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In-plane surface impedance of epitaxial YBa2Cu3O72d films: Comparison of experimental data
taken at 87 GHz with d- and s-wave models of superconductivity
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We have measured the temperature dependence of both the surface resistance and the change of the pen-
etration depth in two optimized epitaxialc-axis oriented YBa2Cu3O72d ~YBCO! films at 87 GHz by incor-
porating each film as an end plate in a cylindrical copper cavity. A high frequency is used in order to increase
losses in the superconducting samples relative to the losses in the copper cavity. It is found that our measuring
frequency is of a magnitude comparable to the relevant low-temperature scattering rates, so that the real part of
the conductivity would be expected to display significant frequency dependence. The two films investigated
were both 350 nm thick, but prepared by different techniques. The experimental results are compared to
weak-couplingd- ands-wave models of superconductivity which incorporate both inelastic and elastic scat-
tering, with the latter forming a small part of the total scattering. The sizable surface resistance at low
temperatures and the approximately linear temperature variation can be accounted for without subtracting an
extrinsic residual surface resistance, ifd- or anisotropics-wave order parameters with nearly vanishing Fermi
surface averages and scattering phase shifts close to 0.4p are assumed. Large low-temperature losses are
obtained theoretically in spite of the fact that order parameter amplitudes must be in the range of
2D0(0)/kBTc56.0–7.5, considerably larger than the corresponding weak-coupling values, in order to describe
the data at higher temperatures. When inelastic scattering is represented by a phenomenological temperature-
dependent scattering rate, a quantitative fit to the experimental data for both the surface resistance and the
penetration depth of YBCO over the whole measured temperature range from 4.2 to 145 K can be obtained
within a single model. Some discrepancy between theory and experiment remains near the transition tempera-
ture where fluctuation effects, not treated in this paper, are clearly visible. While very different parameter sets
can be found that would fit the real part of the conductivity, having to explain both penetration depth and
surface resistance puts severe constraints on the available parameter space. A description of the inelastic
scattering on the basis of spin fluctuation exchange within the nested Fermi-liquid model with full frequency
dependence taken into account still gives reasonable fits to the data, even though only a single parameter, fixed
by the normal-state resistivity, is involved. Fors-wave states, whose Fermi surface average is a sizable fraction
of the order-parameter amplitude, scattering rates drop well below the experimental frequency at sufficiently
low temperatures for the whole range of scattering phase shifts. Thermally excited quasiparticles still present
then act as a nearly ideally conducting system which results in losses too low to be compatible with the
experimental observations.@S0163-1829~97!10034-0#
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I. INTRODUCTION

Since the first microwave surface impedance meas
ments of epitaxial YBa2Cu3O72d ~YBCO! films,1,2 which
were found to have significantly lower microwave loss
than granular samples,3 it has become clear that even op
mized films4–7 of oxide superconductors available at t
present time exhibit much higher microwave losses at
temperatures than conventional superconductors at the s
reduced temperatureT/Tc .8,9 Various attempts have bee
made to describe the temperature-dependent microwave
face impedance of YBCO theoretically in terms of intrins
material properties. These include, e.g., modified two-fl
models,3,10 single-gap s-wave BCS approaches,11,12 two-
band, two-gap models based ons-wave BCS theory13 with
generalizations to include strong-coupling effects,14–18 and
models based ond-wave pairing symmetry.19–22For a recent
review see Ref. 23. So far these models have failed to
560163-1829/97/56~10!/6237~28!/$10.00
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count satisfactorily for the observed residual surface re
tance and the linear variation of the surface resistance w
temperature up to around half the transition temperatur24

Unless these models can be suitably refined, the remai
discrepancies must be attributed to extrinsic effects resul
from random extended defects, which at present can only
described phenomenologically.9,12,25 Such extrinsic effects
would be strongly sample dependent.

A range of highly sophisticated preparation techniqu
has been developed in recent years yielding high-qua
YBCO thin films with very similar microwave properties,4–6

which are also similar to those of high-quality sing
crystals.19,20,26,27 Moreover, YBCO films comparable to
those investigated in this work did not show any power d
pendence of the electromagnetic response up to field le
.104A/m at 4.2 K.5,7 In contrast, low quality samples regu
larly display a power dependence of the ac response at
siderably lower fields and an increased penetration de
6237 © 1997 The American Physical Society
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6238 56S. HENSEN, G. MÜLLER, C. T. RIECK, AND K. SCHARNBERG
which are attributed to weak links.8,25 The linearity of the
current-field relationship extending up to comparatively h
fields tallies with the observation of high critical currents
these films. All these points convinced us that, as in
single-crystal work,19,20,26,27we are observing intrinsic ef
fects in optimized YBCO films closely related to the sup
conducting pair state present in YBCO, in spite of the f
that the films are heavily twinned.

In single crystals it is possible to remove twin boundar
which, one would hope, would reveal their contribution
the microwave losses. Such work has been undertaken b
UBC group26 but, as the comparison between Ref. 26, Fig
and Ref. 28, Fig. 3 shows, the results are not clear cut. A
lower experimental frequency of 4.13 GHz detwinning ha
rather small effect on the surface resistance. Twins appe
suppress the peak inRs at intermediate temperatures in mu
the same way as the addition of Ni or Zn impurities.26 It is
only at the lowest temperatures thatRs appears to be reduce
by detwinning. This is consistent with the picture that tw
boundaries are regions of finite width in which the lattice
strongly disordered29 and hence contribute to the elastic sc
tering of charge carriers. At a higher experimental freque
of 34.8 GHz detwinning reducesRs at all temperatures an
particularly so at low temperatures. There seems to be
simple explanation why detwinning should have a differe
effect onRs at different frequencies.

We have performed measurements of the microwave
face impedance as a function of temperature on the YB
films using an end-plate replacement technique with a cy
drical copper cavity at 87 GHz, which offers a high measu
ment sensitivity for both the surface resistance and chan
of the penetration depth, as detailed in Sec. II. Unfortunat
the absolute value of the penetration depthl in the super-
conducting state cannot be measured directly with this te
nique. The London penetration depth does not only serv
a useful indicator of sample quality, it also plays an imp
tant role in the comparison between theory and experim
However, in view of the similarity between the surface im
pedance measured on our epitaxial films and the results
tained on single crystals we believe our films to be of sim
quality with variations in the London penetration depth t
small to be resolved by eithermSR,30 FIR reflectivity,31 co-
planar resonator measurements,32 or microwave transmission
measurements.33–35 We shall analyze the effect a modera
change in the assumed London penetration depth has o
interpretation of the data.

As already mentioned, the microwave losses at low te
peratures are much higher in YBCO than in conventio
superconductors. They are incompatible with the notion
an energy gap, as is the nonexponential approach of the
etration depth to its zero temperature limit. Such behavio
the surface impedance has been discussed extensively i
context of heavy fermion superconductivity where it h
been attributed to unconventional pairing.36,37 Based on the
perceived importance of spin fluctuations in high-Tc materi-
als, on their layered structure, and on their complex b
structure, a wide range of superconducting pair states h
been proposed,38 all of which differ significantly from the
BCS result with its isotropic energy gap. In the present pa
we shall restrict the comparison between experiment
theory to two-dimensional models designed to describe
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conductivity of the CuO2 planes. This restriction appears
be well justified because in our experimental arrangem
there is no current flowing parallel to thec axis. To account
for the apparent absence of an energy gap we focus o
d-wave model for the pair state, which is supported by ot
experiments39,40 and which would follow rather naturally
from a spin fluctuation mechanism of superconductivity.41–44

Objections have been raised against the ability of this mec
nism to account for the high transition temperatures45 and a
more likely scenario appears to be a concatenation of var
effects, including electron-phonon interaction,46,47 which
could, nonetheless, favord-wave superconductivity.47,48

The most prominent feature of ad-wave state that sets i
apart from commonly considered anisotropics-wave states is
the change of sign of the order parameter as the rela
momentum of the two quasiparticles forming a Cooper p
varies across the Brillouin zone. The electromagnetic
sponse in the local limit is not sensitive to such a si
change49 so that we do not expect to find qualitative diffe
ences between anisotropics-wave andd-wave superconduct
ors in the clean limit. Scattering processes affect these
types of states differently, though,50,51 and it has been sug
gested that a comparison of results obtained at different d
ing levels will provide some clue as to the exact nature of
pair state.52,53The analysis presented in this paper shows t
small amounts of elastic scattering unavoidable in th
complex materials are sufficient to eliminate from the disc
sion states with nodes in the energy gap but without a s
change in the order parameter. The symmetry of the or
parameter, actually, cannot be determined by doping exp
ments because an anisotropics-wave state whose Fermi su
face average vanishes38 can give results identical to those o
a d-wave state. Some experimental tests that are sensitiv
the sign of the order parameter can be taken as evidenc
d-wave symmetry while there is no experimental eviden
for anisotropics-wave states with four nodal lines.38 So far,
these experiments39,40,54are still somewhat controversial, bu
the case in favor ofd-wave superconductivity appears
grow stronger.39,40 Evenc-axis tunneling now seems to sup
port the notion that the order parameter is predominantld
wave in character with a smalls-wave contribution,55 con-
sistent with the orthorhombic symmetry of YBCO.

The importance of the presence of some small amoun
elastic scattering characterized by a normal-state scatte
rate GN

el and the strength of the individual scatterer para
etrized by thes-wave scattering phase shiftdN has already
been mentioned. We only considers-wave scattering in orde
to keep the number of parameters down. Inspection of
normal-state conductivity of high-Tc materials shows tha
inelastic-scattering processes must also be important wh
in view of the high transition temperature, is not surprisin
Whether the interaction responsible for this inelastic scat
ing is also the source of the pairing interaction is not cle
Calculating both the superconducting properties and
normal-state electromagnetic response from the same in
action is not too difficult for isotropic systems. With th
elastic scattering making a negligible contribution to the
sistivity rn above the transition temperatureTc , one faces
the problem of having to explain bothTc andrn(T) with the
same set of parameters. This is impossible in most cases
the momentum dependence of the interaction has been
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56 6239IN-PLANE SURFACE IMPEDANCE OF EPITAXIAL . . .
voked to explain discrepancies between experiment and
an isotropic strong-coupling theory.56,57 In the case of
d-wave pairing the momentum dependence of the interac
is essential and a complete description of superconduct
and transport in YBCO would require a fully anisotrop
strong-coupling theory including elastic scattering and ba
structure effects. Attempting to calculate the electromagn
response in the superconducting state from such a theory
soon reaches the limits of available computer capacity. F
thermore, the necessary input for such a theory has no
been established beyond reasonable doubt. For these re
we shall use a weak-coupling theory in whichTc appears as
parameter.

The inelastic-scattering rate atTc , G inel(Tc), is of the or-
der of Tc and for ad-wave state would be expected to ha
a strong effect onTc . We assume that this effect is alread
included in some microscopic theory ofTc . The elastic scat-
tering required to fit the data turns out to be so small that
effect onTc can be neglected.

The inelastic-scattering processes determining the elec
magnetic response may not be responsible for su
conductivity but they could nevertheless be strongly affec
by the transition to the superconducting state. A dram
reduction in the scattering rate belowTc has been deduce
from surface impedance measurements by Bonnet al.19,26

using a two-fluid model. We shall briefly discuss the mer
and shortcomings of the two-fluid model in the conte
of d-wave superconductivity. A phenomenological tempe
ture-dependent inelastic-scattering rate will be deduced f
fits to the experimental data using the full theory. This a
proach neglects the inevitable frequency dependence
volved in inelastic scattering. There exist several theoret
models for the inelastic scattering,58,59 notably thenested
Fermi-liquid ~NFL! model proposed by Ruvaldset al.,60 that
include this frequency dependence. They describe the lin
temperature dependence of the normal-state resistivity w
single parameter and yield scattering rates which decre
rapidly upon entry into the superconducting state. In t
paper we use the nested Fermi-liquid model for a more
croscopic model of inelastic scattering.

The theory developed in this paper contains some m
simplifying assumptions not yet mentioned. The Fermi s
face is taken to be cylindrical with circular cross section
that the Fermi velocity is constant. When this is generaliz
using model band structures some, rather limited, quan
tive changes are found.61 These, however, cannot be take
seriously without considering a momentum dependence
the scattering rate. The assumed in-plane isotropy is in
agreement with thea-b anisotropy of the surface impedanc
observed on untwinned single crystals.62,31 Similar anisot-
ropy has been found in the normal-state transp
properties.63 Preliminary measurements of the surface res
tance of partially untwinned single crystals, which were
tatedin situ, also revealed anisotropy. In this case, howev
the anisotropy at low temperatures was found to be oppo
to that in the normal state.64

The anisotropy of the in-plane penetration depth appe
to be incompatible with the picture of proximity-induced s
perconductivity in the CuO-chains65,66 because in the mode
used the order parameter actually vanishes over large par
the chain Fermi surface. Judging from the similarity in t
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temperature dependence of the penetration depths in tha
and b directions, order-parameter amplitudes on the cha
and planes seem to be of similar magnitude65,66 so that the
superconducting state of the coupled system could be
scribed simply in terms of an elliptic Fermi surface and
order parameter compatible with orthorhombic symmetry67

Our films are heavily twinned and tested by circular micr
wave currents so that this anisotropy is averaged out.
plane anisotropy is also absent in the chain-plane model
posed by Kresin and Wolf15,16 because the quasiparticl
energy has been integrated out. The boson exchange bet
quasiparticles residing on the chains and plains, respectiv
could lead to a large gap on the chains. To account for
observed gaplessness, magnetic scattering on the chai
introduced. So far, only the zero frequency penetration de
has been calculated within this model showing that in a n
row temperature range aboveT50 various experimenta
data can be explained reasonably well by adjusting
magnetic-scattering rate.68

The feature that distinguishes this work from others
this field is that the comparison between theory and exp
ment includes two separate quantities measured inde
dently, covers the whole temperature range 4.2 K<T<145
K in which experimental data have been taken, and exte
to two samples prepared by different techniques. We emp
size the role of intermediate scattering phase shifts and
of the self-energy partx, which renormalizes the quasipart
cle energy.

II. EXPERIMENTAL TECHNIQUES

A. Preparation and structural quality of YBCO films

We have investigated two c-axis oriented
YBa2Cu3O72d ~YBCO! films, which were epitaxially grown
on single-crystalline substrates by different deposition te
niques. Both films were 10310 mm2 in size and their thick-
nesses were estimated from the deposition rates to be
nm. Sample A was grown by evaporation of the metals fr
three electron-beam heated sources in the presence of at
oxygen. The technique is essentially as described in R
69,70. The film was grown at a rate of 0.117 nm/s on a M
substrate. The estimated oxygen pressure during film gro
was;231022 Pa, with a significant fraction of atomic oxy
gen present. The sample was slowly cooled down and t
annealed twice in molecular and once in atomic oxygen
optimize its oxygen content.4 Sample B was prepared b
high oxygen-pressure on-axis dc sputtering from a stoich
metric target as described in Refs. 71,72. It was grown o
LaAlO 3 substrate with a deposition rate of 0.018 nm/s. T
oxygen pressure during growth was 385 Pa with a sm
amount of activated oxygen, as usually found in dc gas d
charges in the pressure range of a few hundred Pa.
sample was slowly cooled down. Both deposition techniq
have been optimized for films with low microwave losse
The two samples originate from systematic optimization
ries and are representative for the best films, i.e., those
the lowest residual losses and normal-state resistivities
this series.

For sample A, a cation composition of 16.8% Y, 33.3
Ba, and 49.9% Cu was determined by accurate measure
of the evaporation rates, calibrated with careful micropro
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6240 56S. HENSEN, G. MÜLLER, C. T. RIECK, AND K. SCHARNBERG
energy dispersive x-ray~EDX! analysis, judiciously com-
bined with morphology data.4 The optimized sputtered film
grown under the above mentioned conditions were gener
found to contain ~18.060.3!%Y, ~32.060.3!% Ba, and
(50.060.5)% Cu on a macroscopic average, as determi
by Rutherford backscattering spectroscopy~RBS! measure-
ments on several reference samples.73 The transition tem-
peraturesTc and critical current densitiesJc of the YBCO
films were measured by an inductive technique based on
detection of the third harmonic.74 Superconductivity was
found to set in atTc

A591.6 K andTc
B590.5 K with transition

widths DTc
A51.6 K andDTc

B50.4 K. Results obtained fo
the critical current densities wereJc~77 K!53.7 MA/cm2 and
3.1 MA/cm2 for samples A and B, respectively. These lar
critical current densities indicate that defects acting as p
ning centers for vortices introduced by the Earth’s magn
field and the self-field of the current do not show pronounc
weak link behavior. Transition temperatures and critical c
rent densities given here are typical values which can
reproducibly obtained by the two techniques.

Both samples were extensively characterized by x-ray
fraction: Thec-axis lattice parameters were determined fro
the Bragg angle of the 006 line and found to
c511.70860.005 Å for sample A andc511.66560.01
Å for sample B. The full width at half maximum of the 00
line, which gives a measure of the nonuniformity of thec
lattice parameter, was determined to beDc560.019 Å for
sample A andDc560.004 Å for sample B. The rocking
curve widthsDv of the 006 line, which give a measure o
the mosaic spread of thec-axis orientation over the sample
were 0.40° for sample A and 0.27° for sample B. N
a-axis oriented material could be identified in either sam
within the instrumental resolution. 45° in-plane misorient
material could not be detected in sample A while slig
traces,0.3% of it were found in sample B. It is most re
markable that YBCO films with otherwise very comparab
quality exhibit such a large difference in absolutec-axes
lattice parameters and that thec-axis length of sample B is
close to the low end of the spread found for bulk materia75

Systematic investigation of the dependence ofTc andJc on
the c-axis length of comparable evaporated and sputte
YBCO films4 revealed a similar, slightly overdoped oxyge
ation of both samples. The increasedc-axis lattice paramete
of sample A is believed to be related to a combination
higher cation disorder in this film and the difference in su
strate materials.4

B. Surface impedance measurements

The surface impedance

Zs~T,v!5Rs~T,v!2 iXs~T,v!

5Rs~T,v!2 ivm0l~T,v! ~1!

of the films was measured at a frequency of 87 GHz usin
cylindrical cavity made of OFHC copper~Fig. 1!. The
samples were mounted as one cavity end plate and fixed
a Cu-Be spring. The microwave power was transmitted
and from the cavity by circular waveguides made of silv
and was coupled in and out through two small holes of eq
size in the cylinder wall. The field was polarized b
lly
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rectangular-to-circular waveguide adapters outside the
ostat. The cavity was evacuated through the coupling ho
and the waveguides, which were vacuum sealed from
other microwave components by Kapton windows. The m
surements were performed during warmup in a commer
glass cryostat. After cooling with liquid helium to 4.2 K, th
thermal losses of the system are sufficient to warm it up
150 K in 3–4 h without using a heater.

The rather high frequency offers a better measurem
accuracy compared to similar copper cavities operating
lower frequencies, because the microwave losses in the
mal conducting cavity wall increase much slower with fr
quency (;v0.5) than those in the superconducting samp
(;v2). The dimensions of the cavity have been chosen i
way that it can be used for films of the standard size 10310
mm2 and excited in the TE013 mode as well as in the TE
021 mode at frequencies near 87 GHz. The magnetic fi
distributions of the two modes are shown in Fig. 2. For bo
of them, the field at the sample surface induces circulat
currents parallel to theab planes of the YBCO films. There
are no contributions to the microwave losses from curre
along thec direction of the YBCO material and no peaks
the field distribution due to demagnetization effects, as th
may occur in cavity perturbation measurements on sin
crystals, where the crystals are placed inside
cavity.19,20,27,76,64According to the field distributions of both
modes~see Fig. 2!, there should be no currents flowing ov
the joint between cavity and sample. However, it turned
to be very important to have smooth, plain, and clean s
faces at the joint to avoid parasitic losses.

The microwave coupling holes are positioned in t
middle of the cylinder wall where thez component of the
magnetic field of both TE modes has a maximum~see Figs.
1 and 2!. Because the microwave coupling strength give
significant contribution to the experimental error of the s

FIG. 1. Sketch of the 87 GHz copper cavity.
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56 6241IN-PLANE SURFACE IMPEDANCE OF EPITAXIAL . . .
face resistance~see below!, the coupling holes were designe
to provide a weak coupling for both modes in their spec
measurement ranges. The frequencies of the correspon
TM 113 and TM121 modes are shifted about 300 MHz awa
from those of the TE modes because of field distortions
to the coupling holes and the steplike mode trap at the
tom of the resonator. Furthermore, these modes should
be weakly excited for two reasons: First, the coupling sho
be very weak due to the orthogonal polarization and the v
ishing of the magnetic field at the center of the coupling h
and second, the quality factors are expected to be low du
joint currents. In fact, these modes have never been
served.

Since the first version of the experimental setup w
published,1 several important changes have been made
improve the measurement accuracy and reproducibilit77

The original cavity has been replaced by a new one w
smaller coupling holes. It was fabricated by sparc eros
followed by chemical polishing to obtain smooth surfac

FIG. 2. ~a! Images of the field distributions at the end plate a
along the cross section of the cavity for the TE013 mode~left side!
and the TE021 mode~right side!, respectively.~b! Normalized mi-
crowave field amplitudesuHr ,normu5uHr u/AP0Q0 along the normal-
ized radius 2r /D of the cavity end plate~left side! and
uHz,normu5uHzu/AP0Q0 along the normalized lengthz/L of the cav-
ity sidewall ~right side! for both modes, respectively.
ing

e
t-
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d
n-
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s
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h
n
,

especially in the joint region, and to avoid grooves that h
occurred in the old cavity due to its machining. A program
able sweep synthesizer combined with a frequency exten
which generates the sixth harmonic of its input frequency
used as microwave source now. Due to the low output po
of the frequency extender (;1 mW! and the weak coupling
of the cavity, the maximum surface fieldHs at the sample is
limited to about 20 A/m. As microwave detector a sensiti
bolometric powermeter~or, alternatively, a detector diod
and a digital voltmeter! is used. The complete measureme
process is computer controlled. The transmitted powerP is
measured as a function of the stepwise swept frequencyf of
the input signal. The resonant frequencyf r and the loaded
quality factorQL of the cavity are determined from Loren
zian fits to theseP( f ) data. The temperature of the cavity
measured before and after each frequency sweep and
average values are taken. These steps are repeated co
ously during the warmup time of the cavity.

In order to convertf r andQL into a change of penetratio
depth and a surface resistance of the sample we need s
characteristic parameters of the two TE modes for the de
values of our cavity, i.e., a diameter ofD58.11 mm and a
length ofL56.05 mm: The resonance frequency is given

f 0np5
c

2
AS 2x0n

pD D 2

1S p

L D 2

~2!

wherex0n is thenth zero of the first derivative of the zerot
Bessel function. The geometric factor

G52pm0f 0np

*VH2dV

*SH2dA
~3!

of a resonator describes the relation between the unloa
quality factor 1/Q051/QL22/Qcoupling and the surface resis
tanceRs : 1/Q05Rs /G. Qcoupling accounts for losses due t
radiation through each of the two coupling holes. If a part
the copper resonator is replaced by a sample of a diffe
material, the relation is modified to

1

Q0
5

Rs,sample

Gsample
1Rs,CuS 1

G
2

1

Gsample
D . ~4!

Here, Gsample is the partial geometric factor in which th
surface integral Eq.~3! extends only over that part of th
cavity surface covered by the sample. The ratioG/Gsampleis
thus a measure for the contribution of the sample to the t
microwave losses in the cavity walls.

The corresponding relation between the change in re
nance frequency and the change in penetration depth re

D f r52
pm0f 0np

2

Gsample
FDlsample1DlCuS Gsample

G
21D G . ~5!

It follows from this equation that the prefactor can be inte
preted as derivative of the resonant frequency with respec
the cavity lengthL:2pm0f 0np

2 /Gsample5] f /]L. The geomet-
ric parametersf 0np , G, Gsample, and] f /]L have been cal-
culated analytically and are listed in Table I. With the help
these parameters we obtain the surface resistance of
sample from the measuredQL according to
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Rs,sample~T!5GsampleS 1

QL~T!
2

2

Qcoupling
D

2Rs,Cu~T!S Gsample

G
21D , ~6!

while changes in penetration depthDlsample of the sample
can be derived from the changes off r :

Dlsample~T!5S ] f

]L D 21

@D f r~T!2D f cavity~T!#1DlCu~T!.

~7!

Rs,Cu and D f cavity are determined from calibration measur
ments with copper samples. SubtractingD f cavity removes the
effect of thermal expansion of the cavity~which amounts to
DL'3mm between 4.2 and 100 K! on the resonant fre
quency. Frequency shifts and hence penetration de
changes are measured relative to their values at the lo
attainable temperature, viz. 4.2 K.DlCu is calculated from
the measuredRs,Cu data with thel(Rs) relation for the
anomalous skin effect,78 because it cannot be determined d
rectly. However, the influence of this correction is sma
sinceDlCu from 4.2 to 90 K amounts to only a few perce
of Dlsample for YBCO samples. It is not possible to deriv
absolute values for the penetration depth, because the dim
sions of the cavity cannot be determined with sufficient
curacy for obvious reasons. Furthermore, the absolute va
of f r may slightly vary between different measurements d
to, e.g., the exact sample position or changes of the air p
sure, but the shape of the temperature dependence of r ,
which is important for the determination ofDlsample(T), is
reproducible within certain error limits~see below!.

Because of the high ratioG/Gsampleand the rather large
] f /]L ~see Table I!, the TE013 mode offers a high measure
ment sensitivity for the surface resistance as well as for
penetration depth changes of the sample. Due to this h
sensitivity and the weak coupling, i.e., a hig
Q coupling'23106, this mode can only be used forRs,sample
below about 0.3V, i.e., in the superconducting state. A

TABLE I. Characteristic parameters of the TE013 and the
TE021 mode of the 87 GHz copper cavity.

f r(4.2 K) G Gsample G/Gsample ] f /]L
Mode @GHz# @V# @V# @%# @kHz/nm#

TE013 86.85 1115 2842 39.2 210.47
TE021 86.31 1343 24928 5.4 21.17
th
st

,

en-
-
es
e
s-

e
h

higherRs,samplevalues the transmitted microwave power b
comes too low for the quality factor of the cavity to be d
termined. However, in thatRs,sampleregime the TE021 mode
can be used. It is much less sensitive due to its low
G/Gsample and provides a lowerQcoupling'33105, thus al-
lowing measurements even in the normal conducting regi
but with reduced accuracy.

The sensitivity for changes ofRs,sample and thus for the
shape of theRs,sample(T) curves depends only on the statis
cal error in the determination ofQL , which is between
60.5% ~for high QL) and61% ~for low QL). The resulting
resolution forRs,samplemeasurements is in the TE013 mode
about 60.3 mV for high QL.60000, corresponding to
Rs,sample,5 mV, and about64mV for the lowest measur-
able QL'8000, corresponding toRs,sample'300 mV. For
the TE021 mode it varies between at best65 mV for
Rs,sample'300 mV and about6125 mV for the upper mea-
surement limit ofRs,sample'10 V. However, the absolute ac
curacy of Rs,sample, which is important for comparisons t
theory and to results of other measurement techniques,
pends additionally on the systematic errors ofQcouplingand of
Rs,Cu. Usually,Qcoupling is determined from the incident, th
reflected, and the transmitted microwave power at the cav
But due to significant contribution of standing waves to t
measured millimeter wave signals, the accuracy of t
method is limited to about610%. Therefore, calibration
measurements with niobium films and copper samples h
been performed. The resulting absolute accuracy
Rs,sample mainly depends on the reproducibility~after reas-
sembly of the samples! of these measurements. It was foun
to be better than61mV for the TE013 mode at highQL and
temperatures below 25 K, whereRs,Cu is nearly constant.
The calibration measurements have also proved that
parasitic losses at the joint between sample and cavity w
can be kept sufficiently small. The resolution and the ab
lute error of Rs,sample are summarized for both modes an
different Rs,sampleranges in Table II.

For the TE013 mode, changes of the resonant frequency
small as;2 kHz can be resolved~at highQL and constant
pressure in the cryostat and the cavity!, which would corre-
spond to penetration depth changes of about 0.2 nm. But
accuracy ofDlsampledepends mainly on the reproducibilit
of f r(T) and f cavity(T). It is therefore not limited by the
accuracy of the frequency measurement, but by poss
small variations of the resonant frequency itself due to ot
effects, such as changes of the pressure in the cavity or
cryostat. The resulting absolute errors ofDlsample are also
summarized in Table II. The best relative accuracy is o
TABLE II. Resolution of Rs,sampleand absolute errors ofRs,sampleand Dlsample for different ranges of
Rs,sample.

Rs,sample Resolution ofRs,sample Abs. error ofRs,sample Abs. error ofDlsample

@mV# @mV# @mV# @nm# Mode

,50 60.3 for T,25 K 61 for T,25 K 60.7 for T,25 K TE013

60.3–1 forT.25 K 61.5–2 forT.25 K 6225 for 25 K,T,55 K
50–300 61 –4 62 –6 65–8 for T.55 K

300–10 000 65 –125 640–150 TE021
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tained at temperatures below;25 K, where the thermal ex
pansion is small, and above;55 K, where the penetration
depth change of the sample is large. Because of the red
sensitivity of the TE021 mode~see Table I!, penetration depth
changes could only be determined from data obtained w
the TE013 mode.

Changes of the temperature can be detected with an a
racy of about60.1 K, but the absolute error of the temper
ture measurements can be as high as 0.5 K due to the c
acteristics of the temperature sensors. TheTc values of the
YBCO films can be estimated from the drop in the measu
surface resistance. For both samples, they have been fou
be in good agreement with the results of the inductive m
surements.

C. Surface impedance analysis

The measuredRs,sampleandDlsampledata are only identi-
cal to the ‘‘real’’ material specific surface resistance a
penetration depth change values of the sample, if the
thickness is large compared to the field penetration depth
the given film thickness ofd5350 nm is of the same order o
magnitude as the penetration depth values of YBCO,
measured effective data are higher than the material spe
values.79 This is mainly due to changes of the current dist
bution in the film, which depend on the ratiod/l. If the
thicknesses and impedances of the film, the substrate, an
copper plate are known, the effective surface impedanc
this sandwich structure can be calculated by a sequenc
impedance transformations. For the comparison with the
which provides the local dielectric functio
«(v)5«0@11( i /«0v)s(v)# for homogeneous systems, on
needs the material specific surface impedance values o
film, i.e., the thickness-corrected surface resistanceRs and
penetration depthl. Even though the quasiparticle mean fr
paths at low temperatures may exceed the penetration d
only the local limit of the constitutive relations of electrod
namics needs to be considered in the case ofĉ-axis oriented
HTC films because of the high degree of anisotropy cha
teristic of these materials.80,81The surface impedance Eq.~1!
is thus related to the complex conductivi
s(v)5s1(v)1 is2(v) according to

Rs~v!2 ivm0l~v!5A vm0

is1~v!2s2~v!
~8!

since the displacement current is negligible at the frequ
cies of interest.

Rs andl can be determined from the measured effect
data by inverting the impedance transformation proce
Analytical expressions for a first-order approximation of t
impedance transformations are given in Ref. 79. For a m
precise analysis, a numerical iteration procedure was u
here for the inversion of the impedance transformatio
which requires absolute values for bothRs,sample and
Xs,sample. In the superconducting stateXs5vm0l is deter-
mined from the measured penetration depth data of
TE013 mode. Because the measurements provide only in
mation about temperature dependent changes and not a
absolute values oflsample, an offset for theDlsample(T)
curve has to be suitably chosen to give reasonable value
ed
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the thickness correctedl(0). In thenormal state the relation
Xs5Rs is used, consistent only with the normal skin effe
regime s5s1, because no independent penetration de
data are available from the measurements with the TE021
mode as mentioned above. The normal-state resisti
r51/s1 can then be calculated fromRs according to
r5(2Rs

2)/(vm0). Its accuracy is limited, apart from the e
ror of Rs,sample, by the uncertainty of the film thickness t
about610%. In the superconducting regime the errors d
to uncertainties of the film thickness values~about610%)
can be neglected compared to the errors ofRs,sample and
Dlsamplefor the present samples. However, a problem occ
in the region nearTc , where the TE013 mode can no longer
be used, becauseRs,sample is too high. In this temperature
regime the conductivity is complex due to superconduct
fluctuations or sample inhomogeneity so that our method
obtaining the penetration depth orXs from the measurement
with the TE021 mode, which is based on the normal sk
effect formula, fails. This failure shows up very clearly in th
inset of Fig. 7~a! as well as in Fig. 6, were all available da
have been included in order to demonstrate the limits of
normal skin effect regime.

According to Eqs.~1! and ~8! the real parts1 of the
complex conductivity can be obtained fromRs andXs :3

s152vm0

RsXs

~Rs
21Xs

2!2 . ~9!

In the case of the normal skin effect (Rs5Xs), this reduces
to 1/r. In the superconducting regime withRs!Xs ,s1 can
be approximated as

s15~2Rs!/~v2m0
2l3!. ~10!

Therefore,s1 is very sensitive to small changes ofl and
thus also to its errors. For the same reason as for the th
ness correction, it is not possible to derive reliable values
s1 close toTc .

The surface resistance values obtained for the sample
and B~see Figs. 8 and 13! are typical for high-quality films,
which have been optimized for low microwave losses, a
can be reproducibly obtained by both deposition techniqu
In view of the similarity in doping levels, values forl(0) of
140 and 160 nm have been used for the thickness correc
calculations. These values are in good agreement with res
for YBCO films and single crystals from techniques that
low an absolute determination of the penetration depth.30–35

In the case of Sample B, choosingl(0)5160 nm improves
the agreement between experimental data and theoretica
culations.

III. THEORETICAL BACKGROUND

A. Generalities

The local in-plane conductivitys(v) required in the sur-
face impedance analysis~cf. Sec. II C! is calculated using
linear response theory. Many-body effects are taken into
count in the quasiclassical approximation in which it is a
sumed that the main contributions to self-energy correcti
and correlation functions come from quasiparticle states n
the Fermi surface. Due to their layered structure, Fermi s



in

try

th
y
e
s

e
il

e
rm

s

l

ith
su

th
a
a
m
o

he
n
-
ro
s
s

to
cle

ns
the

a

n-
g
o

am-
n

the
nse
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faces of HTC materials are nearly cylindrical. Concentrat
on the contribution from the CuO2 planes which, neglecting
the small orthorhombic distortion, have quadratic symme

we can replacevx
2(kF) by 1

2 @vx
2(kF)1vy

2(kF)#5 1
2 v2(kF) in

the current-current correlation function. Effects due to
variation of the Fermi velocity withkF have been studied b
some of the present authors.61 The changes in the surfac
impedance resulting from different physically plausible a
sumptions with respect tov2(kF) were found to be fairly
small and purely quantitative. The momentum dependenc
scattering events can be expected to introduce sim
changes. Here we shall neglect these effects and replac
Fermi velocity and the density of states per spin at the Fe
level by some averaged valuesvF andN(0). These are com-
bined into a single parameter, the plasma wavelengthlp ,
according to

1

m0lp
2 5e2N~0!vF

2 . ~11!

If the Fermi surface actually has a circular cross section~free
electrons in two dimensions! one has for the density of state
per spin N(0)5m/2p and for the particle density
n5m2vF

2/2p so that our definition oflp reduces to the usua
one:

lp5
c

vpl
5A m

ne2m0
. ~12!

lp is one of the important parameters in our theory. W
these simplifications the conductivity for a homogeneous
perconductor is calculated from21,36,82–84,61

s~v!5
1

m0lp
2

1

2vE2v/2

1`

dVH tanh
V1v

2T
2i Im

3^M ~kF ;V11v,V1!&2F tanh
V1v

2T
2tanh

V

2TG
3^M ~kF ;V11v,V1!&1F tanh

V1v

2T
2tanh

V

2TG
3^M ~kF ;V11v,V2!&J , ~13!

where 1(2) indicates a positive~negative! infinitesimal
imaginary part. The brackets indicate an average over
Fermi surface. It is only through the superconducting p
state that we still have a dependence on the Fermi w
vector. In order to obtain such a pair state a momentu
dependent interaction is required. When the contribution
this interaction to the conductivity is considered within t
framework of a strong-coupling theory, vertex correctio
would have to be taken into account.43 We shall use a weak
coupling theory so that pairing interaction and scattering p
cesses are not treated on the same footing. This allows u
neglect the momentum dependence of scattering event
that for singlet pairing vertex corrections vanish.36 The quan-
g

,

e
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e
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tity M is then given in terms of an integral with respect
energy over the trace of the product of two single-parti
Green’s functions

M ~kF ;V61v,V6!5
1

2pE2`

1`

d«Tr@Ĝ~«,kF ,V61v!

3Ĝ~«,kF ,V6!# ~14!

with

Ĝ~«,kF ,V6!52
VZt̂01~«1x!t̂31ft̂1

2~V6Z!21~«1x!21f2 . ~15!

The t̂ i ’s are Pauli matrices. For the self-energy correctio
Z, x, f the values at the Fermi level are inserted so that
energy integral is easily performed:

M ~kF ;V61v,V6!

5S 11
~V1v!Z~V61v!VZ~V6!1f~V61v!f~V6!

R~V61v!R~V6! D

3
R~V6!1R~V61v!

@R~V6!1R~V61v!#21@x~V6!2x~V61v!#2
,

~16!

where

R~kF ,V6!5Af2~kF ,V6!2@VZ~kF ,V6!#2. ~17!

In the absence of scattering the real order parameterf is
determined from the self-consistency equation involving
sum over Matsubara frequenciesvn5(2n11)pT and a cut-
off vc :

f~kF!5N~0!pT (
vn,vc

K V~kF ,kF8 !
f~kF8 !

Af2~kF8 !1vn
2L .

~18!

We shall concentrate in this paper on ad-wave order param-
eter of the form21,53,85,38

f~kF!5D0~T!cos2w, ~19!

wherew specifies the orientation of the two-dimensional i
ternal momentumkF of the Cooper pairs. The weak-couplin
pairing interactionV(kF ,kF8 ) has to be suitably chosen t
give the solution Eq.~19!. Solving this self-consistency
equation one obtains the temperature dependence of the
plitudeD0(T), which is found to be very similar to that of a
isotropic order parameter except that 2D0(0)/kBTc54.29
rather than 3.52. In order to establish which features of
d-wave state are truly significant for the microwave respo
we shall include some results for the anisotropics-wave
states:

fas1~kF!5D0~T!ucos2wu, ~20a!
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fase~kF!5D0~T!~e1cos4w!
1

11e
, e>0. ~20b!

The state Eq.~20a! has been chosen because in the cle
limit it leads to the same nodal structure of the energy g
and to the same density of states as thed-wave state Eq.
~19!, but does not change sign.52 The state Eq.~20b! has
been included because it allows us to study the effects
sign changes.86 fase50 shares with Eq.~19! not only the
property that the Fermi surface average vanishes. It give
fact, exactly the same results as Eq.~19! since
^ f &[*0

2p f (cosnw)dw is independent of the integern. An-
other state with similar properties is the real combination
s- andd-wave states
ou

a
lf-
be
a
t-
n
p

of

in

f

fs1d~kF!5D0~T!~h01cos2w!, ~21!

whereh0 is some real constant withuh0u,1. The distribu-
tion of nodes no longer shows square symmetry so that
state can be used to describe anisotropy in the conductivi67

Finite quasiparticle lifetimes are caused by elastic scat

ing off point defects, which is treated in thet̂ -matrix ap-
proximation, but with onlys-wave scattering included. Be
cause of this restriction to isotropic scattering there are
vertex corrections to the current-current correlation functi
In the presence of isotropic elastic scattering, Eq.~18! is
generalized to
f̃~kF ,V6!5f~kF!1GN
el ^g1~kF ,V6!&

cos2dN2sin2dN~^g0~kF ,V6!&22^g1~kF ,V6!&2!
, ~22!

while the remaining self-energy corrections are to be determined from

VZ~V6!5V1GN
el ^g0~kF ,V6!&

cos2dN2sin2dN~^g0~kF ,V6!&22^g1~kF ,V6!&2!
6 iG inel~T,V! ~23!

and

x~V6!5GN
el cotdN

cos2dN2sin2dN~^g0~kF ,V6!&22^g1~kF ,V6!&2!
. ~24!
eter
to

dis-
tent
t-

as

e-
rmi

s.
less
ads
t.
g0 and g1 are the energy-integrated normal and anomal
Green’s functions

g0~kF ,V6!5
VZ~V6!

Af̃2~kF ,V6!2@VZ~V6!#2
, ~25!

g1~kF ,V6!5
f̃~kF ,V6!

Af̃2~kF ,V6!2@VZ~V6!#2
. ~26!

Here,

GN
el5nimp

pN~0!v2

11@pN~0!v#2

5
nimp

pN~0!
sin2dN ~27!

is the elastic state scattering rate in the normal state
dN5tan21@pN(0)v# is the scattering phase shift. The se
energyx reduces to a real constant, which can be absor
in the chemical potential, when the scattering is we
(dN→0, Born approximation! and it vanishes for strong sca
tering (dN5p/2, unitary limit!. For arbitrary phase shifts it is
s

nd

d
k

important to keepx ~Ref. 87! ~see Fig. 10!. Writing in Eq.
~22! simply f(kF) for the right-hand side of Eq.~18! means
that we are neglecting the effect of elastic scattering onTc
and on the temperature dependence of the order-param
amplitudeD0(T). This is justified because we only need
consider very small values ofGN

el . In Eq. ~23! a scattering
rate arising from inelastic scattering processes, to be
cussed below, has been included. It would be inconsis
with our weak-coupling approximation to include this sca
tering explicitly in Eq.~22!.88

For an isotropic order parameter one h
^g0&

22^g1&
2521 so that the corrections toV and f are

independent ofdN and the usual BCS results are easily d
rived. The other extreme is an order parameter whose Fe
surface average vanishes. In such a casef(kF) remains un-
changed to lowest order with respect to elastics-wave scat-
tering, while the correction toV becomes very large in the
unitarity limit dN5p/2 resulting in strong scattering effect
Order parameters with some finite Fermi surface average
than D0(0) interpolate between these extremes which le
to a much reduced influence of the scattering phase shif89

For pures-wave scattering we can put^g1&[0 provided
it vanishes in the clean limit, as is the case for thed-wave
state Eq.~19! as well as for the statefase50, Eq.~20b!. Then
f̃5f is independent of frequency and Eq.~16! can be sim-
plified to
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M ~kF ;V61v,V6!5S g0~kF ,V61v!2g0~kF ,V6!

~V1v!Z~V61v!2VZ~V6! D @R~V6!1R~V61v!#2

@R~V6!1R~V61v!#21@x~V6!2x~V61v!#2
. ~28!
e
pl
a

te

e
o
di
b
n
ou
th
W
ha
co

-
s

as

n

re

-
c

n

e
th
d

e
el
b

tio
.

c

f
of

the

l

d,
me

of
e

rate.

f
the

al

s, in
cat-

ng
res,

the
This is further simplified in the two limiting casesdN50 and
dN5p/2 where the factor involvingx reduces to 1. The
resulting equation has been given by Klemmet al. @Ref. 36,
Eq. ~46a!# and Hirschfeldet al. @Ref. 21, Eq.~15!#. These
limiting cases have been studied most frequently becaus
many unconventional pair states and sufficiently sim
Fermi surfaces the Fermi surface averages can be evalu
analytically.

GN
el depends on the concentration of scattering cen

nimp , the density of states at the Fermi levelN(0), and the
screened scattering potentialv. None of these quantities ar
expected to vary much with temperature. In the superc
ducting state even purely elastic scattering leads, accor
to Eq. ~23!, to a temperature-dependent scattering rate
cause the phase space available for elastic scattering cha
with the superconducting order parameter. This effect is r
tinely taken into account and does not suffice to explain
temperature dependence of the surface impedance.
transition temperatures around 100 K it is not surprising t
inelastic-scattering processes should make a significant
tribution to the quasiparticle lifetime over much of the tem
perature range belowTc . We shall assume that the variou
contributions to the self-energy do not interfere, i.e., we
sume Matthiessen’s rule be applicable.90 There are cases in
which this assumption is unjustified91 but with regard to
high-Tc superconductors there seems to be no reaso
question its validity.

In HTC materials, a very likely source for a temperatu
dependent self-energy correction contributing toZ would be
spin fluctuation exchange.21,92,60This could be taken into ac
count purely phenomenologically by including some fun
tion iG inel(T) on the right-hand side of Eq.~23!. One would
expect that for each experimental frequency a different fu
tion would have to be used.

It is, of course, possible to calculate the self-energy du
spin fluctuations exchange, but such calculations are ra
involved.92,60We shall employ the approximation introduce
by Ruvaldset al.60 in view of the nesting properties of th
Fermi surfaces of HTC materials. The real part of the s
energy is neglected while the imaginary part is found to
given by

GNFL
inel ~T,V!5g2E

2`

1`

dv
1

N~0!
x

SF
9 ~Q;v!

3
1

2Fcoth
v

2T
2tanh

v2V

2T GÑ~V2v!.

~29!

g5N(0)U with U the Coulomb matrix element~the ‘‘Hub-
bardU ’’ ! is treated as an adjustable parameter. The varia
of the scattering rate with momentum92 is neglected here
The imaginary part of the spin susceptibilityx

SF
9 is taken at

the nesting vectorQ rather than being integrated with respe
for
e
ted

rs

n-
ng
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e
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t
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to momentum. The quantityÑ is the normalized density o
states which has been studied extensively for a variety
unconventional pair states with particular emphasis on
effects arising from elastic impurity scattering.50,51,93–98For
the d-wave order parameter Eq.~19! and with scattering ne-
glected Ñ can be calculated analytically if a cylindrica
Fermi surface with circular cross section is assumed:

Ñ0~V2v!5ImK ~V2v!

Af2~kF!2~V2v!2L
5H 2

p

uV2vu
D0

KS uV2vu
D0

D uV2vu,D0 ,

2

p
KS D0

uV2vu D uV2vu.D0 .

~30!

When only the simplest spin fluctuation diagram is include
x

SF
9 (Q;v) can also be obtained analytically using the sa

simplifying assumptions:60

1

N~0!
x

SF
9 ~Q;v!5

p

2
tanh

v

4T
ÑS uvu

2 D . ~31!

As we shall see, keeping the frequency dependence
GNFL

inel (T,V) leads to results significantly different from thos
obtained with a purely temperature dependent scattering
Since the frequency dependence ofGNFL

inel has to be integrated
over in Eq.~13! it is essential to simplify the calculation o
the spin fluctuation exchange as much as possible. This is
reason why the calculation of the density of states Eq.~30! is
not done self-consistently.

At zero frequency the integration in Eq.~29! is restricted
to uvu<2T so that at low temperatures the elliptic integr
K appearing in Eq.~30! can be replaced byp/2, yielding a
linear frequency dependence of the density of states. Thi
turn, leads to a cubic temperature dependence for the s
tering rate,92 if the order-parameter amplitudeD0 is replaced
by its zero-temperature limit:

GNFL
inel ~T,0!53.68g2S Tc

D0~0! D
2S T

Tc
D 3

Tc . ~32!

At finite frequencies, scattering of quasiparticles involvi
emission of spin fluctuations is possible at all temperatu
including T50. At small frequenciesV!D0(0) one finds
with the above approximations for the density of states
following zero-temperature scattering rate:

GNFL
inel ~0,V!5g2

p

24S Tc

D0~0! D
2S V

Tc
D 3

Tc . ~33!

In the normal state,Ñ(v)51 so thatGNFL
inel (T,V) Eq. ~29!

has the functional formTF(V/T). In view of Eq.~38! below
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this givess(T,v)}T21 if the external frequency is sma
compared to the temperature and the scattering rate.
explanation of the widely observed linear temperature dep
dence of the resistivity was one of the early successes o
nested Fermi-liquid~NFL! model.60

B. Limiting cases and approximations

Several authors have studied the zero frequency pen
tion depth for thisd-wave model.99–102 A range of low-
temperature, low-frequency approximations to the real p
of the conductivity can also be found in the literature.21 In
particular, forT50 andv50 the real part of the conductiv
ity has been predicted to attain a universal value103,21

s005
1

m0lp
2pD0~0!

, ~34!

only weakly dependent on the elastic scattering rate and
phase shift throughD0(0).98 With limV→0VZ(V6)[6 ig
we can easily obtain this result from Eqs.~13! and ~28!,
where the correction factor can be omitted sincex Eq. ~24! is
real:

s00[ lim
v→0

lim
T→0

Res~v,T!

5
1

2m0lp
2 lim

V→0
$Rê M ~kF ;V1 ,V2!&

2Rê M ~kF ;V1 ,V1!&%

5
1

2m0lp
2H 1

g
Im^g0&2

d

dg
Im^g0&J . ~35!

As in the case of the nested Fermi-liquid model,^g0&, which
is now purely imaginary, can be calculated analytically:

Im^g0&5
2

p

g

AD0
2~0!1g2

KS D0~0!

AD0
2~0!1g2 D . ~36!

The desired result follows immediately ifg!D0(0) is as-
sumed. Hence, only scattering rates which have a neglig
effect on the transition temperature and on the ord
parameter amplitude are compatible with the universal c
ductivity.

While the limit Eq.~34! is undoubtedly correct, it seem
to be of little practical consequence for experiments p
formed at finite frequencies unless the unitary limit appli
For Eq.~34! to be a valid approximation at finite frequencie
g@v has to be fulfilled.g, however, varies rapidly with the
phase shift, becoming exponentially small fordN50:21,101,98

g54D0~0!expS 2
pD0~0!

2GN
el D , for GN

el!D0~0!, dN50,

g5ApGN
elD0~0!F2ln

4D0~0!

g G21/2
is
n-
he

ra-

rt

he

le
r-
-

r-
.

,

'ApGN
elD0~0!F ln

32D0~0!

pGN
el G21/2

for GN
el!D0~0!, dN5

p

2
. ~37!

In the next section we shall, therefore, compare experime
results obtained at the frequencyf 587 GHz,\v50.36 meV,
with the full theory as outlined in the previous section. It
nonetheless, useful to consider some limiting cases and
proximations in order to elucidate the role of the paramet
in the theory and to highlight the physical origin of certa
perhaps somewhat surprising features of the data. The
phasis will be on effects due to inelastic scattering.

We begin with the normal state where we ha
g0(V6)56 i so that Eq.~28! is simplified quite dramatically
and Eq.~13! reduces to

sN~v!5
1

m0lp
2E

2v/2

1`

dV

3
1/v@ tanh~V1v!/2T2tanhV/2T#

2 iv12GN
el1G inel~T,V1v!1G inel~T,V!

.

~38!

Further simplification is possible only if the scattering rat
are frequency independent:

sN~v!5
1

m0lp
2@2GN

el12G inel~T!2 iv#
. ~39!

A generalization of this Drude form of the conductivity t
the superconducting state can be derived from Eq.~13! if we
keep both frequency and temperature finite such thatv!2T.
Neglecting the second term in Eq.~13! as well as the self-
energy contributionx Eq. ~24! we have

s~v!5
i

m0lp
2vH ImE

0

`

dVtanh
V

2T

d

dV
^g0~kF ,V1!&

3S dṼ

dV
D 21

1vE
0

`

dV
d

dV
tanh

V

2T

3
Im^g0~kF ,V1!&
v12iG~V1! J ~40!

with Ṽ5VZ(V1)'V1 iG(T,V1) Eq. ~23!. If the fre-
quency dependence of the self-energy corrections is
glected, i.e., ifdṼ/dV51, we arrive at the two-fluid mode
used by several authors19,104–106

s two-fluid~v!5
1

m0lp
2H 1

2G~T!2 iv
rn1

i

v
~12rn!J ~41!

with

rn5E
0

`

dV
d

dV
tanh

V

2T
Ñ~V!. ~42!
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Ñ(V)5Im ^g0(kF ,V1)& is the normalized density of state
including the effects of scattering. Using the clean limit e
pression Eq.~30! we find at low temperatures the wel
known linearT dependence

rn52ln 2
T

D0~T!
. ~43!

If v!2G(T) andrn!1, thens(v)' i /vm0lp
2(12rn) and

from Eq. ~8! we have

12rn5
lp

2

l2~T!
, ~44!

which is usually interpreted as superfluid density.
v@2G(T), then s(v)' i /vm0lp

2 and hencelp5l(T,v)
independent ofrn . This corresponds to the relaxatio
regime107 of a normal conductor. We thus expectl(T,v) to
approach its limiting value very rapidly whenG(T) drops
below v.

For v→0, Eq.~41! does not reduce to the universal co
ductivity Eq. ~34! because we neglected the second term
Eq. ~13!, which is small for most frequencies and tempe
tures. Note, that in this derivation of the two-fluid model it
essential that we are considering unconventional pai
^f(kF)&50 and momentum-independent scattering so t
there are no self-energy corrections to the order param
andM Eq. ~16! can be reduced to Eq.~28!. Furthermore, the
density of states has to be sufficiently benign so that
approximation

^g0~kF ,V11v!&2^g0~kF ,V1!&'vd/dV^g0~kF ,V1!&

can be used.108 For clean BCS superconductors104 M can
also be cast in the form Eq.~28! but one cannot expand th
density of states around the square root singularities, wh
are responsible for the coherence peak in thes1.

The two-fluid model also breaks down when the fr
quency dependence of the self-energy corrections is im
tant. There is no consistent way in which to replaceG(T) in
Eq. ~41! by some frequency averaged scattering rate. Onl
v is neglected in the denominator of Eq.~40! can we write

s~v!5
1

m0lp
2H K 1

2G~T,V!L rn1
i

v
rsJ , ~45!

with21

K 1

G~T,V!L 5
1

rn
E

0

`

dV
d

dV
tanh

V

2T
Ñ~V!

1

G~T,V!
,

~46!

which would be less useful than Eq.~41!, though.33 A further
complication is the renormalization of the London penet
tion depth which in strong-coupling theory is conventiona
written in terms of an electron-phonon mass enhancem
factordṼ/dV511lel-phonon.

109 Hence,rn512rs does not
even hold forv50. rn can then only be determined from
measurement ofrs to within factors of 2 or 3.
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IV. COMPARISON BETWEEN EXPERIMENT
AND THEORY

A. Phenomenological inelastic-scattering rate

Apart from the superconducting pair state, which we
sume to be given by Eq.~19! unless otherwise stated, th
quasiparticle-scattering ratesGN

el and G inel are the most im-
portant material parameters determining the microwave
sponse. As a first step we shall assume thatG inel in both the
superconducting and the normal state is given by some p
nomenological function of temperature, independent of f
quency:

G inel~T!5G inel~Tc! f ~ t ! ~47!

with t5T/Tc the reduced temperature. Rather than trying
extract the temperature dependence ofG inel from experiment
by some inversion technique,19,26 we have varied this tem
perature dependence by choosing some simple functi
form for f (t) containing a few parameters and calculated
microwave response according to the theory outlined in
previous section. The overall size of the inelastic-scatter
rateG inel(Tc) is determined by the conductivity at or abov
Tc together with the plasma wavelengthlp Eq. ~12!. Based
on the analysis of single-crystal data27 we anticipate that the
normal-state elastic-scattering rateGN

el contributes only a
little ~less than 5%! to the total scattering aboveTc , an ob-
servation made previously by Bonnet al.19,26

We begin with a discussion of the real part of the cond
tivity Eq. ~9! which, from a theoretical point of view is the
more fundamental physical quantity. In Fig. 3 we show fi
of s1(T) for sample A assumingl(0)5140 nm for both the
thickness correction of the experimental data and the ca
lation of s1 from Eq.~13!. The elastic-scattering rate used
these calculations isGN

el50.43 meV corresponding to a sca
tering time t51.3310212 sec. Using the Fermi velocity
within the CuO2-planes as derived from band-structu
calculations,110 vF'23107 cm/sec, one obtains a mean-fre
pathl '200 nm, comparable with the penetration depth. E

FIG. 3. Real part of the conductivity for sample A. Open t
angles: experimental data, derived from the measuredRs and Dl
under the assumptionl(0)5140 nm. Theoretical results based on
phenomenological inelastic-scattering rate Eq.~47!,~48!. Parameters
are collected in Table III. Solid line: A14a; long dashed line: A14
dot-dot-dashed line: A14c. The dot dash and short dashed line
for G inel(Tc)50. The result represented by short dashes does
include the self-energyx Eq. ~24!.
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timating the Fermi velocity from the slope of the upper cri
cal field111 reducesl by almost a factor of 2. In either cas
the mean-free path atT50 is larger than the distance be
tween twin boundaries which, in these well oxygena
samples, appear to be only weakly scattering. Note, thatGN

el

is not the zero-temperature-scattering rate when the mat
becomes superconducting. This is obtained from Eq.~23! for
arbitrary frequency and it can be either larger or smaller t
GN

el ~cf. Fig. 14!, depending on the scattering phase shift. T
can also be seen from the analytic result for zero freque
Eq. ~37!.

Sincel(0)5lp only holds in the clean limit,102 one has
to readjustlp every timeGN

el or dN are changed in order to
obtain theoretical curves consistent with a particular cho
of l(0). Having thus fixedlp one could, in principle, deter
mine G inel(Tc) from s1(Tc) according to Eq.~39!. Unfortu-
nately, an accurate value fors1(Tc) cannot be extracted
from our measurements, as will be discussed below. O
reasonable method for determiningG inel(Tc) would be to fit
as much of the data taken in the TE013 mode as possible
This would yield G inel(Tc)58.6 meV ~Fig. 3, long dashed
line!. On the other hand, from around 100 K to the maximu
temperature of 145 K at which data were taken,s1(T) is
compatible with choosingf (t)5t in Eq. ~47!. An explana-
tion for this temperature dependence can be found in te
of the spin fluctuation exchange between quasiparticle
some tight binding band,42 a simplified description of which
is provided by the NFL model60 ~see previous section!. This
approach gives in the present caseG inel(Tc)510.95 meV
rather than 8.6 meV~Fig. 3, solid line!.

Since for ad-wave superconductorG inel(T) must drop
rapidly belowTc in order to account for a peak ins1, the
small elastic-scattering rate has a significant influence u
temperatures around 75 K. On the other hand, the effec
G inel becomes negligible only whenT<25 K so that over
most of the temperature range both types of scattering
an important role. This is demonstrated in Fig. 3 by the d
dashed curve, which results when the inelastic scatte
used to calculate the full curve is set equal to zero. Wh
furthermore, the self-energyx Eq. ~24! is omitted from the
calculation ofs1, the short dashed curve is obtained. Agre
ment between theory and experiment can be restored sim
by reducing GN

el to 0.32 meV without changingG inel(T)
significantly.112 It thus seems that the omission ofx only
leads to an error in the some of the fit parameters, wh
would not be very relevant. The effect ofx on s1 is, how-
ever, strongly frequency dependent and we shall return
discussion of this point below~see Fig. 10!. The dot-dot-
dashed line in Fig. 3 shows the effect of a change inl(0) on
the calculated conductivity. It will be discussed in conne
tion with Fig. 6.

The two fits to the experimental data shown in Fig.
differ not only in the choice ofG inel(Tc) but also in the
choice of scattering phase shift. Note, that the sizable c
ductivity observed at around 4 K can be explained withou
invoking extrinsic effects if the scattering phase shift is su
ably chosen. To further elucidate the importance of the ph
shift dN we compare in Fig. 4~a! the low-temperature behav
ior of s1(T) calculated for various values ofdN with the
experimental results. Other parameters are the same as
d
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for the solid curve in Fig. 3. Keepinglp5134.6 nm fixed
while dN is varied causesl(0) to increase from 136.0 to
144.2 nm. Readjusting parameters such thatl(0) is kept
constant has a visible but very small effect on the cur
shown in Fig. 4~a!.

Clearly, the zero-temperature conductivity is by no mea
universal103,21,98because, as discussed in the previous s
tion, the frequency used in the experiment is small compa
to the zero-temperature-scattering rate only fordN'0.5p. It
is only the unitarity limit s1(T50,dN50.5p)
53.89@mV cm#21 in Fig. 4 which agrees very closely with
Eq. ~34!. For fixed frequency and given phase shift the d
viation from this universal conductivity decreases with i
creasingGN

el .112 It is due to the small values ofGN
el , compa-

rable with the microwave frequency, that small changes
dN have sizable effects ons1(T50).112 The monotonic de-
crease ofs1(T50) with decreasing phase shift has be
reported earlier by some of the present authors.36 As in pre-
vious experiments19,27,26 the ‘‘universal’’ conductivity Eq.
~34! is too small to be compatible with the data taken at
lowest temperatures. However, away from the unitarity lim
s1(T,dN) acquires a strong temperature dependence so
it can exceeds1(T50,dN50.5p) at temperatures as low a
4 K in close agreement with the data. If this interpretation
correct,s1(T) andRs(T) would have to decrease by at lea
an order of magnitude between 0.4 and 4 K.

In Fig. 4~b! we show the same theoretical results as

FIG. 4. Effect of the scattering phase shift on the temperat
dependence of the real part of the conductivity at very low tempe
tures @panel ~a!# and over a broad temperature range@panel ~b!#.
Also included are results for the anisotropics-wave state
D0(T)ucos2wu Eq. ~20a!. Except for the variable phase shift th
parameter set A14a has been used in all calculations.
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Fig. 4~a! but for a wider temperature range using a line
scale. Note that in both limiting casesdN50 anddN5p/2
the conductivity seems to vary quadratically with tempe
ture at low temperatures, contrary to experimental obse
tion. In Fig. 4 results for the anisotropics-wave state Eq.
~20a! are included. Within the present weak-coupling tre
ment of the inelastic scattering,s1 for this particular
s-wave state would coincide with thed-wave results for
GN

el50. ForGN
el50.43 meV anddN arbitrary, thes-wave re-

sults are still close to the weak-scattering limit of t
d-wave model as discussed above Eq.~28!. This variation of
s1 with GN

el anddN for the two states is related to the diffe
ence in the changes to the density of states~DOS! at low
energies induced by scattering.50–52 The remarkable conclu
sion to be drawn from Fig. 4 is that assuming thes-wave
state Eq.~20a! one cannot fit the low-temperature data f
any scattering phase shift even thoughGN

el is so small that its
effect on the DOS is almost invisible and certainly not o
servable using tunneling, angle-resolved photoemiss
spectroscopy~ARPES!, or specific-heat measurements.

The scattering phase shiftdN also has quite a dramati
effect on the temperature dependence ofDl(T) as shown in
Fig. 5. As in Fig. 4 the normal-state parameters includ
lp are the same for all the curves shown. Again, it is only
rather high temperaturesT'80 K that elastic scattering be
comes negligible and the six curves shown forf 587 GHz
andGN

el50.43 meV coalesce into one. As a kind of referen
point we included in Fig. 5 the change in penetration dept
zero frequency in the clean limit, given at low temperatu
by Eqs. ~43! and ~44!. In this case, the slope ofDl(T) is
given by ln 2lp /D0(0). In the temperature regime shown
finite frequencies21,33 and mean-free path effects reduceDl
to below this limiting curve. Note, that the dependence
Dl(T) on dN is far from monotonic. This nonmonotoni
behavior is a consequence of the finite experimental
quency used in the calculations. For the range of elas
scattering rates considered here,Dl(T,v50) is nearly inde-
pendent ofGN

el in the weak-scattering limitdN50, because
the relevant average scattering rate~see Figs. 15 and 18! is

FIG. 5. Effect of the scattering phase shift on the tempera
dependence of the penetration depth at 87 GHz. Except for
variable phase shift the same parameter set A14a as in the pre
figure has been used in all calculations. Also shown is the cl
limit zero-frequency result~alt. dashed line!. The only difference
between the two solid curves is the frequency (v50 for the thin
solid line!.
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less than (p times! the experimental frequency and we ha
reached the relaxation regime.107 In the unitarity limit
dN50.5p it is very different from the clean limit zero
frequency curve shown but it does not vary appreciably w
frequency. Introducing comparatively weak-scatteri
dN50.4p at v50 changes the limiting curve to the thi
solid line. Including a finite frequency no greater than t
relevant scattering rate again causes only small change
Dl(T). This is why for dN'0.4p we find a nearly linear
temperature dependence except at very low temperatu
With no experimental data available at those low tempe
tures, withD0(0) as fit parameter, and bearing in mind th
uncertainty inl(0), this temperature dependence can har
be distinguished from the zero-frequency clean limit resu

A frequency dependence ofDl(T) has been observed b
Dähneet al.33 and by Vaulchieret al.35 Part of the frequency
dependence is simply due to the fact thatl(Tc)}1/Av. The
temperature variation measured by Da¨hneet al. at 300 GHz
seems to be negligible below 50 K, which the authors int
pret as an indication for the relaxation regime@see discussion
below Eq.~44!#. In contrast, the temperature dependence
served by Vaulchieret al.at frequencies varying from 120 t
510 GHz is linear up to 40 K with a slope that is similar
that of thedN50.4p curve shown in Fig. 5. It has bee
suggested by Bonn and Hardy23 that the different observa
tions could be attributed to a difference in the elast
scattering rates. To account for the linear temperature de
dence in the presence of substantial elastic scattering
would again have to invoke finite-scattering phase shifts.
a discussion of the variability with sample quality see R
112 and below.

Since precision measurements ofDl(T,v50) appear to
be possible,113 there is hope that thisd-wave model can be
further tested by measuring the curvature ofDl(T,v50)
always to be expected at very low temperatures. Experim
tal data obtained with this method for YBa2Cu3O72d ~7 K
<T<58 K! and La1.85Sr0.15CuO42d ~4.2 K<T<16.5 K! can
be explained satisfactorily within this model with paramete
consistent with those used in the present paper.114,115 The
results obtained forDl(T) using the anisotropics-wave
state Eq.~20a! are again very close to the weak-scatteri
result of thed-wave model.

Just belowTc , s1(T) ~Fig. 3! shows positive curvature
rather than the large discontinuous change in slope and n
tive curvature characteristic of the coherence peak.116 This
feature can only be reproduced by the present model iff (t)
displays a more or less pronouncedS shape. A simple func-
tion that can be used to model such behavior is

f ~ t;a,b1 ,b2!5at31~12a!eb1~ t21![11b2~ t21!2] .
~48a!

A temperature dependence exp(b1t) has been extracted b
Bonn et al. from their experimental data using a two-flu
model.19 This kind of T dependence might seem somewh
unusual, but it is very similar to a perhaps more famil
functional form

f ~ t;a,b18 ,b28!5at31~12a!eb18~121/tb28! ~48b!
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except at very low temperatures, where the form off (t) is
irrelevant becauseGN

el dominates. At3 term has been in-
cluded in view of Eq.~32!. This term becomes comparab
with the exponential contribution tof (t) at around the tem-
perature at which the peak occurs. Its size is, therefore,
portant in determining the peak height and the peak posit
In order for theT dependence below the peak to be un
fected by different choices ofG inel(Tc), this cubic term has to
remain unchanged, i.e.,G inel(Tc)a5const. The values ofa
used in Fig. 3 have been chosen in accord with this con
tion. The expression Eq.~48b! has the advantage of vanish
ing exponentially atT50 rather than showing a linear ap
proach to a finite value which, for small enoughb2, might
dominate theT3 behavior.

Obtaining a good fit to the conductivity cannot be hail
as a great success of this theory considering that we had
just a few parameters but a functionG inel(T) at our disposal
to optimize the fit. Except for conclusions drawn from t
quality of the fit at very low temperatures, whereG inel(T)
does not contribute, it is this function itself that provid
some interesting insight into the properties of hig
temperature superconductors. We shall return to this poin
the next subsection. However, according to Eq.~10! the ex-
perimentally determineds1 depends strongly on the plasm
wavelengthlp Eq. ~12!, or the London penetration dept
l(0) resulting from it, and we need to examine ho
G inel(T) as well as the other parameters determined from
fit are affected by the choice oflp . FIR reflectivity measure-
ments on untwinned crystals givel(0)'140 nm for the av-
erage penetration depth andl(0)'160 nm for the direction
not involving the CuO chains.31 mSR experiments on singl
crystals yield an averagel(0) in the range 145 to 150 nm,30

while transmission experiments on thin films at a number
microwave frequencies give a minimuml(0)'175 nm for
films of the highest quality. In order to assess the effec
change inl(0) has onG inel(T) and on the other paramete
required to fits1(T), we also chose the valuel(0)5160 nm
to correct the experimental data for the finite film thickne
This does not affect the value of the normal-state conduc
ity Eq. ~39! derived from the measured surface resista
using the assumptionRs5Xs ~see Sec. II!. Increasingl(0)
thus means that a lower normal-state scattering rate has
assumed.

The dot-dot-dashed curve in Fig. 3 shows the effect
increasingl(0) to '160 nm. To keeps1(Tc) unchanged we
had to takeG inel(Tc)58.3 meV. All other parameters are th
same as for the solid curve. With the change inlp compen-
sated aboveTc by a different choice ofG inel(Tc), there is
very little change in the temperature regime where inela
scattering dominates. Starting atTc with a lower value of the
inelastic-scattering rate, effects resulting from the reduct
of G inel due to the onset of superconductivity must beco
less pronounced and thus a reduction of the peak heigh
s1 follows naturally. At low temperatures, whereG inel does
not contribute significantly, the theoretical result fors1 is
according to Eqs.~13! and ~34! proportional tolp

22 , when
all other parameters are held fixed. The experimental res
for Rs are affected by the choice oflp only through the
corrections required to account for the finite film thickne
At low temperatures these corrections are very small an
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elevated temperatures at whichl(T) is large, a change in
l(0) only leads to small modifications of these correctio
In view of Eq. ~10! we, therefore, expect thats1 as derived
from the measuredRs will decrease aslp

23 and thus will turn
out to be smaller than can be accounted for by a correspo
ing increase oflp in the calculations. This is clearly visible
in Fig. 6 where the data points fall well below the dot-do
dashed curve from Fig. 3. Obviously, the whole set of p
rameters used in Fig. 3 needs to be readjusted to obta
good fit. The reduction in peak height relative to the dot-d
dashed curve could be modeled by an increase in bothGN

el

and G inel(T,Tc) ~parameter set A16a, Table III! or by an
increase of the order-parameter amplitude, which wo
cause the number of occupied quasiparticle states to decr
more rapidly with decreasing temperature. The curve co
sponding to the parameter set A16a is not shown in Fig. 6
is practically identical with the solid curve except belo
'25 K where it deviates to slightly higher values ofs1. The
order-parameter amplitude cannot be increased arbitra
According to Eq. ~34! we expect Rs(T50)}lp /D0(0).
Hence, to retain the agreement with the experimentally
terminedRs resulting from the choice of parameters used
Fig. 3, we have to keep this ratio approximately consta
This brings 2D0(0)/kTc into the vicinity of 6.8 rather than
6.0.

The real part of the microwave conductivity discussed
far is not measured directly but has to be extracted from
measured surface impedance according to Eq.~9! and errors
in the surface resistance and penetration depth data ap
greatly enhanced ins1(T). Furthermore, rather different pa
rameter sets will produce the sames1(T) curves. The true
quality of the fits can, therefore, only be assessed when
experimental results for bothRs andDl are compared with
the theory. It can be hoped that at the same time the rang
parameters compatible withs1(T) is greatly reduced. Figure
7 shows the temperature dependence of the penetration d
l(T) for the two choices ofl(0). Since the increase in
l(T) betweenT50 and the lowest temperaturesTmin'4 K
at which data have been taken is not negligible according

FIG. 6. Real part of the conductivity for sample A. Open t
angles: experimental data, derived from the measuredRs and Dl
under the assumptionl(0)5160 nm. Theoretical results based on
phenomenological inelastic-scattering rate Eq.~47!,~48!. Parameters
are collected in Table III. Solid line: A16b; short dashed line: A16
long dashed line: A16d. The dot-dot-dashed line is identical to
one shown in Fig. 3.
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TABLE III. Parameter sets used to generate theoretical fits assuming a phenomenological in
scattering rate.

Parameter
set

GN
el

@meV# dN

G inel(Tc)
@meV# a b1 b2

2D0(0)
kTc lp@nm#

l(0)
@nm#

A14a 0.43 0.40p 10.95 0.14 6.3 4.0 6.0 134.6 140.00
A14b 0.43 0.42p 8.6 0.18 5.0 5.5 6.0 133.4 139.99
A14c 0.43 0.40p 8.3 0.14 6.3 4.0 6.0 154.0 160.18
A16a 0.57 0.39p 8.4 0.18 5.0 6.2 6.0 152.5 159.97
A16b 0.43 0.40p 8.25 0.15 5.5 5.0 6.8 154.7 160.16
A16c 0.43 0.42p 8.38 0.15 5.5 5.0 6.8 153.3 160.01
A16d 0.43 0.40p 6.3 0.20 4.0 8.0 6.8 154.7 160.25
B14a 0.20 0.40p 9.30 0.00 7.4 1.2 5.6 137.3 140.02
B14b 0.10 0.42p 9.0 0.00 8.5 0.8 6.8 138.6 139.97
B16a 0.11 0.44p 6.9 0.00 7.4 1.2 7.4 158.0 160.10
B16b 0.11 0.43p 6.9 0.12 7.9 2.7 7.4 158.2 160.01
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our calculations, we have attributed a finite value
Dl(Tmin) so as to optimize the fit. For both choices
l(0) excellent fits can be obtained for temperatures up
around 70 K, but only if different values ofD0(0) are used.

Between 10 and 45 K the data seem to vary more line
with temperature than predicted by our theory. The rat

FIG. 7. Temperature dependence of the penetration d
l(T) for the two choices ofl(0). To obtain the solid and the
dot-dot-dashed curves, the same parameter sets that gave goo
to s1 in Figs. 3 and 6 have been used~A16b and A14a, respec
tively!. Alternate dashed line: A16a; long dashed line in the ins
A16d. In panel~b! these results are replotted in the form of a s
perfluid density. The inset shows the temperature regime nearTc to
facilitate the discussion of fluctuation effects.
o

ly
r

distinct change in the slope ofl(T) at T'50 K is also not
quite accurately reproduced by the present theory. Si
around 50 K is the temperature regime with the largest re
tive error one cannot conclude that this disagreement is
nificant. However, such a kink inl(T) appears to be regu
larly observed in this kind of experiment. It has be
attributed to a second superconducting gap opening up at
temperature.14

Below Tc the experimental data taken with the TE013
mode fall well below the calculated curves@Fig. 7~a!, inset#.
As the comparison between the curves for 2D(0)/kTc56.0
~alt. dashed! and 2D(0)/kTc56.8 ~solid! shows, agreemen
could be improved by substantially increasing the ord
parameter amplitude, but this would not allow us to interp
the data below 70 K in terms of the present theory. Altern
tively, good agreement could be achieved at all temperatu
if Tc would be increased by 0.9 K. This, however, is n
compatible with theTc determined independently~see Sec.
II A ! which also gives a good fit to the surface resistance

Well aboveTc it is safe to assume thats is real, the
imaginary part arising from the finite frequency being neg
gible. In this normal skin effect regime bothl andRs can be
determined from a measurement of the quality factor by
posing a condition of self-consistency when correcting
finite film thicknesses. The penetration depth obtained in
way from measurements with the TE021 mode does not in-
volve estimates ofl(0). These data points clearly do no
match the penetration depth obtained with the TE013 mode
@Fig. 7~a!, inset#. It is highly unlikely that the drop in
l(T)5Rs /vm0 can be attributed solely to a deviation of th
scattering rate from itsT-linear behavior. An increase in
s1 in this temperature regime is more likely attributable
fluctuations117–119 or inhomogeneities,120,121 but both these
mechanisms for increasings1 necessarily renders complex.
When s acquires an imaginary part,Rs drops butl(T,v)
can develop a peak, as was predicted some time ago.122 As
long as the local limit can be used in the calculation of t
surface impedance we have from Eq.~8!

A2vm0l5
1

As1
21s2

2
AAs1

21s2
21s2, ~49!

th
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independent of any particular theory of the superconduc
state. Expanding this expression close toTc around the
normal-state conductivitysN(v50) assumings2!sN and
ds15s12sN!sN we find

A2vm0l5
1

AsN
S 11

s2

2sN
2

ds1

2sN
D ~50!

so that the penetration depth increases belowTc provideds2
increases faster thans1. Such a peak has been observed
strong-coupling conventional superconductors tantalum
niobium122,123and in the unconventional superconductor U
3.124 In more recent work on UPt3 this peak was found to be
sample dependent.125 For unconventional superconducto
the purity dependence of the peak has been discusse
Hirschfeldet al.126 For ad-wave superconductors1 does not
change very much nearTc so that a sizable peak inl(T)
results as shown in the inset of Fig. 7~a!. When the increase
in s1 due to fluctuations117–119 or inhomogeneities120,121 is
taken into account, the peak should be reduced. If, furth
more, a finite value ofs2 aboveTc were included in the
theory, the peak would shift to higher temperatures. T
would lead to an improved agreement between theory
experiment in the temperature range 70 K<T<88 K.

Above 88 Kl(T) is not measured, but we need an es
mate of this quantity to correctRs for finite film thicknesses.
When l(T)5Rs /vm0 is used, the sets ofRs data obtained
using the two modes cannot be smoothly joined after t
have been corrected. We incorporated an imaginary co
bution tos by simply extrapolatingl(T) derived atT>110
K linearly to lower temperatures. This crude guess yie
much better agreement between the two data sets, perm
a determination ofTc from the microwave surface resistan
~Fig. 8!. The result is in good agreement with the value m
sured inductively~see Sec. II A!.

Knowledge ofl(T) is also required in order to obtai
s1(T). The sharp rise ins1 ~Fig. 6! as the cavity mode

FIG. 8. Surface resistance of sample A obtained from the m
sured effective surface resistance under the assumptionl(0)5160
nm. Main frame: semilogarithmic plot; upper left inset: linear p
of Rs at low temperatures; lower right inset: blowup ofRs(T) at the
highest temperatures at which data are taken in the TE013 mode,
showing some evidence for fluctuation effects. The coordina
between symbols and parameter sets is the same as in Figs. 6 a
Solid line: A16b; short dashed line: A16c; alt. dashed line: A1
long dashed line: A16d.
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switch point is approached from above simply reflects
very low l(T) values shown in the inset of Fig. 7~a!. With
the above modification ofl(T) a very differents1(T) re-
sults. It is, therefore, not possible to learn anything ab
fluctuations from the present experiments, except where
data have been taken with the TE013 mode. On the contrary
we would require a thorough understanding of fluctuation
d-wave superconductors to complement our experime
data in the vicinity ofTc .

A difference in the choice ofl(0) becomes most appar
ent, when the superfluid densityl2(0)/l2(T) is plotted@Fig.
7~b!#. This type of plot is also useful to elucidate the tem
perature dependence of the penetration depth nearTc . For
T>0.8Tc the superfluid density seems to deviate from t
mean-field result in much the same way as has recently b
reported by Anlageet al.119 However, above 0.88Tc our data
extrapolate linearly to zero, rather than bending downwa
to the finite value expected at this frequency@Fig. 7~b!, in-
set#. Consequently, when the data forl(0)5160 nm are
replotted asl3(0)/l3(T) ~open diamonds!, the resulting
curve shows positive curvature. This behavior is influenc
by the choice of the mean fieldTc as discussed below.

In Fig. 8 we compare the measured surface resista
with theory using a logarithmic scale, while in the upper le
inset the same comparison is presented forT<75 K using a
linear scale. The figure demonstrates that an excellent fit
Rs can be obtained over the whole temperature range
covering three decades with the parameters set A16b
Table III ~solid curve!. As with the penetration depth, choo
ing l(0)5140 nm does not affect the quality of the fit whe
the remaining parameters are suitably adjusted. We, th
fore, only show results forl(0)5160 nm.G inel(Tc) has been
chosen such that the normal-state data are reproduced.

The parameter set A16a~alt. dashed curve! with its small
order-parameter amplitude does not give a satisfactory fit
T>40 K. This shows that parameters can be found which
one quantity, in this cases1, very well but fail dismally
when used to evaluate other, related quantities. The s
drop in Rs below Tc does not depend sensitively on the pa
state. Even an isotropics-wave state would give a very simi
lar result. The most important parameter here is the ord
parameter amplitudeD0(T) whose temperature dependen
in weak coupling is very nearly the same for a large range
unconventional and conventional pair states when norm
ized to D0(0). A smaller value ofD0(0) could fit the data
providedD0(T) increases more rapidly belowTc than pre-
dicted by weak-coupling theory. Modeling such ‘‘stron
coupling’’ behavior introduces additional parameters, so
decided not to pursue this idea here.61

As with s1(T), theory predicts a further substantial d
crease ofRs at temperatures below those reached in the
periment. An increase in the scattering phase shift~A16c,
short dashed curve!, which would be consistent with the ob
servedl(T), leads to too small values ofRs at low tempera-
tures~cf. Fig. 8!.

For Tc we have used the value 91.6 K determined ind
pendently~see Sec. II A!. The rounding ofRs nearTc is, of
course, not reproduced by the present theory. In orde
correlate the unexplained features ins1 ~Fig. 6! with the
actual experimental results, we show in the lower right in
of Fig. 8 a blowup of the last data points obtained with t
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TE013 mode. There is a distinct change in slope at 85
which is responsible for the sharp upturn ins1 below the
cavity mode switching point. Otherwise, theoretical resu
are well within the error margins of the experiment.l(T)
@Fig. 7~a!, inset# shows no significant change at 85 K. Th
discrepancy between theory and experiment narrows v
gradually over a much wider temperature range. This ra
the question of whether two different physical effects co
into play here. In view of the small transition widt
DTc51.6 K observed in the inductive measurement ofTc it
seems unlikely that inhomogeneities120,121can explain a con-
ductivity peak extending down to 85 K so that one wou
look for fluctuations117–119 as a possible explanation. Wit
our choice ofTc the discrepancy between the values ofs1,
as derived fromDl(T) andRs(T), and theory for tempera
tures 72 K<T<85 K has to be attributed to our failure t
produce accurate fits tol(T) in this temperature range. If w
were to adopt a slightly higher transition temperature,
discrepancy between theory and experiment could be dis
uted evenly betweenl(T) andRs(T).

Choosing parameter set A16d~long dashed curves!,
which fitss1 for all T<85 K ~Fig. 6!, gives much improved
agreement forl(T) @Fig. 7~a!, inset# without significantly
altering the fit toRs(T) ~Fig. 8, lower right inset!. This
shows that withG inel(Tc) as an additional adjustable param
eter we can fit all the data below 88 K very well indeed. T
fact that in the transition region this simple theory me
with some difficulty would have escaped our notice had
not tried to incorporate the normal state.

We now turn to sample B, which has a smaller resista
at Tc corresponding toG inel(Tc)59.3 meV rather than
G inel(Tc)510.95 meV. The real part of the conductivity
shown for two choices ofl(0) in Fig. 9. The conductivity
peaks are at the same position as those obtained for sam
but they are much higher. The high peak resulting fro
l(0)5140 nm can be reproduced theoretically by using
rather small order-parameter amplitude 2D0(0)/kTc55.6,

FIG. 9. Real part of the conductivity for sample B for tw
choices ofl(0). Parameter sets are given in Table III.l(0)5140
nm. Alt. dashed line: B14a; solid line: B14b. The dotted line
obtained when the self-energyx Eq. ~24! is neglected.l(0)5160
nm. Solid line: B16a; dot-dot-dashed line: B16b. The inset sho
the conductivity in the absence of elastic scattering. The solid cu
is based on the same temperature-dependent inelastic-scatterin
as the corresponding solid curve in the main frame of the figure
obtain the long dashed curve we assumed the inelastic-scatt
rate to vary}T3.
s

ry
es
e

e
b-

s
e

e

e A

a

even smaller than the one used in Fig. 3, and an elastic s
tering rate reduced by about a factor of 2~parameter set
B14a, Table III, alt. dash curve!. It turns out, though, that
these parameters fit neitherRs(T) nor l(T). The fits for
these quantities can only be improved by increasingD0(0).
It might seem possible that the resulting loss in quasipart
number can always be compensated by further reducing
scattering rates. If the relevant scattering rate drops be
the external frequency, though,s1 decreaseswith decreasing
G because the quasiparticles still present form a more ide
conducting system.107 So, for fixed frequency and a mor
and more rapidly decreasing scattering rate the peak he
increases but at the same time shifts to higher temperatu
The inset of Fig. 9 showss1 when only the temperature
dependent scattering rate Eq.~47! is included. The solid
curve is obtained with the exponentially decreasing funct
G inel(T) that was used to calculate the corresponding cu
in the main part of the figure. The long dashed curve res
if we only keep the cubic term in Eq.~48!. We see that peak
height and peak position ofs1 cannot be reproduced simu
taneously with great accuracy by simply manipulati
G inel(T).

At the small elastic-scattering rate required for this
taking the self-energy partx Eq. ~24! into account actually
diminishes the agreement between theory and experim
The dotted curve is calculated withoutx. To study the effect
of x in more detail we calculateds1 for various frequencies
using the parameter set B14b that gives the solid curve
Fig. 9. Figure 10 demonstrates thatx becomes very impor-
tant at this low value ofGN

el50.10 meV for frequencies les
than 10 GHz. The inset shows thatx has no effect ons1 at
very low temperatures. The intrinsic temperature depende
of x(T,V) is negligible at least up toT'0.7Tc but the range
of frequencies contributing to the integral Eq.~13! increases
with temperature. Even though Imx(T,V50) vanishes, we
obtain a large contribution from Imx in the last term of Eq.
~13!. Re@x(V)2x(V1v)# drops out of Eq.~16! at any
temperature for small external frequency but can beco
comparable to the contribution from Imx at the frequency
used in our experiment. The low frequency results witho

s
e
rate
o
ing

FIG. 10. Effect of the self-energyx Eq. ~24! on the real part of
the conductivity for different frequencies. Other parameters are
defined in the set B14b~Table III!. The frequencies in the main
frame are 0 GHz, 8.7 GHz, 43.5 GHz, and 87 GHz~from top to
bottom!. The inset shows the variation ofs1(T) at very low re-
duced temperatures.
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x taken into account agree with a curve published
Borkowski et al.89 in their Fig. 5. Such a plateau or min
mum in s1(T) is incompatible with the low-frequency mea
surements of Bonnet al.19,26 and Jacobset al.27

Note that the conclusionRs}v2 derived from Eq.~10!
requiress1 to be frequency independent. According to t
present theory this conclusion is expected to break dow
the GHz regime at sufficiently low temperatures. This bre
down is again related to the relevant scattering rate becom
comparable to the external frequency. A better fit tos1(T)
as well asRs(T) and Dl(T) can be obtained if we choos
l(0)5160 nm and increase the order-parameter amplitu
Including a cubic term inG inel(T) improves agreemen
around 35 K but fails to give the correct peak height~cf. Fig.
9!.

The penetration depth~Fig. 11! can be reproduced ver
well if the T3 contribution toG inel(T) is negligible ~solid
curves!. The effect ofx on Dl(T) ~dotted curve! is within
experimental error. Including aT3 contribution ~dot-dot-
dashed curve! does not allow us to reproduce the rather sh
kink in Dl(T) at around 45 K which is much more pro
nounced in sample B and which is responsible for the la
conductivity peak. The inset shows that the discrepancy
tween this curve and the data only extends over a lim
temperature regime. Assuming a smaller order-param
amplitude that perfectly fitss1 results in the alt. dashe
curve which, even allowing for rather wide error margin
disagrees with the data for all temperatures above 20 K.
temperatures above 75 K the calculated curves giveDl(T)
larger than has been observed for reasons already discu
in connection with sample A.

In Fig. 12 we compare the imaginary parts of the cond
tivities of the two samples. This quantity is more close
related to the superfluid density thanl2(0)/l2(T) as ob-
tained from Eq.~8!. Due to the finite frequency, evens2
does not vanish in the normal state, but it is more than
order of magnitude smaller than the inverse square of
normal-state penetration depth~skin depth! and thus appear
to vanish atTc . The finite value followed by a dip shown i
Fig. 7~b! is, therefore, absent when the results are plotted

FIG. 11. Temperature dependence of the penetration d
l(T) for the two choices ofl(0). For clarity, results for
l(0)5140 nm have been shifted upwards by 5 nm~10 nm in the
inset!. Parameters for the theoretical curves are the same as tho
Fig. 9.
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this form. The difference between those two ways of plotti
the data, both experimental and theoretical, becomes alm
invisible below 0.98Tc .

The results for the two samples look distinctly differen
but if the unknown value ofl(0) of sample A were in-
creased relative to the one for sample B, the differen
would be greatly diminished. The effect of theT3 term in the
inelastic-scattering rate is clearly visible in this plot. Com
paring this figure with the inset of Fig. 7~b!, it seems as if the
‘‘fluctuation contribution’’ to l2(0)/l2(T) is larger for
sample B. However, ifTc for sample A is reduced by 1.1 K
to 90.5 K~same as sample B!, as has been done to draw th
figure, the deviations from the mean-field results beco
rather similar. Replotting the data asl3(0)/l3(T) ~inset:
solid symbols! gives nearly linear curves, especially fo
sample B, as one might expect from fluctuation theory119

Clearly, Tc needs to be treated as fit parameter when
theory is generalized to include fluctuations117–119 and
inhomogeneities.119–121

Figure 13 shows that a good fit to the surface resista
can be obtained. Here, the fit around 35 K is improved
keeping aT3 contribution to G inel(T). The difference be-
tween theory and experiment is well within experimental
ror, though~see Table II!. NearTc the discrepancy betwee
theory and experiment is more noticeable than for sample
probably due to the smaller transition widthDTc50.4 K
~lower left inset!. Much of the discrepancy between theo
and the data taken with the TE013 mode could be removed b
choosingTc somewhat higher than the value measured
ductively. Conversely, reducingTc for sample A would cre-
ate a very similar discrepancy, as has been discussed a
in connection with the superfluid density. The data poi
above 89 K clearly indicate, though, that the drop inRs is
much steeper for sample B. The order-parameter amplit
for sample B has already been increased by 10% comp
to the one for sample A, but this is not enough to produ
such a steep drop. Further increases inD0(0) would lead to
a deterioration of the fit at lower temperatures. One poss
explanation would be a more rapid rise ofD0(T) below Tc
than predicted by weak coupling, with the difference b

th

in

FIG. 12. Comparison of the imaginary parts of the conducti
ties for the two samples. Solid lines: parameter sets A16b and B
respectively. Dot-dot-dashed line: B16b. The inset shows the t
perature regime nearTc . As compared to Fig. 7,Tc for sample A
has been reduced to 90.5 K. Full symbols in the inset are data p
replotted asl3(0)/l3(T).
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tween the samples attributed to a different spread inTc’s. A
semilogarithmic plot ofRs(T) for sample B would show the
same change in slope near 86 K as has been found for sa
A ~see Fig. 8, lower right inset!.

B. Scattering rates and the two-fluid model

There has been considerable interest in the scattering
of quasiparticles at the Fermi surface, even though th
quantities cannot be measured directly.59,92,127 It has been
pointed out by Hirschfeldet al.21 that even the elastic
scattering rateG5Im@vZ(v)# obtained from Eq.~23! ac-
quires a strong frequency dependence through renorma
tion. For a superconductor with isotropic energy gap t
frequency dependence cancels in the calculation of the
ductivity which then depends only on the normal-state sc
tering rateGN

el . For anisotropic superconductors the situati
is more complex.

In Fig. 14 we show scattering rates for sample A at
experimental frequency 87 GHz for parameter sets A16b
A16c used in Figs. 6–8~full curves, dashed curve!. The fig-

FIG. 13. Surface resistance of sample B obtained from the m
sured effective surface resistance under the assumptionl(0)5160
nm. The coordination between symbols and parameter sets is
same as in Fig. 9. Main frame: semilogarithmic plot; upper l
inset: linear plot ofRs at low temperatures; lower right inset: com
parison of the two samples in the transition region. Both cur
shown are for parameter set B16a with different choices forTc .

FIG. 14. Total scattering rates and inelastic-scattering rate
function of reduced temperature for sample A at the experime
frequency f 587 GHz. Solid line: A16b; dashed line: A16c; do
dot-dashed line: A14a.
ple
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e
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ure shows that the scattering phase shift has quite a dram
effect on the scattering rate with both results shown w
below the limiting value 2.146 meV which can be obtain
to a very good approximation from the self-consistent fo
of Eq. ~37!. When the iterated form is used, theg value
obtained is'10% higher. The change due to our finite fr
quency is less than 0.5%. The scattering rate depends
more strongly ondN than the conductivity~cf. Fig. 4!. Com-
parison between Eqs.~37! and ~34! shows that there is no
simple relationship between the two quantities. In particu
such a relationship cannot be of the form Eq.~39! because
both s1(T50,v) and G(T50,v) increase withdN due to
the effect that scattering has on the density of states
hence on the normal fluid density Eq.~42!.

Also included in the figure are results~dot-dot-dashed! for
parameter set A14a with the same phase shift as the s
curve but with a smaller order-parameter amplitude. Acco
ing to Eq. ~37!, the zero-temperature zero-frequenc
scattering rate increases withD0(0) in the unitarity limit but
decreases withD0(0) in the Born limit forGN

el!D0(0). Ac-
cording to Hirschfeldet al.21 @Eq. ~20!# the same behavior is
expected at finite frequencies. The fact that the result
D0(0)53.0kBTc ~dot-dot-dashed! lies above the one for
D0(0)53.4kBTc indicates that atdN50.40p we are closer to
the Born limit than to the unitarity limit.

The parameter sets A14a and A16b also differ in
choice oflp which, however, does not explicitly enter th
calculation ofG. As has been discussed above, though,
phenomenological scattering rateG inel(t) Eq. ~48! has to be
modified in order to fits1 for different choices oflp . The
difference between the solid and the dot-dot-dashed cu
demonstrates the sensitivity ofG inel(t) to the choice of
l(0).

With the help of Fig. 15 we shall try to elucidate th
relation between the present theory and the two-fl
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FIG. 15. Phenomenological scattering rates with finite ze
temperature limit. Solid line is identical to the solid line in Fig. 1
G1(t) is an excellent fit to the numerical result. The conductiv
obtained with this frequency-independent scattering rate is show
the inset as a dot dashed line. The solid line in the inset is iden
with the solid line in Fig. 6, which represented a good fit to the da
The conductivity obtained withG2(t) ~dotted line! thus also fits the
data reasonably well.G2(t) is much closer to the frequency ave
aged scattering rate~dot-dot-dashed line: A16b! than the scattering
rateG1(t)at 87 GHz. For an explanation of the short dashed cu
see text.
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model.19,104–106The solid curve is the same as in Fig. 1
~parameter set A16b!. The functionG1(t) given in the inset
is an excellent fit of the form Eq.~48! to the numerical result
Included in the figure as a dashed curve is the funct
G inel(t)1G(0) with parameters inG inel from set A16b and
with G inel(Tc) adjusted so that the total scattering rate atTc is
unchanged. The difference between these two curves i
cates the temperature dependence of the elastic scatt
which, according to Eq.~23!, is due to the temperature de
pendence of the order-parameter amplitude Eqs.~18!,~19! as
well as the temperature dependence ofG inel which, because
of the self-consistency implied in Eq.~23!, entersG(T) not
only additively.

The self-consistent calculation of the self-energy acco
ing to Eqs.~23!,~24!,~25! is rather time consuming and on
might wonder whether this exercise is actually necessary
check this point we calculated s1(v) using
VZ(V6)5V6 iG1(t). The result~dash dot curve! is com-
pared in the inset with the results of the full calculation~solid
curve, identical with the solid curve in Fig. 6!. The signifi-
cant discrepancy has several sources: The approxima
used ignores the complex energy shiftx altogether, it ne-
glects corrections to the real part ofZ and, most importantly,
it neglects the frequency dependence ofZ. Exactly the same
simplifying assumptions led us to the two-fluid model E
~41!. Nonetheless, in view of the fact that some function
relationship betweens1(T,v) and G(T) exists, we would
expect that for any experimental frequency we can fin
scattering rate that would fit the observed conductivity. T
is indeed the case, as the dotted curve shown in the ins
Fig. 15, which has been obtained withG2(t), demonstrates.

The discrepancy betweenG1 and G2 is significant only
when the frequency-dependent renormalized elastic sca
ing dominates. This suggests that a more appropriate ch
for an effective temperature-dependent scattering rate w
be the frequency averaged quantity defined in Eq.~46!.
^G21(T,V)&21 is shown in Fig. 15 as a dot-dot-dashe
curve. It does indeed agree withG2 over a wide temperature
range. The sharp drop at low temperatures is not to be ta
seriously because there the condition\v/2kBTc50.023!t,
which allowed us to replaceG(V1v)1G(V) by 2G(V), is
no longer fulfilled. One would expect the correct low
temperature limit to be 0.5G(t50,v/2p587 GHz!.

In the presence of frequency-dependent self-energy
rections, 12rn5rs no longer holds, so that we cannot d
termine^G21(T,V)&21 Eq. ~46! from measurements ofs1
according to Eq.~45! with great accuracy. In the case o
elastic scattering,dṼ/dV is significantly different from 1
only for V,GN

el(t50,V) and T,GN
el . This is the regime

where the dot-dot-dashed curve in Fig. 15 shows str
variations. Since in high-quality samplesGN

el!Tc , the differ-
ence betweenrs and 12rn would be negligible at most tem
peratures. If the frequency dependence of the inelastic s
tering is taken into account, the discrepancy betweenrs and
12rn will be magnified considerably and it will extend ove
the whole temperature range up toTc . This is well known
from strong-coupling calculations wheredṼ/dVuV50
511l is the electron-phonon mass enhancement fac
which renormalizes the London penetration depth,109 but not
s1(v50) or rn .
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Scattering rates for sample B will be presented in Fig.
below, together with results from the NFL model.

C. The nested Fermi-liquid model

Consideration of the frequency averaged scattering rat
the previous subsection has demonstrated the importanc
the frequency dependence of the elastic-scattering rate re
ing from many-body corrections. It would be most desirab
to have a similar microscopic model to furnish us with
deeper understanding of the inelastic scattering.59,92,127The
nested Fermi-liquid~NFL! model described in the previou
section60 provides a description for the inelastic scattering
HTC materials which, in spite of the approximations i
volved in the derivation of Eq.~29!, appears to reflect the
essential features of the underlying physical processes.

In Figs. 16 the same experimental results are shown a
Figs. 6–8, but now compared with the results of the N
model. The parametersg andlp are determined from a fit to
the normal-state data and the requirementl(0)5160 nm~cf.
Table IV!. The only adjustable parameters left are tho
characterizing elastic scattering and the order-parameter
plitude. Since the effect of the scattering phase shift has b
discussed extensively, we keepdN fixed at the value 0.40p
which gave the best fit in Figs. 6–8. To reproduce the p
height of s1(T), GN

el had to be reduced. Parameter se
ANFL1 and ANFL2 ~Table IV! show the effect of reducing
GN

el . The order-parameter amplitude is the same as in F
6–8. Comparison of results for parameter sets ANFL2 a
ANFL3 shows the effect of reducing the order-parame
amplitude while keepingGN

el fixed. The NFL model does
yield a peak ins1 but the details of the temperature depe
dence are not very accurately reproduced. Panel~b! shows
the ‘‘superfluid density’’ and in the inset the change in pe
etration depth at intermediate and low temperatures. Clea
the smaller order-parameter amplitude gives the better
whereas the exact value ofGN

el is rather unimportant. The
abrupt change in slope around 50 K apparently cannot
explained within the NFL model. It should be noted, thoug
that the discrepancy is only just outside the experimen
error of 5 nm. Panel~c! shows that parameter set ANFL
gives a good fit to the surface resistance over the wh
temperature range. The order-parameter amplit
2D0(0)/kTc56.8 used in Figs. 6–8 now gives too steep
drop nearTc . The decrease inRs with increasingGN

el at
intermediate temperatures19,26 is clearly visible.

In Fig. 17 we compare data for sample B and the cho
l(0)5160 nm with predictions of the NFL model. The on
parameterg in this model is somewhat smaller than fo
sample A because of the difference in normal-state resis
ities. To get anywhere near the height of the peak ins1(T)
we had to reduce2D0(0)/kTc from 7.4 ~B16a, B16b in Figs.
9, 12, 13! to 6.4. To change the height of the calculat
peaks we variedGN

el . GN
el50 gives the highest peak, as e

pected, but completely disagrees with the data taken be
35 K ~cf. inset Fig. 9!. IncreasingGN

el to the range of values
used previously for this sample gives a marked improvem
in the agreement between theory and experiment at low t
peratures without drastically reducing the peak height. P
els ~b! and ~c! show calculations of the superfluid densi
and the surface resistance for the same set of parameter
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against the data points already presented in Figs. 11, 12,
13. In contrast to Fig. 16 the drop inRs or the rise in
l2(0)/l2(T) is not fast enough. So, choosingD0(0) even
smaller to increase the height of the peak ins1 is not an
option. Agreement could be improved by takingTc about 1.5
K higher than the value measured inductively~cf. discussion
of Fig. 13!. Apart from this problem nearTc , parameter se
BNFL2 fits Rs rather well for all temperatures. The should
at 55 K is better reproduced usingGN

el50 but this choice
leads to distinct disagreement with the data taken at lo
temperatures. The low-temperature behavior
l2(0)/l2(T) at this finite frequency is also better explain

FIG. 16. Comparison of experimental data for sample A w
results from the nested Fermi-liquid model. Dashed line: ANF
@GN

el50.15 meV, 2D0(0)/kTc56.8#; dot dashed line: ANFL2
@GN

el50.25 meV, 2D0(0)/kTc56.8#; solid line: ANFL3
@GN

el50.25 meV, 2D0(0)/kTc56.0#. Parameter sets given in Tab
IV. Panel ~a!: real part of the conductivity. Panel~b!: superfluid
density and penetration depth. Panel~c!: surface resistance.
nd

er
f

assuming a finite elastic-scattering rate. The change in s
around 50 K, which is much more pronounced for sample
than for sample A, cannot be accounted for within this N
model.

In order to gain a better understanding of the differen
between the NFL model and the purely phenomenolog
model Eq.~47! we display in Fig. 18 the inelastic-scatterin
rates which are embedded in the theoretical results show
Figs. 6–8 and 16. Also shown are the total scattering rate
f 587 GHz and the frequency averaged scattering rates
~46!. Over several orders of magnitudeGNFL

inel (87 GHz,T!
~dot-dot-dashed line! varies asT3 @cf. Eq. ~32!#. The magni-
tude of this cubic term agrees well with that deduced fro
the fit ~long dashed line, A16b!. Because of the finite fre-
quency considered,GNFL

inel approaches a finite value fo
T→0 @cf. Eq. ~33!#. The frequency averaged scattering ra
for parameter set A16b~Table III! with dN changed top/2
~alt. dashed line! goes through a minimum before reaching
relative maximum att50. For intermediate scattering phas
shifts the minimum is much less pronounced and may
absent altogether.21,92,128

At small frequencies we have from Eq.~29!
GNFL

inel (Tc)51.793g2Tc55.52 meV which is smaller than
G inel(Tc)58.25 meV~A16b!, partly because we are using i
the NFL model a larger value oflp but the same value o
s1(Tc), and partly because the calculation ofs1 from Eq.
~38! at high temperatures involvesGNFL

inel (V,T) with V@v.
The frequency averaged NFL scattering rate atTc ~inset,
dotted line! is 6.87 meV. Extrapolating the cubic low
temperature behavior Eq.~32! to Tc we would have
GNFL

inel (Tc)53.681 @kTc /D0(0)#2g2Tc50.409g2Tc . Since
this value is smaller than the one obtained atTc , GNFL

inel must
drop faster thanT3 nearTc . The inset~dot-dot-dashed line!
shows that this decrease is exponential. The size of this
ponential drop gets larger when the order parameter am
tude is increased, as the alt. dashed line in the inset sh
For this reason,s1(T) rises more slowly belowTc when a
smaller value forD0(0) is chosen, as is seen in Fig. 1
@panel ~a!#. The most important difference betwee
GNFL

inel (V,T) and G inel(T) occurs at temperatures 50
,T, 85 K, whereG inel shows a much more rapid drop
produced by the correction term in the exponent in Eq.~48!.
This behavior still remains to be understood.

In Fig. 19 we compare scattering rates for sample B
sulting from the two parameter sets used in Fig. 9

TABLE IV. Parameter sets used to generate theoretical
based on the nested Fermi-liquid model for the inelastic scatter

Parameter GN
el dN g 2D0(0)

kTc

lp l(0)

set @meV# @nm# @nm#

ANFL1 0.15 0.40p 0.624 6.8 175.3 155.91
ANFL2 0.25 0.40p 0.625 6.8 173.8 159.64
ANFL3 0.25 0.40p 0.625 6.0 173.8 160.02
BNFL1 0.00 0.583 6.4 175.4 160.07
BNFL2 0.05 0.44p 0.584 6.4 174.2 159.91
BNFL3 0.11 0.44p 0.585 6.4 173.1 160.03
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56 6259IN-PLANE SURFACE IMPEDANCE OF EPITAXIAL . . .
l(0)5160 nm and from parameter set BNFL2~Table IV!,
which gave the best fit within the NFL model in Fig. 17. Th
total scattering ratesG(0) come out differently because o
differences in scattering phase shifts and elastic-scatte
rates. Clearly,G(0) is more sensitive to changes indN than
to changes inGN

el . The long dashed line represents the f
quency averaged scattering rate in the unitarity limit. In t
semilogarithmic plot the minimum already discussed in c
nection with Fig. 18 is much more noticeable. The differe
low-temperature limits of the total scattering rates at 87 G
is reflected in the low-temperature behavior of the freque
averaged scattering rates. But these sizable variations in
scattering rates at around 0.1Tc have comparatively little ef-
fect onRs or Dl.

FIG. 17. Comparison of experimental data for sample B w
results from the nested Fermi-liquid model. Alt. dashed lin
BNFL1 (GN

el50.00 meV!; dot dashed line: (GN
el50.01 meV!; solid

line: BNFL2 (GN
el50.05 meV!; dashed line: BNFL3 (GN

el50.11
meV!.
ng

-
s
-
t
z
y
he

The inelastic-scattering rates differ greatly, primarily b
cause of the presence of at3 term in one of the paramete
sets. While this difference affects primarily the behavior
low temperatures, where elastic scattering dominates, the
a significant change in the frequency averaged scattering
aroundt50.4 which can be viewed as the physical origin
the marked difference inDl(T) calculated for the two pa-
rameter sets and shown in Figs. 11 and 12. Closer toTc the
t3 term is balanced by a more rapid exponential decre
~increased values ofb1 andb2). Within the NFL model there
is always at3 contribution to the scattering rate unless t
phase space for spin fluctuation exchange decreases
rapidly in the superconducting state than the density of st
Eq. ~30!.

It is remarkable that within this NFL model we had
assumelp larger thanl(0). Thedownward renormalization

:

FIG. 18. Comparison of scattering rates deduced from fits
experimental data on sample A with results from the NFL mod
Dot dashed, dot-dot-dashed, and dotted lines: NFL model~ANFL3,
Table IV!. Solid, long dashed, and short dashed lines:~A16b, Table
III !. The alt. dashed line represents the frequency averaged sc
ing rate in the unitarity limitdN5p/2. The alt. dashed line in the
inset is an NFL result for an increased order parameter amplit
~ANFL2!.

FIG. 19. Comparison of scattering rates deduced from fits
experimental data on sample B with results from the NFL mod
Dotted lines: BNFL2, Table IV, solid lines: B16a, Table III, do
dashed lines: B16b, Table III. The long dashed line represents
frequency averaged scattering rate in the unitarity limit. Other
rameters are from the set B16a. This figure elucidates the role o
T3 term in the inelastic-scattering rate.
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of the plasma wavelength resulting from the frequency
pendence ofGNFL

inel appears to be responsible for the fact th
we can fit the steep drop inRs andl(T) with smaller order-
parameter amplitudes~cf. Tables III and IV!. When the real
part of the self-energy due to spin fluctuation exchange
included we find the large upward renormalization oflp
known from strong-coupling calculations.109 In this case the
two parametersg andlp at our disposal are not sufficient t
fit the normal-state resistivity measured by ourselves as
as the London penetration depthl(0) which is restricted to
lie in a rather narrow range by other experiments.30–35

This failure of the NFL model should not be too surpr
ing in view of the approximations involved. Using the ra
dom phase approximation appears to be one necessary
to generalize the theory. Another shortcoming, not so ea
remedied, is the crude treatment of the momentum dep
dence of the self-energy: the spin susceptibility is taken
the nesting vector, which simplifies the final expression,
otherwise the momentum dependence is completely
glected. If one goes to the length of taking the frequen
dependence fully into account, one should then also cons
the frequency dependence in more detail by doing a stro
coupling calculation. This is the approach taken in t
fluctuation-exchange approximation~FLEX!,44 for which no
such detailed calculations of the conductivity including el
tic scattering have yet been published. It is also an o
question whether the degrees of freedom responsible for
formation of the superconducting state are exactly the s
as those determining the transport properties.

We still believe that the scattering rate as calculated in
NFL model does reflect important intrinsic properties
high-temperature superconductors.

V. CONCLUSIONS

Both the surface resistance and the change in the pen
tion depth measured at 87 GHz on one electron-beam ev
rated~sample A! and one high oxygen pressure dc sputte
~sample B! YBCO film, optimized for low-rf losses, have
been interpreted successfully in the whole temperature ra
in terms of ad-wave model of superconductivity. There wa
no need to subtract some extrinsic residual surface re
tance. This leads us to the conclusion that such ad-wave
model does indeed reflect the most important intrinsic f
tures of the superconducting state in high-Tc materials.

Essential for the success of the theory is the use of
elastics-wave scattering rate rather larger than has been u
elsewhere21 but small enough to have negligible effect o
Tc , and an intermediate scattering phase shift. The resu
quasiparticle mean-free paths atT50 are larger than the
distance between twin boundaries, but they do not app
unreasonably long. While both weak- and strong-scatte
limits lead to quadratic temperature dependences in b
Dl(T) and Rs(T), intermediate-scattering phase shifts c
account for the observed quasilinear behavior up to aro
Tc/2. The self-energy partx, which renormalizes the quas
particle energy and which is relevant only at intermedia
scattering phase shifts, has only a rather limited effect on
conductivity at our measuring frequency. At lower freque
cies it is absolutely essential to takex into account in order
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to retain the quasilinear temperature variation ofs1(T).
There is considerable variation between the two samp

investigated. This can be attributed primarily to a differen
in the elastic-scattering rates which seems plausible in v
of the different structural properties of the samples. The s
sitivity to these scattering rates is related to the fact that t
are comparable to the external frequency.

The actual symmetry of the order parameter cannot
tested by this type of experiment. Ans-wave state with twice
as many nodal lines can give identical results. To be co
patible with the data, the pair states should have nearly v
ishing Fermi surface averages so that their momentum
pendences are not significantly modified by elas
scattering. In that case, the complex conductivity becom
very sensitive to the scattering phase shift. Ans-wave order
parameter which has, in the clean limit, exactly the sa
density of states as thed-wave state considered can be e
cluded, because for this state elastic scattering is close to
weak-scattering limit for any value of the scattering pha
shift so that the large conductivity observed at low tempe
tures cannot be accounted for. The difference in the stren
of scattering is also reflected in changes of the density
states at very low energies.50,52 For the small elastic-scatter
ing rates required to fit our data, changes in the density
states are far too small to be detected in other experim
such as ARPES or tunneling. States with a finite minimu
energy gap give results very similar to those of the abo
s-wave state when the broadening of the density of state
finite temperatures due to strong-coupling effects is ta
into account.18

The conclusions so far are based on the comparison
tween theory and experiment in the temperature range
tween 4.2 K and'Tc/2, where extrinsic losses might dom
nate. Due to the use of a copper cavity, which permit
measurements on rather large films at high frequency,
measuring sensitivity becomes low at very low temperatu
A more stringent test of the theory would require data tak
with high resolution at even lower temperatures.

At intermediate temperatures and close toTc the most
important aspect of this theory is a temperature-depend
scattering rate resulting from inelastic interactions. This p
nomenological scattering rate can be adjusted to fit the c
ductivity for a wide range of pair states excluding only tho
with a large, nearly isotropic energy gap. The part of the d
which is most likely to reflect intrinsic properties, therefor
does not provide the salient information that would allow
to distinguish between different pair states.

Within the d-wave model used here, parameters can
found that lead to an excellent fit for the real parts1 of the
conductivity, but fail to provide a reasonable fit toRs and
Dl. In particular, large peaks ins1(T) and large residua
losses are most easily explained in terms of small order
rameter amplitudesD0(0), but these would be incompatible
with the sharp drop of bothRs andDl at Tc . The fact that
D0(0) is estimated to be'10% larger for sample B than fo
sample A is related to the difference in transition widths. A
our estimates forD0(0) are considerably larger than th
weak-coupling value but are well within generally accept
estimates. A different choice of the temperature-depend
scattering rate does not solve the problem because w
G(T) is made to decrease faster belowTc , l(T) will also
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decrease somewhat faster buts1 will increase and as a resu
Rs will generally drop less precipitously.

A smaller order parameter amplitude could be arrived a
D0(T) were to rise faster than predicted by weak-coupl
theory. It does not seem feasible to study this effect in
present context at the expense of introducing even more
rameters, because theRs data aboveTc clearly show the
importance of fluctuations. These can be expected to af
the electromagnetic response belowTc as well. The impor-
tance of the fluctuations was only recognized because
data extended well into the normal state. If we had not
cluded these data in our mean-field analysis, the data take
the superconducting state could all have been fitted very
simply by changing some of the parameters, resulting
some erroneous conclusions.

An order parameter whose average over the Fermi sur
vanishes or is, at any rate, very small, is a consequence o
strong on-site repulsion of quasiparticles which is believed
be one of the most important characteristics of highTc
materials.41 The kind ofd-wave state considered here wou
follow rather naturally from the exchange of antiferroma
netic spin fluctuations. The same interaction would give
temperature~and frequency! dependent scattering rate.

Using the nested Fermi-liquid model60 we find that
G inel(T) at low frequencies can be approximated by the s
of an exponentially decreasing term and a contribution va
ing asT3. This is very similar to the phenomenological sca
tering rate derived from fitting the data for sample A, exce
that the exponential decrease ofGNFL

inel (T) is not quite fast
enough to provide an equally good fit. For sample B the
especially toDl(T) is not quite so satisfactory because
the T3 contribution. It is not clear why this contributio
should be present in one sample and not in the other. N
that only a prefactor inGNFL

inel (T) is changed from one sampl
to the other to account for the difference in the normal-st
resistivityrn . The comparison between microscopic scatt
ing rates and those derived from experiments using, for
ample, a fit procedure as in this paper or a two-fluid mode
not straightforward because the ‘‘measured’’ scattering ra
always involve an average over frequency with
temperature-dependent weighting factor.

VI. FURTHER WORK

In order to further substantiate the argument that the
face impedance in these films is indeed dominated by int
sic effects, even at low temperatures, a detailed compar
with data for twinned and untwinned crystals would be d
sirable. A somewhat preliminary study has shown that
surface resistance measured on twinned single crysta
10.1 GHz~Ref. 27! and 9.6 GHz~Ref. 20! seems to be con
sistent with this theory. Because of sample differences
parameters entering the calculation are, of course, differ
Similarly, the 4.13 GHz data of the UBC group19,26,28 for
both the twinned and the untwinned crystal can be fit
using a smaller elastic-scattering rate for the untwinned c
tal. For both crystals the elastic scattering rates giving o
mal fits are smaller than those required to fit the thin fi
data. This is consistent with the picture of twin boundari
which in crystals are more widely spaced than in films, co
tributing to the disorder-induced scattering. At 34.8 GHz
if
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surface resistance of the twinned crystal28 is too high to be
compatible with this theory. For the detwinned crysta26

good agreement between theory and experiment can
achieved with the same parameters that were used to fi
low-frequency data, except at low temperatures. There,
calculatedRs values are lower than the data points while
the lower frequency the data points for the untwinned crys
are below the theoretical values. Hence, there seems to b
parameter set that would fit the data at both frequencies w
the same accuracy that we were able to achieve with ou
GHz thin film data. More experiments designed to reveal
frequency dependence at low temperatures~cf. Fig. 10!
would be needed to provide a more stringent test for t
theory.

Near the transition temperature fluctuations clearly ma
an important contribution so that the present theory need
be generalized to describe fluctuations in a consistent m
ner. Since it is our conviction that conclusions are grea
strengthened when drawn from a comparison between th
and both real and imaginary part of the conductivity, we d
not include a discussion of fluctuation effects in the pres
paper, because we are not able to measure the shift in
etration depth above 88 K.

The most serious objection that can be raised against
theory presented here is the size of the normal-scattering
derived from the resistivity, which would suffice to suppre
the transition to ad-wave state or any other highly aniso
tropic state in a weak-coupling calculation. To answer t
criticism one needs to do a strong-coupling calculation. T
would require a generalized momentum-dependent Elia
berg function, calculated self-consistently in the superc
ducting state as, for example, in the FLEX approximation44

Including a pairing interaction that peaks at small mome
tum transfer48 would certainly allow to fitTc andrn simul-
taneously but at the same time it would render the the
even more complex. Furthermore, as we have shown h
any such theory would be incapable of describing the e
tromagnetic response over much of the temperature ra
below Tc unless a small but unavoidable amount of elas
scattering is taken into account. If such a calculation w
possible, anisotropy of the quasiparticle velocities and q
siparticle scattering rates would be included at no extra c

Another important problem presently under investigati
by several groups is the relationship between theab-plane
response studied here and thec-axis conductivity. Attribut-
ing the observedc-axis conductivity solely to incoheren
scattering129 is inconsistent with the small amount of elast
s-wave scattering derived here. If scattering between pla
very nearly conserves the in-plane momentum, thenp- and
d-wave scattering would have to be considered requiring
evaluation of vertex corrections with respect to impur
scattering.

ACKNOWLEDGMENTS

We thank R. G. Humphreys, N. G. Chew, and J. A. E
wards from DRA Malvern, UK, for providing the evaporate
YBCO film and performing the x-ray analyses and M. Le
kens, M. Getta, and R. Wagner from University of Wuppe
tal, Germany, for providing the sputtered YBCO film an



uc
ar
g
ec

uid
-
che
lleg
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