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Zero-field electron spin resonan®SR) of dilute Gd ions substituted for Y in the cuprate superconductor
YBa,Cu;0s.. is used as a novel technique for measuring the absolute value of the low-temperature magnetic
penetration deptih(T—0). The Gd ESR spectrum of samples wittl % 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 ¥/2dbdand 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 N for screening currents flowing in the three crystallographic orientatiémsf)( and 6) in samples of
Gd,Y;_,Ba,Cu;0q,., of three different oxygen contenys=0.993 (T.=89 K), y=0.77 (T.=75 K), andy
=0.52 (T,=56 K). The in-plane values are found to depart substantially from the widely reported relation
T 12,
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[. INTRODUCTION sure. A wide variety of techniques exist for doing so, but
each has important drawbacks that must be acknowledged.
The magnetic penetration depthfigures prominently in  One class of techniques takes place in the mixed state, prob-
many aspects of superconductivity. It is the length scale oveing the length scale over which fields decay away from a
which an external magnetic field is screened by a supercormagnetic vortexX.Muon spin relaxation £SR) falls into this
ductor in the Meissner state, it sets the size of vortices in thelass and suffers from the difficulty that the screening length
mixed state, and it is a controlling factor in many other prop-scale obtained from a mixed state measurement in relatively
erties such as microwave and far infrared absorption. Thaigh fields can differ from the penetration depth in the
fundamental importance of the penetration depth is that iMeissner state because of nonlinear and nonlocal eftects.
provides a rather direct measure of the superfluid phase stiffifortex state measurements are also unable to directly resolve
nessps>1/\?, or what is often referred to as superfluid den-the anisotropy in\ in orthorhombic materials because the
sity ng/m* = 1/ue®\?, which can be a tensor quantity due screening currents circulate around a vortex. A second class
to effects such as an anisotropic effective mags In the  of techniques measures magnetic flux exclusion from a
cuprates, the dependence Jfon temperaturel and hole sample in the Meissner state, essentially by measuring the
doping have provided major pieces of the cuprate puzzlemagnetic susceptibility at dc, radio, or microwave
Microwave measurements af\ (T) at low T revealed a lin-  frequencies:®’ These can precisely determine the tempera-
ear dependence providing some of the first key evidence dtire dependencé\(T)=\(T)—\(T,) relative to a base
the presence of line nodes in the superconducting gap in tHemperatureT,. However, a measurement of the absolute
cuprate$ and the temperature dependencen¢T) nearT,  Vvalue amounts to a comparison between the physical volume
suggested that the transition is governed by threeof the sample and a susceptibility determination of the vol-
dimensional3D) XY critical fluctuations> Evidence that the ume that is field free, the difference being the small volume
low temperature value of the phase stiffnggéT—0) de-  atthe surface that is penetrated by the field. Such a measure-
pends linearly onT., has been obtained from muon spin ment is most sensitive if the ratio of surface area to volume is
relaxation measurements n{T).>™> large, which can be achieved by working with powders.
Accurate and precise measurements of the absolute valdgowever, difficulties in aligning powders and modelling the
of A\(T—0) are particularly important for understanding su-shape and size distribution of grains introduce substantial
perconductivity in the cuprates, and are critical for broaduncertainties in the absolute value)f® For a macroscopic
studies of doping dependence. Having an absolute valie of high-quality crystal of a cuprate superconductor, it is nearly
is also crucial in the interpretation of other experiments thatmpossible to measure sample dimensions precisely enough
involve superfluid screening, with examples including theto achieve an absolute measuremenk dhis way, except in
microwave conductivity, the lower critical fieldc;, and the ~ geometries dominated by the very large valueshofor
conversion of measurements Af(T) to the temperature- screening currents running in tieedirection.
dependent superfluid densityl/\%(T). However, the abso- A very direct measurement of the penetration depth has
lute value ofn has proven to be particularly difficult to mea- been achieved by measuring the transmission of low fre-
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ing susceptibility is that of a single spin multiplied by the

A number of spins that participate in the ESR process. If the
l moments are evenly distributed in the sample, the number of
- / spins that participate in the process is proportional to the

e - A E fraction of the sample’s volume that is exposed to the field,

/ - I / i.e., the volume within a penetration depth of the surface. In
/ - - 4 order to count the number of spins exposed, we measure the

- - zero field ESR absorption spectrum with a microwave fre-

iy 1 ) / quency magnetic field applied perpendicular to the principal

spin axis acting as a small perturbation.
) Z A, ) / p g p

In the next section of this paper we describe the samples,
the broadband microwave apparatus, and the measurements
of the apparent microwave surface resistance that ultimately

FIG. 1. Schematic drawing of a platelet sample of a superconyield values of the penetration depth. The third section de-
ductor having an anisotropic penetration deptin a uniform ap-  Scribes how the theoretical ESR spectrum was calculated us-
plied microwave magnetic fieldl ;. In the above picture, the field ing an effective crystal field Hamiltonian, which is a neces-
penetrates a volume determined by and A, and the crystal di- sary prerequisite for extracting. In the fourth section we
mensiond ,, I, andl, but contains no contribution from, . By examine the issue of oxygen ordering in the CuO chains of
combining measurements where we rotate and cleave the nyStaKBaZCLhOGer and comment upon the sensitivity of our
we are able to determine valuesoffor all three crystallographic  measurements to this ordering. Finally, we summarize our
directions. results and present new values foiin all three directions,

for three different dopings in the YB&uU;Og,, System.
quency fields through very thin films using mutual induc- These results indicate a substantial departure from
tance techniques. While this is a very sensitive method, its" 1A%, the so-called Uemura scaling.
chief drawbacks are the need to work with films and the
difficulty of measuring anisotrop%/.'l'echniques that can re- Il. SAMPLE PREPARATION AND EXPERIMENTAL
solve the anisotropy include far infrared and optical measure- TECHNIQUES
ments that determine the inductive response of the superfluid
at high frequencie¥?!* Such measurements are difficult be- ~ The objective of this work is to provide accurate measure-
cause of their need for spectra over a very wide frequencynents of the intrinsic absolute value of the magnetic penetra-
range in order to perform Kramers-Kuig transforms and tion depth in the limitT—0. It is well known that impurity
are also susceptible to error because the measured respomlging can have a strong influence on the low-energy density
can also include screening by uncondensed carriers in addif states in al-wave superconductdf;**and for the present
tion to the superfluid. However, this approach can be used teork care must be taken to ensure that the introduction of the
determine the anisotropy af simply by polarizing the light spin-probe impurity does not alta{T—0). This constrains
and measuring optical properties along all of the principathe Gd concentratior, but conversely we wish to maximize
axes. Such infrared determinations of the absolute value of the amplitude of the ESR response, which scales. a&e
at low temperature have been combined with microwavéhave found a good compromise at a nominal valuexof
measurements af\(T) to produce the anisotropicX7(T) ~1% which results in an easily resolved ESR spectrum and
in YBa,CuzOg,y aty=0.60 and 0.98% but it would be far does not significantly alter the intrinsic low-temperature
preferable to have a more direct microwave measuremergroperties of the material.

that gives the absolute value af measuredn the same In Gd,Y; ,BaCu30g.y, the dopant Gt ion substi-
sampleas that used to determine the temperature depenutes for the ¥* ion which is sandwiched between the two
dence. CuG, planes in the YBzCu;Og,y unit cell that support the

This paper describes a microwave technique that directipulk of the electronic transport. The energy cost for cross
measures the small volume near the surface that is field pesubstitution of the Gd on the Ba site is prohibitive and such
etrated in the Meissner state, rather than infertiinffom a  cation substitution occurs only for the lighter and larger
measurement of the very large volume that is field fieme  members of the rare earth series. The ESR spectrum is de-
Fig. 1. We use this technique here to measure the absolutiermined completely by the crystal field environment of the
value of\ for all three principal axes in YB&U;Og . The Gd®* ion and therefore knowing that there is only one site
key to the method is to embed a randomly distributed lowfor substitution means that changes in the ESR spectrum
concentration of magnetic moments in the superconductor ifrom sample-to-sample can only be due to changes of the
such a way that they will act as local field probes and yet willoxygen order in the CuO chains. Another important feature
minimally affect the transport properties. The magnetic mo-of substitution on the Y site is that the Gd impurities are
ments will serve as a non-interacting spin system whosexpected to be weakBorn) limit quasiparticle scattering
electron spin resonand&SR) spectrum is a sum of one- centers as was found to be the case fof ‘Csubstitution on
particle ESR transitions. The energy levels of a single spirthe same sité* Born scatterers have little effect on the su-
are determined by its crystallographic environment, i.e., theerfluid density in the low-temperature limit. This is in con-
charge distribution around the magnetic ion, and the resulttrast, for instance, to the case of the nonmagnetic impurity
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Zn?* which substitutednto the CuQ plane, and is known to  GH2z) was measured using a novel spectrometer based on a
be strongly pair breaking. boIometric0 method of detection, described in detail
The GdY,; ,BaCu;0s,, Samples were grown using a elsewheré! In essence, the  single _ crystql
self-flux method in Bazr@ crucibles as described G%Y1-xB&CUsOs., sample is exposed to a spatially uni-
elsewheré® The starting materials had at least 99.999 at. of0'm microwave magnetic field that is amplitude modulated
purity with the nominal concentration of Gd ions set by theal low frequency. The corresponding temperature oscnlatlons:
ratio of oxide precursor substitution @@ :Y,0,. The as- of the sample are detected synchronously, and absolute cali-

grown platelet single crystals were mechanically detwinnedbr‘r’mo.n of the thermal stage sensitivity allows us to mfer_ '_[he
annealed in flowing oxygen to set the oxygen content ant:rlnalganU(]le of the power ab_sorbed by the sam_ple. A critical

: final | at | i ture f ,d ingredient of the method is a well-characterized normal-
given a final anneaj at lower lemperature 1or OXygen Orderi, iy reference sample that is mounted on a second thermal

ing. The annealing parameters have been previously pulyi,qe and placed in a symmetric location in the microwave
lished for the slightly overdopethearly full CuO chainsy  {ransmission line. This allows us to monitor the strength of
=0.993) (Ref. 13 and ortho-Il orderedalternating full and  the applied microwave field which varies strongly with fre-
empty chainsy=0.52) (Ref. 16 crystals. Other ordered quency due to standing waves in the microwave circuit.
phases at intermediate doping can also be produced with At microwave frequencies in the limit of local
larger chain-ordered superlattices, namely, orthdREf. 17 electrodynamicé! the experimentally measurable quantity is
and ortho-VIlII(Ref. 18. Crystals at these doping levels were the surface impedancg, which is related to the complex
produced using procedures very similar to that used to proeonductivity o= o, —io, via
duce the ortho-1l samples, however the initial temperatures
for setting the oxygen content were different (668 °C for . Y i Low
ortho-VIIl and 609 °C for ortho-Ill as were the final low Z=RsFiXs=
temperature annealing temperatures used to establish oxygen
ordering in the CuO chain layef85 °C for ortho-VIIl (y For a supercpnductor wgll—belot_ﬂc measured at low fre-
=0.67) order and 60 °C for ortho-llly=0.77) ordet. quency, the hlg_h s_uperflwd density ensures tha_t _the response
A critical parameter in our data analysis is the absolutdS Mainly reactive(i.e., 05> 0,) and Eq.(1) simplifies to
concentration of Gd ionx, which was measured using 1
electron-probe microanalys{EPMA). We used a fully auto- Ry(@,T)= = 20 \3(T)oy(w,T),
mated CAMECA SX-50 instrument, operated in the 2
wavelength-dispersion mode with the following operating
conditions: excitation voltage 15 kV, beam current 20 nA, L [How
peak count tim&240 s for Gd 20 s, background count time Xo(@,T)=\[ === pow\(T).
10 s each side of pedal 20 s for Gd, spot diameter Sum. _ _ _
Data reduction was done using the “PAB(pZ) method™®  (The appearance of in both of the above expressions high-
For the elements considered, the following standards, x-ra{fghts its important role in determining the conductivity from
lines and crystals were used: {&tkO;,, GdLe, LiF;  Measurements dRs andXs.) The power absorption is de-
YBa,Cu;0g 95, Bala, PET; YBaCu;Ogos, ClKa, LiF; termined by the surface resistanRe=Ré Z| according to
YBa,Cuz;Og 95, OKar, W/Si multilayer dispersion element.
For the present study, we found it to be .impor'tan.t .that each Pape=Rs f Hrzf ds, 3
Gd, Y, Ba,CuOg,y crystal was examined individually.
Because the sample must be embedded in epoxy for EPMAWhereH
this was done following all microwave measurements. For Qniform
nominal Gd concentration of=1% in the growth flux, the
resulting concentration in the crystals was found to vary ove
the range fronx=1.05(0.06)% tox=1.37(0.12)%. At least
ten locations were measured on each crystal surface as
means of ensuring that the stoichiometry was homogeneou
In all but one sample, the uniformity was within the statisti- du
cal limitations of the measurement. For one sample it wa
necessary to examine 54 different locations covering th
crystal surface to map out and take account of a small regio
approximately 5% of the total surface, having an elevated G
concentration ok=1.50(0.08)%. Measurements on the cut
edges of a 10@:m-thick sample confirmed that there was no
gradient through the thickness of the sample. If the Gd con
centration in the melt were to drift with time during the
crystal growth, then a resulting Gd gradient in the crystal 1
would be problematic for the following analysis. R, T)= = u2w\3(T)| o1(w,T) +
The broadband microwave absorption spectfQrb to 21 2

@

(Tl_io'zl

@

i is the root-mean-square.m.s) magnitude of the
tangential magnetic field at the surfaBeof the
sample. At low temperatures, absorption in a superconductor
fs due to guasiparticles thermally excited from the conden-
sate, and the study of the quasiparticle conductivity spectrum
& (w,T) has been the central focus of other recent work.
the present case of magnetic impurities in a supercon-
ctor, the imaginary part of the magnetic susceptibility
rovides another mechanism for power absorption. Formally,
e magnetic response can be included by a modification of
e vacuum permeabilityy in Eq. (1) to include a dimen-
ionless complex susceptibilityy, written as wg— u
=uo(1+ x'—ix"). For the case of a sufficiently low con-
centration of magnetic impuritieg’,x”"<<1, and the appar-
ent surface impedance expressions can then be rewritten as

X"(0,T)

X2 @
prowN*(T) @
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FIG. 2. Measurements of the temperature-dependent change
apparent magnetic penetration degth(T) performed via cavity Frequency (GHz)
perturbation in a loop-gap resonator operating at 954 MHz. A com-
parison between measurements on single crystal samples with and FIG. 3. Broadband microwave absorption measurement of a
without 1% Gd substituted for Y demonstrates that only below aGdy 1Y g 9B Cu30g o9 Single crystal sample at 1.3 K. The broad,
temperature of-7 K does the contribution from the real part of the smooth background is due to quasiparticle absorption and the sharp
susceptibilityy’ (w,T) contribute to the measurement as an upturnlines are due to ESR transitions. The smooth line is a polynomial fit
in the apparent penetration depth. Above this temperature, the irto the background away from the ESR peaks, and is seen to be
trinsic linear dependence &\ (T) of a cleand-wave supercon- similar to a sample without Gd. The inset shows that the main ESR
ductor is recovered. transition at 14.05 GHz is very well described by a Lorentzian line

shape, shown as a dashed line.
Xgpp(w,T)Z,U,ow)\(T) Vi+x'(o,T).

Thus, a frequency scanned measurement of the power a
sorption will provide an apparent surface resistance with twi

tracted from measurements Rf(w,T) can be interpreted as
Hlat of weak-limit quasiparticle scattering from impuritfés,
nd here we attribute the small changes in the spectrum of

separate contributions: one from the quasiparticle conducti a'gn' ito ? S“tghft |r|1crr1ea§ef|n tsci"’:‘ttfh”ngeglije to éhe 'r?lcrleasfg
ity o,(w,T) and one from the ESR spectrum contained in°chs!ty OF out-o-prané Getects in the oped samples.
Y'(@,T). order to separate the ESR contribution from the quasiparticle

conductivity, we fit to the smooth background away from the
eESR peaks using a second order polynomial, shown as a
solid line in Fig. 3. After subtracting the polynomial, the
remaining quantity is equal tduqw) x”(w) [from Eq.(4)].

In the subsequent section, we discuss the calculation of the
quantity y”(w) from the effective spin Hamiltonian. With
the theoretical curve for the susceptibility of one Gd spin in
hand, we are able to fit to the experimentally determined

Equation (4) reveals that a measurement of the surfac
reactance will contain a contribution frogl (w,T) in addi-
tion to probing\(T). This is evident in the comparison of
our measurements oAN(T) in pure and Gd doped
YBa,Cuz;Og o9, presented in Fig. 2. In fact, at the outset of
this work we considered the possibility of fitting the curva-
ture arising fromy'(T) in a low-frequency measurement of
AN(T) as a means of extracting the absolute value\ of uantity with an overall multiplicative fit parametgr
However, it was decided that this method was not practicaf1 y inal pl P I latel
as it lacked the necessary sensitivity and also required know- Y_Bazcuf‘oﬁ* y Single crystals grow natur:a y -as pate ets
ing x'(w,T) a priori. A further complication to this ap- having broacﬁB-pI_ane crystal faces and thvaxis dimen-
proach is that it has been well-established that a variety o$ions- All of our microwave measurements involve a uniform
paramagnetic impurities can generate a low temperature uf@dio frequency magnetic fieléi; applied parallel to the
turn in a low frequencyA A (T) measuremerfe which would broad facg of.the crystal in order to minimize _the eﬁe_cts of
produce systematic errors in the extraction of an absolutd®magnetization, as shown schematically in Fig. 1. Itis also
value of\. known that the crystad axis is the principal spin axis of the

Fortunately, the broadband spectroscopy apparatus préd ions, so that the ESR response is maximized in this con-
vides a means of accessing the ESR spectrum in mudliguration. The number of Gd spins that are exposed to the
greater detail. Figure 3 shows a measuremenR¥R ) microwave field is governed by the effective penetration
from 0.5 to 21 GHz at 1.3 K for a G@,YeBaCUsOgg9  d€PthAeq and, for our geometry, will always contain contri-
sample. The quasiparticle absorption spectrum is known tgutions fromi, or A, and X. In the cuprates, the two-
be a slowly varying, monotonically increasing function of dimensionality of the Cu@planes results in a large anisot-
frequency, and the sharp ESR absorption linesf ( ropy in the penetration depth.>\,,\, for all doping
<05 GHz) are Superposed_ We have shown pre\/ious|y thdﬁVElS. In practice, this means that despite Working with thin
the low temperature microwave conductivity,(w,T) ex-  crystals having the in-plane dimensibn,=10, thec-axis
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contribution to\ . can be large. In some cases it was also 1 T T y T y ; T T

necessary to account for a small fractiorof the crystal O 3% Gd, 1.3 Kelvin
A 3% Gd, 3.0 Kelvin

which remained twinne¢l4% at most, introducing the third
component ol into the measurement. Singeis small com-
pared to any crystal dimension, it suffices to use a simpl
linearized relation fol ¢

1pl(A=DNa+ ]+ IeN
o ot 1 ’

(5)

x" (arb. units)

wherel ; is the in-plane crystal dimension parallel to the flow
of diamagnetic screening currentthe geometry is that of
Fig. 1. Each component of can be isolated by combining
measurements performed on teame crystalbut with its
geometry altered in a controlled manner as attained by rota
ing and cleaving the crystal. This matter is discussed in deta
in the Appendix.

1 12 13 14 5 16
IIl. THE CRYSTAL FIELD HAMILTONIAN Frequency (GHz)

In this section, the way in which the magnetic penetration FIG. 4. The temperature dependence of the ESR line width for
depth is obtained from our measurements of the ESR absorp-3 and 3.0 K of an optimally doped 4, ,BaCu;Os ., sample
tion spectrum is explained. This amounts to the treatment ofvith x=0.03, normalized by the height of the 1.3 K peak. The
a dilute random array of Gd ions, each having an electron G-band has line widths of 0.595 and 0.571 GHz and the F-band has
spin of S=7/2, that contribute to the measured quamityline widths of 0.649 and 0.636 GHz at 1.3 K and 3 K, respectively.
L uohx"(w). We point out that in this work the small split- The line widths in our measurements of 1% Gd samples presented
ting due to the Gd isotopes with nonzero nuclear spin can b this work are widths of 0.25-0.46 GHz at 1.3 K.

ignored?® The spectrum is a result of the energy level con-,

figuration determined by the splitting of the degenerate Gdntegrated_ intensity is unity. In the initial stages of this _vvork
spin levels by the crystalline field. Because the spin system i¥€ €xamined optimally dopedy(0.93) crystals having
dilute, it can be described by a noninteracting single-spiri"ré€ different concentrations of Gd iors=0.5%, x=19%,
effective crystal fieldCF) Hamiltonian. The application of a @ndx=3%. From these measurements, we were able to con-
microwave field, oriented perpendicular to the principal spinc/ude that the width of the Lorentzian-shaped ESR peaks

axis of the system, is a time-dependent perturbation that intof =0.35 GHz forx=19%) scaled approximately linearly
duces transitions between the spin levels. When the fre%ith the nominal Gd concentratian but with a substantial
quency of the applied field is tuned to the splitting betweerX =0 intercept of about 0.30 GHz. Although we did not per-
two levels, a maximum in the ESR absorption is observedorm the detailed EPMA analysis to measuref the nomi-
The intensity of the transition is found through the applica-nally 0.5 and 3% samples, it seems clear that-ai % there
tion of Fermi's golden rule for the two levels that define theS @ dominant contribution to the broadening that is concen-
transitionm; andm , which allows the transition’s contripu- {ration independent. Since a dilute spin-spin interaction is
tion to the susceptibility to be written as expected to provide a relaxation rate that is linearly propor-
tional to the concentratiof?, our results suggest that some
T other process is responsible for much of the line broadening.
Xi’}(w)=ﬂog|ﬂij|25(w—[5j—Ei]/ﬁ)[Ni—Nj]- (6)  The linewidth was also measured in the optimally doped
samples at two different temperatures as shown in Fig. 4.
In this expression, the eigenstates and m; correspond to  The line widths decrease slightly upon increasing the tem-
the energiess; andE; . The level occupation number I; perature from 1 to 3 K, indicating that spin-lattice relaxation
=Ny Z ~lexp(—BE), whereN, is the number of spins per is not likely to be the dominant process since typical relax-
unit volume, Z is the partition function, an@=1/kgT is the  ation mechanisms would be strongly temperature dependent.
inverse temperature. The time dependent perturbation int remains unclear what the main spin relaxation mechanism
duced by the microwave field; is proportional to theS, or ~ responsible for the ESR linewidth is here. A final point is that
S, operator and the matrix element between the two states iso power dependence of the spectra were ever observed thus
wij=gue(m;|Syy|m;), whereg is the Landefactor andug  Vverifying that saturation effects were negligible and that the
is the Bohr magneton. assumption of thermal equilibrium implicit in the Boltzmann
In real materials the ESR transitions are broadened bjactors used in Eq6) is well founded.
various relaxation processes such as spin-spin interactions, For the purpose of extracting, the quantity of interest is
lattice disorder and spin-lattice interactions. This broadeningthe effective number of spins exposed to the fidlg. This
however, does not change the overall intensity of the ESRequires a knowledge of the energy levels, their population
line, but merely replaces the delta function by some lineand the corresponding matrix elements. This in turn requires
shape functior(in our case it is close to Lorentziawhose  knowing the Hamiltonian of the system. The Gd atom has
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highest order of Stevens operal@ﬁ allowed for a spin of

+1/2 : B 7/2 in a crystal field is 6 since the matrix elements of the
1 \ A AFF}_ Stevens operators between two spin states are zero ynless
P hy =<2S. The order is restricted to even values by the required

£3/2 1 r : i iltoni
4 P o T T time reversal symmetry of the Hamiltonian. Furthermore, the

éB—pIane anisotropy is so small that for most purposes one

| can assumer/2 rotation symmetry about the-axis; orthor-
4 : “_FLI_ hombicity is most significant in the overdoped samples. In

: the case of tetragonal symmetry, the relevant operators in
order of significance ar®J,09,03, 02, andOg. The sixth
order terms are difficult to resolve in our measured spectra
and we simply adopt those of previous authSré® When
the tetragonal ordering is slightly distorted, as will be dis-
cussed in the next section, three more Stevens operators can
‘ contribute to the Hamiltonian. For the present work, the larg-
- L est and only significant one of them @3.
B \ L The spin-7/2 system discussed herein has four doubly de-
0 P 0 p0 | | RO RO RO p2  generate energy levels with four eigenstates that are roughly
By || BBy | | B2.B4.Be, By the =S, eigenstates of th&, operator. The three allowed
ESR transitions correspond t&,—S,=1. Small off-

FIG. 5. The energy levels resulting from the effective crystal y: ; ; ; 4
diagonal terms in the Hamiltonian, such as (Déand Oq.

field Hamiltonian. The levels, from left to right, correspond to a . . : :
diagonal HamiltoniarH = 00— 382— S(S+ 1), a tetragonal Hamil- induce small level mixing that allow the otherwise forbidden

tonian, and finally an orthorhombic Hamiltonian with3= (S tranitlons io”esPOHd'ng ta 5./2—>.i1/2, .1”7/2—>i.1/2,
+ SZ,)/2. The CF parameters shown here are typical for the sample@lnd +7/2—*+3J2 to occur, albeit with relatively low inten-

we have measured, except B2 which has been exaggerated in Sities. The resulting energy levels for different CF Hamilto-
order to make its effect more visible. nians are shown in Fig. 5. Due to the oxygen ordering in

chains, which we discuss in detail in the next section, most

the electron configuration ¢tXe]4f’5d'6s? and ionization ~Samples have more than one inequivalent site for the Gd
number of 3 in GgY; ,Ba,CuOg, . This implies that the ions. Therefore, two or three sets of CF parameters are
outer shell of the ion remains exactly half fillddevenf needed to fit the spectrum. Followingndmsyet al,**~**we
electrons in fourteen stateand the system behaves similar label the spectra corresponding to a particular site by a band
to a 7/2 spin with no mixing with othe®+ L multiplets due  index using the notation shown in Fig. 6.

to Hund’s rule. The construction of an effective Hamiltonian We begin our fitting procedure by first constructing an
for a spin system is based on the expansion of the crystaffective spin Hamiltonian using the measured CF param-
field around the magnetic ion in terms of Stevens operatorseters reported by dassyet al?® and then adjusting the pa-
These are the operator analogues of the spherical harmonicsmeters to best fit our data. We focus on the main transition
and are functions 08, S,, andS. , given, for example, by (% 7/2— =5/2 for each bandbecause it is the strongest and
Abragam and Bleane¥. Due to the lattice symmetries and consequently least susceptible to experimental uncertainty.
the finite spin of the magnetic ion, the expansion reduces tés a final step, a multiplicative factor representing the effec-
a finite sum of operatorsi:Ep,quog where theBg are tive number of spins that have participated in the ESR pro-
numerical coefficients called the crystal field parameters. Theess is then used to scale the overall amplitude of the model

Energy
I+
(\J‘I
N

O—/> 0—0 T—T |—<> |—<> r -a— CuO Chains
] ] J——(O -*—CuO, Planes
® ® ® ® ® ® O Y, Gd
o b—14 =9 W SO
I G N N W L
A B — 7 Y= " F G a
D

FIG. 6. Identification of the ESR banda,B,D,F,G) attributed to a variety of oxygen configurations, taken from Pekkel. (Ref. 27).
Figures represent cross sections through the center of a YBCO univitbliGd located on the Y siygarallel to theac plane. Open circles
represent doped holes in the Cu@anes, black circles represent oxygen in the CuO chains, and diamonds represent oxygen vacancies in the
CuO chains. The central circle is the Gd ion. Note that the three D-band configurations all result in a single ESR band.
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FIG. 7. Measured ESR spectra for five dopings with screening currents running aloﬁngi'rtleetion, shown together with the spectrum
calculated using the CF Hamiltonian. The calculated curve is scaled by an overall multiplicative factgrasfexplained 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.

spectrum to match the measured data. This number is the The chains also tend to form ordered periodic superlat-
effective penetration depth., combined with the measured tices consisting of arrangements of full and empty CuO

Gd concentrationx in the crystal. chains. The structures can be particularly well ordered for
special values ofy. In the case of full oxygen doping, the
IV. DEPENDENCE OF ESR SPECTRA ON OXYGEN CuO chains are nearly completely full with every Gd ion
CONFIGURATION having four nearest neighbor chains. This results in the sim-

lest of the spectra observed in the five crystals studied. It

The presence of a chain layer breaks the tetragonal sym, oives one primary set of CF parameters, denotedGhe

metr_y af‘d the Stevens operator expansion of the_ foregoingand by Jaosseyet al, and generates three dominant ESR
section is then no longer exact. However, the chains are fz%r ’

from the Gd sites and this effect can be treated as a pertur[ansnmns. A secondary contribution of much lower intensity

bation, leading to line broadening or line splitting. Here we'> also. present in these measuremgnt;, regult_mg from a con-
will consider line splitting associated with distinct Gd envi- figuration where one of the four chains is missing an oxygen,
ronments and simply handle the line width as a parameter i eno_tgd the F band. In_ the overdop_ed samplg, the largest
a Lorentzian fit. Different types of Gd sites are encounteredransition (7/2-5/2) of this latter band is barely discernable,
because hole doping in this system is controlled by manipubut as the oxygen concentration is reduced to optimal dop-
lating the oxygen content and ordering of the GuBainsin N9, the intensity of the F-band builds, as seen in Fig. 7.
Gd,Y;_Ba,Cus0g,, . The oxygen content is set by anneal- At lower doping, thg next best-ordered phase occurs near
ing in controlled oxygen partial pressure at high temperay~0.5, where the chains form an ortho-1l structure of alter-
tures and then the oxygen ions tend to organize into lengthgating full and empty chain$. Other ordered phases are
of CuO chain fragments which are able to promote holes t®rtho-lll with FFE (full, full, empty) chains and ortho-VIII

the CuQ planes?® The strong tendency to form chain frag- with FFEFFEFE chains. In each of these phases there is
ments means that there are seven probable Gd environmem®re than one possible chain configuration around the Gd
corresponding to anything from 0 to 4 nearest neighboions. Having detailed spectra at each doping allows us to
chains. These different crystallographic environments havéentify the different bands and fit each spectrum with a set
been identified in ESR experiments on magnetically aligneaf crystal field parameters for each band. The fit{€dspec-
GdY;BaCu0s., powderd®=?® and are illustrated in tra are shown in Fig. 7. In each spectrum, the relative inten-
Fig. 6. sities of the different bands is a measure of the relative num-

184513-7



T. PEREG-BARNEAet al. PHYSICAL REVIEW B 69, 184513 (2004

ortho-Il ordering'® These deviations can be interpreted as
ortho-1l phase boundaries. Our ortho-1ll and ortho-VIII spec-
tra are consistent with long range ortho-Ill and ortho-VIII
order along theab plane but random stacking along tbe
direction.

V. RESULTS

We have performed detailed measurements of the ZF ESR
absorption spectrum in  high quality samples of
Gy 1Y 0.0BCW06,, at five different values ofy. As
noted above, four of these are chosen to be in ranges with
particularly well-ordered CuO chain structures, denoted by
the periodicity of their chain superlatticeqortho-
LILILVIL ). The optimally doped sample, with the maxi-
mum attainableT; of 93 K (y=0.93) is also in the ortho-I
phase, but has a substantial number of oxygen vacancies on

0 0.2 0{4 0.6 0.8 1 the chains. The ESR spectrum at each doping was fitted with
a spectrum generated by an effective CF Hamiltonian, with

y total initial guesses for the CF parameters taken from Rocken-

baueret al?® Subsequently, the CF parameters were adjusted

vy bes describ our messlred specta, andthe best i vales
Pekkeret al. (Ref. 27 (y,o determined by weighing the sample are presented in Table I. The evolution of the dominant CF

O .
and the open diamonds are the values obtained from the presem’w"’m]eter B2) as a function of the ESR measured oxygen

work (Y determined by the annealing temperature and oXygeﬁ:ontent_is shown in Fig. 9. The values and systematic t_rends
partial pressure of our fit values compare well to those of the conventional

ESR studies on powdef&28

ber of Gd ions in each configuration. This information can be The ESR spectrum is a sensitive probe of the crystallo-

used as a measure of the amount of oxygen in the samplegraphic structure and the crystal symmetry in particular. This
high sensitivity is demonstrated at its best in the spectrum of

1 our overdoped sample. This is the most ordered and most
Y=32 ; nin, ; =1, (7) " orthorhombic phase, with four full CuO chains around virtu-
ally every Gd ion. The lines are very sharp and the main
wheren is the number of full nearest neighbor CuO chains inband G corresponds to 96% of the total spectral weight. As
the band and,, is the observed relative intensity of the line seen in Fig. 10, the orthorhombicity of the crystal is mani-
associated with a particular band. The oxygen content ifested as an additional line in the spectrum that appears only
given by 6+y. The ESR measured oxygen content versusvhen the measurement is performed with screening currents

the chemically measured content is presented in Fig. 8. Notgowing along theb direction. The spectra for both directions
that the ESR points consistently underestimate the amount @ e fit with a single set of CF parameters by introducing
oxygen in the crystals. This is likely due to the inefficiency an orthorhombic term in the CF Hamiltonian. This term is
of isolated oxygens in empty chains in promoting a hole |ntoB§O§ whereB§ is the measured coefficient ar@ﬁ=($ﬁ

the CuQ planes. The above oxygen content analysis as- SZ)/2=(S)2(—S§)/2. The inclusion of this term allows the

sumes maximal length of chains, i.e., all chains are either fu'bthérwise forbidden transitions of 5/2— * 1/2 only when
or missing with no isolated oxygens or vacancies. Since the N

Gd ions are likely to be sensing the presence of chain%e m_agnetic field is gpplied in the directionz and reveals
through their influence on the charge distribution on thetn® Slight orthorhombicity of the crystéthe difference be-
much nearer Cu@planes, an isolated oxygen ion hardly tween thea andb dimensions of the unit cell is less than
affects the crystal field environment since it does not pro2%)-
mote a hole into the plané&Thus a Gd ion near an isolated ~ The measured ortho-Ill spectrum is indicative of some
oxygen in an otherwise empty chain will experience the Crysdisorder in the chain structure. First, the substantial amount
tal field of an empty chain. This will lead to an underestimate0f spectral weight in the F band, which corresponds to three
of the oxygen content, but will not affect the overall Counting full Chains, indicates that evep if the Ordel’ing is perfect in the
of Gd ions. planes, the stacking along tleedirection is disordered, i.e.,

It is also interesting to note that the ESR analysis provideshat the ortho-lll structure may shift between adjacent chain
a good measure of the chain disorder. For example, perfetdyers. Second, we find that each ESR peak is composed of
three-dimensional ortho-Il ordering should produce only onegwo closely spaced lines that together produce a non-
band, corresponding to two full chains, the D band. How-Lorentzian shape. Since the measured ESR oxygen level is
ever, our ortho-Il spectrum displays two additional bandsconsistent with the other crystalseey,q=0.77 in Fig. 8,
(the B and F bandsresulting from imperfections in the we are confident in the band identification and do not inter-
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FIG. 10. The oxygen-overdoped &#Y o.9B&CuU;Oq 903

sample ESR absorption spectra in thandb directions. Theb-axis

data were offset by 25 nm for clarity. The orthorhombicity of the

crystal lattice is apparent in the appearance of an additional ESR

line at 6.9 GHz when the screening currents flow infthdirection.

y This line corresponds to the 1/2— = 5/2 transition that is allowed
ESR along theb direction, generated by the orthorhombic Stevens op-

2_ (22 ; - - .
FIG. 9. The oxygen doping evolution of the main CF parameterratorB2= (S~ S))/2. This same line appears with suppressed in-

BY in MHz for the different bands. The open symbols are takentensity in thea direction due to a small fraction of twinning in the
from Rockenbaueet al. (Ref. 28 and the stars are the ZF ESR best Sample. The observ_ed spectrum indicates a predominance of the
fit values. For the ortho-lll sample, where more than one set of CE>-band oxygen configuration, as expected for a fully doped sample,

parameters was found for each line, we show the values closest ¥ith @ 4% contribution from the F band. For comparison, note that
the previously measured ones. the F-band contribution in the optimally doped sample shown in

Fig. 7 is much larger as a result of the lower oxygen content.

pret the minor splitting as a change of chain configuration.
The splitting implies a small variation of CF parametersh were derived as described in the previous sections with the
within the same bandrhis might be the result of inhomoge- emphasis on performing enough measurements on the same
neity in the oxygen concentration, which is consistent with asample in order to eliminate sample-dependent effects and to
measured transition temperature broadenia@,~1 K.  overdetermine the values affor error control. The penetra-
However, we do not think that the sample is macroscopicallyion depth results are presented in Table Il. The error esti-
phase separated since the line shapes were not affected mates account for uncertainties arising from measurements
cleaving the sample into smaller pieces. of the sample dimensions, calibration of the microwave ab-
Our ortho-Il spectra suggest fairly good ordering within sorption ererimerﬁ‘,’ and the estimation of the ESR fit pa-
the chain layers with a somewhat shorter correlation lengttiameters. Since the extraction of the penetration depth in the
in the ¢ direction. This is in agreement with x-ray analy$s. three crystallographic directions depends sensitively on the

The extraction of in this sample was done by comparing sample’s dimensions, it is importa_nt to work with crystals_
A . that have smooth parallel well defined faces whose area is
two measurements in the direction, where the first mea-

easy to measure. This was most easily achieved by choosing
suremen.t was done ,on the whole sample anq th-e se'cond 0Qtesingle sample having a nice platelet geometry for each
on two pieces resulting from a cleave along thelirection.  goping. If we restrict our analysis to measurements made on
The effective penetration depif; was observed to increase the same crystal where the geometry of the sample can be
by about 210 nm due to the introduction of two more samplegjtered in a controlled fashion by cleaving, we obtain a high
bc faces, where currents flow along thelirection. degree of internal consistency between different measure-
We have obtained enough data in order to reliably extracents. In all cases we performed an extra measurement that
the absolute values of the penetration depth in all three cryssverdetermines the penetration depth values and found
tallographic directions for three of the five doping levelsagreement ranging from 0.5 to 6%. In the case of the
studied: fully doped, ortho-1l, and ortho-Ill. Our measure- ortho-1l doping we measured a second sample having a 30%
ments at the remaining two doping levels were made usindigher Gd concentration, and the results agreed to within
samples that were not amenable to the cleaving procedur2% of the first sample. The high reproducibility of our mea-
required to extract absolute valuesxaf Our final results for  surements is demonstrated in Fig. 11 where we present data

| | |
0 02 04 06 038 1
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TABLE 1. Crystal field parameters for the various ESR bands for different oxygen contents,gf¥gd8a,Cu;0g, , given in MHz.
The Gd% in brackets indicates the relative substitution of Gd for Y. The CF parameters measured by Rocletrddadgef. 28 in
conventional ESR on powder samples are given in brackets, and at each doping we have taken values from the nearest doping measured by
these authors. The values 2 and Bg‘ could not be resolved from our spectra and we simply adopt the values of Rockeebailierhe
transition frequencies, shown in GHz, were found either directly from the observed lines or by the fit Hami(tehémthe lines were
unobservable The ortho-Ill spectrum required more than one set of CF parameters for each band due to further line splitting of unknown
origin, which may be related to oxygen inhomogeneity.

Sample Band Intensity BY B3 BY BS 712512 3/2-5/2 1/2-3/2
(Gd%) (MHz) (MHz) (MHz) (MHz) (GH2) (GH2) (GH2)
ortho-I G band 96% —587 (—598) 267 () —3.1(-3.1) 125132 14.0 5.8 1.12
(1.08+0.06) Fband 4% —526 (—541) 267¢) —31(-3.1) 125172 129 5.0 0.9
optimal G band 75% —590(—598) 0 —-3.1(-3.1) 12.7(13.2 14.04 5.86 1.05
(1.28+0.02) Fband 25% —533(—541) 0 -3.1(-3.1) 125017.2 13.02 5.2
ortho-lll G band 21% —617-604-585(—-598) 30(-) —3.0(—3.1) 12.5(13.) 14.4,141 6.13,6.03 1.4,1.3
(1.02£0.05) Fband 56% —533-517 (—541) 6.7() -35(-3.1) 17.1(17.2 13.3,13.0 54,545 0.20.3

Dband 23% —481-475 (—497)  267¢) -31(-3.1) 14.6(147 121,119 4746 0.6
ortho-VIl  Gband 2% —630 (—598) 16 () -25(-31) 9(13.) 14.2 6.3 1.9
(1.38:0.1) Fband 36% —549 (—541) 1.6 () -3.0(-31) 125172 132 5.5 0.8

D band  62% —497 (—497) 16 () -31(-31) 1250147 123 4.9 0.8
ortho-II F band 4% —560 (—541) 5() -3.1(-3.1) 17.2(17.2 13.4 5.8 0.8
(1.08£0.06) Dband 81% —502 (—497) 5() -32(-31) 147147 125 5.0 0.4

B band  15% — 437 (—445) 5() -32(-31) 155172 112 45 0.2

for the same crystal before and after cleaving the sampleguished from a vacant chain via ESR spectroscopy. This is in
Despite changing the aspect ratio of the crystal by approxiaccord with the fact that isolated oxygens do not promote
mately 50%, the spectra are identical, modulo the overalholes from the copper-oxygen plarfés.

multiplicative factor of\ o. The principal result of this work is a set of values for the
penetration depth in all three crystallographic directions for
VI. DISCUSSION three oxygen-ordered phases of YBa;Og,, which are

The results presented here have impact in two areas I:irsjlummarized in Table II. The-axis penetration depth is large
we have provided detailed information about the hd increases very rapidly with decreasing doping, as ob-

Gd,Y;_,Ba,CLy0;., System, namely, the crystal field pa- serv?g previously in infrared measurements.pby Homes
rameters at the yttrium site and the way in which oxygenet ali Tl;esln—plane ;’Qg?sur:eme”f are dm SaRccord with the
orders into CuO chains. We have shown that our crystal field€Sults of Sonieret al.” who performedu SR measure-
parameters agree very well with those obtained by previoud€Nts on mosaics of high-purity, detwinned single crystals at
authors using the completely different method of high field™Wo other oxygen dopings. The muon measurements are un-
ESR on powdered samples. Our results also support the coable to directly determine anisotropies, but they compare
clusions of the same work which found that isolated oxygengvell with the geometric mean of thab-plane values re-

in vacant chains do not influence the CF configurationported here. A sample of YB&u;Og o With T.=59 K was

around the magnetic ion and therefore cannot be distinfound to have\,,=170 nm3° very close to the geometric

TABLE II. Experimental values of the anisotropic magnetic penetration depth extracted from four or more different measuremgnts of
on the same crystal, with the microwave field applied in different directions and for different sample aspect ratios achieved by cleaving. The
uncertainty in the ansisotropy is reduced since some of the systematic contributions to the uncertainty in absolute value cancel when
comparing measurements on the same sample.

Crystal structure T(K) Oxygen content N a(nm) Np(nm) Na/\p Ac(nm)
Ortho-I 89 6.995 1038 80+5 1.29+0.07 635-50
Ortho-lll 75 6.77 13513 11612 1.16-0.12 2068200
Ortho-lI 56 6.52 20222 140t 28 1.44+0.26 7500-480
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FIG. 11. The main ESR line-5/2— = 7/2 in ortho-I, ortho-IIl, and ortho-Il. In each figure we overlay three or four measurements of the

same crystal in tha andb directions, before and after cleaving the sample. Each graph has been scaled by the effective penetration depth

\eii Of the particular measurement so that oglyis presented. The changeshp; are due to the different aspect ratios of the crystal before
and after the cleave and the different orientations of measurements.

mean/\ ;A= 168+ 26 nm of theT.=56 K sample studied isotropy of the in-plane penetration depth. However, the ba-
here. An optimally doped sample of YBau,Og os with T, SiC picture of chain-driven anisotropy is supported by our
=93 K had\ 5,=112 nm?* which lies between the means of hew microwave measurements, which also show substantial
the T.=75 K sample (12%12 nm) and the overdopet, anisotropy in the ortho-Il ordered sample, but rather less in
=89 K sample (9% 6 nm) studied here. The agreement re-the ortho-Ill sample, a sensible trend since the ortho-Ill or-
flects the particular care taken in thgs8R measurements to dering is much poorer, leading to more fragmented chains.
cover a wide range of applied magnetic fields in order to Much of the work on the doping dependencengf, has
ascertain the low field limiting values and thus minimize therelied on muon spin relaxation measurements on polycrystal-
nonlinear, nonlocal, and other effects that can arise in théne samples. In these measurements, the field inhomogeneity
vortex state. It must also be noted that th&R measure- In the vortex state gives rise to dephasing of the precessing
ments hinge on a detailed model of the vortex lattice thafPins of implanted muons. A Gaussian fit is often used to
provides a fit to the field distribution detected by the muonsextract a relaxation rate which is deemed proportional to
These absolute values of penetration depth obtained i/A%. As long as the material is nearly two dimensional, the
single crystals are smaller than many measurements found fPnstant of proportionality can be calculated todye 7.09
the existing literature on YB&u;0g.,. Magnetization X 10072, with ¢ in us™* and X in Nm>*** In the
studies of aligned powders by Panagopowbal® gave 140 YBa,CwOs ., System, this very simple treatment of muon
nm for T,=92, 210 nm forT,=66 and 280 nm foif,=56  data gives values ok, that are typically 20% or more
(all +25%), which are longer than the values presentedarger than the single crystal data reported Hefe>*°The
here. The origin of this discrepancy is not clear, but might beesulting underestimate of the superfluid density, together
due to assumptions made in the analysis of the powder datith the problematicab-plane anisotropy, mean that the
or problems with the surfaces of grains embedded in epoxysingle crystal penetration depths reported here can offer a
Our absolute values of, and\,, are also smaller than those clearer picture of the doping dependence of the superfluid
obtained by far infrared measurements near optimal débing density in the Cu@ planes.
(N3=160 nm,\,=100 nm). However, the infrared mea- Figure 12 displaysT. versus 12, a plot first suggested
surements did point out the importance of the in-plane anby Uemuraet al® A long-accepted result has been a linear
isotropy in these materials, an anisotropy that becomes verglationship between these two quantities at low doping, fol-
large in the YBaCu;Og 99 Sample studied here. This anisot- lowed by a plateau at higher doping that varies from one
ropy has been attributed to the presence of a nearly oneuprate system to another, inferred mainly frai8R mea-
dimensional Fermi sheet derived mainly from the bands assurements on ceramiésThe data in Fig. 12 confirms the
sociated with the CuO chairi. Although #SR meas- overall feature that 4?2 increases withT.. However, the
urements cannot directly measure this anisotropy, Tallofdinear regime at low doping, which implied a superfluid
et al*2 also inferred such a contribution by noting the very phase stiffness proportional T, on the underdoped side of
large increase in muon depolarization rates as the chain oxyhe cuprate phase diagram, is not supported by the new data
gen sites become filled near YB2u;0,. The interpretation presented here, at least fog=56 K. The measurements on
of the polycrystalline data suggested values\gf 155 nm  YBa,CusOg g93, Which is slightly past optimal doping, are
and A,=80 nm for samples with fully doped CuO chains, certainly up in the “plateau” regime for this material and
which overestimates both the overall magnitude and the arwould not be expected to follow.x1/\2. However, even
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100 . T . superfluid density becomes so small with decreasing hole
A doping.
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20 @ UBC ESR, a-axis
m  UBC ESR, b-axis
A SR (Sonier et al.)
0 , . , YBa,Cu;Og .,y single crystals have strong natural cleave
0 100 200 planes perpendicular to both th&00] and[010] directions.
142 (um?) Using this fact, previous studies of the temp_erature depen-
dence of\ have been successful at separating the out-of-
FIG. 12. Measurements of the in-plane anisotropic absolute perplane response from the in-plane response by measuring a
etration depth\ in YBa,CwOg., for y=0.52, y=0.77, andy ~ sample, cleaving iN times, and then repeating the measure-
=0.995 plotted asT, versus superfluid phase stiffness1(\?). ment with all of the pieces together. The second measure-
Also shown are thetSR measurements of Soniet al. on single  ment contains the same in-plane contribution, but has the
crystal mosaics. The data do not support a case for scalig of ¢_ayis contribution enhanced by a factorif* For practical
1/A; in this doping range above,=56 K. reasons, in the present work it was not possible to measure
all of the crystal fragments together following cleaving in all
for the lower two dopings Wit ;=56 K andT,=75 K the ~ cases, instead we successively measured each crystal after

a-axis phase stiffness, which avoids contributions associatetgducing the in-plane area. Theaxis thicknesd of the
with the CuO chains, is still far from a relationship of the crystal was unchanged for all measurements, but the mea-
form T,<1/A2. The plot instead suggests a sublinear depensurement pfc retains the largest relative uncertainty because
dence ofT on 1A2, sinceT, must fall to zero when 32 lc<lan. Sincex. is also rather large, care must be taken
does. Further data at low doping will be needed to clarify the?N€n combining measurements in order to minimize the im-
relationship over the entire doping range. Interestingly, th?@ct Of the large relative uncertainty in the quantig) in
latest muon spin relaxation studies by Tallenal® also ~ Ed- (5. The method we use here is to combine measure-
suggest a sublinear relationship, although the valuesiof ~ments of thesame crystain both a-axis andb-axis direc-
that study are significantly larger than the single crystal datdions before and after cleaving where the crystal's aspect
presented here. In the padt,=1/\? has been seen as evi- ratio has changed by approximately 50%, providing an over-
dence that phase fluctuations play a central role in sefting determination of the three unknownvalues. For example,

on the underdoped side of the cuprate phase diagfam. before and after cleaving the sample we measure

deed, the relatively low values of phase stiffness in the cu-

APPENDIX: EXTRACTING ANISOTROPIC X VALUES
FROM MULTIPLE MEASUREMENTS

[l (L—t)N g+ tNp]+ 1N

prates, plus the observation of critical fluctuations near the NG —

superconducting transistif® do indicate that phase fluc- ef lat1e
tuations play a role in determining.. However, the devia-

tion from a linear relationship seen in Fig. 12 suggests that \b CplthgH(I=t)Np]+1cNe
other factors must also contribute to the critical temperature. eff [+ 1

The obvious candidate is thermal excitation of nodal
quasiparticle§®~*2which give rise to the linear temperature
dependence af(T) and rapidly deplete the superfluid den- e [+ e

sity as temperature rises. However, the central puzzle regard- I N+ I )\gﬁz)\aJr Apt
ing the correlation between superfluid density andstill a b
remains in such a scenario. As the doping decreases, the zefosecond measurement with new dimensibhsndl;, pro-
temperature value of the superfluid density becomes muchide a second expression having the same form as/A2q,
smaller, so that it becomes easy for quasiparticle excitationgnd subtracting the two eliminatas, and\,, leaving only
in addition to fluctuations, to drive the material normal at a\. in terms of measured quantities. The valuea gand\
lower T.. The mystery still lies in understanding why the are then calculated from the above expressions.

which sum to give

le e
_+_
Ia Ib

M. (A1)
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