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The a-b plane microwave surface impedance of a high-qualitySBICaCu,O;s single crystal
(T. = 93 K) has been measured at 14.4, 24.6, and 34.7 GHz. The surface resistance at low temperature
is the lowest yet reported, is comparable with the best XBg0,_s data, and has a characterisiié
frequency dependence. The change in penetration dépth,(T), has a strong linear term at low
temperature which is consistent with a gap with line nodes on the Fermi surface. The real part of
the microwave conductivity displays a broad peak at low temperature, similar to that observed in
YBa,Cw;O;_5. [S0031-9007(96)00735-1]

PACS numbers: 74.72.Hs, 74.25.Nf

Measurements of the microwave surface impedance, BSCCO has two Cu@conducting layers per unit cell
Z, = R, + iX,, have played a key role in furthering our like YBCO but it has no CuO chain layers. Ms al. [9]
understanding of high. superconductors. A term, linear have suggested that the CuO chain layers may play a sig-
at low T, in the temperature dependence of the in-planeificant role in the unconventional microwave response of
penetration depthy,; (T), first observed in YBeCu;O7—5 YBCO; however,a-b planeR, anisotropy measurements
(YBCO) single crystals by Hardgt al. [1], opens up pos- [13] on untwinned YBCO single crystals suggest that the
sibilities such asd-wave pairing [2] or an anisotropic CuO chain layers affect only the magnitudesrRgfand A
s-wave gap [3]. The nonmonotoni€ dependence of the rather than their forms as a function®f Various authors
a-b plane surface resistancké?, observed in YBCO by [14-18] have studied the consequenced.of ,» pairing
Bonnet al. [4,5] has been interpreted in terms of an effec-on the microwave conductivityy = o’ — io”, and find
tive quasiparticle scattering time that increases rapidly that many aspects of their results agree with &yeand
below T. before saturating at what is suggested to bex data on YBCO [1,4-6,13]. Alternatives to thlewave
an elastic impurity scattering limit. This qualitative pic- picture such as the anisotropiewvave scheme [3] or the
ture is consistent with dominant electron-electron scatterapproach of Klemm and Liu [19] are linked with theories
ing aboveT, which is rapidly suppressed belo#. as which involve tunneling between adjacent Cu@lanes
the charge carriers condense into the superfluid. Dopar CuO chain layers. Thus surface impedance measure-
ing the YBCO crystals with small amounts of impurities ments of BSCCO where the CuO chain layers are absent
such as Zn or Ni [5,6feducedR? by increasingthe  and where the Cu@planes are more weakly coupled than
scattering. those in YBCO should help clarify the situation.

Assessing the applicability of these ideas to other high- We have made microwave measurements on BSCCO
T. systems is of paramount importance. The electrorsingle crystals(T,. onset= 93 K) of very high quality,
doped superconductor NgCe, 1:CuQ,, for example, has grown by the traveling solvent floating zone method
strikingly different behavior from YBCO: Wt al. [7] using an infrared mirror furnace [20]. This technique
found that bothR%> and A%* are in accord with BCS produces mm-size mosaics of aligned crystals. These
s-wave theory. However, efforts to obtain meaningfulare repeatedly cleaved to obtain thin platelets which
surface impedance data on other cuprate superconduct@aee optically smooth on both faces. Rocking curves
have so far met with only limited success. In particu-for these crystals generally show widths of :98.05
lar, microwave measurement [8—11] on,Bi,CaCu,0g  for (0,0,1) lines indicating high crystallinity [21]. A
(BSCCO) have yet to produce a complete picture of thestringent test of sample quality is the variation of the
surface impedance. Much of the problem has been thmixed statec-axis resistance as a function of the angle
rather severe constraints imposed by the microwave tectof an applied magnetic field. This is extremely sensitive
nique [12] on sample quality: single crystals of high pu-to intercalation, cracks, bending, or other deformations
rity with uniform thickness, very flat surfaces, and clean,because the large anisotrofy./p., =~ 10°) means that
nondeformed edges are required. Whereas YBCO crystalsaxis transport currents flow uniformly across the whole
of this quality [1,4—6,13] have been available for somecrystal. The minimum forB || ab is narrower than the
time, BSCCO crystals of comparable quality are only nowresolution of our goniometer stage=0.1°), indicating
becoming available. extremely high quality and flatness.
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The 24.6 and 34.7 GHz measurements reported hetgeated are also allowed for. This contribution is esti-
were made in a circular cylindrical superconducting Nbmated by measurement of the dependence of the total fre-
cavity maintained at 4.2 K and supporting agiEmode  quency shift on sample size. If the sample is modeled as
with Q values of, typically, 16-10’, allowing high an oblate spheroid of radius a thermal expansion con-
sensitivity. The 14.4 GHR? data were obtained using tribution will result in (Af/f)exp * a*(Aa/a) whereas a
the TE;;; mode (Q = 10°) of a cooled sapphire disk genuine\ frequency shift givesAf/f), « a’gAA (g in-
resonator in a Nb enclosure. In all cases, the sample isludes demagnetization effects and depends only weakly
positioned at a node in th& field and at an antinode ona). At34.6 GHz, the frequency shifd f, (30 K), for a
in the H field which is oriented perpendicular to the 1.25 mm X 1.4 mm X 6 um crystal was compared with
a-b plane of the single crystal sample. For an ellipsoidthat for a0.45 mm X 0.5 mm X 6 um piece cut from it.
of revolution, this induces purely-b plane screening The a?g scaling factor was determined empirically from
currents and allows measurementRff® and AA*. In  the bandwidth data and the factor thus obtained agreed with
this orientation, the current is concentrated near the edgeke ratio of the two frequency shifts at 30 K to within 1%,
of the sample [12] and so it is important that theyruling out the possibility of sample thermal expansion con-
are not deformed or cracked. To the extent that theaminating the frequency shift data below 30 K.
approximation of a flat, platelet crystal by an ellipsoid is The measurements &; andX, are used to extract the
not exact, it is conceivable that som@xis currents might in-plane microwave conductivity vid, = (iuow/o)"/?
exist. Certainly, the consistency of our results for sampleg¢we henceforth omit:b subscripts and superscripts as we
with different dimensions makes significant contributionsdeal exclusively with in-plane quantities)o is widely

from this effect unlikely. described by a two-fluid model in the clean, local limit:
The surface impedance of the sample is obtained fronw = (ne?/m™)[x,/iow + x,7/(1 + iw7)], where x; =
the cavity perturbation formuld fg(T) — 2iAfo(T) = 1 — x, is the superfluid fraction, and, the normal fluid

T'(R, + iAX,). Afp(T) is the change in bandwidth of fraction. Foro” > o' (which holds well except within
the transmitted resonant response when the sample #&few degrees of.) andwr < 1, R, and X, reduce to
moved from the center of the cavity to outside it, andR,; = %,u(z)a’wz)ﬁ and X; = puowA with x, given by
Afo(T) is the resonant frequency shift with respect tol — A%(0)/A*(T). A(0) is needed to calculate, and
the frequency at the base temperature (5 K heré).a  extract ¢’ from R,. In cases where it is known that
calibration constant, includes demagnetization effects anfl; = X, in the normal state, it may be estimated from the
can be calculated but is more accurately determined bynicrowave data. However, in our case, thef sample
measuring a well characterized Nb sample cut to the samtbickness is comparable with the normal state skin depth
dimensions as the BSCCO crystal. The sample is situate@pproximately 2—3um at 35 GHz), and therefo®, and
on the end of a movable 0.5 mm diameter sapphire ro&, are not expected to agreex(0) = 2100 A, obtained
which is temperature controlled independently of thefrom dc magnetization measurements on similar crystals
cavity. This permits determination of the empty cavity [22], is assumed in the following analysis.
bandwidth by withdrawing the rod and sample through a Figure 1 showsR,(T) at all three frequencies. At
hole in the top plate of the cavity while it is still cold. low T, the magnitude oR, is comparable with that of
At 34.7 GHz, the resolution forR“> of a1 mm X 1 mm  the best YBCO crystals. We emphasize tRatvalues
single crystal is=50 u{). The 24.6 GHz cavity, being for BSCCO at lowT reported elsewhere [8,10,11] are
larger, has a corresponding resolutiontof00 «Q. R%  about an order of magnitude greater than ours (when
measurements at 14.4 GHz with the dielectric resonatahe results are extrapolated to 10 GHz assumingwan
method can achieve resolutions smaller thai® () by  frequency dependence). F6r< T < 80 K, R; * w?
optimizing the sample position. which is consistent with the usual expression kgrgiven
Measurements oA A“® are made only in the 24.6 and above if¢’ is frequency independent. This in turn implies
34.7 GHz cylindrical cavities because the frequency shifthat w7 < 1 for this BSCCO sample in this frequency
of the sapphire disk resonance at 14.4 GHz is extremelyange. It also gives confidence that the intrin&ic is
sensitive to sample movement. It is necessary, neverthéeing measured and not other extrinsic effects which would
less, to make careful checks of systematic errors causegpically scale as a lower power af. This is an important
by anomalous frequency shifts due to the thermal exparcheck, not possible without multiple frequency data.
sion of the sapphire rod. These effects are accounted The inset of Fig. 1 presents an expanded viewRpf
for by measuring the detailed frequency shift in the nor-at low T on a linear scale. While there is no bump at
mal state of a Nb calibration sample of identical dimen-around 40 K as seen in YBCO, there is a suggestion of a
sions and imposing the conditid®y, = X, (expected for plateau at intermediat€ and a subsequent rolloff at lower
a normal metal). The correction term thus generated i§ that is reminiscent of the results obtained on YBCO
typically =10% of the total frequency shift signal and crystals when doped with small amounts of impurities
negligible below about 30 K. Frequency shifts from thesuch as Zn or Ni. This agrees with our conclusion that
thermal expansion of the BSCCO crystal itself as it isw7 < 1 for our samples. (In YBCQv7 = 1 at 35 GHz
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FIG. 1. The surface resistance at 14.4, 24.6, and 34.7 GH£IG. 2. The change in penetration depth with respect to
Inset: A closeup of the low temperature behavioRgf A(5 K) for 5 < T < 25 K. Inset:AA over a wider temperature

range.

only for the purest undoped samples [5], wheres free  curve depends, of course, on the exact choicer(@.

to increase at low to almost an order of magnitude more A choice of A(0) = 2600 A [11] makesx,(7) more con-

than its corresponding value for doped samplesf; cave up but does not affect the lineBrbehavior below

(34.6 GHz) between 20 and 60 K for our BSCCO crystal30 K. The slight curvature apparent kA is not evi-

ranges from 2.7 to 4 § which is about 3 to 4 times the dent inx,(T) and is presumably a signature of the inaccu-

corresponding value of 0.7 to 1.5(nfor a typical YBCO  racy of the approximationy, (T) = 2AA(T)/A(0) which

crystal doped with a small amount of impurities [GR,  is strictly true only for very smalA A(T). For a cylindri-

[R, = x,7A3/A%(0)] might be expected to be somewhat cal or spherical Fermi surface, « T is consistent with a

larger for BSCCO than for YBCO because of the largerpairing state with line nodes [2] or an anisotropigvave

A. However, this factor does not account for the whole

difference. A residual surface resistanég(0), evident

at low T, is the most likely source of the discrepancy.

Such a residual resistance is seen to a varying degree in

all R; measurements of high- superconductors except

untwinned YBCO crystals [13] and is most probably due 0.8

to slight structural imperfections or impurities. However, ’

it is clear from thew? frequency dependence that it is

not sensible to subtrad,(0) and useR,(T) — R,(0) to

computeo; as some authors [7,8] have suggested. A

more useful approach might be to assumpé@®) # 0, i.e.,

a residual normal fluid aI' = 0, which would preserve

the w? frequency dependence exhibited by the data.
Figure 2 presents all the 34.7 GHAz\A(T) data. These

include three separate temperature sweeps for the large 083 “u,,

1.25 mm X 1.4 mm crystal and one for th@.45 mm X 0.2 [ osf ", x

0.5 mm piece cut from it. The agreement is excellent (the L osb

noisier 25 GHz data, not shown, also agreed well). Be- It S | Qﬁm

low about 25 K, there is a strong linear term with slope 0

10.2 A/K. This value is about 2.4 times the value re- 0 20 40 60 80 100

ported by Hardyet al. [1] on YBCO. Figure 3 gives the T (K)

CompleteT dependgnce OfS'_ Within experimental un- FIG. 3. The temperature dependence of the superfluid frac-

certainty, the data imply a lineaf dependence for the tion, assumingA(0) = 2100 A. Inset: A closeup of the low

normal fluid density from 30 to 5 K. The shape of this temperature region.
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710° state. The form ofr/(T) suggests a rapid collapse in the
quasiparticle scattering rate belofy. Its similarity to
the o/(T) extracted from YBCO doped with impurities
suggests a higher degree of scattering in this BSCCO
crystal than for pure YBCO. Since BSCCO has no chain
layers, our results confirm the notion [13] that the chain
layers do not play an essential role in the unconventional
behavior of YBCO.
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