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Microwave response of YBaCu;Og o5 Crystals: Evidence for a multicomponent order parameter
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New features are reported in precision measurements of the complex microwave conductivity of high-quality
YBa,Cus04 g5 Crystals grown in BaZr@ crucibles. Athird peak in the normal conductivityr,(T), at around
80 K, and enhanced pair conductivity(T) below ~65 K are observed. The data are inconsistent with a
singleorder parameter, and instead are indicative of multicomponent superconductivity. Overall, these results
point to the presence of multiple pairing interactions in ¥Ba;0¢ o5 and also provide a natural explanation
to account for the low-temperature 35-K conductivity peak observed in all ,€Bg0g o5 crystals.
[S0163-182697)52322-9

The mechanism for superconductivity and the nature opurity appears to play a significant role in the microwave
the superconducting state in the cuprates continue to beroperties. Standard oxygen annealing procedures were fol-
prime issues that are being debatedlicrowave measure- lowed to obtain optimally doped crystals with oxygen sto-
ments have yielded important information on the nature ofchiometry around Qgs.*? The crystals havel.=93.4 K,
the pairing, the quasiparticle density of states, and scatteringnd very sharp transitions iRs(T) and superconducting
in the cuprate superconductdré. Surface impedance of quantum interference devi¢gSQUID) magnetic susceptibil-
YBa,Cu3054 5 (YBCO) single crystals in the past have con- ity measurements. Crystals grown by this method also have
sistently shown two features: A linear penetration depthunique physical properties due to their exceptional purity, as
[N(T)eT] over a limited lowT range, and the presence of a revealed in other experimeni** Unlike the case in earlier
bump in the surface resistanBg(T) which results in a peak crystals, the vortex lattice was imaged for the first time in
in the normal conductivityr,(T) at ~35 K, well below the YBCO with a low-temperature scanning tunneling
superconductind .~ 93 K.2° The former behavior has been microscope?® Specific heat measurements indicated ex-
attributed tod-wave order-parameter symmetry or, in gen-tremely sharp jumps a,. M
eral, the presence of nodes in the gap. A rapidly decreasing Three crystals of optimally doped YB&u3Og g5 grown
quasiparticle scattering rate beldl has been proposed to in BZO crucibles(hereafter called YBCO/BZPwere mea-
account for the latter featuré. There is a general consensus sured. In addition, measurements on a ¥BazOg g5 Crystal
that the experimental results can be explained in the framgof comparable dimensiopngrown in the commonly used
work of a singled-wave order parameter with inclusion of Yttria-stabilized zirconia(YSZ) crucible (hereafter called
effects due to strong coupling, scattering with strong tem-YBCO/YSZ) are also presented for comparison.
perature dependence, and fluctuafidn. The high-precision microwave measurements were car-

In this paper, we present results on the microwave refied out in a 10 GHz Nb cavity using a “hot finger”
sponse of high-quality YBgCu;05 o5 Single crystals grown techniquet® This method has been extensively validated for
by a new method that avoids crucible corrosion. We measurBrecision measurements of the surface impedance in ctiprate
the temperature-dependent surface impedaheeR,+iX, and other superconductors. All measurements reported in
and penetration depth(=Xs/uow) from which we extract this paper were carried out with the microwave field||c
the complex conductivityos=0,—i05. The two features so that currents flow predominantly in tkéb planes. Any
mentioned above) (T)=T at low T and the 35-K peak in influence due ta-axis propertiebor finite-size effects are
o4, are still present in these crystals. However, in addition, aninimal as the results obtained on three samples with
new peak ino4(T) at ~80 K and a distinct increase in slightly different dimensions and varying edge geometries
o,(T) below ~65 K are observed. A singld-wave order were identical.
parameter is insufficient to describe the new data, and instead The T dependence ok(T) of YBCO/BZO and YBCO/
we show that an analysis in terms of two-component superYSZ crystals are shown in Fig. 1. The data for the new
conductivity is necessary. high-purity YBCO/BZO crystals clearly reveal a new

The single crystalstypically 1.3x1.3X0.1 mn? in size  feature—a bump or plateau in the vicinity of 60-80 K,
used in this work were of very high quality grown from which, to our knowledge, has not been reported in any pre-
BaZrO; crucibles (BZ0).2 This growth method leads to vious \(T) data for YBaCu3O,_; crystals. A plateau in
crystals with extremely clean surfaces and exceptional purity (T) similar to that observed here has been reported in films
exceeding 99.995%Ref. 9, in contrast to crystals grown in and was attributed there to a two-gap behatfor.
other crucibles which have final reported purities of The surface resistané®(T) is also displayed in Fig. 1 as
99.5-99.95%%* As shown in this paper, this difference in a function of T/T... At low temperatures all samples showed

0163-1829/97/522)/147334)/$10.00 55 R14 733 © 1997 The American Physical Society



RAPID COMMUNICATIONS

R14 734 H. SRIKANTH et al. 55

T e ; ?r
: !
[

s
|
|
?
R /' FIG. 1. \(T) vs T for YBCO/BZO (curve 1
< P s and YBCO/YSZ (curve 23 crystals. Data from
< d / Ref. 2 are also shown for comparis¢urve 3.
/ Inset showsRy(T) vs T/T, of YBCO/BZO and
YBCO/YSZ.
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the nonmonotonic behavior iRg that is well known and the approximately 80 K 0.9T.), which has not to our knowl-
low-temperature values are comparable to that seeadge been reported previously in microwave measurements.
previously>® However, at intermediate temperatures, a new It is clear that the YBCO/BZO crystals reveio new
feature is seen—a shoulder Ry in the YBCO/BZO sample important featuresn the dataf{i) the additional enhancement
which is completely absent in the YBCO/YSZ sample. Weof pair conductivityo, with an onset around 60-70 K, in-
emphasize that thdata for YBCO/YSZ are representative dicative of enhanced pairing below this temperature, @nd

of that reported in literature>*’ the third normal conductivity peak at around 80 K

These features are best studied in terms of the complei~0.9T.) in ¢4(T). The former was observed in all the
conductivity os=01—i0,=iuw/(Rs+iXg)2. The pair YBCO/BZO crystals, while the 80 K peak imr; is more
conductivityo, vs T is shown in Fig. 2, and is a measure of sensitive to sample details, particularly the normal-state scat-
the superfluid densityng(T), since o,=n(T)e?/mw
=1 uow\?(T)]. Although only changesA\(T)=\(T)
—\(4.2 K) and correspondinghAX;= uowAN are mea-
sured in the experiment, the absolute valueXgfand hence 10°+ YBCO/BZO
\ are obtained by assuming the normal-state= X, at and
slightly aboveT,. This procedure yields a consistent value
of A(0)~1000 A for all the YBCO/BZO crystals and a value
of A(0)=1400 A for the YBCO/YSZ crystal. Ther,(T)
data indicate an additional onset of pair conductivity below
around 60-70 K, never observed in previous crystals re-
ported to data as is evident from the comparison with the plot
for the YBCO/YSZ crystal. Also, the pair conductivity
o,(T) rises to a higher value in the BZO grown crystals
compared with the YSZ grown crystals. All the YBCO/BZO 10°
crystals showed this feature in the data. While the accuracy
of AN~1 A, the uncertainty in.(0) is much larger, perhaps
of order 100-300 A. Nevertheless, the results are consistent YBCO/YSZ
with a lower\ (0) and hence enhanced pair conductivity in
the YBCO/BZO crystals compared with the YBCO/YSZ
crystals.

The resultant plot of the normal conductivity,(T) is
shown in Fig. 3. The low-temperature peak at around 35 K
(labeledA) is observed in several previous measurements on
crystals>® Note that very neaf a sharp peaklabeledC) is
also presentsee insets to Fig.)3in all YBCO/BZO and
YBCO/YSZ samples and which is often attributed to 0 ‘ ‘ ‘ —
fluctuations!’” The sharpness of these peaks in the YBCO/ 0 20 ® ri % s 100
BZO crystals attests to the high quality of these crystals. The
most striking feature is a nehird) conductivity peak(la- FIG. 2. Pair conductivityo,(T) of YBCO/BZO (top) and
beledB) clearly visible in the YBCO/BZO data centered at YBCO/YSZ (bottom).
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FIG. 4. Calculations ofg1(T) and o,(T) using the two-

A component model assuming tw®wave order parameterdong
dashed lines For a,(T), the case for a more realistic situation of
ans+d symmetry is also show(solid line). The short dashed line
represents the calculations for a single weak-coupdivgave order

0 parameter.

o @my’

\ nents to calculate the conductivities using Mattis-Bardeen
¢ expressions. In the case of, calculations assuming and

) d which are closer to the realistic case are also presented.
0 } ; , A Gap values oA 5(0)/kT.4=1.5 andAg(0)/kT.zg=2.8 were
0 20 40

60 80 100 used. For o;, temperature-dependent scattering times
TA,B: TOA,B/[1+(T/TX,B)4]’ W|th TOA/TOBZZ! TX:37 K,

FIG. 3. o4(T) of YBCO/BZO (top) and YBCO/YSZ(bottomy. 15 =83 K were assumed. The calculations reproduce the es-
The sharp peak€ present in both cases are shown in insets. NoteSential features of the data, viz., the onset of pairing around
the appearance of a new peBkn YBCO/BZO. 60 K observed ino,(T), and the two peaks iwr((T), as

shown in Fig. 4. Although we have used two decoupled com-
tering, and was lower in one of the samples which had thgyonents in the above model for illustrative purposes, a small
highestR,,. (Details of results on the other YB&u3;Os95  attractive coupling between the two components is probably
and also on specially oxygenated YR2u;0- g crystals will  essential. It is easy to show in the framework of Ginzburg-
be published elsewheje. Landau theor}? that such coupling does not change the re-

The data of Fig. 1 for the new YBCO/BZO sampla®  sults much, and the essential features of the data are retained
difficult to describe using a single order parameter belowin more elaborate models.

T. This is evident from the curve for %(T) obtained from The microwave measurements do not directly yield the
a weak-couplingd-wave calculation shown in Fig. 4. symmetry of the order parameter in theandB components,

In the “hydrodynamic” limit, crls,d(T)=nqp(T)e27(T)/ except as can be inferred from the temperature dependence
m. A single peak ino1(T) can arise from a combination of of the data. The fact that(T) is linear at low temperatures
increasingr and decreasing,, asT is lowered. Except for would indicate that pairing in componem could be
detailed dependences dn this peak should occur for an d-wave like, exhibiting nodes in the gap. Several theories
s- or d-wave superconductor and even in a two-fluid model.have suggested the strong possibility of a mizedd state in
(The BCS coherence peak for aawave superconductor is the presence of orthorhombic distortion as is the case in
masked by this effegtin order to describe the conductivity YBCO,?%?! and detailed BCS calculations, such as those in
data in earlier YBaCu;0_ 5 crystal$™®in the framework  Ref. 20 of coupleds-d mixtures, do yield penetration depth
of a d-wave model, one needs a dramatic drop in the scatr\x ~2(T) vs T] curves similar to the present,(T) data.
tering rate belowl .. However, any model using a single gap It is tempting to assign the two superconducting compo-
or order parametel(s- or d-wave) will only lead to a single nentsA and B with the associated condensates residing on
conductivity peak, in disagreement with the present data. Cu-O planes and chains, respectively, in the YBCO system.

Instead it is necessary to consider a two-component sysHowever, such an interpretation might be inappropriate
tem to understand the new data. The new feature in thgiven the facts that the crystals are twinned and microwaves
0,(T) data suggests that there is additional pairing of carriprobe a length scale spanning several hundred unit cells. In-
ers below approximately 60—70 K. The essential features oftead the two sets of condensates may originate from differ-
the data can be well described by a simple model of twaent types of pairing associated with different regions of the
superconducting components wilh,=65 K andT.g=93  Fermi surface. Such a scenario based on band structure tak-
K. We have calculated the total conductivityg=o1—i0, ing into account the chain-plane coupling in YBCO and
=(o1pto15) —i(oya+0,g). For ease of calculation we eventually leading to two types of pairing interactions has
useds-wave order parameters for both tAeandB compo-  been proposetf:

T(K)
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Our results resolve an important issue regarding the origicannot be explained by macroscopic segregation of gg O
of the conductivity peak at 35 K. While in previous cases it60-K phase and an ideal 090-K phase. For Qg5 one
was necessary to invoke a precipitous drop in the scatteringrould require~6—10% of the 60 K phase which cannot,
rate to account for its location, it is natural from Figs. 2 andhowever, account for the relative weights of the two compo-
3 to associate the low T35-K) peak with the AT ,~60 K) nents in ouro,(T) data. Instead, our data point to a physical
component and not the BT .;g~93 K) componentThe lo-  mechanism like interlayer coupling rather than to chemical
cation at 35 K (-0.5T,) is now reasonable for a conduc- Segregation for our results. _ _
tivity peak associated with onset of pairing B,. This In conclusion, measurements of the microwave properties

implies that the typ@\ condensate is present in the YBCO/ Of ultrapure YB3aCuzO;_, crystals reveal new features
YSZ samples also but has a weaker, almost gapless, tempeS9gesting the presence of two superconducting components

ture dependence. We therefore believe that the same mecdﬂ-this compound. Our work provi_d<_es a possible ex_plana.tion
nisms were operating in earlier samples also but are clearl or the 35-K microwave conductivity peak, and yields in-

S ) ights into the pairing mechanism in the high-temperature
distinguished in the new YBCO/BZO crystals. superconductors

A natural suspicion that arises is whether the data in the '

new YBCO/BZO crystals arise from inadequate oxygen an- Work at Northeastern was supported by NSF-DMR-
nealing leading to macroscopic chemical phase separation. #623720, and at Geneva by the Fonds National Suisse de la
is important to note that the annealing procedures for th&kecherche Scientifique. We thank R. S. Markiewicz, A.
YBCO/BZO crystals were exactly the same as for theJunod, and J. Halbritter for useful discussions, D. P.
YBCO/YSZ crystals> An estimate suggests that the dataChoudhury and Z. Zhai for assistance.
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