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Absolute values of the London penetration depth in YBa2Cu3O6¿y measured
by zero field ESR spectroscopy on Gd doped single crystals

T. Pereg-Barnea, P. J. Turner, R. Harris, G. K. Mullins, J. S. Bobowski, M. Raudsepp,* Ruixing Liang,
D. A. Bonn, and W. N. Hardy

Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver,
British Columbia, Canada V6T 1Z1

~Received 24 November 2003; published 28 May 2004!

Zero-field electron spin resonance~ESR! of dilute Gd ions substituted for Y in the cuprate superconductor
YBa2Cu3O61y is used as a novel technique for measuring the absolute value of the low-temperature magnetic
penetration depthl(T→0). The Gd ESR spectrum of samples with'1% substitution was obtained with a
broadband microwave technique that measures power absorption bolometrically from 0.5 to 21 GHz. This ESR
spectrum is determined by the crystal field that lifts the level degeneracy of the spin 7/2 Gd31 ion and details
of this spectrum provide information concerning oxygen ordering in the samples. The magnetic penetration
depth is obtained by relating the number of Gd ions exposed to the microwave magnetic field to the frequency-
integrated intensity of the observed ESR transitions. This technique has allowed us to determine precise values

of l for screening currents flowing in the three crystallographic orientations (â, b̂, and ĉ) in samples of
GdxY12xBa2Cu3O61y of three different oxygen contentsy50.993 (Tc589 K), y50.77 (Tc575 K), andy
50.52 (Tc556 K). The in-plane values are found to depart substantially from the widely reported relation
Tc}1/l2.

DOI: 10.1103/PhysRevB.69.184513 PACS number~s!: 74.72.2h, 74.72.Bk, 74.25.Fy, 74.25.Jb
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I. INTRODUCTION

The magnetic penetration depthl figures prominently in
many aspects of superconductivity. It is the length scale o
which an external magnetic field is screened by a superc
ductor in the Meissner state, it sets the size of vortices in
mixed state, and it is a controlling factor in many other pro
erties such as microwave and far infrared absorption.
fundamental importance of the penetration depth is tha
provides a rather direct measure of the superfluid phase s
nessrs}1/l2, or what is often referred to as superfluid de
sity ns /m* 51/m0e2l2, which can be a tensor quantity du
to effects such as an anisotropic effective massm* . In the
cuprates, the dependence ofl on temperatureT and hole
doping have provided major pieces of the cuprate puz
Microwave measurements ofDl(T) at low T revealed a lin-
ear dependence providing some of the first key evidenc
the presence of line nodes in the superconducting gap in
cuprates1 and the temperature dependence ofl(T) nearTc
suggested that the transition is governed by thr
dimensional~3D! XY critical fluctuations.2 Evidence that the
low temperature value of the phase stiffnessrs(T→0) de-
pends linearly onTc , has been obtained from muon sp
relaxation measurements ofl(T).3–5

Accurate and precise measurements of the absolute v
of l(T→0) are particularly important for understanding s
perconductivity in the cuprates, and are critical for bro
studies of doping dependence. Having an absolute valuel
is also crucial in the interpretation of other experiments t
involve superfluid screening, with examples including t
microwave conductivity, the lower critical fieldHC1, and the
conversion of measurements ofDl(T) to the temperature
dependent superfluid density}1/l2(T). However, the abso
lute value ofl has proven to be particularly difficult to mea
0163-1829/2004/69~18!/184513~13!/$22.50 69 1845
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sure. A wide variety of techniques exist for doing so, b
each has important drawbacks that must be acknowled
One class of techniques takes place in the mixed state, p
ing the length scale over which fields decay away from
magnetic vortex.4 Muon spin relaxation (mSR) falls into this
class and suffers from the difficulty that the screening len
scale obtained from a mixed state measurement in relati
high fields can differ from the penetration depth in t
Meissner state because of nonlinear and nonlocal effe4

Vortex state measurements are also unable to directly res
the anisotropy inl in orthorhombic materials because th
screening currents circulate around a vortex. A second c
of techniques measures magnetic flux exclusion from
sample in the Meissner state, essentially by measuring
magnetic susceptibility at dc, radio, or microwav
frequencies.1,6,7 These can precisely determine the tempe
ture dependenceDl(T)5l(T)2l(T0) relative to a base
temperatureT0. However, a measurement of the absolu
value amounts to a comparison between the physical volu
of the sample and a susceptibility determination of the v
ume that is field free, the difference being the small volu
at the surface that is penetrated by the field. Such a meas
ment is most sensitive if the ratio of surface area to volum
large, which can be achieved by working with powde
However, difficulties in aligning powders and modelling th
shape and size distribution of grains introduce substan
uncertainties in the absolute value ofl.8 For a macroscopic
high-quality crystal of a cuprate superconductor, it is nea
impossible to measure sample dimensions precisely eno
to achieve an absolute measurement ofl this way, except in
geometries dominated by the very large values ofl for
screening currents running in theĉ direction.

A very direct measurement of the penetration depth
been achieved by measuring the transmission of low
©2004 The American Physical Society13-1
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quency fields through very thin films using mutual indu
tance techniques. While this is a very sensitive method,
chief drawbacks are the need to work with films and t
difficulty of measuring anisotropy.9 Techniques that can re
solve the anisotropy include far infrared and optical measu
ments that determine the inductive response of the super
at high frequencies.10,11 Such measurements are difficult b
cause of their need for spectra over a very wide freque
range in order to perform Kramers-Kro¨nig transforms and
are also susceptible to error because the measured resp
can also include screening by uncondensed carriers in a
tion to the superfluid. However, this approach can be use
determine the anisotropy ofl simply by polarizing the light
and measuring optical properties along all of the princip
axes. Such infrared determinations of the absolute value ol
at low temperature have been combined with microwa
measurements ofDl(T) to produce the anisotropic 1/l2(T)
in YBa2Cu3O61y at y50.60 and 0.95,14 but it would be far
preferable to have a more direct microwave measurem
that gives the absolute value ofl, measuredon the same
sampleas that used to determine the temperature dep
dence.

This paper describes a microwave technique that dire
measures the small volume near the surface that is field p
etrated in the Meissner state, rather than inferringl from a
measurement of the very large volume that is field free~see
Fig. 1!. We use this technique here to measure the abso
value ofl for all three principal axes in YBa2Cu3O61y . The
key to the method is to embed a randomly distributed l
concentration of magnetic moments in the superconducto
such a way that they will act as local field probes and yet w
minimally affect the transport properties. The magnetic m
ments will serve as a non-interacting spin system wh
electron spin resonance~ESR! spectrum is a sum of one
particle ESR transitions. The energy levels of a single s
are determined by its crystallographic environment, i.e.,
charge distribution around the magnetic ion, and the res

FIG. 1. Schematic drawing of a platelet sample of a superc
ductor having an anisotropic penetration depthl in a uniform ap-
plied microwave magnetic fieldH rf . In the above picture, the field
penetrates a volume determined byla and lc and the crystal di-
mensionsl a, l b, and l c , but contains no contribution fromlb . By
combining measurements where we rotate and cleave the cry
we are able to determine values ofl for all three crystallographic
directions.
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ing susceptibility is that of a single spin multiplied by th
number of spins that participate in the ESR process. If
moments are evenly distributed in the sample, the numbe
spins that participate in the process is proportional to
fraction of the sample’s volume that is exposed to the fie
i.e., the volume within a penetration depth of the surface
order to count the number of spins exposed, we measure
zero field ESR absorption spectrum with a microwave f
quency magnetic field applied perpendicular to the princi
spin axis acting as a small perturbation.

In the next section of this paper we describe the samp
the broadband microwave apparatus, and the measurem
of the apparent microwave surface resistance that ultima
yield values of the penetration depth. The third section
scribes how the theoretical ESR spectrum was calculated
ing an effective crystal field Hamiltonian, which is a nece
sary prerequisite for extractingl. In the fourth section we
examine the issue of oxygen ordering in the CuO chains
YBa2Cu3O61y and comment upon the sensitivity of ou
measurements to this ordering. Finally, we summarize
results and present new values forl in all three directions,
for three different dopings in the YBa2Cu3O61y system.
These results indicate a substantial departure fromTc
}1/l2, the so-called Uemura scaling.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

The objective of this work is to provide accurate measu
ments of the intrinsic absolute value of the magnetic pene
tion depth in the limitT→0. It is well known that impurity
doping can have a strong influence on the low-energy den
of states in ad-wave superconductor,12,13 and for the presen
work care must be taken to ensure that the introduction of
spin-probe impurity does not alterl(T→0). This constrains
the Gd concentrationx, but conversely we wish to maximiz
the amplitude of the ESR response, which scales asx. We
have found a good compromise at a nominal value ox
'1% which results in an easily resolved ESR spectrum
does not significantly alter the intrinsic low-temperatu
properties of the material.

In GdxY12xBa2Cu3O61y , the dopant Gd31 ion substi-
tutes for the Y31 ion which is sandwiched between the tw
CuO2 planes in the YBa2Cu3O61y unit cell that support the
bulk of the electronic transport. The energy cost for cro
substitution of the Gd on the Ba site is prohibitive and su
cation substitution occurs only for the lighter and larg
members of the rare earth series. The ESR spectrum is
termined completely by the crystal field environment of t
Gd31 ion and therefore knowing that there is only one s
for substitution means that changes in the ESR spect
from sample-to-sample can only be due to changes of
oxygen order in the CuO chains. Another important feat
of substitution on the Y site is that the Gd impurities a
expected to be weak~Born! limit quasiparticle scattering
centers as was found to be the case for Ca21 substitution on
the same site.14 Born scatterers have little effect on the s
perfluid density in the low-temperature limit. This is in co
trast, for instance, to the case of the nonmagnetic impu
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ABSOLUTE VALUES OF THE LONDON PENETRATION . . . PHYSICAL REVIEW B69, 184513 ~2004!
Zn21 which substitutesinto the CuO2 plane, and is known to
be strongly pair breaking.

The GdxY12xBa2Cu3O61y samples were grown using
self-flux method in BaZrO3 crucibles as describe
elsewhere.15 The starting materials had at least 99.999 at
purity with the nominal concentration of Gd ions set by t
ratio of oxide precursor substitution Gd2O3:Y2O3. The as-
grown platelet single crystals were mechanically detwinn
annealed in flowing oxygen to set the oxygen content,
given a final anneal at lower temperature for oxygen ord
ing. The annealing parameters have been previously p
lished for the slightly overdoped~nearly full CuO chains,y
50.993) ~Ref. 15! and ortho-II ordered~alternating full and
empty chains,y50.52) ~Ref. 16! crystals. Other ordered
phases at intermediate doping can also be produced
larger chain-ordered superlattices, namely, ortho-III~Ref. 17!
and ortho-VIII~Ref. 18!. Crystals at these doping levels we
produced using procedures very similar to that used to p
duce the ortho-II samples, however the initial temperatu
for setting the oxygen content were different (668 °C
ortho-VIII and 609 °C for ortho-III! as were the final low
temperature annealing temperatures used to establish ox
ordering in the CuO chain layers@35 °C for ortho-VIII (y
50.67) order and 60 °C for ortho-III (y50.77) order#.

A critical parameter in our data analysis is the absol
concentration of Gd ionsx, which was measured usin
electron-probe microanalysis~EPMA!. We used a fully auto-
mated CAMECA SX-50 instrument, operated in th
wavelength-dispersion mode with the following operati
conditions: excitation voltage 15 kV, beam current 20 n
peak count time~240 s for Gd! 20 s, background count tim
10 s each side of peak~120 s for Gd!, spot diameter 5mm.
Data reduction was done using the ‘‘PAP’’f(rZ) method.19

For the elements considered, the following standards, x
lines and crystals were used: Ga3Gd5O12, GdLa, LiF;
YBa2Cu3O6.95, BaLa, PET; YBa2Cu3O6.95, CuKa, LiF;
YBa2Cu3O6.95, OKa, W/Si multilayer dispersion elemen
For the present study, we found it to be important that e
GdxY12xBa2Cu3O61y crystal was examined individually
Because the sample must be embedded in epoxy for EP
this was done following all microwave measurements. Fo
nominal Gd concentration ofx51% in the growth flux, the
resulting concentration in the crystals was found to vary o
the range fromx51.05(0.06)% tox51.37(0.12)%. At least
ten locations were measured on each crystal surface
means of ensuring that the stoichiometry was homogene
In all but one sample, the uniformity was within the statis
cal limitations of the measurement. For one sample it w
necessary to examine 54 different locations covering
crystal surface to map out and take account of a small reg
approximately 5% of the total surface, having an elevated
concentration ofx51.50(0.08)%. Measurements on the c
edges of a 100-mm-thick sample confirmed that there was
gradient through the thickness of the sample. If the Gd c
centration in the melt were to drift with time during th
crystal growth, then a resulting Gd gradient in the crys
would be problematic for the following analysis.

The broadband microwave absorption spectrum~0.5 to 21
18451
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GHz! was measured using a novel spectrometer based
bolometric method of detection, described in det
elsewhere.20 In essence, the single crysta
GdxY12xBa2Cu3O61y sample is exposed to a spatially un
form microwave magnetic field that is amplitude modulat
at low frequency. The corresponding temperature oscillati
of the sample are detected synchronously, and absolute
bration of the thermal stage sensitivity allows us to infer t
magnitude of the power absorbed by the sample. A criti
ingredient of the method is a well-characterized norm
metal reference sample that is mounted on a second the
stage and placed in a symmetric location in the microwa
transmission line. This allows us to monitor the strength
the applied microwave field which varies strongly with fr
quency due to standing waves in the microwave circuit.

At microwave frequencies in the limit of loca
electrodynamics,21 the experimentally measurable quantity
the surface impedanceZs which is related to the complex
conductivitys5s12 is2 via

Zs[Rs1 iXs5A im0v

s12 is2
. ~1!

For a superconductor well-belowTc measured at low fre-
quency, the high superfluid density ensures that the resp
is mainly reactive~i.e., s2@s1) and Eq.~1! simplifies to

Rs~v,T!.
1

2
m0

2v2l3~T!s1~v,T!,

Xs~v,T!.Am0v

s2
5m0vl~T!. ~2!

~The appearance ofl in both of the above expressions hig
lights its important role in determining the conductivity fro
measurements ofRs and Xs .) The power absorption is de
termined by the surface resistanceRs[ReuZsu according to

Pabs5RsE H rf
2 dS, ~3!

whereH rf is the root-mean-square~r.m.s.! magnitude of the
uniform tangential magnetic field at the surfaceS of the
sample. At low temperatures, absorption in a supercondu
is due to quasiparticles thermally excited from the cond
sate, and the study of the quasiparticle conductivity spect
s1(v,T) has been the central focus of other recent work.21,22

In the present case of magnetic impurities in a superc
ductor, the imaginary part of the magnetic susceptibilityx9
provides another mechanism for power absorption. Forma
the magnetic response can be included by a modificatio
the vacuum permeabilitym0 in Eq. ~1! to include a dimen-
sionless complex susceptibilityx, written as m0→m
5m0(11x82 ix9). For the case of a sufficiently low con
centration of magnetic impuritiesx8,x9!1, and the appar-
ent surface impedance expressions can then be rewritte

Rs
app~v,T!.

1

2
m0

2v2l3~T!Fs1~v,T!1
x9~v,T!

m0vl2~T!
G , ~4!
3-3
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Xs
app~v,T!.m0vl~T!A11x8~v,T!.

Thus, a frequency scanned measurement of the power
sorption will provide an apparent surface resistance with t
separate contributions: one from the quasiparticle conduc
ity s1(v,T) and one from the ESR spectrum contained
x9(v,T).

Equation ~4! reveals that a measurement of the surfa
reactance will contain a contribution fromx8(v,T) in addi-
tion to probingl(T). This is evident in the comparison o
our measurements ofDl(T) in pure and Gd doped
YBa2Cu3O6.99, presented in Fig. 2. In fact, at the outset
this work we considered the possibility of fitting the curv
ture arising fromx8(T) in a low-frequency measurement o
Dl(T) as a means of extracting the absolute value ofl.
However, it was decided that this method was not pract
as it lacked the necessary sensitivity and also required kn
ing x8(v,T) a priori. A further complication to this ap-
proach is that it has been well-established that a variety
paramagnetic impurities can generate a low temperature
turn in a low frequencyDl(T) measurement,23 which would
produce systematic errors in the extraction of an abso
value ofl.

Fortunately, the broadband spectroscopy apparatus
vides a means of accessing the ESR spectrum in m
greater detail. Figure 3 shows a measurement ofRs

app(v)
from 0.5 to 21 GHz at 1.3 K for a Gd0.01Y0.99Ba2Cu3O6.99
sample. The quasiparticle absorption spectrum is known
be a slowly varying, monotonically increasing function
frequency, and the sharp ESR absorption lines (Df
,0.5 GHz) are superposed. We have shown previously
the low temperature microwave conductivitys1(v,T) ex-

FIG. 2. Measurements of the temperature-dependent chang
apparent magnetic penetration depthDl(T) performed via cavity
perturbation in a loop-gap resonator operating at 954 MHz. A co
parison between measurements on single crystal samples with
without 1% Gd substituted for Y demonstrates that only below
temperature of;7 K does the contribution from the real part of th
susceptibilityx8(v,T) contribute to the measurement as an uptu
in the apparent penetration depth. Above this temperature, the
trinsic linear dependence ofDl(T) of a cleand-wave supercon-
ductor is recovered.
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tracted from measurements ofRs(v,T) can be interpreted as
that of weak-limit quasiparticle scattering from impurities,22

and here we attribute the small changes in the spectrum
Fig. 3 to a slight increase in scattering due to the increa
density of out-of-plane defects in the Gd doped samples
order to separate the ESR contribution from the quasipart
conductivity, we fit to the smooth background away from t
ESR peaks using a second order polynomial, shown a
solid line in Fig. 3. After subtracting the polynomial, th
remaining quantity is equal to12 m0vlx9(v) @from Eq. ~4!#.
In the subsequent section, we discuss the calculation of
quantity x9(v) from the effective spin Hamiltonian. With
the theoretical curve for the susceptibility of one Gd spin
hand, we are able to fit to the experimentally determin
quantity with an overall multiplicative fit parameterl.

YBa2Cu3O61y single crystals grow naturally as platele
having broadab̂-plane crystal faces and thinĉ-axis dimen-
sions. All of our microwave measurements involve a unifor
radio frequency magnetic fieldH rf applied parallel to the
broad face of the crystal in order to minimize the effects
demagnetization, as shown schematically in Fig. 1. It is a
known that the crystalĉ axis is the principal spin axis of the
Gd ions, so that the ESR response is maximized in this c
figuration. The number of Gd spins that are exposed to
microwave field is governed by the effective penetrati
depthleff and, for our geometry, will always contain contr
butions fromla or lb and lc . In the cuprates, the two-
dimensionality of the CuO2 planes results in a large aniso
ropy in the penetration depthlc@la ,lb for all doping
levels. In practice, this means that despite working with th
crystals having the in-plane dimensionl a,b*10l c , the ĉ-axis

in

-
nd

a

in-

FIG. 3. Broadband microwave absorption measurement o
Gd0.01Y0.99Ba2Cu3O6.99 single crystal sample at 1.3 K. The broad
smooth background is due to quasiparticle absorption and the s
lines are due to ESR transitions. The smooth line is a polynomia
to the background away from the ESR peaks, and is seen to
similar to a sample without Gd. The inset shows that the main E
transition at 14.05 GHz is very well described by a Lorentzian li
shape, shown as a dashed line.
3-4
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contribution toleff can be large. In some cases it was a
necessary to account for a small fractiont of the crystal
which remained twinned~14% at most!, introducing the third
component ofl into the measurement. Sincel is small com-
pared to any crystal dimension, it suffices to use a sim
linearized relation forleff

leff5
l p@~12t !la1tlb#1 l clc

l p1 l c
, ~5!

wherel p is the in-plane crystal dimension parallel to the flo
of diamagnetic screening currents~the geometry is that o
Fig. 1!. Each component ofl can be isolated by combinin
measurements performed on thesame crystalbut with its
geometry altered in a controlled manner as attained by ro
ing and cleaving the crystal. This matter is discussed in de
in the Appendix.

III. THE CRYSTAL FIELD HAMILTONIAN

In this section, the way in which the magnetic penetrat
depth is obtained from our measurements of the ESR abs
tion spectrum is explained. This amounts to the treatmen
a dilute random array of Gd31 ions, each having an electro
spin of S57/2, that contribute to the measured quant
1
2 m0lx9(v). We point out that in this work the small split
ting due to the Gd isotopes with nonzero nuclear spin can
ignored.24 The spectrum is a result of the energy level co
figuration determined by the splitting of the degenerate
spin levels by the crystalline field. Because the spin syste
dilute, it can be described by a noninteracting single-s
effective crystal field~CF! Hamiltonian. The application of a
microwave field, oriented perpendicular to the principal s
axis of the system, is a time-dependent perturbation tha
duces transitions between the spin levels. When the
quency of the applied field is tuned to the splitting betwe
two levels, a maximum in the ESR absorption is observ
The intensity of the transition is found through the applic
tion of Fermi’s golden rule for the two levels that define t
transitionmi andmj , which allows the transition’s contribu
tion to the susceptibility to be written as

x i j9 ~v!5m0

p

\
um i j u2d~v2@Ej2Ei #/\!@Ni2Nj #. ~6!

In this expression, the eigenstatesmi and mj correspond to
the energiesEi andEj . The level occupation number isNi
5N0Z 21exp(2bEi), whereN0 is the number of spins pe
unit volume,Z is the partition function, andb51/kBT is the
inverse temperature. The time dependent perturbation
duced by the microwave fieldH rf is proportional to theSx or
Sy operator and the matrix element between the two state
m i j 5gmB^mj uSx/yumi&, whereg is the Lande´ factor andmB
is the Bohr magneton.

In real materials the ESR transitions are broadened
various relaxation processes such as spin-spin interact
lattice disorder and spin-lattice interactions. This broaden
however, does not change the overall intensity of the E
line, but merely replaces the delta function by some l
shape function~in our case it is close to Lorentzian! whose
18451
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integrated intensity is unity. In the initial stages of this wo
we examined optimally doped (y50.93) crystals having
three different concentrations of Gd ionsx.0.5%, x.1%,
andx.3%. From these measurements, we were able to c
clude that the width of the Lorentzian-shaped ESR pe
(d f 50.35 GHz for x51%) scaled approximately linearly
with the nominal Gd concentrationx, but with a substantial
x50 intercept of about 0.30 GHz. Although we did not pe
form the detailed EPMA analysis to measurex of the nomi-
nally 0.5 and 3 % samples, it seems clear that atx51% there
is a dominant contribution to the broadening that is conc
tration independent. Since a dilute spin-spin interaction
expected to provide a relaxation rate that is linearly prop
tional to the concentration,25 our results suggest that som
other process is responsible for much of the line broaden
The linewidth was also measured in the optimally dop
samples at two different temperatures as shown in Fig
The line widths decrease slightly upon increasing the te
perature from 1 to 3 K, indicating that spin-lattice relaxatio
is not likely to be the dominant process since typical rela
ation mechanisms would be strongly temperature depend
It remains unclear what the main spin relaxation mechan
responsible for the ESR linewidth is here. A final point is th
no power dependence of the spectra were ever observed
verifying that saturation effects were negligible and that t
assumption of thermal equilibrium implicit in the Boltzman
factors used in Eq.~6! is well founded.

For the purpose of extractingl, the quantity of interest is
the effective number of spins exposed to the fieldH rf . This
requires a knowledge of the energy levels, their populat
and the corresponding matrix elements. This in turn requi
knowing the Hamiltonian of the system. The Gd atom h

FIG. 4. The temperature dependence of the ESR line width
1.3 and 3.0 K of an optimally doped GdxY12xBa2Cu3O61y sample
with x50.03, normalized by the height of the 1.3 K peak. Th
G-band has line widths of 0.595 and 0.571 GHz and the F-band
line widths of 0.649 and 0.636 GHz at 1.3 K and 3 K, respective
The line widths in our measurements of 1% Gd samples prese
in this work are widths of 0.25-0.46 GHz at 1.3 K.
3-5
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the electron configuration of@Xe#4 f 75d16s2 and ionization
number of 3 in GdxY12xBa2Cu3O61y . This implies that the
outer shell of the ion remains exactly half filled~seven f
electrons in fourteen states! and the system behaves simila
to a 7/2 spin with no mixing with otherS1L multiplets due
to Hund’s rule. The construction of an effective Hamiltonia
for a spin system is based on the expansion of the cry
field around the magnetic ion in terms of Stevens operat
These are the operator analogues of the spherical harmo
and are functions ofŜ, Ŝz , andŜ6 , given, for example, by
Abragam and Bleaney.25 Due to the lattice symmetries an
the finite spin of the magnetic ion, the expansion reduce
a finite sum of operatorsH5(p,qBq

pOq
p where theBq

p are
numerical coefficients called the crystal field parameters. T

FIG. 5. The energy levels resulting from the effective crys
field Hamiltonian. The levels, from left to right, correspond to
diagonal HamiltonianH}O2

053Sz
22S(S11), a tetragonal Hamil-

tonian, and finally an orthorhombic Hamiltonian withO2
25(S1

2

1S2
2 )/2. The CF parameters shown here are typical for the sam

we have measured, except forB2
2 which has been exaggerated

order to make its effect more visible.
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highest order of Stevens operatorOq
p allowed for a spin of

7/2 in a crystal field is 6 since the matrix elements of t
Stevens operators between two spin states are zero unlep
<2S. The order is restricted to even values by the requi
time reversal symmetry of the Hamiltonian. Furthermore,

ab̂-plane anisotropy is so small that for most purposes

can assumep/2 rotation symmetry about theĉ-axis; orthor-
hombicity is most significant in the overdoped samples.
the case of tetragonal symmetry, the relevant operator
order of significance areO2

0 ,O4
0 ,O4

4, O6
0, andO6

4. The sixth
order terms are difficult to resolve in our measured spe
and we simply adopt those of previous authors.26–28 When
the tetragonal ordering is slightly distorted, as will be d
cussed in the next section, three more Stevens operators
contribute to the Hamiltonian. For the present work, the la
est and only significant one of them isO2

2.
The spin-7/2 system discussed herein has four doubly

generate energy levels with four eigenstates that are rou
the 6Sz eigenstates of theSz operator. The three allowed
ESR transitions correspond toSz→Sz61. Small off-
diagonal terms in the Hamiltonian, such as theOq

2 andOq
4 ,

induce small level mixing that allow the otherwise forbidd
transitions corresponding to65/2→61/2, 67/2→61/2,
and 67/2→63/2 to occur, albeit with relatively low inten
sities. The resulting energy levels for different CF Hamilt
nians are shown in Fig. 5. Due to the oxygen ordering
chains, which we discuss in detail in the next section, m
samples have more than one inequivalent site for the
ions. Therefore, two or three sets of CF parameters
needed to fit the spectrum. Following Ja´nossyet al.,26–28we
label the spectra corresponding to a particular site by a b
index using the notation shown in Fig. 6.

We begin our fitting procedure by first constructing
effective spin Hamiltonian using the measured CF para
eters reported by Ja´nossyet al.26 and then adjusting the pa
rameters to best fit our data. We focus on the main transi
(67/2→65/2 for each band! because it is the strongest an
consequently least susceptible to experimental uncerta
As a final step, a multiplicative factor representing the effe
tive number of spins that have participated in the ESR p
cess is then used to scale the overall amplitude of the m

l

es
ies in the
FIG. 6. Identification of the ESR bands~A,B,D,F,G! attributed to a variety of oxygen configurations, taken from Pekkeret al. ~Ref. 27!.

Figures represent cross sections through the center of a YBCO unit cell~with Gd located on the Y site! parallel to theaĉ plane. Open circles
represent doped holes in the CuO2 planes, black circles represent oxygen in the CuO chains, and diamonds represent oxygen vacanc
CuO chains. The central circle is the Gd ion. Note that the three D-band configurations all result in a single ESR band.
3-6
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FIG. 7. Measured ESR spectra for five dopings with screening currents running along theâ direction, shown together with the spectru
calculated using the CF Hamiltonian. The calculated curve is scaled by an overall multiplicative factor ofleff as explained in the text. The
various spectra were offset by 0.1 from each other and the ortho-I spectrum was scaled down by a factor of 4.
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spectrum to match the measured data. This number is
effective penetration depthleff , combined with the measure
Gd concentrationx in the crystal.

IV. DEPENDENCE OF ESR SPECTRA ON OXYGEN
CONFIGURATION

The presence of a chain layer breaks the tetragonal s
metry and the Stevens operator expansion of the foreg
section is then no longer exact. However, the chains are
from the Gd sites and this effect can be treated as a pe
bation, leading to line broadening or line splitting. Here w
will consider line splitting associated with distinct Gd env
ronments and simply handle the line width as a paramete
a Lorentzian fit. Different types of Gd sites are encounte
because hole doping in this system is controlled by man
lating the oxygen content and ordering of the CuOy chains in
GdxY12xBa2Cu3O61y . The oxygen content is set by annea
ing in controlled oxygen partial pressure at high tempe
tures and then the oxygen ions tend to organize into len
of CuO chain fragments which are able to promote holes
the CuO2 planes.29 The strong tendency to form chain frag
ments means that there are seven probable Gd environm
corresponding to anything from 0 to 4 nearest neigh
chains. These different crystallographic environments h
been identified in ESR experiments on magnetically align
GdxY12xBa2Cu3O61y powders26–28 and are illustrated in
Fig. 6.
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The chains also tend to form ordered periodic super
tices consisting of arrangements of full and empty Cuy

chains. The structures can be particularly well ordered
special values ofy. In the case of full oxygen doping, th
CuO chains are nearly completely full with every Gd io
having four nearest neighbor chains. This results in the s
plest of the spectra observed in the five crystals studied
involves one primary set of CF parameters, denoted thG
band by Ja´nosseyet al., and generates three dominant ES
transitions. A secondary contribution of much lower intens
is also present in these measurements, resulting from a
figuration where one of the four chains is missing an oxyg
denoted the F band. In the overdoped sample, the lar
transition (7/2→5/2) of this latter band is barely discernabl
but as the oxygen concentration is reduced to optimal d
ing, the intensity of the F-band builds, as seen in Fig. 7.

At lower doping, the next best-ordered phase occurs n
y'0.5, where the chains form an ortho-II structure of alt
nating full and empty chains.16 Other ordered phases ar
ortho-III with FFE ~full, full, empty! chains and ortho-VIII
with FFEFFEFE chains. In each of these phases there
more than one possible chain configuration around the
ions. Having detailed spectra at each doping allows us
identify the different bands and fit each spectrum with a
of crystal field parameters for each band. The fittedx9 spec-
tra are shown in Fig. 7. In each spectrum, the relative int
sities of the different bands is a measure of the relative nu
3-7
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ber of Gd ions in each configuration. This information can
used as a measure of the amount of oxygen in the samp

y5
1

4 (
n

nIn , (
n

I n51, ~7!

wheren is the number of full nearest neighbor CuO chains
the band andI n is the observed relative intensity of the lin
associated with a particular band. The oxygen conten
given by 61y. The ESR measured oxygen content vers
the chemically measured content is presented in Fig. 8. N
that the ESR points consistently underestimate the amoun
oxygen in the crystals. This is likely due to the inefficienc
of isolated oxygens in empty chains in promoting a hole in
the CuO2 planes. The above oxygen content analysis
sumes maximal length of chains, i.e., all chains are either
or missing with no isolated oxygens or vacancies. Since
Gd ions are likely to be sensing the presence of cha
through their influence on the charge distribution on t
much nearer CuO2 planes, an isolated oxygen ion hard
affects the crystal field environment since it does not p
mote a hole into the planes.29 Thus a Gd ion near an isolate
oxygen in an otherwise empty chain will experience the cr
tal field of an empty chain. This will lead to an underestima
of the oxygen content, but will not affect the overall countin
of Gd ions.

It is also interesting to note that the ESR analysis provid
a good measure of the chain disorder. For example, per
three-dimensional ortho-II ordering should produce only o
band, corresponding to two full chains, the D band. Ho
ever, our ortho-II spectrum displays two additional ban
~the B and F bands! resulting from imperfections in the

FIG. 8. Ordered oxygen content as measured by ESR vs
total oxygen content of the sample. The solid circles are taken fr
Pekkeret al. ~Ref. 27! (ytotal determined by weighing the sample!
and the open diamonds are the values obtained from the pre
work (ytotal determined by the annealing temperature and oxyg
partial pressure!.
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ortho-II ordering.16 These deviations can be interpreted
ortho-II phase boundaries. Our ortho-III and ortho-VIII spe
tra are consistent with long range ortho-III and ortho-V
order along theab̂ plane but random stacking along theĉ
direction.

V. RESULTS

We have performed detailed measurements of the ZF E
absorption spectrum in high quality samples
Gd0.01Y0.99Ba2Cu3O61y at five different values ofy. As
noted above, four of these are chosen to be in ranges
particularly well-ordered CuO chain structures, denoted
the periodicity of their chain superlattices~ortho-
I,II,III,VIII !. The optimally doped sample, with the max
mum attainableTc of 93 K (y50.93) is also in the ortho-I
phase, but has a substantial number of oxygen vacancie
the chains. The ESR spectrum at each doping was fitted
a spectrum generated by an effective CF Hamiltonian, w
initial guesses for the CF parameters taken from Rock
baueret al.28 Subsequently, the CF parameters were adjus
to best describe our measured spectra, and the best fit va
are presented in Table I. The evolution of the dominant
parameter (B2

0) as a function of the ESR measured oxyg
content is shown in Fig. 9. The values and systematic tre
of our fit values compare well to those of the convention
ESR studies on powders.26–28

The ESR spectrum is a sensitive probe of the crysta
graphic structure and the crystal symmetry in particular. T
high sensitivity is demonstrated at its best in the spectrum
our overdoped sample. This is the most ordered and m
orthorhombic phase, with four full CuO chains around virt
ally every Gd ion. The lines are very sharp and the m
band G corresponds to 96% of the total spectral weight.
seen in Fig. 10, the orthorhombicity of the crystal is ma
fested as an additional line in the spectrum that appears
when the measurement is performed with screening curr
flowing along theb̂ direction. The spectra for both direction
can be fit with a single set of CF parameters by introduc
an orthorhombic term in the CF Hamiltonian. This term
B2

2O2
2, whereB2

2 is the measured coefficient andO2
25(S1

2

1S2
2 )/25(Sx

22Sy
2)/2. The inclusion of this term allows the

otherwise forbidden transitions of65/2→61/2 only when
the magnetic field is applied in theâ direction, and reveals
the slight orthorhombicity of the crystal~the difference be-
tween theâ and b̂ dimensions of the unit cell is less tha
2%!.

The measured ortho-III spectrum is indicative of som
disorder in the chain structure. First, the substantial amo
of spectral weight in the F band, which corresponds to th
full chains, indicates that even if the ordering is perfect in t
planes, the stacking along theĉ direction is disordered, i.e.
that the ortho-III structure may shift between adjacent ch
layers. Second, we find that each ESR peak is compose
two closely spaced lines that together produce a n
Lorentzian shape. Since the measured ESR oxygen lev
consistent with the other crystals~seeytotal50.77 in Fig. 8!,
we are confident in the band identification and do not int

he
m

ent
n
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ABSOLUTE VALUES OF THE LONDON PENETRATION . . . PHYSICAL REVIEW B69, 184513 ~2004!
pret the minor splitting as a change of chain configurati
The splitting implies a small variation of CF paramete
within the same band. This might be the result of inhomoge
neity in the oxygen concentration, which is consistent with
measured transition temperature broadeningDTc'1 K.
However, we do not think that the sample is macroscopica
phase separated since the line shapes were not affecte
cleaving the sample into smaller pieces.

Our ortho-II spectra suggest fairly good ordering with
the chain layers with a somewhat shorter correlation len
in the ĉ direction. This is in agreement with x-ray analysis.16

The extraction oflc in this sample was done by comparin
two measurements in theâ direction, where the first mea
surement was done on the whole sample and the second
on two pieces resulting from a cleave along theb̂ direction.
The effective penetration depthleff was observed to increas
by about 210 nm due to the introduction of two more sam
bĉ faces, where currents flow along theĉ direction.

We have obtained enough data in order to reliably extr
the absolute values of the penetration depth in all three c
tallographic directions for three of the five doping leve
studied: fully doped, ortho-II, and ortho-III. Our measur
ments at the remaining two doping levels were made us
samples that were not amenable to the cleaving proced
required to extract absolute values ofl. Our final results for

FIG. 9. The oxygen doping evolution of the main CF parame
B2

0 in MHz for the different bands. The open symbols are tak
from Rockenbaueret al. ~Ref. 28! and the stars are the ZF ESR be
fit values. For the ortho-III sample, where more than one set of
parameters was found for each line, we show the values close
the previously measured ones.
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l were derived as described in the previous sections with
emphasis on performing enough measurements on the s
sample in order to eliminate sample-dependent effects an
overdetermine the values ofl for error control. The penetra-
tion depth results are presented in Table II. The error e
mates account for uncertainties arising from measureme
of the sample dimensions, calibration of the microwave a
sorption experiment,20 and the estimation of the ESR fit pa
rameters. Since the extraction of the penetration depth in
three crystallographic directions depends sensitively on
sample’s dimensions, it is important to work with crysta
that have smooth parallel well defined faces whose are
easy to measure. This was most easily achieved by choo
a single sample having a nice platelet geometry for ea
doping. If we restrict our analysis to measurements made
the same crystal where the geometry of the sample can
altered in a controlled fashion by cleaving, we obtain a hi
degree of internal consistency between different measu
ments. In all cases we performed an extra measurement
overdetermines the penetration depth values and fo
agreement ranging from 0.5 to 6 %. In the case of t
ortho-II doping we measured a second sample having a 3
higher Gd concentration, and the results agreed to wit
12% of the first sample. The high reproducibility of our me
surements is demonstrated in Fig. 11 where we present

r
n

F
to

FIG. 10. The oxygen-overdoped Gd0.01Y0.99Ba2Cu3O6.993

sample ESR absorption spectra in theâ andb̂ directions. Theb̂-axis
data were offset by 25 nm for clarity. The orthorhombicity of th
crystal lattice is apparent in the appearance of an additional E

line at 6.9 GHz when the screening currents flow in theb̂ direction.
This line corresponds to the61/2→65/2 transition that is allowed

along theb̂ direction, generated by the orthorhombic Stevens o
eratorB2

25(Sx
22Sy

2)/2. This same line appears with suppressed

tensity in theâ direction due to a small fraction of twinning in the
sample. The observed spectrum indicates a predominance o
G-band oxygen configuration, as expected for a fully doped sam
with a 4% contribution from the F band. For comparison, note t
the F-band contribution in the optimally doped sample shown
Fig. 7 is much larger as a result of the lower oxygen content.
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TABLE I. Crystal field parameters for the various ESR bands for different oxygen contents of Gd0.01Y0.99Ba2Cu3O61y , given in MHz.
The Gd% in brackets indicates the relative substitution of Gd for Y. The CF parameters measured by Rockenbaueret al. ~Ref. 28! in
conventional ESR on powder samples are given in brackets, and at each doping we have taken values from the nearest doping m
these authors. The values ofB6

0 andB6
4 could not be resolved from our spectra and we simply adopt the values of Rockenbaueret al. The

transition frequencies, shown in GHz, were found either directly from the observed lines or by the fit Hamiltonian~when the lines were
unobservable!. The ortho-III spectrum required more than one set of CF parameters for each band due to further line splitting of u
origin, which may be related to oxygen inhomogeneity.

Sample Band Intensity B2
0 B2

2 B4
0 B4

4 7/2→5/2 3/2→5/2 1/2→3/2
~Gd%! ~MHz! ~MHz! ~MHz! ~MHz! ~GHz! ~GHz! ~GHz!

ortho-I G band 96% 2587 (2598) 26.7 (2) 23.1 (23.1) 12.5~13.2! 14.0 5.8 1.12
(1.0860.06) F band 4% 2526 (2541) 26.7 (2) 23.1 (23.1) 12.5~17.2! 12.9 5.0 0.9

optimal G band 75% 2590(2598) 0 23.1 (23.1) 12.7~13.2! 14.04 5.86 1.05
(1.2860.02) F band 25% 2533(2541) 0 23.1 (23.1) 12.5~17.2! 13.02 5.2

ortho-III G band 21% 2617,2604,2585(2598) 30 (2) 23.0 (23.1) 12.5~13.1! 14.4,14.1 6.13,6.03 1.4,1.3
(1.0260.05) F band 56% 2533,2517 (2541) 6.7 (2) 23.5 (23.1) 17.1~17.2! 13.3,13.0 5.4,5.45 0.2,0.3

D band 23% 2481,2475 (2497) 26.7 (2) 23.1 (23.1) 14.6~14.7! 12.1,11.9 4.7,4.6 0.6

ortho-VIII G band 2% 2630 (2598) 1.6 (2) 22.5 (23.1) 9 ~13.1! 14.2 6.3 1.9
(1.3860.1) F band 36% 2549 (2541) 1.6 (2) 23.0 (23.1) 12.5~17.2! 13.2 5.5 0.8

D band 62% 2497 (2497) 1.6 (2) 23.1 (23.1) 12.5~14.7! 12.3 4.9 0.8

ortho-II F band 4% 2560 (2541) 5 (2) 23.1 (23.1) 17.2~17.2! 13.4 5.8 0.8
(1.0860.06) D band 81% 2502 (2497) 5 (2) 23.2 (23.1) 14.7~14.7! 12.5 5.0 0.4

B band 15% 2437 (2445) 5 (2) 23.2 (23.1) 15.5~17.2! 11.2 4.5 0.2
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for the same crystal before and after cleaving the sam
Despite changing the aspect ratio of the crystal by appr
mately 50%, the spectra are identical, modulo the ove
multiplicative factor ofleff .

VI. DISCUSSION

The results presented here have impact in two areas. F
we have provided detailed information about t
GdxY12xBa2Cu3O61y system, namely, the crystal field pa
rameters at the yttrium site and the way in which oxyg
orders into CuO chains. We have shown that our crystal fi
parameters agree very well with those obtained by previ
authors using the completely different method of high fie
ESR on powdered samples. Our results also support the
clusions of the same work which found that isolated oxyg
in vacant chains do not influence the CF configurat
around the magnetic ion and therefore cannot be dis
18451
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guished from a vacant chain via ESR spectroscopy. This i
accord with the fact that isolated oxygens do not prom
holes from the copper-oxygen planes.29

The principal result of this work is a set of values for th
penetration depth in all three crystallographic directions
three oxygen-ordered phases of YBa2Cu3O61y which are

summarized in Table II. Theĉ-axis penetration depth is larg
and increases very rapidly with decreasing doping, as
served previously in infrared measurements oflc by Homes
et al.10 The in-plane measurements are in accord with
results of Sonieret al.4,30 who performedmSR measure-
ments on mosaics of high-purity, detwinned single crystals
two other oxygen dopings. The muon measurements are
able to directly determine anisotropies, but they comp
well with the geometric mean of theab̂-plane values re-
ported here. A sample of YBa2Cu3O6.60 with Tc559 K was
found to havelab5170 nm,30 very close to the geometric
ts of
ving. The
cel when
TABLE II. Experimental values of the anisotropic magnetic penetration depth extracted from four or more different measuremenleff

on the same crystal, with the microwave field applied in different directions and for different sample aspect ratios achieved by clea
uncertainty in the ansisotropy is reduced since some of the systematic contributions to the uncertainty in absolute value can
comparing measurements on the same sample.

Crystal structure Tc~K! Oxygen content la~nm! lb~nm! la /lb lc~nm!

Ortho-I 89 6.995 10368 8065 1.2960.07 635650
Ortho-III 75 6.77 135613 116612 1.1660.12 20686200
Ortho-II 56 6.52 202622 140628 1.4460.26 75006480
3-10
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FIG. 11. The main ESR line65/2→67/2 in ortho-I, ortho-III, and ortho-II. In each figure we overlay three or four measurements o

same crystal in theâ and b̂ directions, before and after cleaving the sample. Each graph has been scaled by the effective penetrati
leff of the particular measurement so that onlyx9 is presented. The changes inleff are due to the different aspect ratios of the crystal bef
and after the cleave and the different orientations of measurements.
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meanAlalb5168626 nm of theTc556 K sample studied
here. An optimally doped sample of YBa2Cu3O6.95 with Tc
593 K hadlab5112 nm,4 which lies between the means o
the Tc575 K sample (125612 nm) and the overdopedTc
589 K sample (9166 nm) studied here. The agreement r
flects the particular care taken in thesemSR measurements t
cover a wide range of applied magnetic fields in order
ascertain the low field limiting values and thus minimize t
nonlinear, nonlocal, and other effects that can arise in
vortex state. It must also be noted that themSR measure-
ments hinge on a detailed model of the vortex lattice t
provides a fit to the field distribution detected by the muo

These absolute values of penetration depth obtaine
single crystals are smaller than many measurements foun
the existing literature on YBa2Cu3O61y . Magnetization
studies of aligned powders by Panagopouloset al.8 gave 140
nm for Tc592, 210 nm forTc566 and 280 nm forTc556
~all 625%), which are longer than the values presen
here. The origin of this discrepancy is not clear, but might
due to assumptions made in the analysis of the powder
or problems with the surfaces of grains embedded in ep
Our absolute values ofla andlb are also smaller than thos
obtained by far infrared measurements near optimal dopi11

(la5160 nm,lb5100 nm). However, the infrared mea
surements did point out the importance of the in-plane
isotropy in these materials, an anisotropy that becomes
large in the YBa2Cu3O6.99 sample studied here. This aniso
ropy has been attributed to the presence of a nearly o
dimensional Fermi sheet derived mainly from the bands
sociated with the CuO chains.31 Although mSR meas-
urements cannot directly measure this anisotropy, Ta
et al.32 also inferred such a contribution by noting the ve
large increase in muon depolarization rates as the chain
gen sites become filled near YBa2Cu3O7. The interpretation
of the polycrystalline data suggested values ofla5155 nm
and lb580 nm for samples with fully doped CuO chain
which overestimates both the overall magnitude and the
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isotropy of the in-plane penetration depth. However, the
sic picture of chain-driven anisotropy is supported by o
new microwave measurements, which also show substa
anisotropy in the ortho-II ordered sample, but rather less
the ortho-III sample, a sensible trend since the ortho-III
dering is much poorer, leading to more fragmented chain

Much of the work on the doping dependence oflab has
relied on muon spin relaxation measurements on polycrys
line samples. In these measurements, the field inhomogen
in the vortex state gives rise to dephasing of the preces
spins of implanted muons. A Gaussian fit is often used
extract a relaxation rates which is deemed proportional to
1/l2. As long as the material is nearly two dimensional, t
constant of proportionality can be calculated to bes57.09
3104l22, with s in ms21 and l in nm.33,34 In the
YBa2Cu3O61y system, this very simple treatment of muo
data gives values oflab that are typically 20% or more
larger than the single crystal data reported here.3,33,35,36The
resulting underestimate of the superfluid density, toget
with the problematicab̂-plane anisotropy, mean that th
single crystal penetration depths reported here can offe
clearer picture of the doping dependence of the superfl
density in the CuO2 planes.

Figure 12 displaysTc versus 1/l2, a plot first suggested
by Uemuraet al.3 A long-accepted result has been a line
relationship between these two quantities at low doping,
lowed by a plateau at higher doping that varies from o
cuprate system to another, inferred mainly frommSR mea-
surements on ceramics.3 The data in Fig. 12 confirms the
overall feature that 1/l2 increases withTc . However, the
linear regime at low doping, which implied a superflu
phase stiffness proportional toTc on the underdoped side o
the cuprate phase diagram, is not supported by the new
presented here, at least forTc>56 K. The measurements o
YBa2Cu3O6.993, which is slightly past optimal doping, ar
certainly up in the ‘‘plateau’’ regime for this material an
would not be expected to followTc}1/l2. However, even
3-11
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for the lower two dopings withTc556 K andTc575 K the
â-axis phase stiffness, which avoids contributions associa
with the CuO chains, is still far from a relationship of th
form Tc}1/la

2 . The plot instead suggests a sublinear dep
dence ofTc on 1/la

2 , sinceTc must fall to zero when 1/l2

does. Further data at low doping will be needed to clarify
relationship over the entire doping range. Interestingly,
latest muon spin relaxation studies by Tallonet al.36 also
suggest a sublinear relationship, although the values ofl in
that study are significantly larger than the single crystal d
presented here. In the past,Tc}1/l2 has been seen as ev
dence that phase fluctuations play a central role in settingTc
on the underdoped side of the cuprate phase diagram.37 In-
deed, the relatively low values of phase stiffness in the
prates, plus the observation of critical fluctuations near
superconducting transistion,38,39 do indicate that phase fluc
tuations play a role in determiningTc . However, the devia-
tion from a linear relationship seen in Fig. 12 suggests t
other factors must also contribute to the critical temperatu
The obvious candidate is thermal excitation of nod
quasiparticles,40–42 which give rise to the linear temperatu
dependence ofl(T) and rapidly deplete the superfluid de
sity as temperature rises. However, the central puzzle reg
ing the correlation between superfluid density andTc still
remains in such a scenario. As the doping decreases, the
temperature value of the superfluid density becomes m
smaller, so that it becomes easy for quasiparticle excitati
in addition to fluctuations, to drive the material normal a
lower Tc . The mystery still lies in understanding why th

FIG. 12. Measurements of the in-plane anisotropic absolute p
etration depthl in YBa2Cu3O61y for y50.52, y50.77, andy
50.995 plotted asTc versus superfluid phase stiffness (}1/l2).
Also shown are themSR measurements of Sonieret al. on single
crystal mosaics. The data do not support a case for scaling oTc

}1/la
2 in this doping range aboveTc556 K.
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superfluid density becomes so small with decreasing h
doping.
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APPENDIX: EXTRACTING ANISOTROPIC l VALUES
FROM MULTIPLE MEASUREMENTS

YBa2Cu3O61y single crystals have strong natural clea
planes perpendicular to both the@100# and @010# directions.
Using this fact, previous studies of the temperature dep
dence ofl have been successful at separating the out
plane response from the in-plane response by measuri
sample, cleaving itN times, and then repeating the measu
ment with all of the pieces together. The second meas
ment contains the same in-plane contribution, but has
ĉ-axis contribution enhanced by a factor ofN.21 For practical
reasons, in the present work it was not possible to mea
all of the crystal fragments together following cleaving in a
cases, instead we successively measured each crystal
reducing the in-plane area. Theĉ-axis thicknessl c of the
crystal was unchanged for all measurements, but the m
surement ofl c retains the largest relative uncertainty becau
l c! l ab . Since lc is also rather large, care must be tak
when combining measurements in order to minimize the
pact of the large relative uncertainty in the quantityl clc in
Eq. ~5!. The method we use here is to combine measu
ments of thesame crystalin both â-axis andb̂-axis direc-
tions before and after cleaving where the crystal’s asp
ratio has changed by approximately 50%, providing an ov
determination of the three unknownl values. For example
before and after cleaving the sample we measure

leff
a 5

l a@~12t !la1tlb#1 l clc

l a1 l c

leff
b 5

l b@ tla1~12t !lb#1 l clc

l b1 l c

which sum to give

l a1 l c

l a
leff

a 1
l b1 l c

l b
leff

b 5la1lb1S l c

l a
1

l c

l b
Dlc . ~A1!

A second measurement with new dimensionsl a8 and l b8 pro-
vide a second expression having the same form as Eq.~A1!,
and subtracting the two eliminatesla andlb , leaving only
lc in terms of measured quantities. The values ofla andlb
are then calculated from the above expressions.

n-
3-12
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