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Evidence for multi-component superconducting order parameter from
microwave measurements of ¥ BasCuyO; s single crystals *
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The microwave complex conductivity in the superconduciing state (o, = a1 — i ) ol high quality ¥ Bag CusOr_s
single crystals measured au 100Gz vsing & high-Q Nb caviey reveal two new features - (1) A new peak in o at
~ 800 and (1) enhanced pair conductivity a2 below ~ G50 The results indicate two pairing lemperature scales
and point. ta a multi-compenent. supercondocting order paramerer in Y BCO.

Electrodynamic measarements aof the complex
conductivity (o, = oy — ire) yield important in-
formation regarding the gquasipariicle density of
states and the nalure of the superconducting con-
densate [1,2]. Microwave experiments have played
an important, role in understanding Tundamental
issues in both low (LTS) and high teroperature
superconductivity (HTS).

In HTS, improvement of materials quality over
the yvears has gradoally led to many experimen-
tal results which reflect the intrinsic properties
untainted by defects. The recent growth of
Y Beaol ug(hy_ s single crvstals in BaZ e BE )
cricibles has ushered in a new generation of high
quality samples [3]. This growth method avoids
the critical problem of crucible corrosion and leads
to single crystals with extremely clean surfaces
and purity exceeding 999955,

We have carried ont precision measurements of
the surface impedance (2, = R, + iX,) of these
new high quality Y Be.CluaOs_g single crystals
grown in 820 crucibles. The experimenis were
done in asuperconducting Vb cavity resonator op-
erating at 106G H 2 [4]. Three single crystals from
dilferent batches grown in BZ0 crucible and one
crystal of comparable dimensions grown in Y57
crucible were measured to study the systematics
in the different samples. The crystals grown in
5’2‘:{) had 'T',_ = FJS_:L,F{ and the one SIWIL in '?'.‘:3'2
had 7. = 92.4K.
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In Figs.l and 2. the typical temperature de-
pendence of oo and oy (7)) are plotted for
VOOCO/BZ0 and ¥ BOOJY SZ samples. Twa
striking leatures emerge clearly from a compari-
son of the data:

(1) (1) shows two distinet regions of varialion
for T < BAN and 65K < T < T, respectively in
the YBCO/BEZQ samples. Sinee the estimated
A(DY is lower in these erystals, this feature implies
enhanced pair conductivity indicating an cnset of
additional pairing helow BHR.

[i1) The normal conductivity o (T shows a new
peak at around &0 (~ D.97.) in YBCO/BZO
crystals which iz absent in ¥ BOO/Y 52,

Very near 1., o third sharp peak 15 present in
(1) al all four samples and s sharpness at-
iests to the quality al the crvstals, The sharp-
ness of the superconducting transition is evident
in the H, data which indicated a transition width
of 2R at 106G Hz [5], and is confirmed by the
sharpness of the & peak. A comparison of the in-
elastic scattering rates extracted from the normal
state condectivity of all the samples shows that
the sccond peak at 804 s prominent in samples
with lower inelastic scaltering in the normal stade.

The data indicate that in addition to the pairing
at 934, additional pairing develops below around
GO0, This strongly suggesis the presence of mul-
tiple pairing interactions in Y BoeeCugOs s, A
peak in oy around 30K s seen in all YBCO crys-
tals and Lo account for its location, an argument
based an a precipitous drop o quasiparticle scat-
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Figure 1. Pair conductivity e3(77) for the
YBOO/BED sample and YBCOO/YSZ sample
MNote the enhanced pairing turning on below 634

for YRBCO/BZO shown in the Lop panel

tering rate below T, has been proposed [6]. In
Hght of our present results, it now becomes clear
that the S0R conductivity peak i all samples 15
really assoctated with pairing at 655 and not with
pairing at 93K, since we are now able to ohserve
and associate the new 80K conductivity peak with
pairing 2l 934 LThis two component picture pro-
vides a satslving explanation of the 304 peak
without, 'i1|‘.'rrl-:i'r:|g i L".-I.['};I‘I temperaliire r_|f_‘pc]|r_|r_—*[]r;e
of the seattering rate ol a single component.

[t is rather difficult to reconcile the data with
a single arder parameter of any symmetey. One
needs two, possibly coupled, superconducting
components to account for this data, Simple mod-
ecls which incorporate deconpled superconducting
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Figure 2. Normal conductivity o (7). The arrows
denote the location of the concuctivity peaks. The
new peal obzerved i3 marked in the YBOO/BEO
cdata.

components with separate pairing temperature
geales arcound 85K and 03K and in which the
conductivities of the two components are treated
additively deseribe the ohserved dala For oo and
o1 [B]. ln order to reproduce the low 1 behav.
i_f_:l]_' "-"rhi(_:]l i"'_\ ;i[i(‘”?ﬂr. H1 J“‘H.‘ﬂ. e l::lf IIIF‘: r_'r_'urnp()lll:rl.l!:—j
has to have nodes in the gap, We have found gaod
agreement with the o data for 2 model using one
swave and one d-wave component

However the two components are likely to he
couplad, A Ginghurg-Landau calculation can he
carrted out { eg (7)) using order parameters 9y
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and g with pairing temperatures Toq and Tog
(= Yra). Yor weak coupling between the com-
ponents, the caleulation vields a single supercon-
ducting transition near Top. As the temperature
of the superconductor is lowered, the supercon-
ducting state would have symumetry correspond-
ing to g just below .5, with mixed symmetry
A B appearing below T4 which conld be dom
inated |'.>j.-' the svimmelry af W, This will be re-
fected in measurements of the pepeteation depth
as well as many other properties, which will show
aoerossover at T well below T, similar to the
oo data in Fig. 1.

Earlier a two-component order parameter was
snggested in 870 2212 on the basis of photoemis-
sion data [8]. However penstration depth data on
Hi 2212 crystals [2] do not resemble the present
data on ¥ BOO/ BEO and instead look similar 1o
the ¥ RO/ Y SE resulls. It should be pointed
ot here that materialz quality played a crucial
rade in the case of B¢ 2212 too. Although prior
measirements indicated a T% dependence of the
low temperature penetration depth [910], data on
purer crystals grown using the Traveling Solvent
Floating fone method [TSFZ) yvielded a linear-T
dependence similar to the case of Y BCOO [2,11].

The present resulls are consistent with sev-
eral other experimental observaltions in Y 300
and alzo other caprates.  Farlier measurements
cn RO thin flms vielded penetration depth
clata which are sionilar 1o the present resulis and
were there interpreted o terms ol a Z-gap model
[12]. We note that STM tunneling measuremenls
on similar BadrOy grown Y BOO crystals show
|:1|u§1.15;-]|_'.-;.Lrur'.l.:lr:: at arownd 5 meV and 2025 m
[13], vlose 1o the pairing energy scales in the
present work, [T indecd this correspondence is rel-
evant, then our resulis would suggest that these
leatures should have different temperature depen-
dences which should be explored.

The possibility of multiple pairing energy scales
in YBOO 15 not surprising i view of the cryvstal
structure, The Fermi surface of ¥ BOO is be-
lieved to consist of multiple sheets associated with
two plane bands and a chain band. This raises
the possibility of superconductivity with multi-
ple pairing energies. Recent thermal eonductivity
studies on Y AEOO have alsoe revealed enhaneced

pairing below 53/ which has heen interpreted as
evidence for chain superconductivity [14].

We now remark on the sharp peak in o) very
near T, which is present in all samples [15]
and has been commonly attributed to mhome-
geneties [16,17] ar Huctuations [18,19], The multi-
component, scenario ralses o new possibality for
this sharp peak near T as being due to a third su-
perconducting eomponent (), Such a sharp peak
can he obtained from Maitis-Bardeen calenlations
assuming an s-wave order parameter when a very
large gap value Ac(U0)/FT. ~ 10 = 15 is used.
This speculation receives support from the Tact
that structure at very high energies of 100m1
15 also observed in STM tunneling characteristics
[13] which may match with the high energy scale
of the sharp peak near T,

While phase sensitive experiments [20,21] sug-
gest a dominant d-wave superconducting state,
an 5+  stale is likely in Y BOO becanse of its
orthorhombic crvstal steucture,  This would be
consistent with c-axis lunneling experiments [22].
However all of these experiments appear to he
carried out at low temperatures near 420, Cur
present results would suggest that the underlying
svimelry could change with temperature. Hence
careful experiments should be performed above
and below G0R in high quality ¥ B0 samples.

Several theories [23-26,7.27.28] have addressed
the issue of mixed order parameter symmetry
or mlti-com ponent superconductivity in cuprates
and scenarios based on many of these ideas would
bie consistent with our striking microwave results.

i sumimary, these data represent direct obser-
vation of the presence of mulbiple components
the superconducting state of ¥ BasCuaOs as [3].
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