 0.3 (T, =28 and
36 K), (solid squares) strongly deoxygenated
Ybp pCap 3Ba& 6Srp 4Cu307 z ( T, =36 and 58 K), (solid star)
Yp 8Cap 2Ba2Cu307 z ( T, =5 1 K), and (solid circle) fully oxy-
genated NdBa2Cu307 z (T, =94 K). The plus symbol + which
lies far ofF' the universal line for plane-only samples, represents a
typical result for an optimally doped sample of the extremely
anisotropic system Bi2Sr2CaCu08+g. Indicated by the X are
our results for the slightly less anisotropic, underdoped samples
of Bi& 7Pbp3Sr2 La Cap 9Cu08+q with T, =22, 61, and 85 K.
The results for underdoped samples with long-range-ordered
CuO chains (plane + chain samples) follow a separate line
(dashed line). They are shown by (open circles) for YBa2Cu408
( T, = 81 K), Yp 9Cap &Ba2Cu408 (T, =87.5 K), and
YBa&»Lap»Cu4O8 {T, =63 K) and by open triangles for
Y&Ba4Cu70» z {T, =90, 63, and 46 K).
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tional contribution to oo and n, /m, *&. Second, all of
them are more isotropic than the very anisotropic system,
Bi-2212.

The Cu0 chains of the under doped
YbQ 7Cap 3Ba) 6Srp 4CU307 g and Yp 8Cap 28a2Cu307.
are strongly deoxygenated (5)0.5). For fully oxygenat-
ed Y& XCap 3BRQ 5Sr& 5Cu2 7Crp 307 & the long-range or-
der of the CuO chains is effectively interrupted by the Cr
substituents that are incorporated on the Cu(1) chain
sites. In the case of fully oxygenated NdBa2Cu307
Cu-NQR-measurements show that the long-range order
in the Cu0 chains is by far less developed than for com-
parably oxygenated samples with other rare earths like Y,
Gd, or Tm.

2. Systems containing both planes and chains

Indicated in Fig. 1 by the open symbols are all the un-
derdoped samples that contain fully oxygenated and
long-range ordered CuO chains such as YBa2Cu408,
Yp 9Cap &BR2CU408, YBR~ 85Lap &5CU408, and
Y2BR4CU70]5 &. As reported earlier, ' all of them ex-
hibit enhanced values of o o-n, /m, *b when compared
with the "Uemura line" for "plane-only" samples. They
form a separate straight line for "plane+chain" samples
that is indicated by the dashed line. Again one can see
that the changes in o.

p are determined solely by the corre-
sponding changes in p &

and T„while the concentration
of the dopant atoms is irrelevant. Y09CRQ &BR2CU408
( T, =87 K) and YBa, s~Lao»Cu408 (T, =63 K) contain
similar amounts of dopant atoms, however, T, and p I are
increased if Ca + is substituted for Y +, whereas they de-
crease if Ba + is replaced by La +. The data point for
the unsubstituted sample resides on the line between
these two samples.

3. Systems with large anisotropy

The + symbol in Fig. 1 is representative of the pSR re-
sults on nearly optimally doped samples of the extremely
anisotropic system BizSrzCaCu208+s, the crosses ( X ) in
the same figure show underdoped samples of the (due to
Pb doping) slightly less anisotropic system

i1.7Pb0. 3SI2— La CRO 9CU208+6 The o.
p

Bi2Sr2CRCU208+& is very low and deviates clearly from
the general trend observed for the other less anisotropic
systems. For the somewhat less anisotropic
Bi, 7Pbp 3Sr2 „La Cap 9CU208+&, however, the vp values
come already very close to the Uemura line. A key for
the understanding of this phenomenon may be found
from the results of very recent experiments on single-
crystalline Bi2Sr2CRCU208+&, which indicate a sudden
reduction in the dimensionality of the vortex system
when the external field exceeds a critical field B„.' '

A structure of extended Aux lines, which is one of the
basic assumptions for the interpretation of the @SRdepo-
larization rate 0. in terms of A.,b, is observed only for
fields lower than the critical field
B, (B,„,(B*=5006. At B* the Aux structure exhib-

1

its a clear change which is best described as an array of

so-called "pancake vortices" which are uncorrelated be-
tween different blocks of superconducting Cu02 (bi, tri)
layers but ordered independently within each layer.

It has been shown by magnetization experiments and
just recently by pSR experiments that B* depends
essentially on the anisotropy of the system. For strongly
overdoped and less anisotropic Bi2Sr2CRCU208+g it was
shown that B„increases rapidly to values of more than 1

kG. Whereas B* is found to fall below 100 G in
strongly underdoped and highly anisotropic samples.
Magnetization measurements of B* on different Tl sys-
tems also indicate that B* depends essentially on the
thickness of the nonsuperconducting blocking layers.

While the applied field has to be significantly lower
than B* so that the assumption of an extended FLL is
justified, a strong overlap of the vortices [corresponding
to 8,„,—1 kG] is required to order that meaningful
values of k, b can be extracted from the depolarization
rate. " ' It seems that both of these contradictory re-
quirements can no more be fulfilled in the case of the ex-
tremely anisotropic underdoped and optimally doped
Bi2Sr2CRCU208+g and the 0.0 values are no more related
to the penetration depth k, b in the usual way. In the case
of the less anisotropic lead-doped samples
Bi, 7Pbp 3Sr2 La Cap 9Cu208+&, however, it seems that
B* is sufticiently enhanced that the crp values follow the
otherwise universal trend, and may be interpreted in
terms of A,,b(T~O) as for the other less anisotropic sys-
tems (see Sec. IV A 1).

As far as we know there is only one more case for
which the @SR data do not follow the unique trend
o o- n, /m, *b —T„namely, incorporation of dopant atoms
like Zn or Ni directly into the Cu02 planes. In this case
it has been shown that T, is not suppressed by a reduc-
tion of p, h but due to a different mechanism that is
presently not fully understood. Consequently,
oo-n, /m, *z is not expected to correlate with T, in the
UsUR1 way.

Summarizing the results for the underdoped regime we
find that the relation ooo-A, (0) b ~n( 0), /m'& ~ T, is a
unique feature of all underdoped "plane-only" systems.
The pSR results for o.

p are not sensitive on disorder
caused by dopant atoms or vacancies, and except for the
most anisotropic system Bi-2212, the pSR results for 0.

0
do not seem to depend strongly on the anisotropy.
Enhanced condensate densities are observed for systems
that contain fully oxygenated and well-ordered CuO
chains.

B. Qptimally to overdoped regime

Our data for optimally and overdoped "plane-only"
samples are shown in Fig. 2 by crosses ( X ) for
T12BR2CU06+& and by stars for Y& Ca Ba2Cu3062BI,
for x =0 (T, =92 K) and x =0.2 (T, =49 K). The solid
lines indicate the typical evolution of crp for "plane-only"
samples of the systems Tl-2201 and Y-123, the arrows
point towards an increasing p, I, . The most prominent
feature is the strong reduction of o.p-n, /m, *b —T, in the
heavily overdoped regime, in spite of an increased hole
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concentration p,&. ' We have interpreted this behavior
in terms of pair-breaking effects that become dominant
with overdoping and thus suppress both T, and the con-
densate density n, . Other interpretations have been sug-
gested' '"' but a consensus interpretation of this
phenomenon is still lacking.

Also shown in Fig. 2 by solid and open symbols are our
data for optimally to overdoped samples of
Y, Ca Ba207 & with the open circles in case of x =0,
solid circles for x =0.03, open triangles for x =0.06,
solid triangles for x =0.13, open squares for x =0.2, and
solid squares for Ybo 7Cao 3Ba& 6Sro 4Cu3o7 &. All these
samples contain CuO chains which provide an additional
contribution to the condensate density (besides that of the
CuO2 planes), once they are nearly fully oxygenated
("plain+ chain samples" ). For these samples p, i, is in-
creased by Ca doping as well as by the oxygenation of the
CuO chains. With higher Ca content the fully oxygenat-
ed samples are, therefore, more heavily overdoped. A
deoxygenation of the CuO chains results in an increase of
T, up to the maximum T, ,„before T, is decreased
again in the underdoped regime. ' ' This enabled us to
study a series of samples with different Ca content, but
each with an optimized doping state p,z in the Cu02

chain filling

0.8-

~ 0.6-
E

0.4-

00
0 2 3

a - n, (0)/m ~* [p.s j

FIG. 2. T, /T, ,„plotted as a function of the low-
temperature depolarization rate o.o for the optimally to heavily
overdoped regime. The typical "boomerang" shaped paths for
the plane-only systems are indicated by the solid lines, the ar-
rows point towards increasing doping, p,h. Data points are
shown by crosses ( X ) for T12Ba2Cu06+z and by solid stars for
Y& „Ca Ba&Cu3062Br, for x =0 and 0.2 (T, =92, 49 K) that
have electronically inactive CuO chains (Ref. 31). The samples
with electronically active planes and chains are shown by (open
circles) Y& Ca„Ba2Cu307 q for x =0 and 0.02 & 5 & 0. 12,
(solid circles) x =0.03 and 0.04 & 6 & 0. 175, {open triangle)
x =0.06 and 5=0.04, (solid triangle) x =0.13 and
0.06&5&0.27, (open square) x =0.20 and 0.04&6&0.38, and
(solid square) for Ybo 7Cao 38a& 6Sro 4Cu307 —$ The dashed lines
and the arrows point towards an increasing oxygen content and

ps' ~

planes (as confirmed by TEP measurements) and, there-
fore, with a different degree of chain filling.

The samples with fully oxygenated CuO chains
(5 (0.25) have significantly higher o o values than the
corresponding "plane-only" samples. The differences be-
tween "plane-only" and "plane+ chain" samples are
clearly related to the final filling of the CuO chains. This
effect becomes obvious in the so-called "90 K plateau" in
oo versus T, for YBa2Cu307 & with 5&0.2. Here the
final filling of the chains nearly coincides with optimum
doping, where the changes in T, are small. This "pla-
teau" in o.

o versus T, around optimum doping disappears
gradually with higher Ca content x and is completely ab-
sent for x =0.2 and x =0.3 where the additional chain
condensate is expected to appear only in the heavily over-
doped regime. ' This so-called "90 K plateau" in o-0

versus T, was regarded as a clear indication for an "ill-
defined" relationship of the pSR-depolarization rate o o to
A, and n, /m, *b. ' Our data, however, show that the addi-
tional contribution to oo-n, /m, 'i, is caused by the super-
conducting condensate in sufficiently long-range-ordered,
metallic CuO chains. ' '

The metallic character of the CuO chains is evidenced
by short nuclear quadrupole resonance (NQR) relaxation
times, field-dependent heat capacity, infrared conduc-
tivity and reAectivity, ' electron energy loss spectrosco-
py (EELS), TEP ' and other dc transport properties.
A pronounced anisotropy due to the CuO chains has
been predicted by band calculations. ' The proximity of
these metallic chains to the intrinsically superconducting
Cu02 planes causes induced superconductivity on the
chains and an accompanying enhancement in the total
condensate density as the carriers in the chains conden-
sate into Cooper pairs.

The superconducting condensate in the CuO chains
has been identified only recently, ' ' ' probably because
it is so rapidly suppressed by any sort of disorder in the
CuO chains. The consequent anisotropy between A,, and
I,& has been observed lately by microwave and far in-
frared measurements on detwinned crystals of fully oxy-
genated Y-123 and Y-124 (Ref. 53) and has also been in-
ferred from pSR studies. ' Very recent measurements of
the jump of the specific on well oxygenated Y-123 single
crystals show that the final filling of the CuO chains is ac-
companied by an increase of the condensation energy.
For a fully oxidized and therefore slightly overdoped
crystal with a reduced T, value the condensation energy
is clearly higher than for a less fully oxidized but optimal-
ly doped sample with T, = T,

It is interesting to note that the additional chain con-
densate does not have a significant inAuence on the criti-
cal temperature T, . This may be seen already from the
"90 K plateau" of YBa2Cu307 & where the condensate
density is drastically increased when the CuO chains are
completely filled, while T, is hardly changed. In Fig. 3
we show the values of T, ,„ for several optimized series
in the system Y i Ca BazCu3 Co„07 &. All these
samples have the same optimal carrier concentration in
the CuQz planes as confirmed by TEP measurements and
the higher their Ca content, the more oxygen deficient
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FIG. 3. The optimal critical temperature T, ,„of the sys-
tems Y& Ca„Ba2Cu3 —y Co~07 z for variable oxygen content
plotted versus the Ca content. The data are shown by (solid
squares) for x =0, 0.03, 0.06, 0.13, 0.16, 0.20, 0.30, and y =0,
(open triangle) for x =0.20 and y =0.05, (open invertex trian-
gle) for x =0.30 and y =0.20. With increasing Ca and Co con-
tent the CuO chains of these optimized samples are more disor-
dered and electronically less active. Shown by a star is T,
for YBa&»Lao 05Cu, 06 &Br„a sample that has completely inac-
tive CuO chains (Ref. 31) but T, =94.5 K.

and disordered are their CuO chains. The additional
doping of Co on the Cu(1) chain site leads to an even
stronger, direct disruption of the ordering of the CuO
chains. Even though T, ,„ is slightly reduced by the Ca
doping, from 94 K for x =0 to 85.5 K for x =0.2 (as
shown by the solid squares), it is increased again with the
additional doping of Co (open symbols). For a sample
YBa, 95Lap p5Cu306 28r„ that has completely inactive
CuO chains, ' the critical temperature is as high as
T, =94.5 K (shown by the star). This shows that the or-
dering of the CuO chains and the consequent formation
of a superconducting condensate in the chains does not
have a pronounced effect on the values of T,

l. Analysis of the chain condensation

The evolution of the chain condensate with the de-
pletion of the CuO chains is displayed in Fig. 4. The
values of era and 5 are shown for the samples with (near-
ly) optimized CuOz planes (T, —T, ,„) but successively
depleted CuO chains. The solid squares indicate slightly
overdoped YBazCu307 & with 6 =0.02, 0.04, and
0.07," the solid circles represent optimally doped
Y, „Ca„Ba2Cu307 b with (x =0, 5=0.13), (x =0.03,
5=0.175), (x =0.06, 5=0.21), (x =0.13, 5=0.27), and
(x =0.2, 5=0.38). The brominated sample
YBa2Cu306 28r (5=0.8) which has inactive CuO chains '

is shown by a star. The open circles represent the results
for TmBazCu3O7 s (see discussion below). With increas-
ing 5 the o.

p values first drop sharply before they saturate
for 5)0.20. The saturation value of around 3.0(1) ps
represents the typical contribution only from the op-

FIG. 4. The low-temperature depolarization rate oo for op-
timally doped Y& Ca Ba2Cu307 z plotted as a function of the
oxygen deficiency, 5. Solid squares indicate slightly overdoped
YBa2Cu307 z for 5=0.02, 0.04, and 0.07 (Ref. 43), solid circles
optimized samples for x =0, 0.03, 0.06, 0.13, and 0.20 and (solid
star) YBa2Cu306 2Br, with T, =92 K. The solid line shows the
6t by Eq. (4) with o '=2.95 ps ', o'"(6~0)=8. 1 ps
[A., =155 nm and Ab(5~0) =80 nm], and P"=5.6 nm.

o',fr= o.~'[o~'+ o'"(1—5)tan '(2b /nf 0"5)] . (4)

Assuming o'0 =2.95 p, s
' as is indicated in Fig. 4 by

the saturation of o.
p for increasing 6, we obtain a reason-

able fit as shown by the solid line. The fitted parameters

timally doped Cu02 planes. Again it becomes obvious
that the chain condensate does not appear until the CuO
chains are sufticiently long-range-ordered and free of dis-
order by oxygen vacancies.

All our experiments have been performed on polycrys-
talline samples where the pSR depolarization rate mea-
sures only an effective penetration depth o.

o
~ A,(0) tr . An

exact theory has been worked out only for systems with
uniaxial anisotropy where k,z= 1.23 A,,b for
y =A,, IA,,b )0.5. Taking the in-plane anisotropy into ac-
count a reasonable approximation should be given by
X,~= 1.23+X.Xb.

Our data are well described by a simple model (see
solid line in Fig. 4). We assume that the condensate in
the chains contributes only to the shielding currents
along the direction of the chains. The measured depolari-
zation rate o.,& then is the geometric mean of the com-
ponents parallel and transverse to the CuO chains
o'~=V crt'(ot"+cr'") with cr~'~ n~'Im~& and
o'"~n,'"/m, 'b. Further, the oxygen vacancies are as-
sumed to be randomly distributed throughout the CuO
chains and to act as scattering centers which results in
the scattering length l'"=b/5. Within a Drude-model,
the reduction in o'" due to such scattering is determined
by the factor (2/m)tan '(2b/n. go"). Since p, b appears to
vary linearly with 5 over a fairly wide range, the con-
centration of chain carriers should be reduced by a factor
of 1 —5 yielding the result:
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are ao"=8. 1 ps ' and go"=5.6 nm. The resulting in-

plane penetration depth exhibits for 5~0 a pronounced
anisotropy with A,, = 155 nm and A, b (5—+0)=80 nm
which is in good agreement with recent results from mi-
crowave measurements. By assuming that for 5~0 all
mobile carriers in both the nearly optimally doped Cu02
planes and in the CuO chains participate in the supercon-
ducting condensate, we derive

mp) 1 2ppI

m, ~ 2p

where we have taken n, '~2p, ~ and n,'"~p,~ =1—2p,~.
Assuming p» =0.16 holes per Cu02 plane in the unit
cell' we find a mass ratio of m~'/m'"=4/3 which is in
good agreement with the experimental and theoretical
predictions.
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2. Comparison with the results from neutron digraction
and Cu NQR-

The suppression of the chain-condensate was described
above by a simplified model, in which the oxygen vacan-
cies are randomly distributed. The ordering of the oxy-
gen atoms and vacancies, however, is likely to be more
complicated. The oxygen may partially occupy the inter-
chain O(5) position or the oxygen vacancies may form
clusters. Techniques like neutron scattering or Cu-NQR
provide additional information on the structural ordering
of the CuO chains that can be compared with our pSR
results for the chain condensate.

Neutron scattering experiments indicate the same oxy-
gen content of 5=0.04 for our fully loaded samples with
different Ca content. For the samples with higher Ca
content, however, the occupancy of the interchain O(5)
position is found to be more pronounced. In Fig. 5 we
show the additional chain contribution to the depolariza-
tion rate 0'" by the same symbols used in Fig. 2. Accord-
ing to Eq. 4 we assumed cr'"= on/oJ" ot", where o—t' was
estimated from the solid line in Fig. 2 for optimally to
overdoped "plane-only" 123 samples. Obviously, the
maximal chain condensate is reduced for higher Ca con-
tent. This reduction parallels the increase of the O(5) oc-
cupancy (see Table I) and demonstrates that the density
of the chain condensate is not only determined by the
overall oxygen content but also by the degree of long-
range order within the CuO chains.

Cu-NQR experiments provide an interesting possibility
to check the local arrangement of the oxygen in the CuO
chains. Due to the different electric field gradients at
Cu(l) sites with two, three, or four oxygen neighbors one
can derive an average length n of the ordered CuO chain
fragments. Liitgemeier et al. observe that the oxygen va-
cancies in (Y, Gd, Tm)-123 tend to cluster, so that empty
and 611ed chain fragments are formed. For 0.3 & 5 & 0.5
the ordered chain fragments extend only over around 10
unit cells (n & 10). For 5 &0.3 a very rapid growth in n is
observed, but for 5 &0.15 and n & 50 it is difficult to esti-
mate the mean length of the ordered chain fragments be-
cause of the few Cu(1) sites with twofold or threefold oxy-
gen coordination. For a direct comparison of the Cu-

FIG. 5. The chain contribution to the pSR depolarization
rate o'" plotted as a function of T, /T, ,„ for optimally and
overdoped "plane + chain" samples. As indicated by Eq. (4) we
assumed cr'"=era/cr~' —o~'. Shown by the same symbols in Fig.
2 are the corresponding uo values. The values for o.~' are taken
from the "boomerang path" (solid line) in Fig. 2 as it is estimat-
ed for "plane-only" Y-123.

TABLE I. Shown for Y&,Ca„Ba,Cu307 z are the Ca con-
tent x, oxygen deficiency 5, occupation of the interchain O(5)
position, occupation of the in-chain O(1) position, and the
@SR-results for the chain contribution to the depolarization rate
0'". The chain contribution 0'" is reduced by an increased oxy-
gen deficiency 5 as well as by a higher occupation of the inter-
chain O(5) position that occurs for higher Ca content.

Ca content
O(5)

occupation
O(1)

occupation o'" [ps ']

0
0.03
0.06
0.10
0.13
0.20

0.07(1)
0.04(1)
0.04(1)
0.04(1)
0.06(1)
0.04(12)

0.03(1)
0.034(1)
0.045(1)
0.053(1)
0.053(1)
0.052(1)

0.90(1)
0.928(1)
0.915(1)
0.907(1)
0.889(1)
0.907(1)

2.5(2)
4.3(2)
3.4(2)

2.5(2)
2.7(2)

NQR values for n (Ref. 33) with our pSR results for o'
we must have correct absolute values of 5, but the con-
ventions for the absolute oxygen contents 5 are likely to
be different. We performed TF-pSR experiments on
three of the samples used for the NQR experiments.
From their position on the solid line in Fig. 4 (shown by
open circles) we estimate the 5 values according to our
convention (shown in Table II). We find good agreement
for the relative differences in the 5 values, but the abso-
lute 5 values are found to be higher than those reported
by Lutgerneier et al. by 0.06

Using this adjustment for 5 the average lengths of the
chain fragments n can be compared with our results for
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0.06
0.08
0.10
0.20
0.25
0.30
0.40

&50
&50
&50

50
30
13
9

2.9(2)
2.2(2)
1.8(2)
0.7(2)
0.5(2)
0.3(2)
0.2(2)

cr'" (see Table II). In spite of the crude assumptions, the
rapid growth of n for 5(0.30 is clearly correlated with
the appearance of a large chain condensate o'". A lower
limit for P" is given by the finding that the chain conden-
sate is absent for n &n '"-10, which implies P )3.8
nm.

The Cu-NQR experiments on NdBa2Cu307 s imply
comparably very short lengths of the ordered chain frag-
ments, even when 5 is small. We have performed a
TF-pSR measurement on such a fully loaded sample.
The result was already shown in Fig. 1 and it exhibits a
o.

o value only slightly higher than expected for a "plane-
only" system. Also shown in Fig. 1 are the results for ful-
ly oxygenated Y& Ca Bao5Sr& 5Cu28Cro207 which in-
dicate that not only oxygen vacancies but also other dis-
ruptions of the long-range ordering in the CuO chains
destroys the chain condensate.

Even though YBa2Cu408 and Y28a4Cu70» z contain
long-range-ordered chains, our pSR results indicate that
the chain condensate is not as well developed as for fully
oxygenated YBa2Cu306 98. The total depolarization rate
for YBa2Cu408 is o.o=3.25 ps ', whereas the typical
value for such a "plane-only" system with underdoped
Cu02 planes (T, =80 K) is about o~'=2. 25 ps '. From
this we derived cr'"=2.44 ps '. For the less underdoped
system Yo 9Cao, BazCu40s ( T, = 87 K) the total depolari-
zation rate is o.o=3.75 ps ' and o. '=2.45 ps ', thus
cr'"=3.3 ps '. For the more underdoped sample
YBa, s5Lao, ~Cu40s ( T, =63 K) we obtain oo=2. 55 ps
and o.~'= 1.75 ps ' which results in o'"= 1.93 ps
These results have to be compared with the values of
o'"=5.3 ps ' for YBazCu306 98 or even with
o'"=8. 1 ps ' when 5=O as is indicated by the fit. The
number of mobile carriers per double CuO chain in the
124 structure should be at least as high as in a fully oxy-
genated single chain of the 123 system. This discrepancy
in the densities of the chain condensate suggests that only
parts of the carriers in the double CuO chains of under-

TABLE II. The oxygen deficiency 8 and Cu-NQR results for
the average length n of ordered chain fragments (Ref. 33) for
(Y,Cd, Im)-123 in comparison with the pSR results for the chain
contribution o'". The first three samples have been investigated
by both the pSR (open circles in Fig. 6) and Cu-NQR (Ref. 33).
For the others o'" was estimated from the @SR-results on com-
parable samples shown in Fig. 6. A correlation between the
chain contribution and the length n of the ordered chain frag-
ments can be seen.

o'" [ps ']

doped 124 contribute to the superconducting condensate.
A less effective proximity coupling between the intrinsi-
cally superconducting Cu02 planes and the intrinsically
normal conducting CuO chains may be caused either by
the underdoped state of the Cu02 planes or by the wider
spacing of the Cu02 bilayers due to the double CuO
chains. Further experiments on YBa& La„Cu307 may
help to resolve this problem.

In conclusion, we 6nd that our pSR experiments
demonstrate the existence of a superconducting conden-
sate in the CuO chains. At present, however, they pro-
vide only some trends and ideas towards the mechanisms
of its development or suppression.

V. SUMMARY

120

100

hains
3)

60

40

20
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op n, (0) /m, b" [ p. s-' ]

FIG. 6. A sketch of the unique relationship between the
low-temperature depolarization rate oo oc n, (0)/m, b and the
critical temperature T, . The solid lines represent the
"boomerang" shaped paths as they are typically observed for
the different plane-only systems. The arrows point towards in-
creasing doping, p,z. The underdoped and the overdoped re-
gime are characterized each by a linear relation
o.o~n, (0)/m, *b ~ T, . The maximal critical temperature T,
of a system determines the maximum value of o.o. The "90 K
plateau" in YBa2Cu307 z for 5(0.25 (shown by the dashed
line) arises due to the additional condensation of the carriers in
the long-range ordered CuO chains (plane+chain samples).
The inset shows the typical dependence of the critical tempera-
ture T, on the doping state of the Cu02 sheets, p,q.

TF-pSR and TEP experiments on polycrystalline high-
T, cuprate superconductors provide clear evidence that
ooo-A, (0),b ~n, ( 0)/m, & is determined in a unique way
by the critical temperature T, and the doping state p,& of
the Cu02 planes. The generic phase diagram is sketched
in Fig. 6. The solid lines are representative of systems
where the Cu02 planes are the only structural element
that contributes to the superconducting condensate
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("plane-only" samples). The arrows point in the direc-
tion of an increasing carrier concentration p,&. Disorder
e8'ects caused by dopant atoms have no significant
inhuence on the pSR-depolarization rate o.o.

The dashed line indicates the so-called "plateau" in o.
o

versus T, as observed in YBazCu307 s for 5&0.2. We
have argued that the increase of o.

o is due to a contribu-
tion of the charge carriers in suKciently long-range-
ordered CuO chains to the superconducting condensate
density. The additional chain condensate also causes en-
larged o.

o values in underdoped Y-124 and Y-247. The
critical temperature T, is hardly affected by the forma-
tion of the chain condensate but seems to be determined
by the intrinsic properties of the CuOz planes. This im-
plies that the condensation of the chain carriers is in-
duced by proximity and charge transfer e8'ects with the
neighboring, intrinsically superconducting Cu02 planes.
Slightest amounts of disorder in the CuO chains lead to a
very rapid suppression of the chain condensate. This ex-
treme sensitivity on disorder accounts for the wide spread
in reported values for the (temperature dependence of
the) condensate density, condensate energy, in-plane an-
isotropy, interlayer coupling, and Aux pinning deduced
from measurements on apparently nearly identical sam-
ples in the "90K plateau" of Y-123. This emphasizes the
need for very accurate characterization of the oxygen
nonstoichiometry and oxygen disorder in oxygenated
123, especially in the case of single crystals which are
difticult and slow to load with oxygen.

Analysis of our data by a model in which the addition-
al chain condensate is mobile just along the chain direc-
tion and suppressed by scattering on randomly distribut-
ed oxygen vacancies yields a chain coherence length of
go" =—5.6 nm and a pronounced in-plane anisotropy for

optimized Y-123 with A,, =150 nm and Ab(5~0)=80
nm.

We compared our pSR data for the chain condensate
with the results from neutron scattering and Cu-NQR
experiments that provide more information on the oxy-
gen ordering in the chains. For higher Ca content the oc-
cupation of the O(5) interchain position is enhanced, and
the chain condensate is correspondingly reduced. In
(Y,Gd, Tm)-123 the oxygen vacancies form clusters, sup-
porting the formation of long-range-ordered chain frag-
ments and, consequently, of a large chain condensate. In
Nd-123, however, the oxygen vacancies are randomly dis-
tributed, the chain fragments are signi6cantly shorter and
the chain condensate is strongly suppressed.

In highly anisotropic cuprate systems, such as
Bi2Sr2CaCu208+&, an unconventional Aux state is formed
even at the lowest temperatures. Therefore, the pSR re-
sults for o.

o do not follow the unique trend and cannot be
interpreted in terms of A,,& and n, /m, b. Already for the
slightly less anisotropic system
Bi, 7Pbo 3Sr2 La Cao 9Cuz08+&, however, the unique
trend is almost recovered.
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