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Muon-spin-rotation measurements of the penetration depth in the YBgCu,Og family
of superconductors
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We report muon-spin-rotationuSR) measurements of the in-plane magnetic penetration depgf) (n
polycrystalline Ca- and La-doped YBawu,0g superconductors witfi, ranging from 72 to 88 K. In all samples
the temperature dependence of @R depolarization rate-(T)=1/\2,(T) is linear below~ 25 K. This is
similar to what was observed in recenSR and surface impedance experiments on YBgO, ;s single
crystals. The low-temperature behaviorqu)/a(O)=)\ib(O)/xgb(T) shows practically no dependence on
doping when plotted versus=T/T.. This observation puts important constraints on models proposed to
explain the linear temperature dependenca gfin cuprate superconductors at low temperatures.
[S0163-182698)05829-9

I. INTRODUCTION finding was taken as evidence for a Bose-Einstein condensa-
tion of preformed real-space paftdt is important to note
The magnetic field penetration depthis one of the fun- that the value oir(0) is reliable and can be determined to
damental lengths of a superconductor that in the clean limiabsolute values especially well ySR. However, the tem-
is given by the London formula perature dependence @fand hence of the penetration depth
as determined by.SR has proved to be controversial. In
e2n swave BCS theory the temperature dependence of depolar-
1/)\2:'“0_*5, (1) ization rate at low temperature3 €T,) is expected to be
m

Ao(T)/a(0)=—2AN(T)/N(0)

wherem* is the effective mass of the superconducting car- T
riers andng is the superconducting carrier density. The tem- ~(80/KT) Pexp(— Ao /KT), 2
perature dependencg(T) reflects the quasiparticle density whereA is the isotropic energy gap. EarlySR studies on
of states available for thermal excitations and thereforgolycrystalline HTSC have concluded thahas a weak tem-
probes the superconducting gap structure. In addition, thperature dependence fdr<T;, suggesting there is an en-
zero-temperature valug(0) sets a scale for the screening of ergy gap in the spectrum of excitatiochas expected for
an external magnetic field. Therefore, a systematic and conconventionals-wave pairing. On the other hand, microwave
prehensive study of the magnetic penetration depth and itsurface impedance measurements on high-quality single
temperature dependence in various families of cuprates is afrystals of YBaCu0,_ 5 (Y123),° Bi,Sr,CaCuyOg,”® and
considerable importance for understanding the occurrence afl,Ba,CuQ;. 5 (Ref. 9 have found a linear temperature de-
superconductivity in these materials. pendence in at low temperatures, suggesting a pairing state

The muon-spin-rotationg{SR) technique is a unique tool with nodes in the gap. More receplSR measurements on
to probe the microscopic magnetic flux distribution in the high-quality Y123 single crystal8 also revealed a linear
bulk of a type-Il superconductor. Detaile@dSR investiga- temperature dependence ®fup to 0.4T;, in accord with
tions of polycrystalline highF, superconductor§HTSC) microwave measurements. It is not clear wb$R measure-
have demonstrated that can be obtained from the muon ments in polycrystalline and single-crystal samples give dif-
spin depolarization rate-(T)~1/\?(T), which probes the ferent\(T) dependencies at low temperatures. It was sug-
magnetic field distribution in the mixed stdtéOne of the gested that small amounts of impurities or other crystalline
most interesting results giSR investigations in HTSC is a imperfections can change the low-temperature behavior
remarkable empirical relation betweeR, and the zero- \(T) from a linear to a quadratic dependerie¢hat is dif-
temperature depolarization ratg0) that seems to be uni- ficult to distinguish from the BCS behavior without precise
versal for many underdoped HTSE.This experimental low-temperature data.

0163-1829/98/5@)/34575)/$15.00 PRB 58 3457 © 1998 The American Physical Society



3458 A. SHENGELAYA et al. PRB 58

To shine more light on this problem, we decided to per- |§A y ' ' y '
form uSR measurements of the penetration depth in 4 I ° T
YBa,Cu,Og (Y124) with a special attention to the low- i el A ~iet e -
temperature behavior. The structure of Y124 is distinguished 2B e A X °
by its high thermal stability and fixed oxygen stoichiometry 30 %, °. 1
with well-ordered double CuO chains. Eafy8R measure- - 1 4.0 ° 1 i
ments ofA(T) in Y124 gave controversial results. Zimmer- ‘n 4o o’ A 2%? (:10{)) o
mannet alX* found that\ (T) can be described by the weak- % 2 AL ex‘ 1
coupling BCS model, whereas Ansal@d al’? observed a A
significant deviation from BCS behavior. In both cases the [ ? * . |
statements about the pairing mechanism were made on the 1} ﬁ mgi—cao'% O an .
basis of the overall behavior of(T) rather than from the O Y124_La0.075 a®
low-temperature region. - LA Y124 1a0.10 Q. . y

0 1 1 L M L L
Il. EXPERIMENTAL DETAILS ° 20 0 *0 %0 190
' T(K)

Polycrystalline samples were synthesized from stoichio-
metric mixtures of YOz, BaCQ;, and CuO. Powder samples  FIG. 1. Temperature dependence of (R depolarization rate
were fired in air at 820-900 °C with frequent intermediateo for pure, Ca- and La-doped Y124 superconductors. Inset: depo-
grinding and pelletizing. The 124 phase was obtained aftel@rization rate as a function of the external fidd,, for a Y124
final high oxygen pressure synthesis for 10 h in 20% ofsample at 2 K.

oxygen in argon at a total pressure of 3 klf&@0 bars
& g P te @ frequency space. Furthermore, only a finite time window is

pressurgat 1050 °C followed by slow cooling to room tem- ) X . ; ;
perature. The crystal structure was examined by x-ray pov\,f_slvallable to the experiment, leading to further aberrations in

der diffraction. All samples were proven to be single phasedn® frequency spectra. _ _
with the Ammmsymmetry. The samples used in this study Detailed uSR experiments in polycrystalline cuprate su-
were sintered polycrystalline disks of Y205 (Y124 perconductors have shown that the internal field distribution

T.=81K), Y Cu,0y (Y124-Ca0.06T.=88 K), in_ thg mixed state can be well approximated by a Gaussian
YcBal 925_20 0705'(%454%’:68(%1;3_&(0 075 T.—74 CK) ar?d distribution® In this case, the time dependence of the muon
. . . 1 (o4 H

YBay . 8.,CUO;s (Y124-La0.10,T,=72 K). The transition spin.polarizationP(t)ocexp(—ozt2/2) and the effective pen-
temperature(onset of superconductivity as measured by dcEtration depthhe(; (powder averggzjecan be extrac}elzg from
magnetization is changed with La and Ca doping due to € #SR depolarization rate~A\f;. It was Sh_OW'J‘ “that
hole filling or hole doping, respectively. in polycrystalline samples of h|_ghly amsotroplc systems such
The transverse-fieldSR (TF-uSR) measurements were @S the HTSCXc/Nap>5), Neyf is dominated by the shorter
performed on beam-linerM 3 at the Paul Scherrer Institute Penetration depth,, due to the supercurrents flowing in the
(PSI, Switzerlangusing low-momentum muor@9 MeVic) ~ CUG; pla”esz)\efle-%])\ab- The constant of proportion-
in the temperature range 2—300 K. A detailed discussion oflity betweens and\ ,;° depends on the symmetry and regu-
the TF SR technique is given in Ref. 5 where details of thelarity of the flux lattice distribution of the demagnetization
application of the technique to determikecan be found.  factors due to varying grain sizes and grain shapes in poly-
The quantity measured in TESR experiment is the time Crystalline samples of highly anisotropic type-Il supercon-
evolution of Spin polarizatiorf)(t) of imp'anted(origina”y ductors. In the fOIIOW|ng analySIS, we will be interested in
100% polarized muons. The muon-spin-polarization signal the temperature dependencecofand hence\) and that the
in an applied field consists of a precession function modug&xact value of the constant of proportionality is not crucial.
lated by the spin depolarization functi@(t), whose Fou- In the present study we analyzgBR spectra using both
rier transform gives the field probability distributig{B) in ~ Gaussian approximation and direct Fourier transform based
the bulk of the sample. In the mixed state of a type-Il super©n @ maximum entropy algoriththwith no prior assump-
conductor the probability distributiop(B) is given by the tions on thg fc_)rm_of the d|str|.but|0n.. It was found that a
spatially varying fields from the vortex lattice and therefore Gaussian dlstrl_butlon of local f_|elds gives a rea_sonable esti-
depends on the magnetic penetration depth. For instance, fg#ate _0f<A.BZ> in agreement with previous stud%é;herg-
an isotropic extreme type-Il superconductor with a perfecfore, in this paper we use the Gaussian approximation of
triangular vortex lattice, the second moméntB?) of the p(B) that has the advantage that no uncontrolled systematic

field distribution is directly related to the penetration depth€rrors are introduced in the data evaluation procedure, so that
via the results from different samples and workers can easily be

compared.
Equation(3) is only valid for high magnetic fieldsBy;
(AB?)=0.00371p5)\ 4, (3 >2uH.y), where the second moment of the field distribu-
tion (AB?) is field independent To check for this, we mea-
where®, is the magnetic flux quantufi.However, in prac- suredo<(AB2)Y? as a function of the applied field @t=2
tice, conventional Fourier transform methods exhibit severaK. As can be seen from the inset of Fig.d was practically
problems. Significant noise in the time signal at long timesfield independent abovB.,;~=30 mT. Based on these mea-
due to finite count rates, is distributed over the whole ofsurements, we studied the temperature dependeneeroé
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FIG. 2. The low-temperature part of the depolarization rate
o(T) depicted in Fig. 1, showing a linear decreaserofiith tem-
perature. The solid lines are fits to the linear relatiofT)
=0(0)(1—aT).

magnetic field of 200 mT. The samples were always cooled
to low temperatures in a field, to induce a homogeneous
vortex lattice.

Ill. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the
transverse-field muon spin depolarization ratéor the dif-
ferent samples. It can be seen that all samples exhibit a linear
term below~25 K, in contrast to a flat behavior expected (o) T,
from an isotropic BCS-like gap. This is more clearly shown ) L
in Fig. 2 where the low-temperature behavior @fis pre- FIG. 3. (@) Normalized depolarization rate(T)/c(0) as a
sented. The solid lines are fits &(T) = o(0)(1— aT). The  function of reduced temperatufi/T, . (b) A closeup of the low-

- . - : . . temperature region af(T)/a(0) vsT/T. depicted in(@). The solid
value of « is slightly increasing with decreasing, from line is a fit to the linear relation(T)/o(0)=1— 0.6T/T
5.8<10 2K ' t0 8.7<10 2 K~ ! (see Table) and is close e

_3 _1 .
to the value of 7.510 ° K obtalne?ofrom,uSR Measureé- o\ temperatures below-0.35T, all data points collapse
ments on single-crystal YB&U;Og05.~ TO check whether ,ni4 5 single lindsee Fig. &)] that can be well fitted by
the observed linear low-temperature behaviowrds intrin- o(T)/o(0)=1—at with the same valua=0.605) for all

sic or is due to changes in the behavior of the flux lattice, wesgmpjes A similar scaling behavior has recently been found
repeated the measurements after slow and fast cooling, undS{, Hardy etal’® on single-crystal YBsCuO, 5 with

warming and. cooling, and also in diffgrent magnetic fields.5:0_01, 0.05, and 0.40 from surface impedance measure-
These experiments show no change in the low-temperatuigenis Their data at low temperatures are well fitted by
behavior ofc, confirming the intrinsic character of a linear A2(0)/\}(T)=1—0.50(5}. The quantityA2(0)/\(T) rep-
temperature dependence @f resents the normalized superfluid densiy/ng. Thus our

In Fig. 3@ we plot the normalized (T)/(0) versus the o 1ts on Y124 and those of Harey al. on Y123 indicate
reduced temperatutte=T/T, so that the temperature depen- that in HTSCn, is decreasing linearly with temperature with

dencies for samples with different doping levels can be comMy /dt= —(0.5-0.6), independent of doping. Usually, the
. . - S . . L - 1
pared directly. It is seen from Fig(d that all samples ex- linear variation of\2(0)/\?(T) at low temperatures is inter-

hibit quite a similar temperature dependence. Particularly, 8}Sreted as a consequence of quasiparticle excitations near the

nodes of a superconducting gap, suggesting an unconven-
tional order parameter in the HTSEIt was showrf® how-

ever, that phase fluctuations of the superconducting order
parameter, as proposed by Emery and KivefSocan also
lead to such aT dependence without invoking an unconven-

TABLE I. T, and o(0)of the samples listed. The-(0) values
were derived by fitting the low-temperature dependeidd’)
=0(0)(1-aT). Also listed is the parameter, which character-
izes the slope oé&(T) dependence at low temperatures.

—1 -1 tional order parameter. Any successful theory of HTSC
Sample Te®) o@ws) oKD should be abll?a to explain no){ only the Iine‘édep)t/andence,
Y 0.0£C8 0B aCUOg 88 4.10 0.0058 but also the observed independencealof/dt on doping.
YBa,Cu,Og 81 3.97 0.0072 Now let us discuss the zero-temperature values of the de-
YBay g2d-89 074CU4Og 74 3.28 0.0082 polarization ratec(0) obtained for our samples. Figure 4
YBay o2 ;CuOg 72 2.99 0.0087  showsT, plotted versuss(0) (Uemura plot?) for our Y124

samples together with previous results on Y1REef. 22
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T T T that o, follows the Uemura scaling, we obtain,~2.15
100 | )/ ] ws~ ! for pure Y124 sample. With the measured value of the
% ° L depolarization rate ofo(0)=3.97 us ' we thus obtain
80 ) o e ] o.p=5.18 us l. This is about two times larger than
. . oen=2.44us * derived by Bernharet al?*for Y124. They
X 60} { © . found that the slightest amounts of disorder in the CuO
= / chains led to a dramatic suppression of the chain condensate
a0 ,/ ] in Y123222% |n contrast to Y123, Y124 has well-ordered
) CuO chains and the crystal structure tolerates only minor
o0 [ )/ ] changes of the oxygen content betweefl.14 and 0.1 per
)/ unit formula®’ We suggest that although the oxygen nonsto-
/ ichiometry effects are less dramatic in Y124 they can still
00 1 2 3 j{ 5 lead to a significant reduction of chain condensate in this
6 (0)[nus™ compound. Further experiments are required to clarify this
problem.
FIG. 4. T, versus the zero-temperature depolarization o&t2) Based on their small value af.,=2.44 M371 for Y124

for various Y123 and Y124 samples. The dashed line is the U“ivercompared t(lrch=5.3,us_1 for Y123, Bernharcet al?? con-

SF"’;' errlnura line. Sg_lid Circ!f? I;j%data ffromYZimmermmnral. cluded that only part of the carriers in the double CuO chains
(Ref. 11. Open diamonds: ata for YBala1COs ot v124 contribute to the superconducting condensate in

gfg? 5}% f:g?nazé:eu;‘%‘argSF%R;) ZzndSoT?dgc(:j?grf :;3?0182 , contrast to the fully oxygenated chains in Y123. Our value of
C_ . . . . .

— —1 inh i

data obtained in the present study for ¥Baay ;Cu,Og (T.=72 K), 0ch=5.18 us for Y124, Wh'ch IS comparable to that Qb'
YBay opd-8007CUOs (Tc=74 K), YBa,CuOg (T.=81 K), and  Servedin Y123, suggests that in disorder-free CuO chains of
Y0.94C.:ao.0d3.azcu408 (T.=88 K). Y124 also practicallyall carriers condense to Cooper pairs.

To summarize, we have studied the in-plane penetration
and Y123(Ref. 11 compounds. In the underdoped regime depth in pure as well as Ca- and La-doped polycrystalline
T. scales linearly witho(0) on a single universal line for Y124 samples by TRtSR. The measurements on all samples
most HTSC families as shown by the dashed line in Fig. 4reveal a clear linear temperature dependence o¢T)

This is a generic behavior expected for HTSC with GuO ~\_Z(T) at low temperatures, similar to that observed in
planesonly. It was found that several HTSC systems con-recentuSR and surface impedance studies on Y123 single
taining CuO chains exhibit enhanced valueso®0) com-  crystals. The low-temperature variation af(T)/o(0)
pared with the “Uemura line” for “plane-only”  =)\2 (0)/A2,(T) shows practically no dependence on dop-
systems??® This deviation from Uemura scaling was ex- ing when plotted versus=T/T.. This observation puts an
plained by an additional contribution to the superfluid den'important constraint on models proposed to explain the lin-
sity from disorder-free CuO chaif$? Indeed, several ex- ggr low-temperature dependencehgf, in cuprates.

_perlmenztSs from various techniques such as NKR,  The measured zero-temperature depolarization rates
infrared®® and thermal conductivity indicate that well- o(0)~ng/m* are larger than those previously reported for
ordered CuO chains, although not intrinsically superconducty24 samples. This may be attributed to an enhanced con-
ing, become superconducting due to coupling with the £uOtibytion from the chain-carrier superconducting condensate
planes. WhileT, is practically unaffected, the additional and indicates a lower degree of disorder of the CuO chains in
condensate density from the superconducting chains efpe samples investigated in this work.

hancess(0), giving rise to the deviation from Uemura scal-  Tg the best of our knowledge, the presented results are the
ng. . S first to show a clear lineas(T) dependence at low tempera-

In Fig. 4 it is seen that ous(0) values are significantly tyres in unoriented polycrystalline HTSC samples. Previ-
larger than those reported previously for Y¥24ince even  ously such a behavior was observed only in high-quality
sintered powder samples differ in grain size, density, andingle crystals, which restricted work in this field to the few
other qualities, ther(0) values obtained by different groups materials from which such samples can be obtained in suffi-
may differ slightly unless the samples came from the samgjent size to permiiuSR measurements. The possibility to
source and were prepared the same way. However, in Oygyeal the characteristic linea(T) dependence in polycrys-
opinion, these extrinsic effects are not strong enough to exg|line samples motivates us to perform more comparative

groups, especially for the pure Y124 sample. Therefore, bepounds in the future.

low we consider the possibility that larg€0) in our samples

are due to the enhanced contribution of chain carrier super-
conducting condensate. Following Bernhatal,?> we as-
sume that the condensate in the chains contributes only to the
shielding currents along the direction of the chains. Then the This work was supported by the Swiss National Science
measured depolarization ra#€0) is the geometric mean of Foundation, Polish State Committee for Scientific Research
the components parallel and perpendicular to the CuQ@nder Grant No. 2PO3B15309 and US NSF Science and
chains:o(0)= Vo (op+ocpn), Whereop, and o, are the  Technology Center for Superconductivity under Grant No.
plane and chain depolarization rates, respectively. AssumingMR-91-20000.
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