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A systematic set of measurements of the microw@@eGH2 surface impedanceZ(=Rs+iX,) of twinned
YBa,Cu;04 o5 Single crystalgcalled YBCO/BZQ grown in BaZrQ crucibles reveal properties that are not
directly seen in similar measurements on other YBCO samples. The complex condugtivity—io, ob-
tained as a function of temperatur&)(from the surface impedance data shows two key featurfds A
conductivity peak inr(T) around 80 K in addition to peaks at 30 K and 92 K &8pextra pairing below 65
K in addition to the onset of pairing below the bulk of 93.4 K as revealed ir,(T). These features are
present in all three YBCO/BZO crystals measured and are absent in YBCO crystals grown by other methods.
These results show that in addition to pairindgfat 93.4 K, an additional pairing channel opens up-a66
K). High-pressure oxygenation of one of the crystals still yields the same results, and shows that the data
cannot be due to unwanted macroscopic segregation of O-deficient regions. Systematics on three single crystals
show that the height of the quasiparticle conductivity peak at 80 K in the superconducting state is correlated
with the inelastic scattering rate in the normal state. Clos& too,(T)~(T,—T), indicating a mean-field
behavior and inconsistent withCBXY fluctuations over a wide temperature range. A single complex order
parameter cannot describe these data, and the results suggest that at least two superconducting components
with corresponding pairing temperature scal&@g€65 K andTgz=T.=93.4 K) are required. Comparison to
model calculations considering various decoupled two-component scenarioB£d+s,s+d,d+d) are
presented. The comparison shows that the experimental data do not distinguish between these various sce-
narios, however, the data do require that one of the components be an order parameter with nodes in the gap,
such as al-wave order parameter. Fit parameters to the calculations using the different scenarios are presented.
These components are naturally present in all YBCO samples, however, impurities appear to suppress the pair
density of the low-temperatur® component and lead to greatly enhanced scattering of the high-tempesature
component. Overall, our results strongly suggest the presence of multiple pairing temperature scales and
energies in YBaCU;05.95. [S0163-18208)00513-X]

[. INTRODUCTION 99.995%. In contrast, the best crystals grown in conventional
crucibles such as Au and yttria-stabilized-zircoriS2)
The order parameter of high-temperature superconductotsave final reported purities of 99:99.95 %°® A number
has been extensively studied recently, and a consensus seegiisexperiments on YBCO/BZO crystals have revealed fea-
to have emerged in favor of d-wave order parametér. tures which are either greatly suppressed or not present in
However, there are some notable indicatiégsse Refs. 2,3 YBCO/YSZ samples. We have recently observed features in
for a summary which suggest that, particularly in the most the microwave surface impedance of YBCO/BZO which
widely studied material YB&u;Og o5, @ pured-wave order clearly indicates the presence of two superconducting
parameter may not occur and that there are indications of eomponents.
multi-component order parameté.g.,s+d). In this paper, we present further evidence on the system-
Material purity is crucial for studies of fundamental atics in three YBCO/BZO crystals. The results obtained con-
physical properties not obscured by impurity-related arti-firm our earlier findings, viz., (1) a conductivity peak in
facts. This fact has been validated time and again in experie1(T) around 80 K which is correlated with the normal state
ments on oxide superconductors as well as other materials. $tattering rate an@®) extra pairing below 65 K in addition to
is now accepted that improvement in material quality hasonset of pairing below the bulk; of 93.4 K as revealed in
often resulted in a better understanding of the physical prope,(T). A single complex order parameter cannot describe
erties in solid state systems. these data and the data indicate the presence of at least two
The recent growth of YBE WO, s single crystals in  pairing processes, leading to at least two order parameter
BaZrO;(BZO) crucibles has ushered in a new generation ofcomponents. Model calculations considering various simple
ultrapure sample$.This growth method avoids the critical two-component scenariolecoupledd+s and d+d) are
problem of crucible corrosion and leads to single crystalgpresented. We show that the two-component picture can pro-
with extremely clean surfaces and purity exceedingvide a quantitative description of the data, whereas a single
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TABLE I. A comparison of some material and physical properties of YBCO/BZO and YBCO/YSZ single

crystals.

YBCO/YSZ YBCO/BZO

Crucible: yttria-stabilized zirconi@Y SZ) Crucible: BaZrQ

Crystal purity: 99.5 to 99.95%Ref. 5 Crystal purity: 99.995%Ref. 8

T.=93.2t0 935K T.=93.21t093.5K

Estimated\(0)~1600-2000 A Estimated\(0)~1000-1400 A

Flux lattice not imaged with STM Flux lattice imaged with cryogenic STREf. 11)

Schottky anomaly present in specific heat Schottky anomaly eliminated in high pressure
oxygenated @ (Ref. 15

Large “fishtail effect” in magnetization “Fishtail” greatly suppressed in high pressure
oxygenated Qqys and eliminated in @ (Ref. 12

Substantial pinning due to impurities Very low pinning evidenced by extremely low

critical currents(Ref. 16 and observation of flux
lattice melting(Ref. 19

order parametefof any symmetry does not. In addition the superconductivity in YBgCu;Oggs. Some of these results

two-component picture can provide a description of the datare as follows.

on the earlier generation of YBCO/YSZ crystals also. Analy- (1) Direct imaging of the flux lattice of YBCO using low-

sis of the data close t®. is not consistent with BXY fluc-  temperature scanning tunnel microscq®TM).!* Thus far

tuations and displays a mean-field behavior. Systematics othis has only been feasible with the YBCO/BZO crystals.

three twinned single crystals show a correlation between the (2) “Fishtail effect” in magnetizatioreliminatedin high-

inelastic scattering rate in the normal state with the quasiparPressure oxygen annealed YBgBZO and optimally

ticle conductivity peak at 80 K in the superconducting statedoped YBCO/BZO samples.

We show that while &-dependent scattering rate is required (3) Schottky contribution to specific heatippressedn

to quantitatively describe the conductivity peaks, the two-YBCO70/BZO indicating the total absence of magnetic

component scenario provides a natural explanation for thgoments: _ o

location of the 30 and 80 K peaks in(T) as arising from _(4) The microwave conductivities(T) and o(T) ex-

pairing at 65 K and 93 K, respectively, in contrast with ear-hibit twq distinct features not consistent with a single super-

lier interpretation of YBCO/YSZ data which associated theconducting order parfame_tér. _ _

30 K peak with pairing at 93 K. Overall, our results show  (5) The vortex lattice imaged with STM shows two dif-

that a pured-wave state does not occur in YB2u;Og s and ferent regions which is either representative of two supercon-

strongly suggest the presence of multiple pairing energieglucting components or two  types of ordered oxygen

We note that several microscopic pairing scenarios are co usters. ) _ _ _

sistent with the conclusions of this paper. ' .(6) F?Iear observation of a direct first .order me!t|ng'tran-
Properties ofyBCO/BZO crystals.One of the causes for Sition in YBCG; o/BZO from a vortex lattice to liquid with-

the presence of impurities in YB&W,O,_ s single crystalsis  OUt an intervening glassy stafe.

the random substitution at the Cu chain sites by trace (7) Evidence of extremely low. in YBCO; o/BZO crys-

amounts of crucible constituents such as Au during the mefi@ls indicative of very low pinning’ o

growth process. This results in local variation of oxygen va- In an attempt to bring forth the essential differences, we

cancy distribution, introduction of magnetic moments andhave presented a comparison of some material and physical

other local defect81° Although the overallT, and sharp- Properties of YBCO/YSZ and YBCO/BZO crystals in

ness of the superconducting transition may not be affected b]/'able l.

a combination of these elements associated with impurities,

important features of the superconducting_ ground state such Il. EXPERIMENTAL RESULTS

as the order parameter symmetry, scattering, superfluid den-

sity, etc., are likely to be influenced. It is precisely these The microwave measurements were carried out in a 10

local impurities which are eliminated ifBZO) grown GHz Nb cavity using a “hot finger” techniqu¥. We mea-

YBa,Cu;0,_ 5 (YBCO) crystals thus providing an opportu- sure the surface impedand&=Rs+iXs and penetration

nity to probe the intrinsic ground state properties free fromdepth A(=Xs/now) as functions of temperatur, from

defects. Elimination of the metallic impurities also leaveswhich we extract the complex conductivitys=o1—10.

oxygen stoichiometry as the only variable which needs to b8 his method has been extensively validated by a variety of

controlled® measurements on cuprates and borocarbide
It is important to emphasize at this juncture that severasuperconductor¥®

new results have been obtained on these new generation Three single crystaldabeled AE103, AE105, and AE180

crystals by a number of experimenters using a variety ofind typically 1.3X1.3x0.1mn? in size from different

probes such as thermal, magnetic, and electrodynamic résatches grown in BZO crucibles and one crystabeled

sponse, and have led to a clearer picture of the nature AEXX) of comparable dimensions grown in a YSZ crucible
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were measured to study the systematics in the different 1T
samples. While standard oxygen annealing procedures at at-
mospheric pressure were followed to obtain optimally doped
crystals with oxygen stoichiometry around; g in AE103,
AE105, and AEXX, the AE180 sample was annealed at a
pressure of 100 bars for 20 h at 700 °C. Note that this high-
pressure annealing results in elimination of the formation of
oxygen vacancy clusters and as a consequence, the “fish-
tail” anomaly in magnetization is suppressed. The crystals
(AE103, AE105, and AE180yrown in BZO hadl;=93.4 K

and AEXX hadT.=92.4 K. All four crystals exhibited very
narrow transitions iRR¢(T) at 10 GHz 0f<0.3 K. The crys-

tals are typically twinned and a study of detwinned samples
is the subject of future work.

The temperature dependence of the surface resistance
R(T) and change in penetration depfn(T) were pre-
sented for AE103 and AEXX crystals and discussed in detail
in an earlier publicatiori.In this paper, we show that the data
for AE105 and AE180 crystals also show the features seen in
the AE103 single crystal. The data for all the three high-
purity YBCO/BZO crystals clearly reveal a bump in the vi-  £iG. 1. Magnitude of surface impedance amplitydg(T)| of
cinity of 60 K which is not seen in YBCO/YSZ. Also the yBCO/BZO and YBCO/YSZ single crystals. Open symbols are
estimated London penetration deptii0) for YBCO/BZO  ysed for BZO grown crystals: AE10®pen squar@sAE180 (open
samples are=1000 A which is lower than the value of 1400 triangles, and AE105(open diamonds The data for YSZ grown
A estimated for the YBCO/YSZ crystal. We obtain the ab- AEXX (filled circles is also shown. The plot emphasizes the fact
solute value ofXg by equatingR,=X,, aboveT,. that A(0) for all the YBCO/BZO crystals is lower than that of

Since the absolute values oRy(T) and X (T) YBCO/YSZ.
are now known, we can plot the amplitude
|Z(T)[=VR(T)*+Xy(T)“as a function ofT. Figure 1 (i) o,(T) shows two distinct regions of variation above
shows such a plot for the three YBCO/BZO samples along,,q pelow ~60—70 K in AE103, AE105, and AE180
with YBCO/YSZ for comparison. The virtue_of plotting samples in comparison with AEXX. Given the fact th4D)
|Zs(T)| is that one can clearly see the lowe(0) in YBCO/  ig |ower in YBCO/BZO this implies enhanced pair conduc-
BZO which effectively translates to a higher superfluid de”'tivity in these samples.
sity (ns/m)~ 12, _ _ (i) The normal conductivityo;(T) shows a peak at

In the superconducting state, the complex surface impeds,,,nd 80 KE0.9T,) in YBCO/BZO crystals which is ab-
ance is related to the complex conductivity and penetratioRent in YBCO/YSZ. This peak is greatly suppressed in
depth:Zs=Rs+iXs= \iuow/(o1—i07). Since the absolute  AE105 as seen in Fig. 2. We show later that there is a cor-
values ofRs and X are known, it is possible to extract the rejation between this peak and the normal state inelastic scat-

0 50 100 150
T(K)

complex conductivities: tering rate of the samples. It is to be noted that the normal
conductivity peak at-30—35 K and a very sharp peak near
o 2100RX 'Sl';é]s;gslnset in bottom panel of Fig) are present in all the
1~ ’ .
(2RgXs)2+ (RZ—X3)? Note that these two features are both absent in all previ-

ously measured crystals. This is evident from the data on the
> 2 YBCO/YSZ sample shown in Fig. 2. We emphasize that the
_ Po@(Xs—Rs) YBCO/YSZ data is indeed “canonical” of the samples pre-
(2R3X5)2+(R§—X§)2' pared by previous growth methods. This is illustrated in Fig.
3 which compares the YBCO/YSZ data with that measured
. _ by us on a detwinned LUBEu;Og o5 Samplé® and by the
These quantities are important because they enable conygc group on YBaCu;Og o5.2- Note the excellent consis-
parison with microscopic theories. The pair conductivity  tency of data on all previous samples with each other in Fig.

is a rezpresenltation_ of thg superfluid _ density3, and the systematic differences with the new data in Fig. 2.
o= pnow\“(T)]™ * and is a convenient way of probing how

the condensate builds up below the superconducting transi-
tion. The quasiparticle conductivity; is determined by the
guasiparticle density as well as the quasiparticle scattering
time. A calculation of the high-frequency conductivity requires
In Fig. 2, the temperature dependence ®f(T) and proper incorporation of scattering effects along with self-
o,(T) are plotted for all the four samples AE103, AE105, consistent calculations of the gap and density of states. In
AE180, and AEXX. The two following features emerge addition anisotropy effects should also be included for the
clearly from a comparison of the data. cuprate superconductors. While this has been tfof&for

(9]

[ll. ANALYSIS AND DISCUSSION
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£ 11 a o FIG. 3. Superfluid density of the YBCO/YSZ single crystal
< f % (AEXX) plotted against reduced temperature. Data for an un-
‘© ,: twinned YSZ grown LuBCO crystal and the UBC data are also
Eo 5 % B shown for comparison.
© 0-9-
— ductors, respectively. Fax((T) andA4(T) we use appropri-
0 ate mean-field temperature dependences. The validity of this
‘ ‘ ' ' two-fluid approach, which is used frequently sawave su-
0 2 40 T(K) 60 80 100 perconductors following Mattis and Barde®rhas been dis-

cussed ford-wave superconductors by Hirschfedt al 23

FIG. 2. Complex conductivities, (top panel and o; (bottom
pane). The YBCO/BZO data are shown in open symbols and the
YBCO/YSZ data in filled circles. Note the extra pairing at around A. Comparison with models

60 K in o, and the peak at 80 K inr; in YBCO/BZO, both absent di h . fh . ld
in YBCO/YSZ data. Inset of bottom panel shows an exploded view We now discuss the comparison of the experimental data

of the region neal; to highlight the presence of the sharp peak in With detailed models which are implemented assuming vari-
all samples. ous conditions for the gap parameters.

Single d-wave order parameter: Its failure to describe the
unconventional superconductors including those with aresent resultsThere is a general consensus that the super-
d-wave order parameter, these approaches are not easitpnducting order parameter symmetry in cuprates is not a

amenable to comparison with experimental data. simples-wave type as is the case in conventional supercon-
Instead, in order to compare with the present experimentaluctors. A wealth of experimental results indicate unconven-
data we use a simpler “two-fluid” model of the forf: tional pairing and more specifically point to the presence of

nodes in the gap. A strong candidate which has been found
to account for most of the properties in cuprates is a single
complex d-wave order parameter with a gap of the form
A(T)=A4(T)cos2p, whereg specifies the orientation of the
two-dimensional momentum of the Cooper pairs. This ex-
wheref,, andfs represent the fractions of normal and super-pression leads to two important signatures, namely, the order
fluid (with f,+fs=1), andr is the relaxation time for nor- parameter goes to zero in certain directions and also
mal electrons. In this model, the normal electrons havehanges sign as one goes around the Fermi surface. Angle-
damping with the usual Drude conductivity at high frequen-resolved photoemissiéhand phase sensitive superconduct-
cies, and the superconducting electrons have inertia but n@g quantum interference devi¢8QUID) experimentshave
damping. The quasiparticle and pair conductivities can bghown strong evidence for this behavior. For experiments

ne

fo ifs
m| »

Ur(T) o

olw,T)y=01—10,=

numerically calculated from which measure quantities averaged okespace(such as the
microwave penetration depththe consequence of the
% of d-wave gap will lead to features in the low-temperature de-
fS:(l—fn):1—2< J ( — £>d6>, pendence which should be consistent with the presence of a
0 finite density of states within the gap.

A linear low-temperature dependence in YBCO single
whereE=\/e?+A%($,T), andA(¢,T) is the gap parameter, crystals observed by the UBC grddpand subsequently
and(--->=f(2)”d¢ indicates an angular average overThe  confirmed by others including ourselves in YBO®efs.
gap parameters are given bW(¢,T)=A(T) and 18,28 and also Bi:2212(Ref. 19] has been claimed as
A(p, T)=Ay4(T) cos(2p) for s-wave andd-wave supercon- prime evidence for nodes in the gap, which applies to
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d-wave symmetry among other possibilities. Rigorous calcu- 1.5
lations of the microwave conductivity in the framework of
d-wave theories have also been done to explain the features
observed in prior YBCO/YSZ samplé$2*

In Fig. 3, a plot off A?(0)/\?(T)] vs reduced temperature
(t=T/T,) for YBCO/YSZ single crystals is shown. A com-
parison to detailedl-wave calculations has been carried out
by us in an earlier publicatiolf Comparison shows that al-
though the low temperature dependence is reproduced by
calculations(not shown using a weak couplingl-wave or-
der parameter, the agreement is not very good at tempera: 0.8
turesT>0.5T., suggesting that strong coupling effects are -_
needed. g
For the YBCO/BZO single crystals, the low-temperature o

%
©

0 20 40 60 80 100

penetration depti(T) is indeed linear for all three samples
measured up to~20—25 K with a characteristic slope
d\/dT of about 4.5 A/K similar to that of the YBCO/YSZ
samples. However deviation from linearity is observed above 0. g
25 K for the YBCO/BZO crystals due to the onset of the 0 20 40 60 80 100
broad 60 K bump. This is clearly evident from the plots of 2

a,(T) presented in Fig. 2 which shows a nonmonotonic de-
pendence for AE103, AE180, and AE105 samples when -
compared to the AEXX curve. While a single order param-
eter may be reconciled at first glance for the YBCO/YSZ
data®® it is impossible to do so for the results on the BazrO 2 \
grown crystals. Instead a two-component model has to be ~_

considered as is done below. 0

Top/h (meV)?
/
&

0 20 40 60 80 100
T(K)
B. Comparison to decoupled two-component order parameters
. . . FIG. 4. o, and o, data for YBCO/BZO single cryst4AE103)
The simplest WG}y in Wh'?h one can analyze a tWO'anng with the fits generated using a decoupled two-component
component system is to consider two parallel superconduct; e s+ d [solid line| and (@+d) (dashed ling discussed in the

ing channels and to add their complex conductivities. Theey; The bottom panel shows the variation of scattering times
total conductivity can then be written as and 75 below theT, for A and B components for thes¢-d) case.
. . Essentially similar fits can be obtained fat s) case(not shown.
o=01=i0y=(01at 018) ~i(02aF 028).
For ease of calculation we consider that the two compo- (1) A low temperature compone# with T.,~60 K and
nents are decoupled with distinct transition temperatliggs & high-temperature componetwith Tcg~93 K.
andTcg(>Tca). (The possibility of coupled components and  (2) A weak couplingd-wave gap withAg=2.1&gT for
T, being a crossover temperature is discussed)laBaicu-  the B component and awave gap withA y=1.7&gT. or a
lations of the conductivities can be performed using theveak-couplingd-wave gap for theA component.
Mattis-Bardeen formalism introduced earlier. In an earlier (3) A lower fraction ofs-wave (~0.3) than thed-wave
paper, we had presented the qualitative model where for eaf@rt (~0.7).
of calculation we used-wave order parameters for both the ~ (4) ~ Temperature ~ dependent  scattering  rates
A andB componentg.In reality, it is essential to choose at Tas=L'as=Tago)(€ " V—e *)+Tx5 were used for
least one component to liewave to produce the linear low o1.">**This exponential variation agrees with the suggestion
temperature dependence. Using a combinationasfdd gap  that the scattering time increases rapidly below the transition
symmetries, it is possible to obtain excellent quantitative fitgemperature. The variation of, and 75 with temperature is
to the observed experimental data for all the YBCO/BzOPplotted in bottom of Fig. 4. The detailed functional form is
single crystals. not as important as the key feature of rapid variatiornrof
Figure 4 shows the experimental data forando; along ~ below 65 K andrg below 93 K.
with the fits obtained with the two component model assum- The two-component model also provides an explanation
ing ans wave for the A component and wave for the B of the YBCO/YSZ data as can be seen from Fig. 5. The fit
component. Good fits can also be obtained for-@) and parametergTable I)) suggest that impurities suppress the
(d+s) cases for the twdA+B) components. The data for order parameter for the A compong¢atsmaller ratio 10% of
the AE103 sample only is presented in the figures for claritythe superfluid densityn;a as well as a weaker gap
It is possible to obtain similar fits for the other YBCO/BZO Aa(0)/kgT 2~ 1.0 are needdgdas well as greatly enhancing
crystals and the fit parameters for all the samples are tabudibe scattering rateg L about 10 times larger for the B com-
lated in Table II. A good agreement between the data angonent. The rapid variation afy below 50 K is still needed
model is obvious. Best fits are obtained for the followingto obtain the 30 K peak ir(T) for the YBCO/YSZ crys-
genericchoices. tals.
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TABLE II. Fit parameters for the three YBCO/BZO crystals using the several two-component scenarios.
For the YBCO/YSZ case, fits shown in Fig. 5 using the two-component model are generated using the
following parameters: Components:(A1) and B0.9); T.A,B=60,92 K; [ (aB)0=10,14; a=7,12;
FfA,B)=0-1,0-01- While the numbers are identical fer{(d) and d+d) cases, d+s) does not fit the data.

Samples AE103d+d) AE105 (d+d) AE180 (d+d)
Components £0.6), B(0.4) A(0.6), B(0.4) A(0.48), B(0.52
Team) 63, 93 K 59, 93 K 58, 93 K

I (a.8)(0) MeV 11,8 10, 13 7,13

a 12, 25 10, 8 9,14
FZ(A,B) MeV 0.08, 0.6 0.08, 1.1 0.06, 1.2
Samples AE1034+d) AE105 (s+d) AE180 (s+d)
Components £0.6), B(0.49) A(0.6), B(0.9 A(0.45, B(0.595
Teap) 63, 93 K 59, 93 K 58, 93 K

I (a.)0) MeV 12,8 18, 14 10, 16

a 11, 25 11,6 10, 16
FfA,B) MeV 0.05, 0.8 0.04, 0.4 0.02,1.4
Samples AE103d+5S) AE105 d+5) AE180 d+5)
Components £0.78, B(0.22 A(0.78), B(0.22 A(0.68), B(0.32
Team) 63, 93 K 59, 93 K 58, 93 K
F(A,B)(O) MeV 20, 7 12,9 10, 10

o 11, 21 11, 10 9,14
FfA,B) MeV 0.24, 0.52 0.06, 0.01 0.1,04

The occurrence of the low-temperature normal conductivunderdoped 123 compounds have also been reported in
ity peak ino; at around 30 K even though the superconduct-Ramari® and femtosecond optical resporide.
ing transition temperatures are in excess of 90 K in YBCO Anisotropic penetration depth measurements alongathe
crystals, has long been a puzzling feature. An exponentiadnd b axes have been reported on untwinned YBCO/YSZ
reduction of the quasiparticle scattering rate belbwwas  single crystals: Lower A(0) in the b direction suggested
invoked to account for this. However, the present data prosuperconductivity in the Cu-O chains with the on§gsame
vides an explanation for the location of this peak, since in theas that of the planes, viz. 93 K. The similarity betweex21/
present experimental results, it is natural to associate the twgnd 1A2 was taken as evidence that chain order parameter
o1 peaks with the corresponding features in the pair condengiso has nodes in the gap. However, in our present data,
sate density as inferred from,. Two types of pairing with  additional superfluid response clearly turns leiow 60 K
different characteristic energy scales are clearly observed ignd if this is due to chains, then this would imply that chain
these high-quality YBCO/BZO single crystals. In the YBCO/ syperconductivity occurs at a lower temperature than the
YSZ samples, these energy scales are also present but thgjanes and would also directly contradict the conclusions
signatures are obscured by impurity scattering. reached in Ref. 33. Recent experiments on anisotropic ther-

One aspect of the comparison should be noted. Becausfal conductivity in detwinned YBCO/YSZ single crystals
we have used a model in which the components are decolrave also revealed enhanced superfluid density bel6& K
pled, the calculations necessarily show a sharp break &fhich has been interpreted as due to chafriBhis will be
aroundT A~ 60 K, whereas the data display a smooth crossconsistent with our observations of the microwave response
over. This is an indication that the decoupled model is togn YBCO/BZO.
simplistic, and a coupled model is necessary. Indeed such
calculations performéd within a Ginzburg-Landau frame-
work lead to a smooth crossover in 2(T) in closer agree-
ment with the experiments. However, a full calculation of the  We turn our attention now to the transition region close to
conductivities requires a microscopic model which still T.. The temperature dependence of the penetration depth
needs to be implemente(Bee also the remarks in the Sum- \(T) is expected to reveal the characteristic nature of the
mary section of this papger superconducting gap as it opens up and also possible contri-

We note that there have been other discussions of mubutions due to fluctuations. In contrast to conventional super-
tiple componentggaps or quasiparticlgsn the cuprate su- conductors, the low dimensionality and small coherence
perconductors. A two-gap model was proposed earlier byength in cuprates make them good candidates for studying
Klein et al® to describe the data on YBCO thin films with the effect of superconducting fluctuations and in determining
low cation disorder. In their case, however, low and highthe universality class they belong to. While Ginzburg-
gaps both withs-wave symmetry and the sariig were cho- Landau theory generally describes the region near the tran-
sen to calculate the pair conductivity and the issue-pfvas  sition very well in conventional superconductors, it has been
not addressed in detail. Two-component behavior in 124 andrgued that in YBCO assuming the simplest case sihgle

C. Near-T behavior
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FIG. 5. 0, and o, data for YBCO/YSZ single cryStaAEXX) FIG. 6. Top panel: Penetration depth n@arshown in a log-log

along with the fits generated using a decoupled two-componen{c|e (jogarithms are of base 10The data sets indicate a similar
model (s+d) discussed in the text. The bottom panel shows theyaration in all four samples, with a slope of 0.5 indicating mean-

variation of scattering times, and 7g below theT. for Aand B fie|g pehavior. Bottom panel: Plot of the superfluid density

components for thes(+d) case. The fit is identical with si_milar [A(0)/\(T)]? vs T just belowT, for the AE103 crystal. The solid
parameters for thed(+d) case. The ¢+s) case does not fit the jine js a guide to the eye indicating the linear variation consistent

data. with mean-field behavior. Inset shoys(0)/\(T)]® vs T for the

complex order parameter, it is possible to observe criticaf@me data in which the curvature is clearly evident indicating dis-
agreement with the 3D XY model.

behavior which would give rise to fluctuations corresponding
to the universality class of the three-dimensio(@D) XY
model. Transport and thermodynamic measurements in thean account for the behavior over a larger range in tempera-
presence of a magnetic field have been interpreted in terntsire, the region of critical fluctuations is restricted to a nar-
of this model®>3® However, this has also been disputed byrow range in temperature of 1-2 K beldf and an even
Roulin et al*” who argue that fits of the specific heat n@ar  smaller region abova,..*° It should be noted that the tem-
in YBCO single crystals for high magnetic fields do not rule perature dependence pk(0)/A(T)]? from kinetic induc-
out other explanations such as 3D lowest Landau léMdl)  tance measuremefitsand very recently from an inverted
scaling. microstrip resonator technigtfehave shown mean-field de-
Penetration depth data close to the transition region wilpendence .
be influenced by the presence or absence of critical fluctua- In a bid to investigate the transition region in our data on
tions. Specifically, a plot dfA (0)/\(T)]" as a function of  YBCO/BZO and YBCO/YSZ single crystals, we have plot-
just belowT., is a useful indicator of the validity of standard ted the penetration depth for all four crystals as a log-log plot
mean-field or the 3IXY models. While a mean-field behav- against the reduced temperati(@.—T)/T.] shown in the
ior can be deduced fx(0)/\(T)]? is linear inT, 3D XY  top panel of Fig. 6. It is clear that all the data show a linear
would require[N(0)/\(T)]® to be linear inT. The latter behavior(with a negative slopewith typical values of the
behavior has been observed in penetration deptslope lying around 0.5. The appropriaté0) andT,. values
measurements and has been interpreted as consistent witrestimated from ouR, and X, data for the three YBCO/BZO
the critical behavior of the 3IXY model. It is important to samples (AE103, AE180, AE105 and the YBCO/YSZ
note the choice of the range of temperature over which onesample(AEXX) were taken to obtain the individual curves.
looks for effects due to fluctuations is crucial. The dynamicalExcept the data for AE180 which has a slightly higher slope
fluctuations in the frequency dependent microwave conduct~0.6), the other data form a set of parallel lines. This be-
tivity near T, has been examined by Boo#t al>® They havior is consistent with mean-field variation of the order
arrive at the conclusion that while the Gaussian fluctuationparameter below .. To illustrate the point further, a plot of
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whose microwave surface impedance were measured in an
o identical manner. A comparison of this data with thgT)
.07 or data of Fig. 2 shows a clear correlation between the normal

“C e state scattering rate and the 80 K quasiparticle conductivity
IR peak. This peak is prominent only in AE180 and AE103
A a4 samples which have a lower scattering rate, is suppressed in
PE R AE105 which shows a largdr than the other two YBCO/
BZO samples and practically absent in AEXX which has the
largest scattering rate. This remarkable correlation indicates
Ta- AE103 the sensitive nature of the conductivity peak to very small
ol - o= AEXX changes in impurity concentration and/or oxygen stoichiom-
- o- AE105 etry. Further studies in YBCO/BZO crystals with transition-
- a- AE180 metal doping and variation of oxygen stoichiometry are
needed to explore the correlation between the electronic
! : : : : properties in the normal state and the quasiparticle contribu-
100 120 140 160 180 200 tion in the superconducting state which is suggested by our

T(K) present data.
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FIG. 7. The normal state inelastic scattering rate for all four
samples. The data for AE103 and AE180 have lower values and
smaller slope in comparison to AEXX and AE105 samples. IV. SUMMARY OF MICROWAVE PROPERTIES

OF YBCO/BZO AND YBCO/YSZ CRYSTALS

[A(0)/\(T)]? vs T is presented in the bottom panel of Fig. 6
for one YBCO/BZO crystal. Thdinear variation is quite We summarize below some of the microwave properties
obvious and is clearly different from the behavior reportedexhibited by the YBCO/BZO crystals along with comparison
for YBCO single crystals in Ref. 37. The inset shows theof results on the previous class of YBCO/YSZ samples. The
same data plotted 43 (0)/\(T)]% vs T which is nonlinear  key observations are as follows.
and rules out the possibility of 3®Y. The smooth variation (1) The linear behavior of the low-temperature penetra-
of the [N(0)/A(T)]® vs T curve also indicates against the tion depth\ (T) T appears to be very robust and is observed
possibility of interpretation as a crossover behavior from 3Din all samples with essentially the same slop€T) rises
XY very nearT. to a mean-field-like variation at lower tem- linearly with T upto 0.25 . in YBCO/BZO single crystals
peratures. Our conclusion in this context would be that thevith a characteristic sloped/dT) of about 4.5 A/K. This
nearT . behavior in all YBCO crystals is governed by a stan-linear variation which is widely observ&tf*“%is in agree-
dard mean-field expression. In this respect, they seem to beent with the observations on YBCO/YSZ crystals and more
similar to the conventional superconductors where the physirecently in magnetically aligned powders too and has been
cal properties nearT. are well described within the ascribed to the presence of nodes in the gap, and overall is
Ginzburg-Landau framework and the critical region is re-considered a strong evidence fiwave order parametét.
stricted to an unobservably small region ndar. Alterna-  However, unlike the data in YBCO/YSZ, the full tempera-
tively, it is known that the presence of order parameter ofture dependence for YBCO/BZO display a characteristic
mixed symmetry can give rise to fluctuations in the univer-bump feature around 60 K which points to the presence of an
sality class other than 3DXY nedr,.*® Our present results extra component in addition todwave part.

at low temperatures and the behavior n€arare consistent (2) A linear behavior of\(T) is also seen in good quality
with this latter scenario. BSCCO single crystalf®*5#’A T2 behavior which has also
been reported in YBCO thin filnf€ has been considered a

D. Normal state scattering rate consequence of inhomogeneties and additional scattering

~ caused by impurities and disorder.

Assuming a loca] — E relation in the skin depth limit, the The surface resistancB(T) of YBCO/BZO shows a
normal state surface resistance can be written apump at around 30 K as well as a broad bump at higher
R,= Vouopn/2 where the microwave normal state resistivity temperatures. In terms of conductivity, this results in two
is expected to be the same as the dc resistivity angeaks occurring at-30 and~80 K. The ratioo; /o, of the
pn=2T o\ (0)%. Herex(0) is the London penetration depth peaks are much highéabout 50 or moreand cannot be
andl is the normal state scattering rate. Taking=po+ yT  explained due to coherence effects predicted by BCS theory
the resistivity values can be translated into the inelastic scatwhich yields ao /o, ratio typically around 2. We have
tering rates given by = yT/2uA?(0). associated these two peaks with two different quasiparticle

In Fig. 7, we have plotted the normal state inelastic scatsystems corresponding to components A and B as discussed
tering rate as a function of temperature for earlier.

100 K<T<200 K for all the YBCO/BZO samples along In YBCO/YSZ, only the low-temperature peak aB80 K
with the data for YBCO/YSZ crystal. Among the YBCO/ is seen. This was first observed at sub-TiR2f. 49 and at
BZO single crystals, th& values as well as the slopes for microwave frequencie¥. To account for this feature, Bonn
AE103 and AE180 over the entire temperature range aret al®° proposed a rapid increase in the inelastic scattering
lower than that for the AE105 sample. The YBCO/YSZ time (1) below T, followed by a reduction in carrier density
AEXX sample has the largedt in this batch of crystals at low temperatures.
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(3) A peak in o, can arise due to an interplay of two et al® indicated that ® XY scaling is seen only over a lim-
effects, viz. a rapidly rising scattering timeas temperature ited temperature range, kinetic inductance measurements by
is lowered followed by a drop in the number of quasiparti-Lembergeret al** on thin films suggest mean-field behavior,
clesng, as T is lowered furthef?~>* A similar scenario is in agreement with the conclusions of this paper. _
used in analyzing our present results on YBCO/BZO. Such (9) It should be noted that the pairing onset below 65 K in
an interpretation necessarily requires a rapid variatiomgof ~the o2(T) is quite broad, and it is difficult to determine if it
just below 93 K and of-, below 65 K as is evident from Fig. is the critical point of a phase transition. This interesting
4 in YBCO/BZO. possibility of a second phase transition cannot be confirmed

It is to be noted that in BSCCO, our restftslo not show O ruled out by the present data and should be explored fur-
any conductivity peak i, below T, but rathero; /o, rises t.her in YBCO/BZO crystals. It should also be noted that it. is
monotonically asT is lowered. However, another stfffy likely that the order parameters are coupled and calculations
claims to see a small reduction in, /o, at very low tem- of the superfluid density using a simple Ginzburg-Landau
peratures suggestive of a conductivity peak. free_ energy for two coupled order parar_neters reproduce the

(4) It is important to note thathe two temperature scales Main features of the.™*(T) data®® At high temperatures
of 93 and 65 K are present in YBCO/YSAlso This can be Tc>T>Tca, the symmetry is predominantly of type B, al-
seen from the fact that two component analysis also dethough a small A component is also induced due to the cou-
scribes the YBCO/YSZ data, as shown in Fig. 5, provided ling. At lower temperature§’<T;,, the A component
suppresseahg, and 75 are used. This suggests that in the 9rows so that both componer{and hence a mixed symme-
YBCO/YSZ crystals, impurities lead to suppression of thelry) are present. It is likely that due to the subdominant na-

pairing density of the A component, as well as greatly enfure of the A component, thermodynamic measurements
hanced scattering of the B component. such as specific heat do not reveal a large signature indica-

(5) A very sharp peak ino; just below T, at around tive of a sharp phase transition at 65 K. Some recent micro-

91-92 K is seen in all YBCO/BZO as well as YBCO/YSz Scopic calculations indicate that the thermodynamic signa-
samples, so that there are a total of three conductivity peakires, such as specific heat cusps, are weaker in the
This peak neafT. has been ascribed to fluctuatiGhor subdc_)mlnant c_hannels which appear at lower temperatures
inhomogeneitie& A quantitative analysis of this microwave than in the main channéf. _ _
conductivity peak in terms of fluctuations has been recently (10 While we have presented a simple phenomenological
provided by Anlageet al*° In the YBCO/BZO samples this two-component model in this paper to account for the two

peak is extremely sharp and further attests to the high sampf@nductivity peaks in YBCO/BZO, microscopic calculations
quality. (similar to those based on a singld-wave order

(6) The temperature scale of 65 K naturally raises theoaramete’*rz‘z‘b need to be done for the surface impedance of
possibility of a multiphase sample with regions of YBEO @ two-component superconductor. Very recently, a two_-ban_d
We have considered this issue very carefully and severdnodel has tzgen proposed to account for our observations in
experiments show that this @nclusivelyruled out.In situ ~ YBCO/BZO.>> Varying a single parameter, viz., the inter-
resistivity measurements at high temperatures have showkand scattering, it is possible to qualitatively reproduce the
that the crystals can be reversibly oxygenated—deoxygenateH?,atUreS seen iy ando, of bqth YBCO/BZO and YBCO/
and that the diffusion constants are well characterized, indiYSZ- Furthermore, the analysis used here assumes phase co-
cating nothing unusual about the oxygenation of theséner_ence tr_lr_oughout the sample an.d do;as not include contri-
sample€ Note also that the YBCO/YSZ sample AEXX was butions arising from phase fluctuatiofts’
oxygenated using the same procedures but did not display
the features in the coqductivity. Furthermore, the simil_arity V. RELATION TO MICROSCOPIC THEORIES
of the AE180 data with the other samples conclusively
shows that even local O vacancies are not responsible for the Models based on any type of mixed order parameter sym-
present results. This is because in AE180, high-pressure oxyretry would yield results consistent with our experimental
genation breaks up O deficient clusters, as evidenced by thabservations in the YBCO/BZO system. Mixed order param-
elimination of the fishtail anomaly in samples prepared byeter symmetry and multicomponent behavior of the order
this method. parameter has been addressed in several theoretical papers

(7) A comparison of the superfluid density for YBCO/ which can be broadly classified along the following catego-
YSZ and detwinned LUBCO/YS&hown in Fig. 3indicates  ries.
that twinning does not qualitatively affect the temperature (1) s+d, s+id. It has been argued that the orthorhombic
dependence. However, the role of twinning in single crystalstructure of YBCO naturally leads to a mixing efand d
of YBCO/YSZ and YBCO/BZO in their microwave proper- order parameter componeritSeveral theori€é>*-*1advo-
ties is an issue which needs to be explored further. Similacate to this general concept of a mixetld order parameter
studies on detwinned YBCO/BZO crystals are the subject ond have successfully developed models which can describe
future work. the experimental results in YBCO. This appears to be con-

(8) Our measurements on both YBCO/BZO and YBCO/sistent with photoemission data on overdoped BSCCO
YSZ single crystals are consistent with mean-field behavioalso®>°® Phenomenologic&l and microscopic theorie%
rather than ®XY close toT.. NearT, variation of 1A has  have been considered. The work of Ref. 63 indicates that the
been analyzed in terms ofBXY scaling by Kamaet al*in system likely goes from d-wave state at high temperatures
their YBCO/YSZ crystals. While a more rigorous study of to ans+id state at lowT.
the fluctuation contributions below and aboVg by Booth (2) Chain-plane couplingThe presence of Cu-O chains in
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addition to planes raises the possibility of different supercongroup Our present results on the YBCO/BZO crystals sug-
ducting condensates with different pairing energies residingiests that within the interlayer tunneling model, single elec-
on chains and planes. This can effectively lead to a twoiron tunneling processes could account for the features ob-
component system exhibiting two different g&<€oupling  served in our data.
between chain and plane bands has been profibsedc-
count for both thes and d characteristics displayed by
YBCO. VI. CONCLUSION

(3Multiband models and Fermi pocketdheoretical

i In summary, we have shown that high-quality single crys-
treatments based on multiband models have been present : : P ;
which considers the interband interactiis?® This general ffls of vBCO grown in BaZrQ crucibles exhibit features in

! their microwave properties, which are inconsistent with a
framework also reproduces the essential features of a twao-

component superconductor. The nature of the Fermi surfac%ured'W‘aVe order parameter and instead point to the occur-

could be important in determining the possibility of multiple - cc of multicomponent superconductivity. The measure-
. po! 9 P yo P'€ ments reveal the presence of two pairing temperatures corre-
pairing energies. The presence of pockets with and

g-wave symmetries has been recently discuded. sponding to two superconducting(pair/quasiparticle

@) Surf tat nd time reversal symmetrv breakin components in the optimally doped compound. This should
urlace states a € reversal symmetry breaking, . 1,5me in mind and careful studies should be performed on

The possibility of mixed order parameter symmetry at thehigh-quality materials to further explore these issues

surface leading to breaking time reversal symmetry has been '

suggested’’? Recent observation of Andreev bound states
at_the surfa_tge of YBCQRefs. 73 and 7@strongly suggests ACKNOWLEDGMENTS
this possibility.
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