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Systematics of two-component superconductivity in YBa2Cu3O6.95 from microwave measurements
of high-quality single crystals
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A. Erb and E. Walker
DPMC, Universite´ de Gene`ve, Gene`ve, Switzerland

~Received 8 September 1997!

A systematic set of measurements of the microwave~10 GHz! surface impedance (Zs5Rs1 iXs) of twinned
YBa2Cu3O6.95 single crystals~called YBCO/BZO! grown in BaZrO3 crucibles reveal properties that are not
directly seen in similar measurements on other YBCO samples. The complex conductivitys5s12 is2 ob-
tained as a function of temperature (T) from the surface impedance data shows two key features :~1! A
conductivity peak ins1(T) around 80 K in addition to peaks at 30 K and 92 K and~2! extra pairing below 65
K in addition to the onset of pairing below the bulkTc of 93.4 K as revealed ins2(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 pairing atTc5 93.4 K, an additional pairing channel opens up at (;65
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. Close toTc , s2(T);(Tc2T), indicating a mean-field
behavior and inconsistent with 3DXY 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 scales (TA;65 K andTB5Tc593.4 K! are required. Comparison to
model calculations considering various decoupled two-component scenarios (A1B5d1s,s1d,d1d) 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 ad-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-temperatureA component and lead to greatly enhanced scattering of the high-temperatureB
component. Overall, our results strongly suggest the presence of multiple pairing temperature scales and
energies in YBa2Cu3O6 .95. @S0163-1829~98!00513-X#
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I. INTRODUCTION

The order parameter of high-temperature superconduc
has been extensively studied recently, and a consensus s
to have emerged in favor of ad-wave order parameter.1

However, there are some notable indications~see Refs. 2,3
for a summary! which suggest that, particularly in the mo
widely studied material YBa2Cu3O6.95, a pured-wave order
parameter may not occur and that there are indications
multi-component order parameter~e.g.,s1d!.

Material purity is crucial for studies of fundament
physical properties not obscured by impurity-related a
facts. This fact has been validated time and again in exp
ments on oxide superconductors as well as other materia
is now accepted that improvement in material quality h
often resulted in a better understanding of the physical pr
erties in solid state systems.

The recent growth of YBa2Cu3O72d single crystals in
BaZrO3~BZO! crucibles has ushered in a new generation
ultrapure samples.4 This growth method avoids the critica
problem of crucible corrosion and leads to single cryst
with extremely clean surfaces and purity exceed
570163-1829/98/57~13!/7986~11!/$15.00
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99.995%. In contrast, the best crystals grown in conventio
crucibles such as Au and yttria-stabilized-zirconia~YSZ!
have final reported purities of 99.5299.95 %.5,6 A number
of experiments on YBCO/BZO crystals have revealed f
tures which are either greatly suppressed or not presen
YBCO/YSZ samples. We have recently observed feature
the microwave surface impedance of YBCO/BZO whi
clearly indicates the presence of two superconduct
components.7

In this paper, we present further evidence on the syst
atics in three YBCO/BZO crystals. The results obtained c
firm our earlier findings,7 viz., ~1! a conductivity peak in
s1(T) around 80 K which is correlated with the normal sta
scattering rate and~2! extra pairing below 65 K in addition to
onset of pairing below the bulkTc of 93.4 K as revealed in
s2(T). A single complex order parameter cannot descr
these data and the data indicate the presence of at leas
pairing processes, leading to at least two order param
components. Model calculations considering various sim
two-component scenarios~decoupledd1s and d1d) are
presented. We show that the two-component picture can
vide a quantitative description of the data, whereas a sin
7986 © 1998 The American Physical Society
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TABLE I. A comparison of some material and physical properties of YBCO/BZO and YBCO/YSZ si
crystals.

YBCO/YSZ YBCO/BZO

Crucible: yttria-stabilized zirconia~YSZ! Crucible: BaZrO3

Crystal purity: 99.5 to 99.95%~Ref. 5! Crystal purity: 99.995%~Ref. 8!
Tc593.2 to 93.5 K Tc593.2 to 93.5 K
Estimatedl~0!;160022000 Å Estimatedl~0!;100021400 Å
Flux lattice not imaged with STM Flux lattice imaged with cryogenic STM~Ref. 11!
Schottky anomaly present in specific heat Schottky anomaly eliminated in high pressu

oxygenated O7 ~Ref. 15!
Large ‘‘fishtail effect’’ in magnetization ‘‘Fishtail’’ greatly suppressed in high pressure

oxygenated O6.95 and eliminated in O7 ~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. 15!
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order parameter~of any symmetry! does not. In addition the
two-component picture can provide a description of the d
on the earlier generation of YBCO/YSZ crystals also. Ana
sis of the data close toTc is not consistent with 3DXY fluc-
tuations and displays a mean-field behavior. Systematic
three twinned single crystals show a correlation between
inelastic scattering rate in the normal state with the quasi
ticle conductivity peak at 80 K in the superconducting sta
We show that while aT-dependent scattering rate is requir
to quantitatively describe the conductivity peaks, the tw
component scenario provides a natural explanation for
location of the 30 and 80 K peaks ins1(T) as arising from
pairing at 65 K and 93 K, respectively, in contrast with e
lier interpretation of YBCO/YSZ data which associated t
30 K peak with pairing at 93 K. Overall, our results sho
that a pured-wave state does not occur in YBa2Cu3O6.95 and
strongly suggest the presence of multiple pairing energ
We note that several microscopic pairing scenarios are c
sistent with the conclusions of this paper.

Properties ofYBCO/BZO crystals.One of the causes fo
the presence of impurities in YBa2Cu3O72d single crystals is
the random substitution at the Cu chain sites by tr
amounts of crucible constituents such as Au during the m
growth process. This results in local variation of oxygen v
cancy distribution, introduction of magnetic moments a
other local defects.8–10 Although the overallTc and sharp-
ness of the superconducting transition may not be affecte
a combination of these elements associated with impurit
important features of the superconducting ground state s
as the order parameter symmetry, scattering, superfluid
sity, etc., are likely to be influenced. It is precisely the
local impurities which are eliminated in~BZO! grown
YBa2Cu3O72d ~YBCO! crystals thus providing an opportu
nity to probe the intrinsic ground state properties free fr
defects. Elimination of the metallic impurities also leav
oxygen stoichiometry as the only variable which needs to
controlled.8

It is important to emphasize at this juncture that seve
new results have been obtained on these new gener
crystals by a number of experimenters using a variety
probes such as thermal, magnetic, and electrodynamic
sponse, and have led to a clearer picture of the natur
ta
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superconductivity in YBa2Cu3O6.95. Some of these result
are as follows.

~1! Direct imaging of the flux lattice of YBCO using low
temperature scanning tunnel microscopy~STM!.11 Thus far
this has only been feasible with the YBCO/BZO crystals.

~2! ‘‘Fishtail effect’’ in magnetizationeliminatedin high-
pressure oxygen annealed YBCO7.0/BZO and optimally
doped YBCO/BZO samples.12

~3! Schottky contribution to specific heatsuppressedin
YBCO7.0/BZO indicating the total absence of magne
moments.13

~4! The microwave conductivitiess1(T) and s2(T) ex-
hibit two distinct features not consistent with a single sup
conducting order parameter.7

~5! The vortex lattice imaged with STM shows two di
ferent regions which is either representative of two superc
ducting components or two types of ordered oxyg
clusters.14

~6! Clear observation of a direct first order melting tra
sition in YBCO7.0/BZO from a vortex lattice to liquid with-
out an intervening glassy state.15

~7! Evidence of extremely lowJc in YBCO7.0/BZO crys-
tals indicative of very low pinning.16

In an attempt to bring forth the essential differences,
have presented a comparison of some material and phy
properties of YBCO/YSZ and YBCO/BZO crystals i
Table I.

II. EXPERIMENTAL RESULTS

The microwave measurements were carried out in a
GHz Nb cavity using a ‘‘hot finger’’ technique.17 We mea-
sure the surface impedanceZs5Rs1 iXs and penetration
depth l(5Xs /m0v) as functions of temperatureT, from
which we extract the complex conductivityss5s12 is2.
This method has been extensively validated by a variety
measurements on cuprates and borocarb
superconductors.18,19

Three single crystals~labeled AE103, AE105, and AE18
and typically 1.331.330.1mm3 in size! from different
batches grown in BZO crucibles and one crystal~labeled
AEXX ! of comparable dimensions grown in a YSZ crucib
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were measured to study the systematics in the diffe
samples. While standard oxygen annealing procedures a
mospheric pressure were followed to obtain optimally dop
crystals with oxygen stoichiometry around O6.95 in AE103,
AE105, and AEXX, the AE180 sample was annealed a
pressure of 100 bars for 20 h at 700 °C. Note that this hi
pressure annealing results in elimination of the formation
oxygen vacancy clusters and as a consequence, the ‘‘
tail’’ anomaly in magnetization is suppressed. The cryst
~AE103, AE105, and AE180! grown in BZO hadTc593.4 K
and AEXX hadTc592.4 K. All four crystals exhibited very
narrow transitions inRs(T) at 10 GHz of,0.3 K. The crys-
tals are typically twinned and a study of detwinned samp
is the subject of future work.

The temperature dependence of the surface resist
Rs(T) and change in penetration depthDl(T) were pre-
sented for AE103 and AEXX crystals and discussed in de
in an earlier publication.7 In this paper, we show that the da
for AE105 and AE180 crystals also show the features see
the AE103 single crystal. The data for all the three hig
purity YBCO/BZO crystals clearly reveal a bump in the v
cinity of 60 K which is not seen in YBCO/YSZ. Also th
estimated London penetration depthl(0) for YBCO/BZO
samples are.1000 Å which is lower than the value of 140
Å estimated for the YBCO/YSZ crystal. We obtain the a
solute value ofXs by equatingRn5Xn aboveTc .

Since the absolute values ofRs(T) and Xs(T)
are now known, we can plot the amplitud
uZs(T)u[ARs(T)21Xs(T)2as a function of T. Figure 1
shows such a plot for the three YBCO/BZO samples alo
with YBCO/YSZ for comparison. The virtue of plotting
uZs(T)u is that one can clearly see the lowerl(0) in YBCO/
BZO which effectively translates to a higher superfluid de
sity (ns /m);1/l2.

In the superconducting state, the complex surface imp
ance is related to the complex conductivity and penetra
depth:Zs5Rs1 iXs5Aim0v/(s12 is2). Since the absolute
values ofRs andXs are known, it is possible to extract th
complex conductivities:

s15
2m0vRsXs

~2RsXs!
21~Rs

22Xs
2!2

,

s25
m0v~Xs

22Rs
2!

~2RsXs!
21~Rs

22Xs
2!2

.

These quantities are important because they enable c
parison with microscopic theories. The pair conductivitys2
is a representation of the superfluid dens
s25@m0vl2(T)#21 and is a convenient way of probing ho
the condensate builds up below the superconducting tra
tion. The quasiparticle conductivitys1 is determined by the
quasiparticle density as well as the quasiparticle scatte
time.

In Fig. 2, the temperature dependence ofs1(T) and
s2(T) are plotted for all the four samples AE103, AE10
AE180, and AEXX. The two following features emerg
clearly from a comparison of the data.
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~i! s2(T) shows two distinct regions of variation abov
and below ;60270 K in AE103, AE105, and AE180
samples in comparison with AEXX. Given the fact thatl(0)
is lower in YBCO/BZO this implies enhanced pair condu
tivity in these samples.

~ii ! The normal conductivitys1(T) shows a peak a
around 80 K(;0.9Tc) in YBCO/BZO crystals which is ab-
sent in YBCO/YSZ. This peak is greatly suppressed
AE105 as seen in Fig. 2. We show later that there is a c
relation between this peak and the normal state inelastic s
tering rate of the samples. It is to be noted that the norm
conductivity peak at;30235 K and a very sharp peak nea
Tc ~see inset in bottom panel of Fig. 2! are present in all the
samples .

Note that these two features are both absent in all pr
ously measured crystals. This is evident from the data on
YBCO/YSZ sample shown in Fig. 2. We emphasize that
YBCO/YSZ data is indeed ‘‘canonical’’ of the samples pr
pared by previous growth methods. This is illustrated in F
3 which compares the YBCO/YSZ data with that measu
by us on a detwinned LuBa2Cu3O6.95 sample20 and by the
UBC group on YBa2Cu3O6.95.21 Note the excellent consis
tency of data on all previous samples with each other in F
3, and the systematic differences with the new data in Fig

III. ANALYSIS AND DISCUSSION

A calculation of the high-frequency conductivity require
proper incorporation of scattering effects along with se
consistent calculations of the gap and density of states
addition anisotropy effects should also be included for
cuprate superconductors. While this has been done22–24 for

FIG. 1. Magnitude of surface impedance amplitudeuZs(T)u of
YBCO/BZO and YBCO/YSZ single crystals. Open symbols a
used for BZO grown crystals: AE103~open squares!, AE180~open
triangles!, and AE105~open diamonds!. The data for YSZ grown
AEXX ~filled circles! is also shown. The plot emphasizes the fa
that l(0) for all the YBCO/BZO crystals is lower than that o
YBCO/YSZ.



as

nt

er

v
n
t
b

,

this

ata
ari-

he
er-
t a

on-
en-
of

und
gle
m
e
x-

rder

gle-
ct-

nts

e
e-
of a

le

s
to

th
nd

iew
in

al
un-
lso

57 7989SYSTEMATICS OF TWO-COMPONENT . . .
unconventional superconductors including those with
d-wave order parameter, these approaches are not e
amenable to comparison with experimental data.

Instead, in order to compare with the present experime
data we use a simpler ‘‘two-fluid’’ model of the form:25

s~v,T!5s12 is25
ne2

m F f n

1/t~T!
2

i f s

v G ,
wheref n and f s represent the fractions of normal and sup
fluid ~with f n1 f s51), andt is the relaxation time for nor-
mal electrons. In this model, the normal electrons ha
damping with the usual Drude conductivity at high freque
cies, and the superconducting electrons have inertia bu
damping. The quasiparticle and pair conductivities can
numerically calculated from

f s5~12 f n!5122K E
0

`S 2
] f

]EDdeL ,

whereE5Ae21D2(f,T), andD(f,T) is the gap parameter
and^•••&5*0

2pdf indicates an angular average overf. The
gap parameters are given byD(f,T)5Ds(T) and
D(f,T)5Dd(T) cos(2f) for s-wave andd-wave supercon-

FIG. 2. Complex conductivitiess2 ~top panel! ands1 ~bottom
panel!. The YBCO/BZO data are shown in open symbols and
YBCO/YSZ data in filled circles. Note the extra pairing at arou
60 K in s2 and the peak at 80 K ins1 in YBCO/BZO, both absent
in YBCO/YSZ data. Inset of bottom panel shows an exploded v
of the region nearTc to highlight the presence of the sharp peak
all samples.
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ductors, respectively. ForDs(T) andDd(T) we use appropri-
ate mean-field temperature dependences. The validity of
two-fluid approach, which is used frequently ins-wave su-
perconductors following Mattis and Bardeen,26 has been dis-
cussed ford-wave superconductors by Hirschfeldet al.23

A. Comparison with models

We now discuss the comparison of the experimental d
with detailed models which are implemented assuming v
ous conditions for the gap parameters.

Single d-wave order parameter: Its failure to describe t
present results. There is a general consensus that the sup
conducting order parameter symmetry in cuprates is no
simples-wave type as is the case in conventional superc
ductors. A wealth of experimental results indicate unconv
tional pairing and more specifically point to the presence
nodes in the gap. A strong candidate which has been fo
to account for most of the properties in cuprates is a sin
complex d-wave order parameter with a gap of the for
D(T)5Dd(T)cos2f, wheref specifies the orientation of th
two-dimensional momentum of the Cooper pairs. This e
pression leads to two important signatures, namely, the o
parameter goes to zero in certaink directions and also
changes sign as one goes around the Fermi surface. An
resolved photoemission27 and phase sensitive supercondu
ing quantum interference device~SQUID! experiments1 have
shown strong evidence for this behavior. For experime
which measure quantities averaged overk space~such as the
microwave penetration depth!, the consequence of th
d-wave gap will lead to features in the low-temperature d
pendence which should be consistent with the presence
finite density of states within the gap.

A linear low-temperature dependence in YBCO sing
crystals observed by the UBC group21 @and subsequently
confirmed by others including ourselves in YBCO~Refs.
18,28! and also Bi:2212~Ref. 19!# has been claimed a
prime evidence for nodes in the gap, which applies

e

FIG. 3. Superfluid density of the YBCO/YSZ single cryst
~AEXX ! plotted against reduced temperature. Data for an
twinned YSZ grown LuBCO crystal and the UBC data are a
shown for comparison.
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d-wave symmetry among other possibilities. Rigorous cal
lations of the microwave conductivity in the framework
d-wave theories have also been done to explain the feat
observed in prior YBCO/YSZ samples.23,24

In Fig. 3, a plot of@l2(0)/l2(T)# vs reduced temperatur
(t5T/Tc) for YBCO/YSZ single crystals is shown. A com
parison to detailedd-wave calculations has been carried o
by us in an earlier publication.18 Comparison shows that a
though the low temperature dependence is reproduced
calculations~not shown! using a weak couplingd-wave or-
der parameter, the agreement is not very good at temp
turesT.0.5Tc , suggesting that strong coupling effects a
needed.

For the YBCO/BZO single crystals, the low-temperatu
penetration depthl(T) is indeed linear for all three sample
measured up to;20225 K with a characteristic slope
dl/dT of about 4.5 Å/K similar to that of the YBCO/YSZ
samples. However deviation from linearity is observed ab
25 K for the YBCO/BZO crystals due to the onset of t
broad 60 K bump. This is clearly evident from the plots
s2(T) presented in Fig. 2 which shows a nonmonotonic
pendence for AE103, AE180, and AE105 samples wh
compared to the AEXX curve. While a single order para
eter may be reconciled at first glance for the YBCO/YS
data,18 it is impossible to do so for the results on the BaZrO3
grown crystals.7 Instead a two-component model has to
considered as is done below.

B. Comparison to decoupled two-component order parameters

The simplest way in which one can analyze a tw
component system is to consider two parallel supercond
ing channels and to add their complex conductivities. T
total conductivity can then be written as

s5s12 is25~s1A1s1B!2 i ~s2A1s2B!.

For ease of calculation we consider that the two com
nents are decoupled with distinct transition temperaturesTcA
andTcB(.TcA). ~The possibility of coupled components an
TcA being a crossover temperature is discussed later!. Calcu-
lations of the conductivities can be performed using
Mattis-Bardeen formalism introduced earlier. In an earl
paper, we had presented the qualitative model where for
of calculation we useds-wave order parameters for both th
A andB components.7 In reality, it is essential to choose a
least one component to bed wave to produce the linear low
temperature dependence. Using a combination ofs andd gap
symmetries, it is possible to obtain excellent quantitative
to the observed experimental data for all the YBCO/BZ
single crystals.

Figure 4 shows the experimental data fors2 ands1 along
with the fits obtained with the two component model assu
ing an s wave for the A component andd wave for the B
component. Good fits can also be obtained for (d1d) and
(d1s) cases for the two~A1B! components. The data fo
the AE103 sample only is presented in the figures for clar
It is possible to obtain similar fits for the other YBCO/BZ
crystals and the fit parameters for all the samples are ta
lated in Table II. A good agreement between the data
model is obvious. Best fits are obtained for the followi
genericchoices.
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~1! A low temperature componentA with TcA;60 K and
a high-temperature componentB with TcB;93 K.

~2! A weak couplingd-wave gap withDB52.16kBTc for
the B component and ans-wave gap withDA51.76kBTc or a
weak-couplingd-wave gap for theA component.

~3! A lower fraction of s-wave (;0.3) than thed-wave
part (;0.7).

~4! Temperature dependent scattering ra
tA,B

21 [GA,B5GA,B(0)(e
a(t21)2e2a)1GA,B* were used for

s1.18,24This exponential variation agrees with the suggest
that the scattering time increases rapidly below the transi
temperature. The variation oftA andtB with temperature is
plotted in bottom of Fig. 4. The detailed functional form
not as important as the key feature of rapid variation oftA
below 65 K andtB below 93 K.

The two-component model also provides an explanat
of the YBCO/YSZ data as can be seen from Fig. 5. The
parameters~Table II! suggest that impurities suppress t
order parameter for the A component@a smaller ratio 10% of
the superfluid densitynsA as well as a weaker ga
DA(0)/kBTcA;1.0 are needed#, as well as greatly enhancin
the scattering ratetB

21 about 10 times larger for the B com
ponent. The rapid variation oftA below 50 K is still needed
to obtain the 30 K peak ins1(T) for the YBCO/YSZ crys-
tals.

FIG. 4. s2 ands1 data for YBCO/BZO single crystal~AE103!
along with the fits generated using a decoupled two-compon
model (s1d) @solid line# and (d1d) ~dashed line!, discussed in the
text. The bottom panel shows the variation of scattering timestA

andtB below theTc for A and B components for the (s1d) case.
Essentially similar fits can be obtained for (d1s) case~not shown!.
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TABLE II. Fit parameters for the three YBCO/BZO crystals using the several two-component scen
For the YBCO/YSZ case, fits shown in Fig. 5 using the two-component model are generated usi
following parameters: Components: A~0.1! and B~0.9!; TcA,B560,92 K; G (A,B)(0)510,14; a57,12;
G (A,B)* 50.1,0.01. While the numbers are identical for (s1d) and (d1d) cases, (d1s) does not fit the data.

Samples AE103 (d1d) AE105 (d1d) AE180 (d1d)
Components A~0.6!, B~0.4! A~0.6!, B~0.4! A~0.48!, B~0.52!

Tc(A,B) 63, 93 K 59, 93 K 58, 93 K
G (A,B)(0) MeV 11, 8 10, 13 7, 13
a 12, 25 10, 8 9, 14
G (A,B)* MeV 0.08, 0.6 0.08, 1.1 0.06, 1.2
Samples AE103 (s1d) AE105 (s1d) AE180 (s1d)
Components A~0.6!, B~0.4! A~0.6!, B~0.4! A~0.45!, B~0.55!

Tc(A,B) 63, 93 K 59, 93 K 58, 93 K
G (A,B)(0) MeV 12, 8 18, 14 10, 16
a 11, 25 11, 6 10, 16
G (A,B)* MeV 0.05, 0.8 0.04, 0.4 0.02, 1.4
Samples AE103 (d1s) AE105 (d1s) AE180 (d1s)
Components A~0.78!, B~0.22! A~0.78!, B~0.22! A~0.68!, B~0.32!

Tc(A,B) 63, 93 K 59, 93 K 58, 93 K
G (A,B)(0) MeV 20, 7 12, 9 10, 10
a 11, 21 11, 10 9, 14
G (A,B)* MeV 0.24, 0.52 0.06, 0.01 0.1, 0.4
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The occurrence of the low-temperature normal conduc
ity peak ins1 at around 30 K even though the supercondu
ing transition temperatures are in excess of 90 K in YBC
crystals, has long been a puzzling feature. An exponen
reduction of the quasiparticle scattering rate belowTc was
invoked to account for this. However, the present data p
vides an explanation for the location of this peak, since in
present experimental results, it is natural to associate the
s1 peaks with the corresponding features in the pair cond
sate density as inferred froms2. Two types of pairing with
different characteristic energy scales are clearly observe
these high-quality YBCO/BZO single crystals. In the YBCO
YSZ samples, these energy scales are also present but
signatures are obscured by impurity scattering.

One aspect of the comparison should be noted. Beca
we have used a model in which the components are de
pled, the calculations necessarily show a sharp brea
aroundTcA;60 K, whereas the data display a smooth cro
over. This is an indication that the decoupled model is
simplistic, and a coupled model is necessary. Indeed s
calculations performed29 within a Ginzburg-Landau frame
work lead to a smooth crossover inl22(T) in closer agree-
ment with the experiments. However, a full calculation of t
conductivities requires a microscopic model which s
needs to be implemented.~See also the remarks in the Sum
mary section of this paper!.

We note that there have been other discussions of m
tiple components~gaps or quasiparticles! in the cuprate su-
perconductors. A two-gap model was proposed earlier
Klein et al.30 to describe the data on YBCO thin films wit
low cation disorder. In their case, however, low and hi
gaps both withs-wave symmetry and the sameTc were cho-
sen to calculate the pair conductivity and the issue ofs1 was
not addressed in detail. Two-component behavior in 124
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underdoped 123 compounds have also been reporte
Raman31 and femtosecond optical response.32

Anisotropic penetration depth measurements along tha
and b axes have been reported on untwinned YBCO/Y
single crystals.33 Lower l(0) in the b direction suggested
superconductivity in the Cu-O chains with the onsetTc same
as that of the planes, viz. 93 K. The similarity between 1/la

2

and 1/lb
2 was taken as evidence that chain order param

also has nodes in the gap. However, in our present d
additional superfluid response clearly turns onbelow 60 K
and if this is due to chains, then this would imply that cha
superconductivity occurs at a lower temperature than
planes and would also directly contradict the conclusio
reached in Ref. 33. Recent experiments on anisotropic t
mal conductivity in detwinned YBCO/YSZ single crysta
have also revealed enhanced superfluid density below;55 K
which has been interpreted as due to chains.34 This will be
consistent with our observations of the microwave respo
in YBCO/BZO.

C. Near-Tc behavior

We turn our attention now to the transition region close
Tc . The temperature dependence of the penetration d
l(T) is expected to reveal the characteristic nature of
superconducting gap as it opens up and also possible co
butions due to fluctuations. In contrast to conventional sup
conductors, the low dimensionality and small coheren
length in cuprates make them good candidates for study
the effect of superconducting fluctuations and in determin
the universality class they belong to. While Ginzbur
Landau theory generally describes the region near the t
sition very well in conventional superconductors, it has be
argued that in YBCO assuming the simplest case of asingle
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complex order parameter, it is possible to observe crit
behavior which would give rise to fluctuations correspond
to the universality class of the three-dimensional~3D! XY
model. Transport and thermodynamic measurements in
presence of a magnetic field have been interpreted in te
of this model.35,36 However, this has also been disputed
Roulin et al.37 who argue that fits of the specific heat nearTc
in YBCO single crystals for high magnetic fields do not ru
out other explanations such as 3D lowest Landau level~LLL !
scaling.

Penetration depth data close to the transition region
be influenced by the presence or absence of critical fluc
tions. Specifically, a plot of@l(0)/l(T)#n as a function ofT
just belowTc is a useful indicator of the validity of standar
mean-field or the 3DXY models. While a mean-field behav
ior can be deduced if@l(0)/l(T)#2 is linear in T, 3D XY
would require@l(0)/l(T)#3 to be linear inT. The latter
behavior has been observed in penetration de
measurements38 and has been interpreted as consistent w
the critical behavior of the 3DXY model. It is important to
note the choice of the range of temperature over which
looks for effects due to fluctuations is crucial. The dynami
fluctuations in the frequency dependent microwave cond
tivity near Tc has been examined by Boothet al.39 They
arrive at the conclusion that while the Gaussian fluctuati

FIG. 5. s2 ands1 data for YBCO/YSZ single crystal~AEXX !
along with the fits generated using a decoupled two-compon
model (s1d) discussed in the text. The bottom panel shows
variation of scattering timestA and tB below theTc for A and B
components for the (s1d) case. The fit is identical with simila
parameters for the (d1d) case. The (d1s) case does not fit the
data.
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can account for the behavior over a larger range in temp
ture, the region of critical fluctuations is restricted to a n
row range in temperature of 1–2 K belowTc and an even
smaller region aboveTc .40 It should be noted that the tem
perature dependence of@l(0)/l(T)# 2 from kinetic induc-
tance measurements41 and very recently from an inverte
microstrip resonator technique42 have shown mean-field de
pendence .

In a bid to investigate the transition region in our data
YBCO/BZO and YBCO/YSZ single crystals, we have plo
ted the penetration depth for all four crystals as a log-log p
against the reduced temperature@(Tc2T)/Tc# shown in the
top panel of Fig. 6. It is clear that all the data show a line
behavior~with a negative slope! with typical values of the
slope lying around 0.5. The appropriatel(0) andTc values
estimated from ourRs andXs data for the three YBCO/BZO
samples ~AE103, AE180, AE105! and the YBCO/YSZ
sample~AEXX ! were taken to obtain the individual curve
Except the data for AE180 which has a slightly higher slo
(;0.6), the other data form a set of parallel lines. This b
havior is consistent with mean-field variation of the ord
parameter belowTc . To illustrate the point further, a plot o

nt
e

FIG. 6. Top panel: Penetration depth nearTc shown in a log-log
scale~logarithms are of base 10!. The data sets indicate a simila
variation in all four samples, with a slope of 0.5 indicating mea
field behavior. Bottom panel: Plot of the superfluid dens
@l(0)/l(T)#2 vs T just belowTc for the AE103 crystal. The solid
line is a guide to the eye indicating the linear variation consist
with mean-field behavior. Inset shows@l(0)/l(T)#3 vs T for the
same data in which the curvature is clearly evident indicating d
agreement with the 3D XY model.
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@l(0)/l(T)# 2 vs T is presented in the bottom panel of Fig.
for one YBCO/BZO crystal. Thelinear variation is quite
obvious and is clearly different from the behavior report
for YBCO single crystals in Ref. 37. The inset shows t
same data plotted as@l(0)/l(T)# 3 vs T which is nonlinear
and rules out the possibility of 3DXY. The smooth variation
of the @l(0)/l(T)# 3 vs T curve also indicates against th
possibility of interpretation as a crossover behavior from
XY very nearTc to a mean-field-like variation at lower tem
peratures. Our conclusion in this context would be that
near-Tc behavior in all YBCO crystals is governed by a sta
dard mean-field expression. In this respect, they seem t
similar to the conventional superconductors where the ph
cal properties nearTc are well described within the
Ginzburg-Landau framework and the critical region is
stricted to an unobservably small region nearTc . Alterna-
tively, it is known that the presence of order parameter
mixed symmetry can give rise to fluctuations in the univ
sality class other than 3DXY nearTc .43 Our present results
at low temperatures and the behavior nearTc are consistent
with this latter scenario.

D. Normal state scattering rate

Assuming a localj 2Ê relation in the skin depth limit, the
normal state surface resistance can be written
Rn5Avm0rn/2 where the microwave normal state resistiv
is expected to be the same as the dc resistivity
rn52Gm0l(0)2. Herel(0) is the London penetration dept
andG is the normal state scattering rate. Takingrn5r01gT
the resistivity values can be translated into the inelastic s
tering rates given byG5gT/2m0l2(0).

In Fig. 7, we have plotted the normal state inelastic sc
tering rate as a function of temperature f
100 K,T,200 K for all the YBCO/BZO samples alon
with the data for YBCO/YSZ crystal. Among the YBCO
BZO single crystals, theG values as well as the slopes fo
AE103 and AE180 over the entire temperature range
lower than that for the AE105 sample. The YBCO/YS
AEXX sample has the largestG in this batch of crystals

FIG. 7. The normal state inelastic scattering rate for all fo
samples. The data for AE103 and AE180 have lower values
smaller slope in comparison to AEXX and AE105 samples.
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whose microwave surface impedance were measured in
identical manner. A comparison of this data with thes1(T)
data of Fig. 2 shows a clear correlation between the nor
state scattering rate and the 80 K quasiparticle conducti
peak. This peak is prominent only in AE180 and AE1
samples which have a lower scattering rate, is suppresse
AE105 which shows a largerG than the other two YBCO/
BZO samples and practically absent in AEXX which has t
largest scattering rate. This remarkable correlation indica
the sensitive nature of the conductivity peak to very sm
changes in impurity concentration and/or oxygen stoichio
etry. Further studies in YBCO/BZO crystals with transitio
metal doping and variation of oxygen stoichiometry a
needed to explore the correlation between the electro
properties in the normal state and the quasiparticle contr
tion in the superconducting state which is suggested by
present data.

IV. SUMMARY OF MICROWAVE PROPERTIES
OF YBCO/BZO AND YBCO/YSZ CRYSTALS

We summarize below some of the microwave propert
exhibited by the YBCO/BZO crystals along with comparis
of results on the previous class of YBCO/YSZ samples. T
key observations are as follows.

~1! The linear behavior of the low-temperature penet
tion depthl(T)}T appears to be very robust and is observ
in all samples with essentially the same slope.l(T) rises
linearly with T upto 0.25Tc in YBCO/BZO single crystals
with a characteristic slope (dl/dT) of about 4.5 Å/K. This
linear variation which is widely observed26,44,45 is in agree-
ment with the observations on YBCO/YSZ crystals and m
recently in magnetically aligned powders too and has b
ascribed to the presence of nodes in the gap, and overa
considered a strong evidence ford-wave order parameter.21

However, unlike the data in YBCO/YSZ, the full temper
ture dependence for YBCO/BZO display a characteris
bump feature around 60 K which points to the presence o
extra component in addition to ad-wave part.

~2! A linear behavior ofl(T) is also seen in good quality
BSCCO single crystals.19,46,47A T2 behavior which has also
been reported in YBCO thin films,48 has been considered
consequence of inhomogeneties and additional scatte
caused by impurities and disorder.

The surface resistanceRs(T) of YBCO/BZO shows a
bump at around 30 K as well as a broad bump at hig
temperatures. In terms of conductivity, this results in tw
peaks occurring at;30 and;80 K. The ratios1 /sn of the
peaks are much higher~about 50 or more! and cannot be
explained due to coherence effects predicted by BCS the
which yields as1 /sn ratio typically around 2. We have
associated these two peaks with two different quasipart
systems corresponding to components A and B as discu
earlier.

In YBCO/YSZ, only the low-temperature peak at;30 K
is seen. This was first observed at sub-THz~Ref. 49! and at
microwave frequencies.50 To account for this feature, Bonn
et al.50 proposed a rapid increase in the inelastic scatter
time (t) belowTc followed by a reduction in carrier densit
at low temperatures.

r
d
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~3! A peak in s1 can arise due to an interplay of tw
effects, viz. a rapidly rising scattering timet as temperature
is lowered followed by a drop in the number of quasipa
cles nqp as T is lowered further.49–51 A similar scenario is
used in analyzing our present results on YBCO/BZO. Su
an interpretation necessarily requires a rapid variation oftB
just below 93 K and oftA below 65 K as is evident from Fig
4 in YBCO/BZO.

It is to be noted that in BSCCO, our results19 do not show
any conductivity peak ins1 belowTc but rathers1 /sn rises
monotonically asT is lowered. However, another study46

claims to see a small reduction ins1 /sn at very low tem-
peratures suggestive of a conductivity peak.

~4! It is important to note thatthe two temperature scale
of 93 and 65 K are present in YBCO/YSZalso. This can be
seen from the fact that two component analysis also
scribes the YBCO/YSZ data, as shown in Fig. 5, provide
suppressednsA and tB are used. This suggests that in t
YBCO/YSZ crystals, impurities lead to suppression of t
pairing density of the A component, as well as greatly e
hanced scattering of the B component.

~5! A very sharp peak ins1 just below Tc at around
91– 92 K is seen in all YBCO/BZO as well as YBCO/YS
samples, so that there are a total of three conductivity pe
This peak nearTc has been ascribed to fluctuations52 or
inhomogeneities.53 A quantitative analysis of this microwav
conductivity peak in terms of fluctuations has been rece
provided by Anlageet al.40 In the YBCO/BZO samples this
peak is extremely sharp and further attests to the high sam
quality.

~6! The temperature scale of 65 K naturally raises
possibility of a multiphase sample with regions of YBCO6.5.
We have considered this issue very carefully and sev
experiments show that this isconclusivelyruled out.In situ
resistivity measurements at high temperatures have sh
that the crystals can be reversibly oxygenated-deoxygena
and that the diffusion constants are well characterized, in
cating nothing unusual about the oxygenation of th
samples.8 Note also that the YBCO/YSZ sample AEXX wa
oxygenated using the same procedures but did not dis
the features in the conductivity. Furthermore, the similar
of the AE180 data with the other samples conclusiv
shows that even local O vacancies are not responsible fo
present results. This is because in AE180, high-pressure
genation breaks up O deficient clusters, as evidenced by
elimination of the fishtail anomaly in samples prepared
this method.

~7! A comparison of the superfluid density for YBCO
YSZ and detwinned LuBCO/YSZ~shown in Fig. 3! indicates
that twinning does not qualitatively affect the temperatu
dependence. However, the role of twinning in single crys
of YBCO/YSZ and YBCO/BZO in their microwave prope
ties is an issue which needs to be explored further. Sim
studies on detwinned YBCO/BZO crystals are the subjec
future work.

~8! Our measurements on both YBCO/BZO and YBC
YSZ single crystals are consistent with mean-field behav
rather than 3DXY close toTc . Near-Tc variation of 1/l2 has
been analyzed in terms of 3DXY scaling by Kamalet al.38 in
their YBCO/YSZ crystals. While a more rigorous study
the fluctuation contributions below and aboveTc by Booth
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et al.39 indicated that 3DXY scaling is seen only over a lim
ited temperature range, kinetic inductance measurement
Lembergeret al.41 on thin films suggest mean-field behavio
in agreement with the conclusions of this paper.

~9! It should be noted that the pairing onset below 65 K
the s2(T) is quite broad, and it is difficult to determine if i
is the critical point of a phase transition. This interesti
possibility of a second phase transition cannot be confirm
or ruled out by the present data and should be explored
ther in YBCO/BZO crystals. It should also be noted that it
likely that the order parameters are coupled and calculat
of the superfluid density using a simple Ginzburg-Land
free energy for two coupled order parameters reproduce
main features of thel22(T) data.29 At high temperatures
Tc.T.TcA , the symmetry is predominantly of type B, a
though a small A component is also induced due to the c
pling. At lower temperaturesT,TcA , the A component
grows so that both components~and hence a mixed symme
try! are present. It is likely that due to the subdominant n
ture of the A component, thermodynamic measureme
such as specific heat do not reveal a large signature ind
tive of a sharp phase transition at 65 K. Some recent mic
scopic calculations indicate that the thermodynamic sig
tures, such as specific heat cusps, are weaker in
subdominant channels which appear at lower temperat
than in the main channel.54

~10! While we have presented a simple phenomenolog
two-component model in this paper to account for the t
conductivity peaks in YBCO/BZO, microscopic calculation
~similar to those based on a singled-wave order
parameter22–24! need to be done for the surface impedance
a two-component superconductor. Very recently, a two-b
model has been proposed to account for our observation
YBCO/BZO.55 Varying a single parameter, viz., the inte
band scattering, it is possible to qualitatively reproduce
features seen ins1 ands2 of both YBCO/BZO and YBCO/
YSZ. Furthermore, the analysis used here assumes phas
herence throughout the sample and does not include co
butions arising from phase fluctuations.56,57

V. RELATION TO MICROSCOPIC THEORIES

Models based on any type of mixed order parameter s
metry would yield results consistent with our experimen
observations in the YBCO/BZO system. Mixed order para
eter symmetry and multicomponent behavior of the or
parameter has been addressed in several theoretical p
which can be broadly classified along the following categ
ries.

~1! s1d, s1 id. It has been argued that the orthorhomb
structure of YBCO naturally leads to a mixing ofs and d
order parameter components.3 Several theories54,58–61advo-
cate to this general concept of a mixeds1d order parameter
and have successfully developed models which can desc
the experimental results in YBCO. This appears to be c
sistent with photoemission data on overdoped BSC
also.62,58 Phenomenological44 and microscopic theories50

have been considered. The work of Ref. 63 indicates that
system likely goes from ad-wave state at high temperature
to ans1 id state at lowT.

~2! Chain-plane coupling. The presence of Cu-O chains i
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addition to planes raises the possibility of different superc
ducting condensates with different pairing energies resid
on chains and planes. This can effectively lead to a tw
component system exhibiting two different gaps.64 Coupling
between chain and plane bands has been proposed65 to ac-
count for both thes and d characteristics displayed b
YBCO.

~3!Multiband models and Fermi pockets. Theoretical
treatments based on multiband models have been prese
which considers the interband interactions.65–69 This general
framework also reproduces the essential features of a
component superconductor. The nature of the Fermi sur
could be important in determining the possibility of multip
pairing energies. The presence of pockets withd- and
g-wave symmetries has been recently discussed.70

~4! Surface states and time reversal symmetry break
The possibility of mixed order parameter symmetry at
surface leading to breaking time reversal symmetry has b
suggested.71,72 Recent observation of Andreev bound sta
at the surface of YBCO~Refs. 73 and 74! strongly suggests
this possibility.

~5! Interlayer tunneling.In a recent paper, Xiang an
Wheatley75 presented a model based on proximity effect
corporating a microscopic pair tunneling process wh
couples the Cu-O chains and planes in YBCO, to accoun
the experimental results on YBCO/YSZ data from the UB
,
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group.33 Our present results on the YBCO/BZO crystals su
gests that within the interlayer tunneling model, single el
tron tunneling processes could account for the features
served in our data.

VI. CONCLUSION

In summary, we have shown that high-quality single cry
tals of YBCO grown in BaZrO3 crucibles exhibit features in
their microwave properties, which are inconsistent with
pured-wave order parameter and instead point to the occ
rence of multicomponent superconductivity. The measu
ments reveal the presence of two pairing temperatures co
sponding to two superconducting~pair/quasiparticle!
components in the optimally doped compound. This sho
be borne in mind and careful studies should be performed
high-quality materials to further explore these issues.
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A. Piqué, and S. M. Anlage, Phys. Rev. Lett.77, 4438~1996!.

40S. M. Anlage, J. Mao, J. C. Booth, D. H. Wu, and J. L. Pen
Phys. Rev. B53, 2792~1996!.

41T. R. Lemberger, E. R. Ulm, K. M. Paget, and V. C. Matijasev
Proc. SPIE2696, 211 ~1996!.

42A. Andreone, C. Cantoni, A. Cassinese, A. Di Chiara, and
Vaglio, Phys. Rev. B56, 7874~1997!.

43J. F. Annett, N. D. Goldenfeld, and S. R. Renn, inPhysical Prop-
erties of High Temperature Superconductors II, edited by D. M.
Ginsberg~World Scientific, New Jersey, 1990!.

44C. Panagopoulos, J. R. Cooper, N. Athanassopoulou, an
Chrosch, Phys. Rev. B54, R12 721~1996!.

45C. W. Chu, Y. Y. Xue, Y. Cao, and Q. Xiong, J. Phys. Che
Solids56, 1887~1995!.

46S-F. Lee, D. C. Morgan, R. J. Ormeno, D. M. Broun, R.
Doyle, and J. R. Waldram, Phys. Rev. Lett.77, 735 ~1996!.

47T. Shibauchi, N. Katase, T. Tamegai, and K. Uchinokura, Phys
C 254, 227 ~1996!.

48Z. Ma, R. C. Taber, L. W. Lombardo, A. Kapitulnik, M. R. Bea
sley, P. Merchant, C. B. Eom, S. Y. Hou, and J. M. Phillip
Phys. Rev. Lett.71, 781 ~1993!.
.

.

.

,

,

,

.

J.

.

a

,

49M. C. Nuss, P. M. Mankiewich, M. L. O’Malley, E. H. Wester
wick, and P. B. Littlewood, Phys. Rev. Lett.66, 3305~1991!.

50D. A. Bonn, P. Donsajh, R. Liang, and W. N. Hardy, Phys. Re
Lett. 68, 2390~1992!.

51T. Jacobs, K. Numssen, R. Schwab, R. Heidinger, and J. Hal
ter, IEEE Trans. Appl. Supercond.7, 1917~1997!.

52M. L. Horbach, W. van Sarloos, and D. A. Huse, Phys. Rev. L
67, 3464~1991!.

53H. K. Olsson and R. H. Koch, Phys. Rev. Lett.68, 2406~1992!.
54E. Otnes and A. Sudbo~unpublished!.
55A. A. Golubov and M. R. Trunin~private communication!.
56V. J. Emery and S. A. Kivelson, Nature~London! 374, 434

~1995!.
57E. Roddick and D. Stroud, Phys. Rev. Lett.74, 1430~1995!.
58J. Betouras and R. Joynt, Europhys. Lett.1, 119 ~1995!
59C. O’Donovan and J. P. Carbotte, Phys. Rev. B52, 16 208

~1995!.
60M. T. Beal-Monod and K. Maki, Phys. Rev. B53, 5775~1996!.
61D. van der Marel, Phys. Rev. B51, 1147~1995!.
62J. Ma, C. Quitmann, R. J. Kelley, H. Berger, G. Margaritond

and M. Onellion, Science267, 862 ~1995!.
63Y. Ren, W. Xu, and C. S. Ting, Phys. Rev. B53, 2249~1996!.
64V. Z. Kresin and S. A. Wolf, Phys. Rev. B46, 6458~1992!.
65R. Combescot and X. Leyronas, Phys. Rev. Lett.75, 3732~1995!.
66P. H. Dickinson and S. Doniach, Phys. Rev. B47, 11 447~1993!.
67R. Combescot, cond-mat/9707241~unpublished!.
68A. A. Golubov, M. R. Trunin, A. A. Zhukov, O. V. Dolgov, and

S. V. Shulga, J. Phys. I6, 2275~1996!.
69P. K. Mohanty and A. Taraphder, cond-mat/9703180~unpub-

lished!.
70P. V. Shevchenko and O. P. Sushkov, cond-mat/9705129~unpub-

lished!.
71R. B. Laughlin, Physica C234, 280 ~1994!.
72A. M. Tikofsky and D. B. Bailey, Phys. Rev. B52, 9194~1995!.
73M. Covington, M. Aprili, E. Paraoanu, L. H. Greene, F. Xu,

Zhu, and C. A. Mirkin, Phys. Rev. Lett.79, 277 ~1997!.
74M. Fogelstrom and D. Rainer, Phys. Rev. Lett.79, 281 ~1997!.
75T. Xiang and J. M. Wheatley, Phys. Rev. Lett.76, 134 ~1996!.


