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In-plane surface impedance of epitaxial YBaCu;0-_ s 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 epitaxiataxis oriented YBaCu;0;_ s (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- and s-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 resistancegifor anisotropics-wave order parameters with nearly vanishing Fermi
surface averages and scattering phase shifts close to &4 assumed. Large low-temperature losses are
obtained theoretically in spite of the fact that order parameter amplitudes must be in the range of
2A(0)/kgT.=6.0-7.5, 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. Fivave 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 observationgS0163-18207)10034-Q

[. INTRODUCTION count satisfactorily for the observed residual surface resis-
tance and the linear variation of the surface resistance with
Since the first microwave surface impedance measuredemperature up to around half the transition temperéttre.
ments of epitaxial YBaCu;O;_ 5 (YBCO) films,»2 which  Unless these models can be suitably refined, the remaining
were found to have significantly lower microwave lossesdiscrepancies must be attributed to extrinsic effects resulting
than granular samplésit has become clear that even opti- from random extended defects, which at present can only be
mized film$~" of oxide superconductors available at the described phenomenologicafly??® Such extrinsic effects
present time exhibit much higher microwave losses at lowwould be strongly sample dependent.
temperatures than conventional superconductors at the sameA range of highly sophisticated preparation technigues
reduced temperaturé/T,..8° Various attempts have been has been developed in recent years yielding high-quality
made to describe the temperature-dependent microwave siBCO thin films with very similar microwave propertiés®
face impedance of YBCO theoretically in terms of intrinsic which are also similar to those of high-quality single
material properties. These include, e.g., modified two-fluidcrystalst®?°262” Moreover, YBCO films comparable to
models®! single-gap s-wave BCS approaché$? two-  those investigated in this work did not show any power de-
band, two-gap models based sfwave BCS theor}? with pendence of the electromagnetic response up to field levels
generalizations to include strong-coupling efféés®and  >10*A/m at 4.2 K®7 In contrast, low quality samples regu-
models based od-wave pairing symmetry®~??For a recent larly display a power dependence of the ac response at con-
review see Ref. 23. So far these models have failed to acsiderably lower fields and an increased penetration depth,
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which are attributed to weak links?® The linearity of the  conductivity of the CuQ planes. This restriction appears to
current-field relationship extending up to comparatively highbe well justified because in our experimental arrangement
fields tallies with the observation of high critical currents in there is no current flowing parallel to tleaxis. To account
these films. All these points convinced us that, as in thdor the apparent absence of an energy gap we focus on a
single-crystal work2202627e are observing intrinsic ef- d-wave model for the pair state, which is supported by other
fects in optimized YBCO films closely related to the super-experiment®*° and which would follow rather naturally
conducting pair state present in YBCO, in spite of the factfrom a spin fluctuation mechanism of superconductitity*
that the films are heavily twinned. O_bjections have been raised against the ability of this mecha-

In single crystals it is possible to remove twin boundarieshism to account for the high transition temperat(itesid a
which, one would hope, would reveal their contribution to MOre likely scenario appears to be a concatenation of various
the microwave losses. Such work has been undertaken by tt@fects, including electron-phonon interactitif, which
UBC group® but, as the comparison between Ref. 26, Fig. 40uld, nonetheless, favai-wave superconductivity’*®
and Ref. 28, Fig. 3 shows, the results are not clear cut. At a The most prominent feature ofdawave state that sets it
lower experimental frequency of 4.13 GHz detwinning has zaPart from commonly considered anisotropiwave states is
rather small effect on the surface resistance. Twins appear tf€ change of sign of the order parameter as the relative
suppress the peak R at intermediate temperatures in much momentum of the two quasiparticles forming a Cooper pair
the same way as the addition of Ni or Zn impuritiédt is ~ varies across the Bri!login zone. The_ _electromagnetic_re-
only at the lowest temperatures tiRtappears to be reduced sponsegm the local limit is not sensitive to_su.ch a sign
by detwinning. This is consistent with the picture that twin changé® so that we do not expect to find qualitative differ-
boundaries are regions of finite width in which the lattice is€nces between anisotroiavave andd-wave superconduct-
strongly disordered and hence contribute to the elastic scat-Ors in the clean limit. Scattering processes affect these two
tering of charge carriers. At a higher experimental frequencyyPes of states differently, thougft™ and it has been sug-
of 34.8 GHz detwinning reduceR, at all temperatures and gested that a comparison of results obtained at different dop-
particularly so at low temperatures. There seems to be ntd levels will provide some clue as to the exact nature of the
simple explanation why detwinning should have a differentPair Stat€’*>*The analysis presented in this paper shows that
effect onR; at different frequencies. small amounts of elastic scattering unavoidable in these

We have performed measurements of the microwave suoOmplex materials are sufficient to eliminate from the discus-
face impedance as a function of temperature on the YBC@iOn states with nodes in the energy gap but without a sign
films using an end-plate replacement technique with a cylinchange in the order parameter. The symmetry of the order
drical copper cavity at 87 GHz, which offers a high measureParameter, actually, cannot be determined by doping experi-
ment sensitivity for both the surface resistance and changd8€nts because an anisotropigvave state whose Fermi sur-
of the penetration depth, as detailed in Sec. II. Unfortunatelyface average vanisti€san give results identical to those of
the absolute value of the penetration deptlin the super- ad-vv_ave state. Some experimental tests that are sensitive to
conducting state cannot be measured directly with this techhe sign of the order parameter can be taken as evidence for
nigque. The London penetration depth does not only serve g&Wwave symmetry while there is no experimental evidence
a useful indicator of sample quality, it also plays an impor-for anisotropics-wave states with four nodal liné8 So far,
tant role in the comparison between theory and experimenthese experiment$***“are still somewhat controversial, but
However, in view of the similarity between the surface im-the case in favor ofi-wave superconductivity appears to
pedance measured on our epitaxial films and the results ol§row stronger”*° Evenc-axis tunneling now seems to sup-
tained on single crystals we believe our films to be of similarPort the notion that the order parameter is predominashtly
quality with variations in the London penetration depth toowave in character with a smaswave contributior?” con-
small to be resolved by eithetSR FIR reflectivity>! co-  sistent with the orthorhombic symmetry of YBCO.
planar resonator measuremefftsy microwave transmission ~ The importance of the presence of some small amount of
measurement&—3% We shall analyze the effect a moderate elastic scattering characterized by a normal-state scattering
change in the assumed London penetration depth has on thete I’ and the strength of the individual scatterer param-
interpretation of the data. etrized by thes-wave scattering phase shiffy has already

As already mentioned, the microwave losses at low tembeen mentioned. We only considewave scattering in order
peratures are much higher in YBCO than in conventionako keep the number of parameters down. Inspection of the
superconductors. They are incompatible with the notion ofiormal-state conductivity of higfi; materials shows that
an energy gap, as is the nonexponential approach of the peimelastic-scattering processes must also be important which,
etration depth to its zero temperature limit. Such behavior ofn view of the high transition temperature, is not surprising.
the surface impedance has been discussed extensively in téhether the interaction responsible for this inelastic scatter-
context of heavy fermion superconductivity where it hasing is also the source of the pairing interaction is not clear.
been attributed to unconventional pairitig’ Based on the Calculating both the superconducting properties and the
perceived importance of spin fluctuations in highmateri- normal-state electromagnetic response from the same inter-
als, on their layered structure, and on their complex bandiction is not too difficult for isotropic systems. With the
structure, a wide range of superconducting pair states hawlastic scattering making a negligible contribution to the re-
been proposetf all of which differ significantly from the sistivity p, above the transition temperatufe, one faces
BCS result with its isotropic energy gap. In the present papethe problem of having to explain bo, andp,(T) with the
we shall restrict the comparison between experiment andame set of parameters. This is impossible in most cases and
theory to two-dimensional models designed to describe ththe momentum dependence of the interaction has been in-



56 IN-PLANE SURFACE IMPEDANCE OF EPITAXIAL ... 6239

voked to explain discrepancies between experiment and su¢bmperature dependence of the penetration depths im the
an isotropic strong-coupling theor§>’ In the case of andb directions, order-parameter amplitudes on the chains
d-wave pairing the momentum dependence of the interactioand planes seem to be of similar magniftdé so that the

is essential and a complete description of superconductivitpuperconducting state of the coupled system could be de-
and transport in YBCO would require a fully anisotropic Scribed simply in terms of an elliptic Fermi surface and an
strong-coupling theory including elastic scattering and bandorder parameter compatible with orthorhombic symmétry.
structure effects. Attempting to calculate the electromagneti@ur films are heavily twinned and tested by circular micro-
response in the superconducting state from such a theory oM¢@ve currents so that this anisotropy is averaged out. In-
soon reaches the limits of available computer capacity. FurPlane anisotropy is also absent in the chain-plane model pro-
thermore, the necessary input for such a theory has not y&osed by Kresin and Wdft*® because the quasiparticle
been established beyond reasonable doubt. For these reas&R€"dy has been integrated out. The boson exchange between

we shall use a weak-coupling theory in whith appears as duasiparticles residing on the chains and plains, respectively,
parameter. could lead to a large gap on the chains. To account for the

The inelastic-scattering rate &, I'"®(T,), is of the or- pbserved gaplessness, magnetic scattering on the_ chains is
der of T, and for ad-wave state would be expected to have introduced. So far, only the zero frequency penetratlpn depth
a strong effect orT,. We assume that this effect is already has been calculated within this model s_howmg tha_t in a nar-
included in some microscopic theory ©f . The elastic scat- OW témperature range above=0 various experimental
tering required to fit the data turns out to be so small that jt§latd can be explained reasonably well by adjusting the
effect onT, can be neglected. magnetic-scattering ra}?é. _ _ _

The inelastic-scattering processes determining the electro- 1n€ feature that distinguishes this work from others in
magnetic response may not be responsible for supert-h's fle_ld is that the comparison bet\{v_een theory and_ experi-
conductivity but they could nevertheless be strongly affectedn€nt includes two separate quantities measured indepen-
by the transition to the superconducting state. A dramatidently, covers the whole temperature range 42T 145
reduction in the scattering rate beldiy has been deduced K in which experimental data_have been taken, and extends
from surface impedance measurements by Behal%25 tq two samples prepared_by dlfferenF techniques. _We empha-
using a two-fluid model. We shall briefly discuss the meritsSize the role of |ntermed|a'§e scattering .phase shifts gnd Fhat
and shortcomings of the two-fluid model in the context©f the self-energy parg, which renormalizes the quasiparti-
of d-wave superconductivity. A phenomenological tempera-Cl€ €nergy.
ture-dependent inelastic-scattering rate will be deduced from
fits to the experimental data using the full theory. This ap- Il. EXPERIMENTAL TECHNIQUES
proach neglects the inevitable frequency dependence in-
volved in inelastic scattering. There exist several theoretical
models for the inelastic scatterii§>® notably thenested We have investigated two c-axis oriented
Fermi-liquid (NFL) model proposed by Ruvaldg al,**that  YBa,Cu;0;_5 (YBCO) films, which were epitaxially grown
include this frequency dependence. They describe the linean single-crystalline substrates by different deposition tech-
temperature dependence of the normal-state resistivity with aiques. Both films were 2010 mnt in size and their thick-
single parameter and yield scattering rates which decreaseesses were estimated from the deposition rates to be 350
rapidly upon entry into the superconducting state. In thisnm. Sample A was grown by evaporation of the metals from
paper we use the nested Fermi-liquid model for a more mithree electron-beam heated sources in the presence of atomic
croscopic model of inelastic scattering. oxygen. The technique is essentially as described in Refs.

The theory developed in this paper contains some moré9,70. The film was grown at a rate of 0.117 nm/s on a MgO
simplifying assumptions not yet mentioned. The Fermi sursubstrate. The estimated oxygen pressure during film growth
face is taken to be cylindrical with circular cross section sowas~2x 102 Pa, with a significant fraction of atomic oxy-
that the Fermi velocity is constant. When this is generalizedyen present. The sample was slowly cooled down and then
using model band structures some, rather limited, quantitaannealed twice in molecular and once in atomic oxygen to
tive changes are fourfd. These, however, cannot be taken optimize its oxygen contefft.Sample B was prepared by
seriously without considering a momentum dependence dfigh oxygen-pressure on-axis dc sputtering from a stoichio-
the scattering rate. The assumed in-plane isotropy is in disnetric target as described in Refs. 71,72. It was grown on a
agreement with tha-b anisotropy of the surface impedance LaAlO ; substrate with a deposition rate of 0.018 nm/s. The
observed on untwinned single cryst&s? Similar anisot- oxygen pressure during growth was 385 Pa with a small
ropy has been found in the normal-state transpormount of activated oxygen, as usually found in dc gas dis-
propertie$® Preliminary measurements of the surface resischarges in the pressure range of a few hundred Pa. The
tance of partially untwinned single crystals, which were ro-sample was slowly cooled down. Both deposition techniques
tatedin situ, also revealed anisotropy. In this case, howeverhave been optimized for films with low microwave losses.
the anisotropy at low temperatures was found to be opposit€he two samples originate from systematic optimization se-
to that in the normal staf¥. ries and are representative for the best films, i.e., those with

The anisotropy of the in-plane penetration depth appearthe lowest residual losses and normal-state resistivities, of
to be incompatible with the picture of proximity-induced su- this series.
perconductivity in the CuO-chaifs®® because in the model For sample A, a cation composition of 16.8% Y, 33.3%
used the order parameter actually vanishes over large parts BR, and 49.9% Cu was determined by accurate measurement
the chain Fermi surface. Judging from the similarity in theof the evaporation rates, calibrated with careful microprobe

A. Preparation and structural quality of YBCO films
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energy dispersive x-rayEDX) analysis, judiciously com- ™ ~

bined with morphology datéIhe optimizc_a(_j sputtered films ol - .
grown under the above mentioned conditions were generally :! Kapton window
found to contain (18.0+0.3%Y, (32.0+0.3% Ba, and [~ |-[=3 pump holes with indium seal
(50.0-0.5)% Cu on a macroscopic average, as determined ©°LUMP |- cryostat flange

o]

by Rutherford backscattering spectroscdBS) measure-

ments on several reference samgfedhe transition tem- = |
peraturesT, and critical current densitied, of the YBCO . .
films were measured by an inductive technique based on the ~ 7c'mu'ar waveguide
detection of the third harmonté. Superconductivity was i copper block

found to set in a’>=91.6 K andT2=90.5 K with transition
widths ATA=1.6 K andAT2=0.4 K. Results obtained for

coupling hole

the critical current densities wede(77 K)=3.7 MA/cn? and //mO(_je trap
3.1 MA/cn? for samples A and B, respectively. These large —— cavity
critical current densities indicate that defects acting as pin- E> temperature
ning centers for vortices introduced by the Earth’'s magnetic &= sensors
field and the self-field of the current do not show pronounced \\ sample
weak link behavior. Transition temperatures and critical cur- - \copper plate

Cu-Be spring

indium seals
fraction: Thec-axis lattice parameters were determined from
the Bragg angle of the 006 line and found to be
c=11.708-0.005 A for sample A andc=11.665-0.01 ]
A for sample B. The full width at half maximum of the 006 FIG. 1. Sketch of the 87 GHz copper cavity.

line, which gives a measure of the nonuniformity of the

lattice parameter, was determined to&e=+0.019 A for  rectangular-to-circular waveguide adapters outside the cry-
sample A andAc==*0.004 A for sample B. The rocking ostat. The cavity was evacuated through the coupling holes
curve widthsAw of the 006 line, which give a measure of and the waveguides, which were vacuum sealed from the
the mosaic spread of theaxis orientation over the sample, other microwave components by Kapton windows. The mea-
were 0.40° for sample A and 0.27° for sample B. Nosurements were performed during warmup in a commercial
a-axis oriented material could be identified in either sampleglass cryostat. After cooling with liquid helium to 4.2 K, the
within the instrumental resolution. 45° in-plane misorientedthermal losses of the system are sufficient to warm it up to
material could not be detected in sample A while slight150 K in 3—4 h without using a heater.

traces<0.3% of it were found in sample B. It is most re-  The rather high frequency offers a better measurement
markable that YBCO films with otherwise very comparableaccuracy compared to similar copper cavities operating at
quality exhibit such a large difference in absoluteaxes lower frequencies, because the microwave losses in the nor-
lattice parameters and that toeaxis length of sample B is mal conducting cavity wall increase much slower with fre-
close to the low end of the spread found for bulk matéfal. quency ¢ »%9 than those in the superconducting sample
Systematic investigation of the dependenc&pfaindJ, on  (~®?). The dimensions of the cavity have been chosen in a
the c-axis length of comparable evaporated and sputtereway that it can be used for films of the standard siz& 10
YBCO films* revealed a similar, slightly overdoped oxygen- mn¥ and excited in the Tf; mode as well as in the TE
ation of both samples. The increasedxis lattice parameter o; mode at frequencies near 87 GHz. The magnetic field
of sample A is believed to be related to a combination ofdistributions of the two modes are shown in Fig. 2. For both
higher cation disorder in this film and the difference in sub-of them, the field at the sample surface induces circulating
strate material$. currents parallel to thab planes of the YBCO films. There
are no contributions to the microwave losses from currents
along thec direction of the YBCO material and no peaks in
the field distribution due to demagnetization effects, as they

E
rent densities given here are typical values which can be =]
reproducibly obtained by the two techniques.

Both samples were extensively characterized by x-ray dif-

¢/

B. Surface impedance measurements

The surface impedance may occur in cavity perturbation measurements on single
_ i crystals, where the crystals are placed inside a
Zy(T,0)=Ry(T,w) —iX«(T, ) cavity 19:20-27.7684according to the field distributions of both
=Ry(T,w)—i wuoh(T,) (1) modes(see Fig. 2, there should be no currents flowing over

the joint between cavity and sample. However, it turned out
of the films was measured at a frequency of 87 GHz using ¢ be very important to have smooth, plain, and clean sur-
cylindrical cavity made of OFHC coppefFig. 1). The faces at the joint to avoid parasitic losses.
samples were mounted as one cavity end plate and fixed with The microwave coupling holes are positioned in the
a Cu-Be spring. The microwave power was transmitted taniddle of the cylinder wall where the component of the
and from the cavity by circular waveguides made of silvermagnetic field of both TE modes has a maxim(see Figs.
and was coupled in and out through two small holes of equal and 3. Because the microwave coupling strength gives a
size in the cylinder wall. The field was polarized by significant contribution to the experimental error of the sur-
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especially in the joint region, and to avoid grooves that had
occurred in the old cavity due to its machining. A program-
able sweep synthesizer combined with a frequency extender,
which generates the sixth harmonic of its input frequency, is
used as microwave source now. Due to the low output power
of the frequency extender{1 mW) and the weak coupling

of the cavity, the maximum surface fieldl at the sample is
limited to about 20 A/m. As microwave detector a sensitive
bolometric powermeterfor, alternatively, a detector diode
and a digital voltmeteris used. The complete measurement
process is computer controlled. The transmitted polés
measured as a function of the stepwise swept frequérafy

the input signal. The resonant frequenigyand the loaded
quality factorQ, of the cavity are determined from Lorent-
zian fits to thesd®(f) data. The temperature of the cavity is
measured before and after each frequency sweep and the
average values are taken. These steps are repeated continu-
ously during the warmup time of the cavity.

In order to converf, andQ, into a change of penetration
depth and a surface resistance of the sample we need some
characteristic parameters of the two TE modes for the design
values of our cavity, i.e., a diameter Bf=8.11 mm and a
length ofL=6.05 mm: The resonance frequency is given by

b) . 2 2 2
endplate sidewall fo_C Xon) " (P @
_ 60 60 : P2 N 7D L
o TE e
% 4.0 E ™ % 40 L PR wherexg, is thenth zero of the first derivative of the zeroth
s ! s " Bessel function. The geometric factor
— - PN TE021 — 013
20 - /7 N\ x20 ™\ [ HZdV
= / N 5 / h \VZ
T W y T / A G=2muofonp o2 x ©)
0.0 : 0.0 . P [ gH?
0.0 05 1.0 0.0 0.5 1.0 [sHdA
2r/D zIL

of a resonator describes the relation between the unloaded
quality factor 1Q,=1/Q| — 2/Qayping @nd the surface resis-

along the cross section of the cavity for the gtEmode (left side tagpetRS: tﬁ/Qoths/GH %C?ﬁplintszlvaccounr.s fo; I?Sse‘I? due to f
and the TEk,, mode (right side, respectively(b) Normalized mi- radiation through €ach ot the two coupling noles. 1t a part o

crowave field amplitudefH, ol =H,|/VPoQo along the normal- the copper resonalor is replaced by a sample of a different
ized radius 2/D of the cavity end plate(left side and material, the relation is modified to

[H 2 normd = [HZ|//PoQg along the normalized lengtiL of the cav-

ity sidewall (right side for both modes, respectively. 1 _ RS-Sample R, Cu( 1 1 )

QO Gsample G Gsampl

face resistancésee below, the coupling holes were designed ) ) ) ) )
to provide a weak coupling for both modes in their specificHere, Gsampie i the partial geometric factor in which the
measurement ranges. The frequencies of the correspondiggrface integral Eq(3) extends only over that part of the
TM 115 and TM;,, modes are shifted about 300 MHz away Cavity surface covered by the sample. The r&i€sampeis
from those of the TE modes because of field distortions duéus a measure for the contribution of the sample to the total
to the coupling holes and the steplike mode trap at the boticrowave losses in the cavity walls. _
tom of the resonator. Furthermore, these modes should only The corresponding relation between the change in reso-
be weakly excited for two reasons: First, the coupling should?@nce frequency and the change in penetration depth reads
be very weak due to the orthogonal polarization and the van-
ishing of the magnetic field at the center of the coupling hole
and second, the quality factors are expected to be low due to
joint currents. In fact, these modes have never been ob-
served. It follows from this equation that the prefactor can be inter-

Since the first version of the experimental setup wagdreted as derivative of the resonant frequency with respect to
published: several important changes have been made tthe cavity Iength_:—wuofgnp/Gsampm: ofloL. The geomet-
improve the measurement accuracy and reproducibility. ric parametersg,,, G, Ggample anddf/dL have been cal-
The original cavity has been replaced by a new one withculated analytically and are listed in Table I. With the help of
smaller coupling holes. It was fabricated by sparc erosiorthese parameters we obtain the surface resistance of the
followed by chemical polishing to obtain smooth surfaces,sample from the measuré&g, according to

FIG. 2. (a) Images of the field distributions at the end plate and

4

2
B 7T:u“OfOnp sample

G
[Ahsample"_A)\Cu( G 1

Af,= )

Gsample
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TABLE I. Characteristic parameters of the g and the  higher Ry gympevalues the transmitted microwave power be-
TEopz1 mode of the 87 GHz copper cavity. comes too low for the quality factor of the cavity to be de-
termined. However, in thaRs sampier€gime the Ty, mode
can be used. It is much less sensitive due to its lower

f(42 K) G  Geampe G/Geampe  f/dL

Mod GH Q Q 9 .

oce [GHz] [ [ [%] [kHz/nm] G/Gsample @nd provides a loweQ g pjing™ 3 ¥ 10°, thus al-
TEo13 86.85 1115 2842 39.2 —10.47 lowing measurements even in the normal conducting regime,
TEon 86.31 1343 24928 5.4 -1.17 but with reduced accuracy.

The sensitivity for changes dRs sampie@nd thus for the
shape of theRs s;mpd T) curves depends only on the statisti-
1 2 cal error in the determination o®, , which is between
QL(T)  Qcouplin +0.5% (for highQ_) and 1% (for low Q). The resulting
resolution forRg sample MeASUrements is in the i mode
’ 6) about =0.3 mQ) for high Q,>60000, corresponding to
Rs sampie<® M(2, and about=4m() for the lowest measur-
able Q_ ~8000, corresponding t&Rg sampig=300 mM). For
the TEy,; mode it varies between at best5 mQ for
Rs sampie~ 300 m() and about=125 m() for the upper mea-
-1 surement limit ofRg s,mpig= 10 2. However, the absolute ac-
A)‘sampléT):<(y_|_) [Af(T) = Afcauid T I+ ANc(T). curacy of Rg sample Which is important for comparisons to
) theory and to results of other measurement techniques, de-
pends additionally on the systematic errorsQf,yjingand of
Rs cu @nd Af ity are determined from calibration measure- R . Usually, Qcoupingis determined from the incident, the
ments with copper samples. Subtractif..,i,, removes the reflected, and the transmitted microwave power at the cavity.
effect of thermal expansion of the cavifwhich amounts to  But due to significant contribution of standing waves to the
AL~3um between 4.2 and 100)Kon the resonant fre- measured millimeter wave signals, the accuracy of this
guency. Frequency shifts and hence penetration deptimethod is limited to about:10%. Therefore, calibration
changes are measured relative to their values at the lowesteasurements with niobium films and copper samples have
attainable temperature, viz. 4.2 K\, is calculated from been performed. The resulting absolute accuracy of
the measuredR, ¢, data with theX(Rg) relation for the Rgsampie Mainly depends on the reproducibilitafter reas-
anomalous skin effec€ because it cannot be determined di- sembly of the sampl¢®f these measurements. It was found
rectly. However, the influence of this correction is small,to be better than- 1m() for the TEy;3 mode at highQ, and
sinceA\c, from 4.2 to 90 K amounts to only a few percent temperatures below 25 K, whels ¢, is nearly constant.
of ANgampiefor YBCO samples. It is not possible to derive The calibration measurements have also proved that the
absolute values for the penetration depth, because the dimeparasitic losses at the joint between sample and cavity wall
sions of the cavity cannot be determined with sufficient ac-can be kept sufficiently small. The resolution and the abso-
curacy for obvious reasons. Furthermore, the absolute valudste error of Rg s;mpie @re¢ summarized for both modes and
of f, may slightly vary between different measurements duelifferent Rg samperanges in Table I1.
to, e.g., the exact sample position or changes of the air pres- For the Tk 3 mode, changes of the resonant frequency as
sure, but the shape of the temperature dependende,of small as~2 kHz can be resolveht highQ, and constant
which is important for the determination &\, T), is  pressure in the cryostat and the cayityhich would corre-
reproducible within certain error limit&see below. spond to penetration depth changes of about 0.2 nm. But the
Because of the high ratiG/Gg,mpieand the rather large accuracy ofAAgampedepends mainly on the reproducibility
dfldL (see Table)l the TEy;3 mode offers a high measure- of f,(T) and fg,i(T). It is therefore not limited by the
ment sensitivity for the surface resistance as well as for theaccuracy of the frequency measurement, but by possible
penetration depth changes of the sample. Due to this higemall variations of the resonant frequency itself due to other
sensitivity and the weak coupling, i.e., a high effects, such as changes of the pressure in the cavity or the
Qcoup,ing~2><106, this mode can only be used @ ¢;mpe  Cryostat. The resulting absolute errors Mk sy are also
below about 0.3(), i.e., in the superconducting state. At summarized in Table Il. The best relative accuracy is ob-

Rs,sampIéT) = Gsample(

G
- Rs,cU<T>( |

while changes in penetration deph g,mq e Of the sample
can be derived from the changesfof

TABLE II. Resolution of R sampie@nd absolute errors dRg sampie @Nd AN gampie fOr different ranges of

Rs,sample-

Rs sample Resolution ofRg sampie ~ AbS. error ofRg sampie Abs. error ofANgampie

[mQ] [mQ] [mQ] [nm] Mode

<50 +0.3forT<25K +1 for T<25 K +0.7 forT<25 K TEo13
+0.3-1 forT>25 K +1.5-2 forT>25 K +2-5 for 25 K<T<55 K

50-300 +1-4 +2-6 +5-8 forT>55 K

300-10 000 *+5-125 +40-150 TBo,
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tained at temperatures below25 K, where the thermal ex- the thickness corrected(0). In thenormal state the relation
pansion is small, and above55 K, where the penetration X;=Rg is used, consistent only with the normal skin effect
depth change of the sample is large. Because of the reduceegime o= ¢,, because no independent penetration depth
sensitivity of the Tk, mode(see Table)l, penetration depth data are available from the measurements with the,TE
changes could only be determined from data obtained witmode as mentioned above. The normal-state resistivity
the TEy;3 mode. p=1lo,; can then be calculated fronR; according to
Changes of the temperature can be detected with an accpg=(2R2)/(wuo). Its accuracy is limited, apart from the er-
racy of about+ 0.1 K, but the absolute error of the tempera-ror of Rs sampie by the uncertainty of the film thickness to
ture measurements can be as high as 0.5 K due to the chatbout+10%. In the superconducting regime the errors due
acteristics of the temperature sensors. Thevalues of the  to uncertainties of the film thickness valuggout +10%)
YBCO films can be estimated from the drop in the measure@an be neglected compared to the errorsRefample and
surface resistance. For both samples, they have been foundAQ\samplefor the present samples. However, a problem occurs
be in good agreement with the results of the inductive meain the region neafl,, where the TE;3 mode can no longer
surements. be used, becausB s;mpiciS t00 high. In this temperature
regime the conductivity is complex due to superconducting
C. Surface impedance analysis fluctuations or sample inhomogeneity so that our method of
. . obtaining the penetration depth X¢ from the measurements
e e " e TEg, mode, Wi is pased on the normal ki
effect formula, fails. This failure shows up very clearly in the

penetration depth change values of the sample, if the ﬁln?nset of Fig. 7a) as well as in Fig. 6, were all available data

thickness is large compared to the field penetration depth. Af’?ave been included in order to demonstrate the limits of the
the given film thickness ad= 350 nm is of the same order of normal skin effect regime

magnitude as the penetration depth values of YBCO, the According to Egs.(1) and (8) the real parto, of the

measured effective data are higher than the material specific o : .3
values’® This is mainly due to changes of the current distri- complex conductivity can be obtained froR andXs:

bution in the film, which depend on the rat/\. If the R.X
thicknesses and impedances of the film, the substrate, and the 01=20 00 =75 9
copper plate are known, the effective surface impedance of (Rs+X3)

this sandwich structure can be calculated by a sequence
impedance transformations. For the comparison with theor
which  provides the local dielectric  function
e(w)=¢gg[1+(i/eqw)o(w)] for homogeneous systems, one
needs the material specific surface impedance values of the _ 2 2,3

N : . =(2Rg)/ o). 10
film, i.e., the thickness-corrected surface resistaRgeand 71= (2RI (@ 15N (10

penetration depth. Even though the quasiparticle mean free Therefore, o, is very sensitive to small changes ®fand
paths at low temperatures may exceed the penetration depifiws also to its errors. For the same reason as for the thick-
only the local limit of the constitutive relations of electrody- ness correction, it is not possible to derive reliable values for
namics needs to be considered in the case-afis oriented o, close toT,.
HTC films because of the high degree of anisotropy charac- The surface resistance values obtained for the samples A
teristic of these materiaf:3 The surface impedance Eq) and B(see Figs. 8 and J3re typical for high-quality films,
is thus related to the complex conductivity which have been optimized for low microwave losses, and
o(w)=o0,(w)+io,(w) according to can be reproducibly obtained by both deposition techniques.
In view of the similarity in doping levels, values fa0) of
0K 140 and 160 nm have been used for the thickness correction
8 calculations. These values are in good agreement with results
for YBCO films and single crystals from techniques that al-
since the displacement current is negligible at the frequerloW an absolute determination of the penetration défstff.
cies of interest. In the case of Sample B, choosiig0)=160 nm improves
Rs and\ can be determined from the measured effectivethe agreement between experimental data and theoretical cal-
data by inverting the impedance transformation processculations.
Analytical expressions for a first-order approximation of the
impedance transformations are given in Ref. 79. For a more Ill. THEORETICAL BACKGROUND
precise analysis, a numerical iteration procedure was used
here for the inversion of the impedance transformations,
which requires absolute values for botRg ¢mpe and The local in-plane conductivity(w) required in the sur-
Xs,sample IN the superconducting stadé=wuoh is deter-  face impedance analysigf. Sec. 11 Q is calculated using
mined from the measured penetration depth data of thénear response theory. Many-body effects are taken into ac-
TEy13 mode. Because the measurements provide only inforeount in the quasiclassical approximation in which it is as-
mation about temperature dependent changes and not aba@umed that the main contributions to self-energy corrections
absolute values ohgympe an offset for theANgumudT) and correlation functions come from quasiparticle states near
curve has to be suitably chosen to give reasonable values ftine Fermi surface. Due to their layered structure, Fermi sur-

ﬂi the case of the normal skin effedR{= X,), this reduces
Yo 1/p. In the superconducting regime witR<Xg,0; can
be approximated as

Ry(w) —iouoh(w)= ioy(w)—oo(w)

A. Generalities
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faces of HTC materials are nearly cylindrical. Concentratingtity M is then given in terms of an integral with respect to

on the contribution from the Cuplanes which, neglecting energy over the trace of the product of two single-particle

the small orthorhombic distortion, have quadratic symmetryGreen’s functions

we can replace ;(kg) by 3[vi(ke)+vi(ke)]=3v2(kg) in

the current-current correlation function. Effects due to the 1 (+= .

variation of the Fermi velocity wittke have been studied by =~ M(Kg; Q=+ "”Qi):ﬁﬁw deTr G(e ke, Q2+ w)

some of the present authd¥sThe changes in the surface

impedance resulting from different physically plausible as- X G(e kg, Q)] (14)

sumptions with respect to?(kz) were found to be fairly . -

small and purely quantitative. The momentum dependence dith

scattering events can be expected to introduce similar

changes. Here we shall neglect these effects and replace the . OZ7o+(e+x) T3+ b7y

Fermi velocity and the density of states per spin at the Fermi G(e kg, Qu)=— Q.27+ (et )2+ B2

level by some averaged values andN(0). These are com- - X

bined into a single parameter, the plasma wavelength  The 7;’s are Pauli matrices. For the self-energy corrections

according to Z, x, ¢ the values at the Fermi level are inserted so that the
energy integral is easily performed:

(15

1
)\2=e2N(0)v,2:. (1) Mk Q.+ 0,Q.)
0%p
If the Fermi surface actually has a circular cross sedtfi@e {14 (Q+0)Z(Q .+ w)QZ(Q )+ d(Q+0)p(Qy)
electrons in two dimensioh®ne has for the density of states R(Q++w)R(Q)

per spin N(O)=m/27 and for the particle density
n=m?v /27 so that our definition ok, reduces to the usual

. R(Q+)+R(Q+:+w)
one: X ;
[R(Q:)+R(Qe+ )P+ [x(Qs) —x(Q:+0)]?
A= ° . m 12 e
p—w_pl— V neuy’ 12 where
\p is one qf_the_ important parameters in our theory. With R(kg,Q.)=Vd2ke,0.)—[QZ(ke, Q)12 (17
these simplifications the conductivity for a homogeneous su-
perconductor is calculated frgfr682-84.61 In the absence of scattering the real order paramgtisr
determined from the self-consistency equation involving a
sum over Matsubara frequencies= (2n+ 1)« T and a cut-
o(w)= —JW 40! tanh i 1m off we:
,u,o)\,zJ 2w —wl2 2T

P(K)

P(ke)=N(0)7T X V(kF,ké)m :
wn<wc F n
(18

We shall concentrate in this paper onl-avave order param-
eter of the formt:53:85.38

M(ke: Q. + .0 ht e
X(M(kg;Q, +0,Q,))—|tan >T —tanhz—_l_

M(ke:Q, +,0 e -
X(M(kg;Q, +o,Q,))+|tan >T —tanl’b—_l_

X(M(Kg; Q4 +0,Q)) ¢, (13

¢(Kg)=Ao(T)cosZp, (19
where ¢ specifies the orientation of the two-dimensional in-

imaginary part. The brackets indicate an average over thger.n.a : m.omentu'nkF of the’Cooper Pairs. Th_e weak-coupling
Fermi surface. It is only through the superconducting pairpf”Ilrlng mterac’glonv(kp Kg) has_to be.swtably chpsen to
state that we still have a dependence on the Fermi wav@'Ve t_he solutlon.Eq.(19). Solving this self-consistency
vector. In order to obtain such a pair state a momentumec_luatIon one obt_am; the temperature dgpe_ndence of the am-
dependent interaction is required. When the contribution oP!itudeAo(T), which is found to be very similar to that of an
this interaction to the conductivity is considered within the'SOtropic order parameter except thad0)/kgT.=4.29
framework of a strong-coupling theory, vertex corrections'ather than 3.52. In ord_er to establish Wh_lch features of the
would have to be taken into accofitwe shall use a weak- d-wave state are truly significant for the microwave response
coupling theory so that pairing interaction and scattering pro¥€ shall include some results for the anisotropigvave
cesses are not treated on the same footing. This allows us &ates:

neglect the momentum dependence of scattering events so

that for singlet pairing vertex corrections vani$ithe quan- Gast (Kp)=Ao(T)|cos2p], (203

where +(—) indicates a positive(negative infinitesimal
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¢a55(kF):AO(T)(€+COS4(P)1%6- =0, (200 bs+d(Ke)=Ao(T)(70+COS2p), (21)

The state Eq(208 has been chosen because in the cleawhere 7, is some real constant withy|<1. The distribu-
limit it leads to the same nodal structure of the energy gapion of nodes no longer shows square symmetry so that this
and to the same density of states as thewave state Eq. state can be used to describe anisotropy in the conductivity.

(19, but does not change sigh.The state Eq(20b) has Finite quasiparticle lifetimes are caused by elastic scatter-

been included because it allows us to study the effects o : C Ls , i
sign change®® ¢_._, shares with Eq(19) not only the |I1g off point defects, which is treated in thtematrix ap

property that the Fermi surface average vanishes. It gives, iPerX'matlon.’ but W.lth. onlys-yvave s.catterlng.mcluded. Be-
fact, exactly the same results as Edl19) since cause of this restriction to isotropic scattering there are no

<f>5f3ﬁf(CO$n(P)d(p is independent of the integer. An- vertex corrections to the current-current correlation function.

other state with similar properties is the real combination of " 1€ lprezetnce of isotropic elastic scattering, Etp) is
s- andd-wave states generalized to

(91(kg,Q4))

(ke ,Q2)=(ke) +T§ : , (22
" " Neogay—sirtay((golke 22))2—(0u(ke,02.))?)
while the remaining self-energy corrections are to be determined from
ke, Q. ‘
QZ2(Q.)=Q+T¢ , (Golke *)z —+ile(T,0) (23)
COSZ&N_SInZéN((gO(kaQi» —(91(kg,Q4))9)
and
cotd,
X(Q.)=T§ : (24)

N coy— siSn((go(Ke ,Q22))2—(g1(Ke ,022))?)

go andg; are the energy-integrated normal and anomalougmportant to keepy (Ref. 87 (see Fig. 10 Writing in Eq.
Green'’s functions (22) simply ¢(kg) for the right-hand side of Ed18) means

that we are neglecting the effect of elastic scatteringlgn

and on the temperature dependence of the order-parameter
0Z(Q.) amplitudeAo(T). This is justified because we only need to

Jo(ke, 2)= \/'(Zz(k 0.)-[0Z(Q)]? (25 consider very small values dff. In Eq. (23) a scattering
Foie - rate arising from inelastic scattering processes, to be dis-
cussed below, has been included. It would be inconsistent
Pk, QL) with our weak-coupling apgroximation to include this scat-
91(kg, Q)= —= . (26) tering explicitly in Eq.(22).8
VE(Ke ,00)-[0Z(Q.)]2 For an isotropic order parameter one has
Here (9o)?—(g1)?>=—1 so that the corrections t and ¢ are
' independent o5y and the usual BCS results are easily de-
rived. The other extreme is an order parameter whose Fermi
wN(0)v? surface average vanishes. In such a eafle-) remains un-
Fﬂ: Nimp T T N 002,12 changed to lowest order with respect to elastiwave scat-
1+[#N(O)v] g p

tering, while the correction té) becomes very large in the
Nimp . unitarity limit éy= /2 resulting in strong scattering effects.
= 7TN(O)S'nZ5N (27 order parameters with some finite Fermi surface average less
than Ay(0) interpolate between these extremes which leads
is the elastic state scattering rate in the normal state ani® a much reduced influence of the scattering phase %hift.
Sy=tan [ 7#N(0)v] is the scattering phase shift. The self- For pures-wave scattering we can pug;)=0 provided
energyy reduces to a real constant, which can be absorbeti vanishes in the clean limit, as is the case for thevave
in the chemical potential, when the scattering is weakstate Eq(19) as well as for the statg,s.-o, EQ.(200). Then

(6n— 0, Born approximationand it vanishes for strong scat- ¢= ¢ is independent of frequency and E46) can be sim-
tering (6y= /2, unitary limit). For arbitrary phase shifts itis plified to
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Jo(ke,Q++ ©)—go(kg, Q) [R(Q.)+R(Q.+w)]?
(Q+0)Z(Q.+0) = QZ(QL)  [R(QL)+RQ . + @) P+ [ x(Q2) = x(Qs +w)]?

M(kg: Q. +w,0.)= (28

This is further simplified in the two limiting case®=0 and  to momentum. The quantit){ is the normalized density of
oy=m/2 where the factor involvingy reduces to 1. The states which has been studied extensively for a variety of
resulting equation has been given by Kleretral. [Ref. 36,  unconventional pair states with particular emphasis on the
Eq. (46a] and Hirschfeldet al. [Ref. 21, Eq.(19)]. These effects arising from elastic impurity scatteriff2"%>~*®For

IImItlng cases have been studied most frequently because f@ﬁe d-wave order parameter E(;ﬂ_g) and with Scattering ne-
many unconventional pair states and sufficiently simple

Fermi surf the Eermi surf b | tgl cted N can be calculated analytically if a cylindrical
ar?;rl?/ltizglrl)?ces € Fermi surface averages can be evalualgf iy syrface with circular cross section is assumed:

Fﬁ,' depends on the concentration of scattering centers Q- )
Nimp, the density of states at the Fermi lev¢{0), and the No(Q—w)= Im< > 2>
screened scattering potential None of these quantities are Vo2 (ke) — (2~ )
expected to vary much with temperature. In the supercon- 2 10-0| (|0-a
ducting state even purely elastic scattering leads, according — .\( ) |Q—w|<Ay,
to Eqg. (23), to a temperature-dependent scattering rate be- 7 Ao Ao
cause the phase space available for elastic scattering changes B 2 Ag
with the superconducting order parameter. This effect is rou- ;K( Q- w|) Q= w|>A,.

tinely taken into account and does not suffice to explain the
temperature dependence of the surface impedance. With (30

transition temperatures around 100 K it is not surprising thafyhen only the simplest spin fluctuation diagram is included,
inelastic-scattering processes should make a significant con

i . H H H
tribution to the quasiparticle lifetime over much of the tem—X.SF(Q.’a.)) can also pe gobtamed analytically using the same
perature range belowW.. We shall assume that the various simplifying assumptions.
contributions to the self-energy do not interfere, i.e., we as- 1 - o ||l
sume Matthiessen’s rule be applicaBleThere are cases in —— (Q;w)z—tanh—N(—). (31)
which this assumption is unjustifigdbut with regard to N(0) 7sF 24T | 2

high-T,. superconductors there seems to be no reason i8s we shall see, keeping the frequency dependence of
question its validity. _ I'lel (T,Q) leads to results significantly different from those

In HTC materials, a very likely source for a temperature-gpiained with a purely temperature dependent scattering rate.
dependent self-energy correction contributing’tavould be  gic6 the frequency dependencd @l has to be integrated
Spin ﬂuctualtlonhexchang7é'i ) Tn's lc):oqld lb%_taken into ;ac— over in Eq.(13) it is essential to simplify the calculation of
qoun}ﬁgr?ry P ehnonjer?ohoglga ﬁ yf'gcga'ng Some I(ljnc'the spin fluctuation exchange as much as possible. This is the
tion | (T) on the right- and side o 423). ne wou reason why the calculation of the density of states(B@). is
expect that for each experimental frequency a different funchot done self-consistently

tion yvould have to be gsed. At zero frequency the integration in E9) is restricted
Itis, of course, possible to calculate the self-energy due tg, |w|<2T so that at low temperatures the elliptic integral

spin fluctuations exchange, but such calculations are rath(?{ appearing in Eq(30) can be replaced by/2, yielding a

involved~*%°We shall employ the approximation introduced linear frequency dependence of the density o% states. This, in

60 iy v ; ;
Ik;y Rl_JvaIdfset al. fllr_}%/cl:ew Otf th‘? nt_arshtmg pToperttlefstﬁf thelf turn, leads to a cubic temperature dependence for the scat-

ermi surfaces o [materials. 1he real part or the se tering rate’? if the order-parameter amplitud, is replaced
energy is neglected while the imaginary part is found to b

) E}oy its zero-temperature limit:
given by

. T \3(T)°
e (T,0=368% ——=| |=| T 32
inel 2 +o 1 NFL(!) 83 A(O) T c* ( )
P00 duga Qo) o0/ \Te
—»  N(0)7sF - : . N . .
At finite frequencies, scattering of quasiparticles involving
® w—0Q1_ emission of spin fluctuations is possible at all temperatures,
cothy= —tanh———IN(Q — o). including T=0. At small frequencie€)<Ay(0) one finds
with the above approximations for the density of states the
(29 following zero-temperature scattering rate:
2[Q
T

L
2

3

g=N(0)U with U the Coulomb matrix elemerfthe “Hub-
Te. (33

. . . inel _ 27 ¢
bardU™) is treated as an adjustable parameter. The variation I'\r(0Q) =g ﬂ( A4(0)
of the scattering rate with momentdfris neglected here. 0
The imaginary part of the spin susceptibiligy _is taken at  In the normal stateN(w)=1 so thatl'[j8| (T,Q) Eq. (29)
the nesting vecto® rather than being integrated with respect has the functional fornt F(Q/T). In view of Eq.(38) below
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this giveso(T,w)*T 1 if the external frequency is small 32A4(0) 12

compared to the temperature and the scattering rate. This ~7{A(0)] In o

explanation of the widely observed linear temperature depen- 7'y

dence of the resistivity was one of the early successes of the

nested Fermi-liquidNFL) model®° T
QuidNFL) for TH<Ag(0), dy=> - (37)

B. Limiting cases and approximations . .
g PP In the next section we shall, therefore, compare experimental

Several authors have studied the zero frequency penetrgesults obtained at the frequenty87 GHz,2»=0.36 meV,
tion depth for thisd-wave modeP® ' A range of low-  with the full theory as outlined in the previous section. It is,
temperature, low-frequency approximations to the real parfonetheless, useful to consider some limiting cases and ap-
of the conductivity can also be found in the literattitdn  proximations in order to elucidate the role of the parameters
particular, forT=0 andw=0 the real part of the conductiv- in the theory and to highlight the physical origin of certain
ity has been predicted to attain a universal v&ltig" perhaps somewhat surprising features of the data. The em-
phasis will be on effects due to inelastic scattering.
We begin with the normal state where we have
(34 9o(2.)==i so that Eq(28) is simplified quite dramatically
and Eq.(13) reduces to

1
00—~ 72 « o~
% woN5mAH(0)

only weakly dependent on the elastic scattering rate and the
phase shift throught,(0).% With limg, ,QZ(Q.)=*iy

we can easily obtain this result from Eg4.3) and (28),
where the correction factor can be omitted sigdeq. (24) is

real:

1 J+°°
=— dQ
on(w) 1oN2) —ur2

l/w[tani( Q + )/2T —tank)/2T]
— i+ 2T+ (T, O+ w) +T7(T,0)

o0o= lim lim Reo(w,T) (38)
0m0T=0 Further simplification is possible only if the scattering rates

1
= lim {Re(M (kg ;Q, Q)
Zw\pﬂﬁo{ M (Ke; Q. ,Q))

—ReM(kg;Q,,Q0))}
o |1I €, }
" 2u0\2 ;m(g()}—am(g()) : (35)

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

are frequency independent:

1
poNS[ 2T }+ 2T (T) —iw]

(39

on(w)=

A generalization of this Drude form of the conductivity to
the superconducting state can be derived from(E§). if we
keep both frequency and temperature finite suchd¢haT.
Neglecting the second term in E(L3) as well as the self-
energy contributiony Eqg. (24) we have

2 Y Ao(0) (w) | Ifwdﬂt Qd( (ke , Q)
0 =———Im anh— — ,
|m<go>= - 2 2 2 > ) (36) g /.Lo}\p(x) 0 rﬁ dQ 90 F +
T VAZ0)+ |\ VAR +y )
- o d Q

The desired result follows immediately #<Aq(0) is as- X RTo) +wf dQ mtanhz—_r
sumed. Hence, only scattering rates which have a negligible 0
effect on the transition temperature and on the order- | K O
parameter amplitude are compatible with the universal con- m(Qo(_ F.05)) 40
ductivity. 0+2iT(Q,)

While the limit Eq.(34) is undoubtedly correct, it seems ~
to be of little practical consequence for experiments perwith Q=07Z(Q . )~Q+il(T,Q,) Eq. (23). If the fre-
formed at finite frequencies unless the unitary limit appliesquency dependence of the self-energy corrections is ne-
For Eq.(34) to be a valid approximation at finite frequencies, glected, i.e., ifd/dQ =1, we arrive at the two-fluid model
¥>w has to be fulfilled.y, however, varies rapidly with the used by several authdfs-4-1%6
phase shift, becoming exponentially small = 0:21191.98

1 1 i

T two-fluid @) = Mo)\;z){ 2T (T =i SPnt Z(l_pn) (41)

7A4(0)
y=4A0(0)exp<— zﬁe'

N

), for T8<Ay(0), 6&y=0,
with

4AO(0)}—1’2

y= \/WTEAO(O)[ZIHT

* d Q_
pn= fo dﬂﬁtanl’ﬁN(Q). (42
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N(Q)=1m (go(kg,€)) is the normalized density of states 60 ' i ‘ '
including the effects of scattering. Using the clean limit ex- sol Sample A |
pression Eq.(30) we find at low temperatures the well- i R A(0) =140 nm
known linearT dependence T 40 &, RN ,
G v :"'}
= 0 |
Pn Ao(T) ( ) % 20
If w<2I'(T) andp,<1, thena(w)%i/w,uokg(l—pn) and 10
from Eq. (8) we have /
\2 % 20 20 60 80 100 120
o T[K]
Pn )\Z(T) ’ (44)

FIG. 3. Real part of the conductivity for sample A. Open tri-

which is usually interpreted as superfluid density. If angles: experimen_tal data, derived from th_e meastRgdnd AN
w>20(T), then G'(w)%i/wﬂo)\,zg and hence)xp= MT,w) under the assu_mptl_(m(O):_ :}40 nm._TheoretlcaI results based on a
independent ofp,. This corresponds to the relaxation phenomenological inelastic-scattering rate @&q),(48). Parameters
regimé°7 of a nor?r;al conductor. We thus expr€T, o) to are collected in Table Ill. Solid line: Al4a; long dashed line: Al14b;

S . dot-dot-dashed line: Al4c. The dot dash and short dashed lines are
approach its limiting value very rapidly whei(T) drops for I'"®(T,)=0. The result represented by short dashes does not

below o. . include the self-energy Eq. (24).

For w—0, Eq.(41) does not reduce to the universal con-
ductivity Eq.' (34) because we neglected th_e second term in IV. COMPARISON BETWEEN EXPERIMENT
Eq. (13), which is small for most frequencies and tempera- AND THEORY
tures. Note, that in this derivation of the two-fluid model it is o _ '
essential that we are considering unconventional pairing A. Phenomenological inelastic-scattering rate

(#(kg))=0 and momentum-independent scattering so that Apart from the superconducting pair state, which we as-
there are no self-energy corrections to the order paramet@ume to be given by Eq19) unless otherwise stated, the
andM Eq. (16) can be reduced to E8). Furthermore, the  qyasiparticle-scattering ratd¥ and '™ are the most im-
density of states has to be sufficiently benign so that thgyortant material parameters determining the microwave re-
approximation sponse. As a first step we shall assume e in both the
superconducting and the normal state is given by some phe-
(9o(ke, Q4 +@)) —(do(ke , Q2 1))~ 0d/dQ(go(Kr , 2 4)) nomenological function of temperature, independent of fre-
uency:
can be used® For clean BCS superconductfs M can a Y
also be cast in the form E@28) but one cannot expand the el Ty=rrel T )f(t) 47

density of states around the square root singularities, which .
are responsible for the coherence peak indhe with t=T/T, the reduced temperature. Rather than trying to

The two-fluid model also breaks down when the fre-€xtract the temperature dependencé& Bf' from experiment

quency dependence of the self-energy corrections is impof?y SOMe inversion techniqué; we have varied this tem-
tant. There is no consistent way in which to repl&d) in perature dependence by choosing some simple functional

Eq. (41) by some frequency averaged scattering rate. Only i{orm for f(t) containing a few parameters and calc_ulate.d the
o is neglected in the denominator of E40) can we write ~ Microwave response according to the theory outlined in the
previous section. The overall size of the inelastic-scattering

L 1 | rateT""®(T,) is determined by the conductivity at or above
< >Pn+ —Ps}, (450 T together with the plasma wavelength Eq. (12). Based
w on the analysis of single-crystal datave anticipate that the
normal-state elastic-scattering rafﬁI contributes only a
little (less than 5%to the total scattering abovE., an ob-
servation made previously by Borat al1%2
< 1 > _ if”dﬂ itan Q R(Q) 1 We begin with a discussion of the real part of the conduc-
L(T,Q)/ pnlo dQ hZ_T rmQ)’ tivity Eq. (9) which, from a theoretical point of view is the
(46) more fundamental physical quantity. In Fig. 3 we show fits
of o4(T) for sample A assuming(0)= 140 nm for both the
which would be less useful than E@1), though®® A further  thickness correction of the experimental data and the calcu-
complication is the renormalization of the London penetradation of o; from Eq.(13). The elastic-scattering rate used in
tion depth which in strong-coupling theory is conventionally these calculations iEﬁl':O_43 meV corresponding to a scat-
written in terms of an electron-phonon mass enhancemengring time r=1.3x10 2 sec. Using the Fermi velocity
factordQ)/dQ = 1+ Nel-phonorr 19 Hence,p,=1—ps does not  within the CuQ,-planes as derived from band-structure
even hold fore=0. p, can then only be determined from a calculations;®v~2x 10’ cm/sec, one obtains a mean-free
measurement gb¢ to within factors of 2 or 3. path/’~200 nm, comparable with the penetration depth. Es-

o(w)=

moN2| | 20(T,Q)

with?!
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timating the Fermi velocity from the slope of the upper criti-
cal field'! reduces” by almost a factor of 2. In either case,
the mean-free path &i=0 is larger than the distance be-

tween twin boundaries which, in these well oxygenated

samples, appear to be only weakly scattering. Note,lﬂﬁbt
is not the zero-temperature-scattering rate when the materi
becomes superconducting. This is obtained from(E8). for

arbitrary frequency and it can be either larger or smaller than

Fﬁ' (cf. Fig. 14, depending on the scattering phase shift. This

can also be seen from the analytic result for zero frequenc
Eq. (37).

SinceX(0)=X, only holds in the clean limit?? one has
to readjust\ , every timel“ﬁ' or &y are changed in order to

E)

3

E
a 3

3

-
y

obtain theoretical curves consistent with a particular choice

of A(0). Having thus fixed\, one could, in principle, deter-
mine I'"(T.) from o (T,) according to Eq(39). Unfortu-
nately, an accurate value far,(T;) cannot be extracted
from our measurements, as will be discussed below. On
reasonable method for determinifig'®(T.) would be to fit

as much of the data taken in the Ji5 mode as possible.
This would yieldT"®(T.)=8.6 meV (Fig. 3, long dashed
line). On the other hand, from around 100 K to the maximum
temperature of 145 K at which data were taken(T) is
compatible with choosind(t)=t in Eq. (47). An explana-

e

6,(T) [1/mQcm]

tion for this temperature dependence can be found in terms
of the spin fluctuation exchange between quasiparticles in

some tight binding bantf. a simplified description of which
is provided by the NFL mod& (see previous sectionThis
approach gives in the present caB8%(T.)=10.95 meV
rather than 8.6 meV\Fig. 3, solid ling.

Since for ad-wave superconductoF™\(T) must drop
rapidly below T, in order to account for a peak i, the
small elastic-scattering rate has a significant influence up t

—
(=2
=]
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FIG. 4. Effect of the scattering phase shift on the temperature
dependence of the real part of the conductivity at very low tempera-
tures[panel ()] and over a broad temperature rariganel (b)].
Also included are results for the anisotropswave state
Ao(T)|cos2p| Eq. (209. Except for the variable phase shift the
Barameter set Al4a has been used in all calculations.

temperatures around 75 K. On the other hand, the effect dbr the solid curve in Fig. 3. Keeping,=134.6 nm fixed
while &y is varied causes (0) to increase from 136.0 to
most of the temperature range both types of scattering plag44.2 nm. Readjusting parameters such théd) is kept

an important role. This is demonstrated in Fig. 3 by the dotconstant has a visible but very small effect on the curves
dashed curve, which results when the inelastic scatteringhown in Fig. 4a).
used to calculate the full curve is set equal to zero. When, Clearly, the zero-temperature conductivity is by no means
universat®®21%pecause, as discussed in the previous sec-
calculation ofo, the short dashed curve is obtained. Agree-tion, the frequency used in the experiment is small compared
ment between theory and experiment can be restored simptp the zero-temperature-scattering rate only dQr=0.57. It
o1(T=0,6y=0.57)
=3.89mQ cm] ! in Fig. 4 which agrees very closely with
leads to an error in the some of the fit parameters, whicliEq. (34). For fixed frequency and given phase shift the de-
viation from this universal conductivity decreases with in-

' becomes negligible only whefi<25 K so that over

furthermore, the self-energy Eq. (24) is omitted from the

by reducingI'§l to 0.32 meV without changind™®(T)
significantly'? It thus seems that the omission gf only

would not be very relevant. The effect gfon o is, how-

ever, strongly frequency dependent and we shall return to ereasingl’

discussion of this point belowsee Fig. 10 The dot-dot-
dashed line in Fig. 3 shows the effect of a changk(i@) on

tion with Fig. 6.

differ not only in the choice off™!(T,) but also in the

ior of o4(T) calculated for various values afy with the

is

only

el 112
N .

the

unitarity

limit

It is due to the small values dfg, compa-

rable with the microwave frequency, that small changes in
5y have sizable effects oo, (T=0).12 The monotonic de-

the calculated conductivity. It will be discussed in connec-crease ofo1(T=0) with decreasing phase shift has been
reported earlier by some of the present autibs in pre-

The two fits to the experimental data shown in Fig. 3vious experiments$??® the “universal” conductivity Eq.

(34) is too small to be compatible with the data taken at the
choice of scattering phase shift. Note, that the sizable conlewest temperatures. However, away from the unitarity limit,
ductivity observed at aroah4 K can be explained without o4(T,8y) acquires a strong temperature dependence so that
invoking extrinsic effects if the scattering phase shift is suit-it can exceedr,(T=0,5y=0.57) at temperatures as low as
ably chosen. To further elucidate the importance of the phas4 K in close agreement with the data. If this interpretation is
shift 5y we compare in Fig. @) the low-temperature behav- correct,o;(T) andR4(T) would have to decrease by at least
an order of magnitude between 0.4 and 4 K.
experimental results. Other parameters are the same as thoseln Fig. 4b) we show the same theoretical results as in
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m less than ¢ timeg the experimental frequency and we have

3|0 reached the relaxation regim¥. In the unitarity limit
6ny=0.57 it is very different from the clean limit zero-
_ % frequency curve shown but it does not vary appreciably with
g 2" = frequency. Introducing comparatively weak-scattering
= S0 . 0.45m ] ony=0.47 at w=0 changes the limiting curve to the thin
§ - ,,.:_1:’»5 T solid line. Including a finite frequency no greater than the
< >

relevant scattering rate again causes only small changes to
AN(T). This is why for 6y~0.47 we find a nearly linear
temperature dependence except at very low temperatures.
— ‘ With no experimental data available at those low tempera-
0 2 4 6 8 10 12 14 tures, withA,(0) as fit parameter, and bearing in mind the
T[K] uncertainty in\(0), this temperature dependence can hardly
) ] be distinguished from the zero-frequency clean limit result.
. FIG. 5. Effect of the scattering phase shift on the temperature 5 frequency dependence ai\(T) has been observed by
ependence of the penetration depth at 87 GHz. Except for thgya, 00t 5133 and by Vaulchieet al3® Part of the frequency

variable phase shift the same parameter set Al4a as in the previo o
figure has been used in all calculations. Also shown is the clear(L%Fép(-:‘ndence is simply due o the fact thaﬂ_‘:)ml/\/;' The

limit zero-frequency resultalt. dashed linge The only difference temperatul;e Van?t'c.)t';} ml:? e}sures% t})glhhl;_ethalhat 30:3 GH.Z

between the two solid curves is the frequenay=0 for the thin seems to .e neg,'g' e below N w 'C. the ayt orsilnter-

solid line). pret as an indication for the relaxation regifisee discussion
below Eq.(44)]. In contrast, the temperature dependence ob-

Fi but ider t i . i served by Vaulchieet al. at frequencies varying from 120 to
ig. 4@ but for a wider temperature range using a IN€Ar510 GHz is linear up to 40 K with a slope that is similar to

scale. Note that in both limiting casei—=0 andoy=m/2 ot of the S5y=0.47 curve shown in Fig. 5. It has been

the conductivity seems to vary quadratlcall_y with tempera—Suggesteol by Bonn and Hafdythat the different observa-
ture at low temperatures, contrary to experimental observ

. In Fig. 4 its for th . . £ %ons could be attributed to a difference in the elastic-
t';g' n Fg. | dreju\t/;_ r?.r the amsotropm—wal;we st:?te Q. scattering rates. To account for the linear temperature depen-
(209 are Included. Within the present weak-coupling tréat-gonce jn the presence of substantial elastic scattering one
ment of the inelastic scatteringg; for this particular

e . would again have to invoke finite-scattering phase shifts. For
s-t\e/lvave stateelwould coincide with t_hd-wave results for 5 discussion of the variability with sample quality see Ref.
I'y=0. ForF.N=0.43 meV andsy arbitrary, 'Fhes-\{vaye re- 112 and below.
sults are still close to the weak-scattering limit of the  gjqce precision measurementsAk (T, w=0) appear to
d-wave model as discussed above E28). This variation of g possiblé!2 there is hope that thid-wave model can be
o, with Fﬁ" and 8y for the two states is related to the differ- f,rther tested by measuring the curvature 0f(T,»=0)
ence in the changes to the density of stdf@®9) at low  g\ways to be expected at very low temperatures. Experimen-
energies induced by scatteriffj>? The remarkable conclu- tal data obtained with this method for YBau,0;_5 (7 K
sion to be drawn from Fig._4 is that assuming thvave  <T<58 K) and Lay ¢Sl 16CUO,_ 5 (4.2 K<T<16.5 K) can
state Eq.(208 one cannot fit the low-temperature data for e explained satisfactorily within this model with parameters
any Scattering phase shift even thod@iﬁ is so small that its consistent with those used in the present péiﬁg]HS The
effect on the DOS is almost invisible and certainly not ob-results obtained forA\(T) using the anisotropics-wave
servable using tunneling, angle-resolved photoemissioBtate Eq.(20a are again very close to the weak-scattering
spectroscopyARPES, or specific-heat measurements. result of thed-wave model.

The scattering phase shifly also has quite a dramatic  Just belowT,, o4(T) (Fig. 3 shows positive curvature
effect on the temperature dependencéa{T) as shown in  rather than the large discontinuous change in slope and nega-
Fig. 5. As in Fig. 4 the normal-state parameters includingive curvature characteristic of the coherence pe&Rhis
)\p are the same for all the curves shown. Again, it is onIy affeature can on|y be reproduced by the present modﬁﬂt)f
rather high temperaturéb~80 K that elastic scattering be- displays a more or less pronounc8dhape. A simple func-
comes negligible and the six curves shown fer87 GHz  tion that can be used to model such behavior is

andI"8'=0.43 meV coalesce into one. As a kind of reference

point we included in Fig. 5 the change in penetration depth at

zero frequency in the clean limit, given at low temperatures f(t;a,by,by) =at+ (1—a)elut~ DI +ba(t- 17,

by Egs.(43) and (44). In this case, the slope afA(T) is (482
given by In 2 ,/A4(0). In the temperature regime shown,

finite frequencie® > and mean-free path effects reduse A temperature dependence ekpi) has been extracted by
to below this limiting curve. Note, that the dependence ofBonn et al. from their experimental data using a two-fluid
AXN(T) on &y is far from monotonic. This nonmonotonic model® This kind of T dependence might seem somewhat
behavior is a consequence of the finite experimental freunusual, but it is very similar to a perhaps more familiar
guency used in the calculations. For the range of elasticiunctional form

scattering rates considered hete\(T,w=0) is nearly inde-

pendent ofl“ﬁ' in the weak-scattering limity=0, because . 3 b (1 14

the relevant average scattering régee Figs. 15 and 18s f(t;a,b;,by)=at’+(1—a)ehtt— 2 (480
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except at very low temperatures, where the fornf @) is 40 T 7 T
. el . 3 . Sample A V!
irrelevant becausé’y dominates. At® term has been in- AM0)=160nm ~ %
cluded in view of Eq.(32). This term becomes comparable '3
with the exponential contribution tb(t) at around the tem-
perature at which the peak occurs. Its size is, therefore, im-
portant in determining the peak height and the peak position.
In order for theT dependence below the peak to be unaf-
fected by different choices af™(T.), this cubic term has to
remain unchanged, i.el[;"®(T.)a=const. The values ch
used in Fig. 3 have been chosen in accord with this condi- )
tion. The expression Eq48h) has the advantage of vanish- o .
ing exponentially aff =0 rather than showing a linear ap- 0 10 20 30 40 50 60 70 80 90 100 110
proach to a finite value which, for small enough, might Tik)
dominate theT® behavior. FIG. 6. Real part of the conductivity for sample A. Open tri-
Obtaining a good fit to the conductivity cannot be hailedangles: experimental data, derived from the meas&®gdnd A\
as a great success of this theory considering that we had nobder the assumptian(0)=160 nm. Theoretical results based on a
just a few parameters but a functid''®(T) at our disposal phenomenological inelastic-scattering rate &q),(48). Parameters
to optimize the fit. Except for conclusions drawn from the are collected i_n Table Ill. Solid line: A16b; shor_t da_sh'ed Iir_1e: Al6c,
quality of the fit at very low temperatures, WheFé“e'(T) long dasheq Ilng: A16d. The dot-dot-dashed line is identical to the
does not contribute, it is this function itself that provides©"€ Shown in Fig. 3.
some interesting insight into the properties of high-
temperature superconductors. We shall return to this point ielevated temperatures at whial{T) is large, a change in
the next subsection. However, according to Edf) the ex- X (0) only leads to small modifications of these corrections.
perimentally determined-; depends strongly on the plasma In view of Eq. (10) we, therefore, expect that, as derived
wavelengthh, Eq. (12), or the London penetration depth from the measureR will decrease aﬁ;s and thus will turn
A(0) resulting from it, and we need to examine how out to be smaller than can be accounted for by a correspond-
I'"!(T) as well as the other parameters determined from théng increase of, in the calculations. This is clearly visible
fit are affected by the choice af, . FIR reflectivity measure- in Fig. 6 where the data points fall well below the dot-dot-
ments on untwinned crystals giwg0)~140 nm for the av- dashed curve from Fig. 3. Obviously, the whole set of pa-
erage penetration depth ahg0)~160 nm for the direction rameters used in Fig. 3 needs to be readjusted to obtain a
not involving the CuO chain¥: SR experiments on single good fit. The reduction in peak height relative to the dot-dot-
crystals yield an average(0) in the range 145 to 150 nffl,  dashed curve could be modeled by an increase in béth
while transmission experiments on thin films at a number ofand I'®(T<T,) (parameter set A16a, Table )llbr by an
microwave frequencies give a minimun{0)~175 nm for  increase of the order-parameter amplitude, which would
films of the highest quality. In order to assess the effect @ause the number of occupied quasiparticle states to decrease
change in\(0) has onl"™(T) and on the other parameters more rapidly with decreasing temperature. The curve corre-
required to fito1(T), we also chose the valug0)=160 nm  sponding to the parameter set Al6a is not shown in Fig. 6. It
to correct the experimental data for the finite film thicknessis practically identical with the solid curve except below
This does not affect the value of the normal-state conductiv~ 25 K where it deviates to slightly higher valuesw®f. The
ity Eq. (39) derived from the measured surface resistancerder-parameter amplitude cannot be increased arbitrarily.
using the assumptioR,= X, (see Sec. )l Increasingh(0) According to Eq.(34) we expectRy(T=0)x\,/Aq(0).
thus means that a lower normal-state scattering rate has to pence, to retain the agreement with the experimentally de-
assumed. terminedR; resulting from the choice of parameters used in
The dot-dot-dashed curve in Fig. 3 shows the effect ofrig. 3, we have to keep this ratio approximately constant.
increasing\ (0) to~160 nm. To kee@;(T.) unchanged we This brings 2,(0)/kT, into the vicinity of 6.8 rather than
had to takd "®|(T,)=8.3 meV. All other parameters are the 6.0.
same as for the solid curve. With the change jncompen- The real part of the microwave conductivity discussed so
sated abovel by a different choice of ™(T,), there is  far is not measured directly but has to be extracted from the
very little change in the temperature regime where inelastieneasured surface impedance according to(Bgand errors
scattering dominates. Starting &g with a lower value of the in the surface resistance and penetration depth data appear
inelastic-scattering rate, effects resulting from the reductiorgreatly enhanced ier,(T). Furthermore, rather different pa-
of '™ due to the onset of superconductivity must becomerameter sets will produce the samag(T) curves. The true
less pronounced and thus a reduction of the peak height efuality of the fits can, therefore, only be assessed when the
o, follows naturally. At low temperatures, whef&™ does  experimental results for botRg and A\ are compared with
not contribute significantly, the theoretical result i@y is  the theory. It can be hoped that at the same time the range of
according to Eqs(13) and (34) proportional to\ ; 2 when parameters compatible with,(T) is greatly reduced. Figure
all other parameters are held fixed. The experimental resultg shows the temperature dependence of the penetration depth
for R are affected by the choice of, only through the A\(T) for the two choices ofA(0). Since the increase in
corrections required to account for the finite film thickness.\(T) betweenT=0 and the lowest temperaturés,,~4 K
At low temperatures these corrections are very small and at which data have been taken is not negligible according to

,‘5' J g

N

20

6, (T) [1/mQcm]
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TABLE Ill. Parameter sets used to generate theoretical fits assuming a phenomenological inelastic-
scattering rate.

Parameter re rne(T,) 2A4(0) 2 (0)
set [meV] SN [meV] a b, b, KT, Ap[nm] [nm]
Alda 0.43 0.46 10.95 0.14 6.3 4.0 6.0 134.6 140.00
Aldb 0.43 0.42r 8.6 0.18 5.0 55 6.0 133.4 139.99
Al4c 0.43 0.46r 8.3 0.14 6.3 4.0 6.0 154.0 160.18
Al6a 0.57 0.3% 8.4 0.18 5.0 6.2 6.0 152.5 159.97
Al6b 0.43 0.46r 8.25 0.15 55 5.0 6.8 154.7 160.16
Al6c 0.43 0.42r 8.38 0.15 55 5.0 6.8 153.3 160.01
Aléd 0.43 0.46r 6.3 0.20 4.0 8.0 6.8 154.7 160.25
Bl4a 0.20 0.4& 9.30 0.00 7.4 1.2 5.6 137.3 140.02
Bl14b 0.10 0.4z 9.0 0.00 85 0.8 6.8 138.6 139.97
Bl6a 0.11 0.44 6.9 0.00 7.4 1.2 7.4 158.0 160.10
B16b 0.11 0.4% 6.9 0.12 7.9 2.7 7.4 158.2 160.01

our calculations, we have attributed a finite value todistinct change in the slope af(T) at T~50 K is also not
AN(Tmin) SO as to optimize the fit. For both choices of quite accurately reproduced by the present theory. Since
A (0) excellent fits can be obtained for temperatures up t@round 50 K is the temperature regime with the largest rela-
around 70 K, but only if different values @,(0) are used. tive error one cannot conclude that this disagreement is sig-
Between 10 and 45 K the data seem to vary more linearlyificant. However, such a kink in(T) appears to be regu-

with temperature than predicted by our theory. The rathefarly observed in this kind of experiment. It has been

attributed to a second superconducting gap opening up at this

200 . : : 190 temperaturé?

; Below T, the experimental data taken with the Ji&
e 190 7 7 4 180 & mode fall well below the calculated curvgsig. 7(a), inset.
E 4 IS As the comparison between the curves fa(R)/kT.=6.0
=z 3 (alt. dashepand 2A(0)/kT.= 6.8 (solid) shows, agreement
T 180} 170 3 . . : .
X X could be improved by substantially increasing the order-
S/ 2 parameter amplitude, but this would not allow us to interpret
9170 1169 9 the data below 70 K in terms of the present theory. Alterna-
= e tively, good agreement could be achieved at all temperatures
< 160 e Sample A 1150 < if T. would be increased by 0.9 K. This, however, is not
/' A(0) =140 nm compatible with theT,. determined independentligee Sec.
150 b= ‘ ‘ : ‘ 140 I A) which also gives a good fit to the surface resistance.
0 10 20 30 40 50 60 o .
TIK] _ erll aboveTC_lt_ is safe to assume that is regl, the _
imaginary part arising from the finite frequency being negli-
1.0 ‘ ‘ \ \ gible. In this normal skin effect regime bothandRg can be
(b) determined from a measurement of the quality factor by im-
08F A0)=140 nm . 1 posing a condition of self-consistency when correcting for
. 06 A0) = 160 nm finite film thicknesses. The penetration depth obtained in this
S osl > , way from measurements with the §& mode does not in-
< o volve estimates of\(0). These data points clearly do not
g g4l , match the penetration depth obtained with theyEnode
< 02 \ [Fig. 7(a), insef. It is highly unlikely that the drop in
02| R\ N(T)=Rs/wuq can be attributed solely to a deviation of the
00 - scattering rate from itsT-linear behavior. An increase in
00— : 9 o ‘ o in this temperature regime is more likely attributable to
0.0 038 1.0 fluctuationd®’~11° or inhomogeneitie¥?>?! but both these

mechanisms for increasing; necessarily render complex.
_ When o acquires an imaginary parRs drops butA (T, )
FIG. 7. Temperature dependence of the penetration deptEan develop a peak, as was predicted some timelzég%s

e e e e o o v, o 00 25 1 local i can b used n e calculaton of he
' P gave g rface impedance we have from E§)

to o4 in Figs. 3 and 6 have been usédll6b and Al4a, respec-

tively). Alternate dashed line: Al6a; long dashed line in the inset:

A16d. In panel(b) these results are replotted in the form of a su- 1

perfluid density. The inset shows the temperature regime hetr V2w ok = =V \/a§+ a§+ o>, (49
Vot 0'22

facilitate the discussion of fluctuation effects.
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switch point is approached from above simply reflects the

8 /4, Sample A very low \(T) values shown in the inset of Fig(&. With
7 A y
21 - (0) =160 nm " ) .
102 g e the above modification ok(T) a very differenta(T) re-

4 & sults. It is, therefore, not possible to learn anything about
cg :3 A__?;;* fluctuations from the present experiments, except where the
= 2 ’}) data have been taken with the il mode. On the contrary,

Ew 101 %10 20 30 40 50 60 70 ____ we would require a thorough understanding of fluctuation in

d-wave superconductors to complement our experimental
data in the vicinity ofT..
A difference in the choice ok (0) becomes most appar-

YA ;85 56 51 g ent, when the superfluid densixy(0)/\?(T) is plotted[Fig.
0 10 20 30 40 50 60 70 80 90 100 7(b)]. This type of plot is also useful to elucidate the tem-
T[K] perature dependence of the penetration depth mgaror

) _ T=0.8T. the superfluid density seems to deviate from the

FLG':' S_urfacefresstan_ce of samgle Ar‘] obtained frgm tfeffo'meamean-field result in much the same way as has recently been
S”reMe. e?t've suf ac$ res'.‘:‘;an.ce llmt- ert :r Tesf‘:‘”.rr:]s‘l?. IF']:ear o "EPOrted by Anlaget al1*® However, above 0.88. our data
nm. Main frame. semilogarithmic plot, upp INSEL: finear piot oy irapolate linearly to zero, rather than bending downwards
of Rq at low temperatures; lower right inset: blowupR{(T) at the - . . .

: : . to the finite value expected at this frequen&yg. 7(b), in-
highest temperatures at which data are taken in thg,Jiode, c i hen the data far0)= 160
showing some evidence for fluctuation effects. The coordinationseﬂ' onsequsen Y QN én the a-a (0)= nmlgre
between symbols and parameter sets is the same as in Figs. 6 anor99|°tted ashk (O_)/,}‘ (T) (open dla_monds the .relsu ting
Solid line: A16b; short dashed line: Al6c; alt. dashed line: A16a;CUrve shows positive curvature. This behavior is influenced
long dashed line: A16d. by the choice of the mean fielf, as discussed below.
In Fig. 8 we compare the measured surface resistance

independent of any particular theory of the superconductind¥ith theory using a logarithmic scale, while in the upper left
state. Expanding this expression close g around the INSet the same comparison is presentedTier/5 K using a
normal-state conductivity(w=0) assumingr,<oy and linear scale. Th(_a figure demonstrates that an excellent fit for
S0 =0 — o< o We find R; can be obtained over the whole temperature range and
1 1 N N . . .
covering three decades with the parameters set A16b in
Table Il (solid curve. As with the penetration depth, choos-
1 (1+ op _ 00y (500 g \(0)=140 nm does not affect the quality of the fit when
Jou\© 20n 20y the remaining parameters are suitably adjusted. We, there-
fore, only show results fax(0)=160 nm.I'"(T.) has been
so that the penetration depth increases bélgwprovidedo,  chosen such that the normal-state data are reproduced.
increases faster tham;. Such a peak has been observed in The parameter set AlGalt. dashed curvewith its small
strong-coupling conventional superconductors tantalum andrder-parameter amplitude does not give a satisfactory fit for
niobiumt?21%and in the unconventional superconductor UPtT=40 K. This shows that parameters can be found which fit
3124 In more recent work on URtthis peak was found to be one quantity, in this casey, very well but fail dismally
sample dependeht® For unconventional superconductors when used to evaluate other, related guantities. The sharp
the purity dependence of the peak has been discussed kbiyop inRg below T, does not depend sensitively on the pair
Hirschfeldet al!?® For ad-wave superconductar, does not  state. Even an isotrop@wave state would give a very simi-
change very much nedf, so that a sizable peak iR(T) lar result. The most important parameter here is the order-
results as shown in the inset of Figay. When the increase parameter amplitudé ,(T) whose temperature dependence
in o, due to fluctuations’*°or inhomogeneiti€g®**'is  in weak coupling is very nearly the same for a large range of
taken into account, the peak should be reduced. If, furtherunconventional and conventional pair states when normal-
more, a finite value obr, aboveT. were included in the ized toAy(0). A smaller value ofAy(0) could fit the data
theory, the peak would shift to higher temperatures. ThigrovidedAy(T) increases more rapidly beloil, than pre-
would lead to an improved agreement between theory andicted by weak-coupling theory. Modeling such ‘“strong-

V2w ok =

experiment in the temperature range 7&K<88 K. coupling” behavior introduces additional parameters, so we
Above 88 K\ (T) is not measured, but we need an esti-decided not to pursue this idea héte.
mate of this quantity to corre®; for finite film thicknesses. As with o(T), theory predicts a further substantial de-

When\(T)=Rs/wpuq is used, the sets d®s data obtained crease ofRs at temperatures below those reached in the ex-
using the two modes cannot be smoothly joined after theyeriment. An increase in the scattering phase dHift6c,
have been corrected. We incorporated an imaginary contrishort dashed curyewhich would be consistent with the ob-
bution too by simply extrapolating.(T) derived atT=110 served\(T), leads to too small values &; at low tempera-
K linearly to lower temperatures. This crude guess yieldgures(cf. Fig. 8.
much better agreement between the two data sets, permitting For T, we have used the value 91.6 K determined inde-
a determination of . from the microwave surface resistance pendently(see Sec. Il A The rounding ofRg nearT, is, of
(Fig. 8. The result is in good agreement with the value mea<course, not reproduced by the present theory. In order to
sured inductively(see Sec. Il A correlate the unexplained features dn (Fig. 6) with the
Knowledge of\(T) is also required in order to obtain actual experimental results, we show in the lower right inset
o1(T). The sharp rise iy (Fig. 6) as the cavity mode of Fig. 8 a blowup of the last data points obtained with the
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FIG. 9. Real part of the conductivity for sample B for two
choices ofA(0). Parameter sets are given in Table N0)=140
nm. Alt. dashed line: Bl4a; solid line: B14b. The dotted line is
obtained when the self-energy Eq. (24) is neglectedA (0)= 160 frame are 0 GHz, 8.7 GHz, 43.5 GHz, and 87 Gffiom top to
nm. Solid line: B16a; dot-dot-dashed line: B16b. The inset Showsoottom. The inset shows the variation of (T) at very low re-
the conductivity in the absence of elastic scattering. The solid curv uced temperatures. !
is based on the same temperature-dependent inelastic-scattering rate

as the corresponding solid curve in the main frame of the figure. To

obtain the long dashed curve we assumed the inelastic-scatteri/€N Smaller than the one used in Fig. 3, and an elastic scat-
rate to varyxT2. tering rate reduced by about a factor of(arameter set

Bl4a, Table Ill, alt. dash curyelt turns out, though, that

TE,;3 mode. There is a distinct change in slope at 85 Kthese parameters fit neith®(T) nor A(T). The fits for
which is responsible for the sharp upturndn below the these quantities can only be improved by increagiggO).
cavity mode switching point. Otherwise, theoretical resultslt might seem possible that the resulting loss in quasiparticle
are well within the error margins of the experimen{(T) number can always be compensated by further reducing the
[Fig. 7(a), insef shows no significant change at 85 K. The scattering rates. If the relevant scattering rate drops below
discrepancy between theory and experiment narrows verihe external frequency, though; decreasesvith decreasing
gradually over a much wider temperature range. This raisek because the quasiparticles still present form a more ideally
the question of whether two different physical effects comeconducting systen?’ So, for fixed frequency and a more
into play here. In view of the small transition width and more rapidly decreasing scattering rate the peak height
AT.=1.6 K observed in the inductive measurement gfit increases but at the same time shifts to higher temperatures.
seems unlikely that inhomogeneitté%*?can explain a con- The inset of Fig. 9 shows; when only the temperature-
ductivity peak extending down to 85 K so that one woulddependent scattering rate E@7) is included. The solid
look for fluctuation$!’~*1°as a possible explanation. With curve is obtained with the exponentially decreasing function
our choice ofT, the discrepancy between the valuesogf ~ I'™(T) that was used to calculate the corresponding curve
as derived fromAN(T) andRg(T), and theory for tempera- in the main part of the figure. The long dashed curve results
tures 72 K<T=<85 K has to be attributed to our failure to if we only keep the cubic term in E¢48). We see that peak
produce accurate fits #o(T) in this temperature range. If we height and peak position ef; cannot be reproduced simul-
were to adopt a slightly higher transition temperature, thdaneously with great accuracy by simply manipulating
discrepancy between theory and experiment could be distri="\(T).
uted evenly betweeR(T) andRg(T). At the small elastic-scattering rate required for this fit,

Choosing parameter set Al6@ong dashed curvgs taking the self-energy pa Eq. (24) into account actually
which fits o, for all T<85 K (Fig. 6), gives much improved diminishes the agreement between theory and experiment.
agreement foi(T) [Fig. 7(a), insef without significantly ~ The dotted curve is calculated without To study the effect
altering the fit toRy(T) (Fig. 8, lower right inset This  of x in more detail we calculatea; for various frequencies
shows that with'"®(T,) as an additional adjustable param- using the parameter set B14b that gives the solid curve in
eter we can fit all the data below 88 K very well indeed. TheFig. 9. Figure 10 demonstrates thatbecomes very impor-
fact that in the transition region this simple theory meetstant at this low value ol"‘,j'=0.10 meV for frequencies less
with some difficulty would have escaped our notice had wethan 10 GHz. The inset shows thathas no effect oror; at
not tried to incorporate the normal state. very low temperatures. The intrinsic temperature dependence

We now turn to sample B, which has a smaller resistancef x(T,(}) is negligible at least up td~0.7T; but the range
at T, corresponding tol'"(T.)=9.3 meV rather than of frequencies contributing to the integral H43) increases
I'"e((T.)=10.95 meV. The real part of the conductivity is with temperature. Even though y(T,Q0=0) vanishes, we
shown for two choices ok (0) in Fig. 9. The conductivity obtain a large contribution from Igin the last term of Eq.
peaks are at the same position as those obtained for sample(23). R x(Q)— x( + )] drops out of Eq.(16) at any
but they are much higher. The high peak resulting fromtemperature for small external frequency but can become
A(0)=140 nm can be reproduced theoretically by using acomparable to the contribution from jmat the frequency
rather small order-parameter amplitudé £0)/kT,=5.6, used in our experiment. The low frequency results without

FIG. 10. Effect of the self-energy Eq. (24) on the real part of
the conductivity for different frequencies. Other parameters are as
defined in the set B14Table Ill). The frequencies in the main
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FIG. 11. Temperature dependence of the penetration depth ) ) ) o
\(T) for the two choices of\(0). For clarity, results for FIG. 12. Comparison of the imaginary parts of the conductivi-

M(0)=140 nm have been shifted upwards by 5 (&8 nm in the ties for the two samples. Solid lines: parameter sets A16b and B16a,

insey. Parameters for the theoretical curves are the same as thosefiSPectively. Dot-dot-dashed line: B16b. The inset shows the tem-
Fig. 9. perature regime nedr.. As compared to Fig. 7T, for sample A

has been reduced to 90.5 K. Full symbols in the inset are data points
replotted as\3(0)/A3(T).
x taken into account agree with a curve published by . .
Borkowski et al® in their Fig. 5. Such a plateau or mini- this form. The difference between those two ways of plotting

the data, both experimental and theoretical, becomes almost

mum ino4(T) is incompatible with the low-frequency mea- "'~ *
invisible below 0.98 ..

surements of Bonet al1®?% and Jacobst al?’ h s for the tw les look distinctly different
Note that the conclusioRs* w? derived from Eq.(10) e results for the two samples ook distinctly difrerent,

: ; . but if the unknown value oi\(0) of sample A were in-
requireso, to be frequency independent. According to the ; .
present theory this conclusion is expected to break down ir\(}:vr c?t?lsdege rerlgztilge dti(|)~nitnhi§hggeTLoer e?engf Ioef ﬂ?é tzlriw (ijr']fﬁr:nce
the GHz regime at sufficiently low temperatures. This break- 9 y |

. . ) . Inelastic-scattering rate is clearly visible in this plot. Com-
down is again related to the relevant scattering rate becommgaring this figure with the inset of Fig(B), it seems as if the
comparable to the external frequency. A better filbtdT)

_ : “fluctuation contribution” to A2(0)/\?(T) is larger for

as well asRy(T) and AX(T) can be obtained if we choose gsample B. However, ifr, for sample A is reduced by 1.1 K
A(0)=160 nm and increase the order-parameter amplitudgg 90.5 K (same as sample)Bas has been done to draw this
Including a cubic term inI""*(T) improves agreement figure, the deviations from the mean-field results become
around 35 K but fails to give the correct peak heigtft Fig.  rather similar. Replotting the data as’(0)/A3(T) (inset:

9). solid symbol$ gives nearly linear curves, especially for
The penetration depttFig. 11) can be reproduced very sample B, as one might expect from fluctuation thedry.
well if the T2 contribution toT'"™(T) is negligible (solid  Clearly, T, needs to be treated as fit parameter when the

curves. The effect ofy on AN(T) (dotted curve is within ~ theory is generalized to include fluctuatiéhHs!® and
experimental error. Including &2 contribution (dot-dot-  inhomogeneities!®-12!
dashed curvedoes not allow us to reproduce the rather sharp Figure 13 shows that a good fit to the surface resistance
kink in AN(T) at around 45 K which is much more pro- can be obtained. Here, the fit around 35 K is improved by
nounced in sample B and which is responsible for the larg&eeping aT® contribution toT'"®(T). The difference be-
conductivity peak. The inset shows that the discrepancy beween theory and experiment is well within experimental er-
tween this curve and the data only extends over a limitedor, though(see Table ). NearT, the discrepancy between
temperature regime. Assuming a smaller order-parametaheory and experiment is more noticeable than for sample A,
amplitude that perfectly fitsr; results in the alt. dashed probably due to the smaller transition widthT,=0.4 K
curve which, even allowing for rather wide error margins, (lower left inse}. Much of the discrepancy between theory
disagrees with the data for all temperatures above 20 K. Faand the data taken with the iz mode could be removed by
temperatures above 75 K the calculated curves gixéT) choosingT, somewhat higher than the value measured in-
larger than has been observed for reasons already discussguktively. Conversely, reducing, for sample A would cre-
in connection with sample A. ate a very similar discrepancy, as has been discussed above
In Fig. 12 we compare the imaginary parts of the conducin connection with the superfluid density. The data points
tivities of the two samples. This quantity is more closely above 89 K clearly indicate, though, that the dropRpis
related to the superfluid density tharf(0)/\?(T) as ob- much steeper for sample B. The order-parameter amplitude
tained from Eq.(8). Due to the finite frequency, evew, for sample B has already been increased by 10% compared
does not vanish in the normal state, but it is more than amo the one for sample A, but this is not enough to produce
order of magnitude smaller than the inverse square of theuch a steep drop. Further increased ji0) would lead to
normal-state penetration deptkin depth and thus appears a deterioration of the fit at lower temperatures. One possible
to vanish afT .. The finite value followed by a dip shown in explanation would be a more rapid rise ®§(T) below T,
Fig. 7(b) is, therefore, absent when the results are plotted inthan predicted by weak coupling, with the difference be-
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FIG. 13. Surface resistance of sample B obtained from the mea- -~ ;o Phenomenological scattering rates with finite zero-

sured effective surface resistance under the assump(ioj=160 temperature limit. Solid line is identical to the solid line in Fig. 14.

nm. The (?oor(_jlnatlon b.etween symbqls anq pgrameter sets Is tI"fel(t) is an excellent fit to the numerical result. The conductivity
same as in Fig. 9. Main frame: semilogarithmic plot; upper left

inset I lot ORR. at low t ¢ | iaht inset: obtained with this frequency-independent scattering rate is shown in
Inset. finear piot ol at low temperatures, lower Nght INSEL. COM- gt a5 a dot dashed line. The solid line in the inset is identical

parison of the two samples in the tran5|_t|on region. Both CUVESyith the solid line in Fig. 6, which represented a good fit to the data.
shown are for parameter set B16a with different choicesTiar The conductivity obtained witl',(t) (dotted ling thus also fits the

. . data reasonably well’,(t) is much closer to the frequency aver-
tween the samples attributed to a different sprealiis. A a4eq scattering ratelot-dot-dashed line: Al6than the scattering
semilogarithmic plot oR¢(T) for sample B would show the ateT,(t)at 87 GHz. For an explanation of the short dashed curve
same change in slope near 86 K as has been found for sampjge text.

A (see Fig. 8, lower right insgt

) _ ure shows that the scattering phase shift has quite a dramatic
B. Scattering rates and the two-fluid model effect on the scattering rate with both results shown well

There has been considerable interest in the scattering rate§low the limiting value 2.146 meV which can be obtained
of quasiparticles at the Fermi surface, even though thes® & very good approximation from the self-consistent form
quantities cannot be measured direly?'%’ It has been Of Eq. (37). When the iterated form is used, the value
pointed out by Hirschfeldet al?! that even the elastic- Obtained is~10% higher. The change due to our finite fre-
scattering ratd’=Im[wZ(w)] obtained from Eq(23) ac- quency is less than 0.5%. The scattering rate depends even
quires a strong frequency dependence through renormaliz&rore strongly onsy than the conductivitycf. Fig. 4. Com-
tion. For a superconductor with isotropic energy gap thigParison between Eq$37) and (34) shows that there is no
frequency dependence cancels in the calculation of the corgimple relationship between the two quantities. In particular,
ductivity which then depends only on the normal-state scatsuch a relationship cannot be of the form E89) because
tering ratel'. For anisotropic superconductors the situationboth o1(T=0,0) andI'(T=0,w) increase withsy due to
is more complex. the effect that scattering has on the density of states and

In Fig. 14 we show scattering rates for sample A at thehence on the normal fluid density E@2).
experimental frequency 87 GHz for parameter sets A16b and Also included in the figure are resuliot-dot-dashedfor

Al6c used in Figs. 6-&ull curves, dashed curyeThe fig-  Parameter set Alda with the same phase shift as the solid
curve but with a smaller order-parameter amplitude. Accord-

ing to Eq. (37), the zero-temperature zero-frequency-
scattering rate increases witty(0) in the unitarity limit but
decreases withh (0) in the Born limit forF‘,ﬂ'<Ao(0). Ac-
cording to Hirschfelcet al?* [Eq. (20)] the same behavior is
expected at finite frequencies. The fact that the result for
Ay(0)=3.0kgT. (dot-dot-dashed lies above the one for
Ao(0)=3.4kgT, indicates that aby = 0.40mr we are closer to
the Born limit than to the unitarity limit.

10! |

N WAV

100;

T'(t) [meV]

s|
! , The parameter sets Al4a and Al6b also differ in the
2| 6n=0.40m ] choice of\, which, however, does not explicitly enter the
o/ T calculation ofI". As has been discussed above, though, the
1900 01 02 03 04 05 06 07 08 09 L0 phenomenological scattering rafé**(t) Eq. (48) has to be
t=T/T, modified in order to fitoy for different choices o ,. The

difference between the solid and the dot-dot-dashed curves

FIG. 14. Total scattering rates and inelastic-scattering rates ademonstrates the sensitivity di"®(t) to the choice of
function of reduced temperature for sample A at the experimentah (0).
frequencyf=87 GHz. Solid line: A16b; dashed line: Al6c; dot- With the help of Fig. 15 we shall try to elucidate the
dot-dashed line: Al4a. relation between the present theory and the two-fluid
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model!®1%4-1%The solid curve is the same as in Fig. 14  Scattering rates for sample B will be presented in Fig. 19
(parameter set A16bThe functionI';(t) given in the inset below, together with results from the NFL model.

is an excellent fit of the form Ed48) to the numerical result.

Included in the figure as a dashed curve is the function C. The nested Fermi-liquid model

inel i iqinel
F. (t)i,?;F(O) W.'th parameters if™ from se_t Aleb qnd Consideration of the frequency averaged scattering rate in
with I'™(T ) adjusted so that the total scattering rat@@ls e hrevious subsection has demonstrated the importance of
unchanged. The difference between these two curves indipe frequency dependence of the elastic-scattering rate result-
cates the temperature depe_ndence of the elastic scatterifgy from many-body corrections. It would be most desirable
which, according to Eq(23), is due to the temperature de- o have a similar microscopic model to furnish us with a
pendence of the order-parameter amplitude Etf3).,(19) as  deeper understanding of the inelastic scatteifrt§:*?” The
well as the temperature dependenced 8f' which, because nested Fermi-liquidNFL) model described in the previous
of the self-consistency implied in E3), entersI'(T) not  sectiof?° provides a description for the inelastic scattering in
only additively. HTC materials which, in spite of the approximations in-

The self-consistent calculation of the self-energy accordvolved in the derivation of Eq(29), appears to reflect the
ing to Egs.(23),(24),(25) is rather time consuming and one essential features of the underlying physical processes.
might wonder whether this exercise is actually necessary. To In Figs. 16 the same experimental results are shown as in
check this point we calculated oy(w) using Figs. 6-8, but now compared with the results of the NFL
QZ(Q.)=Q=il'y(t). The result(dash dot curveis com-  model. The parametegsand\ , are determined from a fit to
pared in the inset with the results of the full calculatisolid  the normal-state data and the requiremeftt) =160 nm(cf.
curve, identical with the solid curve in Fig).6The signifi-  Table 1V). The only adjustable parameters left are those
cant discrepancy has several sources: The approximatiatharacterizing elastic scattering and the order-parameter am-
used ignores the complex energy shyftaltogether, it ne- plitude. Since the effect of the scattering phase shift has been
glects corrections to the real partofand, most importantly, discussed extensively, we keéR fixed at the value 0.48
it neglects the frequency dependenceZoExactly the same which gave the best fit in Figs. 6—8. To reproduce the peak
simplifying assumptions led us to the two-fluid model Eq. height of o4(T), I'§ had to be reduced. Parameter sets
(41). Nonetheless, in view of the fact that some functionalANFL1 and ANFL2 (Table IV) show the effect of reducing
relationship betweemwr(T,w) and I'(T) exists, we would T8 The order-parameter amplitude is the same as in Figs.
expect that for any experimental frequency we can find &_g. Comparison of results for parameter sets ANFL2 and
scattering rate that would fit the observed conductivity. ThiSANFL3 shows the effect of reducing the order-parameter
is indeed the case, as the dotted curve shown in the inset gfyplitude while keepind'¢ fixed. The NFL model does
Fig. 15, which has been obtained with(t), demonstrates. yie|q a peak inc; but the details of the temperature depen-

The discrepancy betweeh, andT’; is significant only  gence are not very accurately reproduced. Péneshows
when the frequency-dependent renormalized elastic scattefe “syperfluid density” and in the inset the change in pen-
ing dominates. This suggests that a more appropriate choiGgation depth at intermediate and low temperatures. Clearly,
for an effective temperature-dependent scattering rate woulghe smaller order-parameter amplitude gives the better fit,
beitlhe freqyler!cy averaged quantity defined in EB).  \yhereas the exact value &F! is rather unimportant. The
(I(T,Q)) = is shown in Fig. 15 as a dot-dot-dashed o5t change in slope around 50 K apparently cannot be
curve. It does indeed agree with, over a wide temperature - o, njained within the NFL model. It should be noted, though,

range. The sharp drop at low temperatures is not (o be takfla¢ the discrepancy is only just outside the experimental
seriously because there the conditib/2kgT,=0.023<t, error of 5 nm. Panelc) shows that parameter set ANFL3

which allowed us to replacB(Q + ) +I'(Q2) by 2I'(Q), IS gives a good fit to the surface resistance over the whole
no longer fullflllled. One would expect the correct low- temperature range. The order-parameter amplitude
temperature limit to be OIYt=0,w/27 =87 GH2. 2A0(0)/kT,=6.8 used in Figs. 6-8 now gives too steep a
In the presence of frequency-dependent self-energy Coﬁrop nearT.. The decrease iR. with increasingl"‘,f,' at
rections, ¥ pn=ps N0 longer holds, so that we cannot de- jiermediate temperaturd<®is clesarly visible.
termine(I'"*(T,(2))"* Eq. (46) from measurements af, In Fig. 17 we compare data for sample B and the choice
accordmg to Eq'(4? W'th. grgat.e.xccuracy.. In the case of N(0)=160 nm with predictions of the NFL model. The only
elastic scatteringd(2/d(} is significantly different from 1 parameterg in this model is somewhat smaller than for
only for Q<T'}(t=0) and T<T'§. This is the regime sample A because of the difference in normal-state resistiv-
where the dot-dot-dashed curve in Fig. 15 shows strongies. To get anywhere near the height of the peakrj(iT)
variations. Since in high-quality samplEﬁKTc, the differ-  we had to reduce®,(0)/kT, from 7.4(B16a, B16b in Figs.
ence betweepg and 1- p, would be negligible at mosttem- 9, 12, 13 to 6.4. To change the height of the calculated
peratures. If the frequency dependence of the inelastic scaseaks we varied's. I'8=0 gives the highest peak, as ex-
tering is taken into account, the discrepancy betwegand  pected, but completely disagrees with the data taken below
1-p,, will be magnified considerably and it will extend over 35 K (cf. inset Fig. 9. Increasingl'$] to the range of values
the whole temperature range up T@. This is well known  ysed previously for this sample gives a marked improvement
from strong-coupling calculations wheraelQ/dQ|,_, in the agreement between theory and experiment at low tem-
=1+\ is the electron-phonon mass enhancement factoperatures without drastically reducing the peak height. Pan-
which renormalizes the London penetration déﬁﬂbut not els (b) and (c) show calculations of the superfluid density
o1(w=0) orp,. and the surface resistance for the same set of parameters, set
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40 ‘ . ‘ ‘ . . TABLE V. Parameter sets used to generate theoretical fits
Sample A @@m (a) based on the nested Fermi-liquid model for the inelastic scattering.
A(0) =160 nm ,«;'5*%:"3
- 30} e &Y 1 Parameter I'¢ S g 2A40) N,  \(0)
é; s B ‘ . set [meV] kTe [nm]  [nm]
< ./ ﬁ;;f i\
;L B ANFL1 0.15 0.46r 0.624 6.8 175.3 155.91
10| ] ANFL2 0.25 0.46r 0.625 6.8 173.8 159.64
74 ANFL3 0.25 0.46r 0.625 6.0 173.8 160.02
N BNFL1 0.00 0583 6.4 1754 160.07
0 10 20 30 40 50 60 70 80 90 100 110 BNFL2 0.05 0.44r 0.584 6.4 174.2 159.91
TI[K] BNFL3 0.11 0.44r 0.585 6.4 173.1 160.03
1.0 —
0.9 .
08 ] assuming a finite elastic-scattering rate. The change in slope
0.7 ] around 50 K, which is much more pronounced for sample B
E o6l than for sample A, cannot be accounted for within this NFL
2 osl 1 model.
g Iz In order to gain a better understanding of the difference
T 04 = between the NFL model and the purely phenomenological
0315 model Eq.(47) we display in Fig. 18 the inelastic-scattering
02 % | , 1 rates which are embedded in the theoretical results shown in
0l o255 60 70 ) Figs. 6—8 and 16. Also shown are the total scattering rates at
0.0O 0 20 30 20 30 60 70 80 9 f=87 GHz and the frequency avera_ged ,Zgatterlng rates Eq.
TIK] (46). Over several orders of magnitud&(g, (87 GHzT)
(dot-dot-dashed linevaries asT? [cf. Eq.(32)]. The magni-
. tude of this cubic term agrees well with that deduced from
27 the fit (long dashed line, A16b Because of the finite fre-
102k s quency considered['"¢ approaches a finite value for
_ ) T—0 [cf. Eq.(33)]. The frequency averaged scattering rate
2 L2 for parameter set Al6brable Ill) with 5y changed tom/2
=, 211 . L .
S qo1) 0 (alt. _dashed _Iln)egoes through_a minimum before r_eachlng a
= e a— relative maximum at=0. For intermediate scattering phase
e shifts the minimum is much less pronounced and may be
2t absent altogethér-92128
100 At small frequencies we have from Eq(29)
 / el (T,)=1.793%T,=5.52 meV which is smaller than
0

FIG. 16. Comparison of experimental data for sample A with
results from the nested Fermi-liquid model. Dashed line: ANFL1

10 20 30 40 50 60 70 80 90 100
T[K]

I'"el(T.)=8.25 meV(A16b), partly because we are using in
the NFL model a larger value of, but the same value of
o1(Tc), and partly because the calculation ®f from Eq.
(39) at high temperatures involvediel (Q,T) with Q> .

[T¢=0.15 meV, 24(0)/kT,=6.8]; dot dashed line: ANFL2 The frequency averaged NFL scattering rateTat(inset,

[T¢=0.25 meV, 24(0)/kT.=6.8];
[T'8=0.25 meV, 2,(0)/kT.=6.0]. Parameter sets given in Table
IV. Panel (a): real part of the conductivity. Panéb): superfluid

solid line:

density and penetration depth. Paf®l surface resistance.

ANFL3

dotted ling is 6.87 meV. Extrapolating the cubic low-
temperature behavior Eq(32) to T, we would have
TN (T)=3.681 [KT./Ao(0)]%g?T.=0.409°T,. Since
this value is smaller than the one obtainedat I'll8h must
drop faster tharm® nearT.. The inset(dot-dot-dashed line

against the data points already presented in Figs. 11, 12, asthows that this decrease is exponential. The size of this ex-
13. In contrast to Fig. 16 the drop iRs or the rise in  ponential drop gets larger when the order parameter ampli-
A2(0)/\?%(T) is not fast enough. So, choosing,(0) even tude is increased, as the alt. dashed line in the inset shows.
smaller to increase the height of the peakoin is not an  For this reasong4(T) rises more slowly below; when a
option. Agreement could be improved by takihgabout 1.5 smaller value forAy(0) is chosen, as is seen in Fig. 16
K higher than the value measured inductivédy. discussion [panel (a)]. The most important difference between
of Fig. 13. Apart from this problem neaf., parameter set FK,‘E'L(Q,T) and T'™e(T) occurs at temperatures 50 K
BNFL2 fits R rather well for all temperatures. The shoulder <T< 85 K, whereI'™ shows a much more rapid drop,
at 55 K is better reproduced usifgf|=0 but this choice produced by the correction term in the exponent in @8).
leads to distinct disagreement with the data taken at loweThis behavior still remains to be understood.

temperatures. The low-temperature  behavior of In Fig. 19 we compare scattering rates for sample B re-
N2(0)/\?(T) at this finite frequency is also better explained sulting from the two parameter sets used in Fig. 9 for
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FIG. 18. Comparison of scattering rates deduced from fits to
experimental data on sample A with results from the NFL model.
Dot dashed, dot-dot-dashed, and dotted lines: NFL m@al€FL3,
. Table 1V). Solid, long dashed, and short dashed liiéd:6b, Table
f; IlI). The alt. dashed line represents the frequency averaged scatter-
< ing rate in the unitarity limitéy= 7/2. The alt. dashed line in the
I inset is an NFL result for an increased order parameter amplitude
(ANFL2).
The inelastic-scattering rates differ greatly, primarily be-
cause of the presence oftdterm in one of the parameter

sets. While this difference affects primarily the behavior at
low temperatures, where elastic scattering dominates, there is
a significant change in the frequency averaged scattering rate
aroundt = 0.4 which can be viewed as the physical origin of
the marked difference i\ (T) calculated for the two pa-
rameter sets and shown in Figs. 11 and 12. Closdr,tthe
t3 term is balanced by a more rapid exponential decrease
(increased values df; andb,). Within the NFL model there
is always at® contribution to the scattering rate unless the
phase space for spin fluctuation exchange decreases more
rapidly in the superconducting state than the density of states
Eq. (30).

It is remarkable that within this NFL model we had to
assumex , larger than (0). Thedownward renormalization

FIG. 17. Comparison of experimental data for sample B with
results from the nested Fermi-liquid model. Alt. dashed line:
BNFL1 (I'S=0.00 meV}; dot dashed line:I[{$=0.01 meV}; solid
line: BNFL2 (I'§=0.05 meV}; dashed line: BNFL3 I[§=0.11
meV).

A(0)=160 nm and from parameter set BNFI(Pable 1V),
which gave the best fit within the NFL model in Fig. 17. The
total scattering rate§'(0) come out differently because of
differences in scattering phase shifts and elastic-scattering
rates. Clearly]'(0) is more sensitive to changes iy than

to changes irl“ﬁ'. The long dashed line represents the fre-
guency averaged scattering rate in the unitarity limit. In this
semilogarithmic plot the minimum already discussed in con-

scattering rates at around U have comparatively little ef-
fect onRg or AA\.

I'(t) [meV]

102

LT

0.0 0.

02 03 04 05 06 07 08 09 1.0

t=T/T,

. . . ) - . FIG. 19. Comparison of scattering rates deduced from fits to
nection with Fig. 18 is much more noticeable. The differenteyperimental data on sample B with results from the NFL model.

low-temperature limits of the total scattering rates at 87 GHzpotted lines: BNFL2, Table IV, solid lines: B16a, Table IIl, dot
is reflected in the low-temperature behavior of the frequencyjashed lines: B16b, Table Iil. The long dashed line represents the
averaged scattering rates. But these sizable variations in thequency averaged scattering rate in the unitarity limit. Other pa-

rameters are from the set B16a. This figure elucidates the role of the
T2 term in the inelastic-scattering rate.
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of the plasma wavelength resulting from the frequency deio retain the quasilinear temperature variatiorogfT).
pendence of J8| appears to be responsible for the fact that There is considerable variation between the two samples
we can fit the steep drop iR; and\(T) with smaller order- investigated. This can be attributed primarily to a difference
parameter amplitude®f. Tables Il and I\J. When the real in the elastic-scattering rates which seems plausible in view
part of the self-energy due to spin fluctuation exchange isf the different structural properties of the samples. The sen-
included we find the large upward renormalization \of  sitivity to these scattering rates is related to the fact that they
known from strong-coupling calculatiod®’ In this case the are comparable to the external frequency.
two parameterg and\, at our disposal are not sufficientto  The actual symmetry of the order parameter cannot be
fit the normal-state resistivity measured by ourselves as wetkested by this type of experiment. Aawave state with twice
as the London penetration deptl0) which is restricted to as many nodal lines can give identical results. To be com-
lie in a rather narrow range by other experimeiits® patible with the data, the pair states should have nearly van-
This failure of the NFL model should not be too surpris- ishing Fermi surface averages so that their momentum de-
ing in view of the approximations involved. Using the ran- pendences are not significantly modified by elastic
dom phase approximation appears to be one necessary stegattering. In that case, the complex conductivity becomes
to generalize the theory. Another shortcoming, not so easilyery sensitive to the scattering phase shift. #Awave order
remedied, is the crude treatment of the momentum deperparameter which has, in the clean limit, exactly the same
dence of the self-energy: the spin susceptibility is taken atlensity of states as thd-wave state considered can be ex-
the nesting vector, which simplifies the final expression, butluded, because for this state elastic scattering is close to the
otherwise the momentum dependence is completely neweak-scattering limit for any value of the scattering phase
glected. If one goes to the length of taking the frequencyshift so that the large conductivity observed at low tempera-
dependence fully into account, one should then also consideures cannot be accounted for. The difference in the strength
the frequency dependence in more detail by doing a strongsf scattering is also reflected in changes of the density of
coupling calculation. This is the approach taken in thestates at very low energié€%> For the small elastic-scatter-
fluctuation-exchange approximatiéRLEX),** for which no  ing rates required to fit our data, changes in the density of
such detailed calculations of the conductivity including elas-states are far too small to be detected in other experiments
tic scattering have yet been published. It is also an opeguch as ARPES or tunneling. States with a finite minimum
question whether the degrees of freedom responsible for thenergy gap give results very similar to those of the above
formation of the superconducting state are exactly the samewave state when the broadening of the density of states at
as those determining the transport properties. finite temperatures due to strong-coupling effects is taken
We still believe that the scattering rate as calculated in thento account®
NFL model does reflect important intrinsic properties of The conclusions so far are based on the comparison be-
high-temperature superconductors. tween theory and experiment in the temperature range be-
tween 4.2 K and=T_./2, where extrinsic losses might domi-
nate. Due to the use of a copper cavity, which permitted
V. CONCLUSIONS measurements on rather large films at high frequency, our
measuring sensitivity becomes low at very low temperatures.
Both the surface resistance and the change in the penetrA-more stringent test of the theory would require data taken
tion depth measured at 87 GHz on one electron-beam evapwéth high resolution at even lower temperatures.
rated(sample A and one high oxygen pressure dc sputtered At intermediate temperatures and closeTip the most
(sample B YBCO film, optimized for low-rf losses, have important aspect of this theory is a temperature-dependent
been interpreted successfully in the whole temperature rangecattering rate resulting from inelastic interactions. This phe-
in terms of ad-wave model of superconductivity. There was nomenological scattering rate can be adjusted to fit the con-
no need to subtract some extrinsic residual surface resishuctivity for a wide range of pair states excluding only those
tance. This leads us to the conclusion that sudrwave  with a large, nearly isotropic energy gap. The part of the data
model does indeed reflect the most important intrinsic feawhich is most likely to reflect intrinsic properties, therefore,
tures of the superconducting state in highmaterials. does not provide the salient information that would allow us
Essential for the success of the theory is the use of ato distinguish between different pair states.
elastics-wave scattering rate rather larger than has been used Within the d-wave model used here, parameters can be
elsewher€" but small enough to have negligible effect on found that lead to an excellent fit for the real past of the
T., and an intermediate scattering phase shift. The resultingonductivity, but fail to provide a reasonable fit Ry and
guasiparticle mean-free paths @t=0 are larger than the AN\. In particular, large peaks ior1(T) and large residual
distance between twin boundaries, but they do not appedosses are most easily explained in terms of small order pa-
unreasonably long. While both weak- and strong-scatteringameter amplituded ,(0), butthese would be incompatible
limits lead to quadratic temperature dependences in bottith the sharp drop of botR; andAN at T.. The fact that
AN(T) and Ry(T), intermediate-scattering phase shifts canAy(0) is estimated to be-10% larger for sample B than for
account for the observed quasilinear behavior up to aroundample A is related to the difference in transition widths. All
T./2. The self-energy part, which renormalizes the quasi- our estimates forA,(0) are considerably larger than the
particle energy and which is relevant only at intermediateweak-coupling value but are well within generally accepted
scattering phase shifts, has only a rather limited effect on thestimates. A different choice of the temperature-dependent
conductivity at our measuring frequency. At lower frequen-scattering rate does not solve the problem because when
cies it is absolutely essential to tajeinto account in order TI'(T) is made to decrease faster beldw, \(T) will also
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decrease somewhat faster bytwill increase and as a result surface resistance of the twinned cry&tas too high to be
Rs will generally drop less precipitously. compatible with this theory. For the detwinned cry&al

A smaller order parameter amplitude could be arrived at iffjood agreement between theory and experiment can be
Ao(T) were to rise faster than predicted by weak-couplingachieved with the same parameters that were used to fit the
theory. It does not seem feasible to study this effect in th@ow-frequency data, except at low temperatures. There, the
present context at the expense of introducing even more paajculatedR, values are lower than the data points while at
rameters, because tHe; data aboveT, clearly show the the Jower frequency the data points for the untwinned crystal
importance of fluctuations. These can be expected to affegire helow the theoretical values. Hence, there seems to be no
the electromagnetic response beldwas well. The impor-  yarameter set that would fit the data at both frequencies with
tance of the fluctuations was only recognized because OYpe same accuracy that we were able to achieve with our 87

dlatg 3xtr<13ndeg we_II into the ”Off”l‘g" stalte._ It v;/]e Qad no; in'_GHz thin film data. More experiments designed to reveal the
cluded these data in our mean-field analysis, the data taken quency dependence at low temperatufes Fig. 10

the superconducting state could all have been fitted very wel| | \\4 e needed to provide a more stringent test for this
simply by changing some of the parameters, resulting ir}heory

some erroneous conclusions. Near the transition temperature fluctuations clearly make

Anhorder paratmeter v;/hose averaﬁe' over the Fermi surffa;cgn important contribution so that the present theory needs to
vanisnes or 1s, at any rate, very small, IS a consequence o }bee generalized to describe fluctuations in a consistent man-
strong on-site repulsion of quasiparticles which is believed %her. Since it is our conviction that conclusions are greatly

be Onelsff_l_tr:]e kmgstf(ijmportant Charact%risti((:jshof thh-Id strengthened when drawn from a comparison between theory
materials.” The kind ofd-wave state considered here would g poh real and imaginary part of the conductivity, we did

follow rather naturally from the exchange of antiferromag- . incjude a discussion of fluctuation effects in the present

netic spin fluctuations. The same interaction would give abaper, because we are not able to measure the shift in pen-
temperaturdand frequencydependent scattering rate. etration depth above 88 K

Using the nested Fermi-liquid modélwe find that The most serious objection that can be raised against the

inel H H
I'™(T) at low frequencies can be approximated by the SuMpqqry presented here is the size of the normal-scattering rate
of an exponentially decreasing term and a contribution varyye iyed from the resistivity, which would suffice to suppress

ing asT®. This is very similar to the phenomenological scat- the transition to ad-wave state or any other highly aniso-
tering rate derived.from fitting the dlata fqr sample.A, excepttropic state in a weak-coupling calculation. To answer this
that the exponential decrease Iof¢ (T) is not quite fast (yiticism one needs to do a strong-coupling calculation. This
enough to provide an equally good fit. For sample B the fityoyig require a generalized momentum-dependent Eliash-
especially toAX(T) is not quite so satisfactory because of yerg function, calculated self-consistently in the supercon-
the T2 contribution. It is not clear why this contribution ducting state as, for example, in the FLEX approximafibn.
should be present in one sample and not in the other. Not¢ncluding a pairing interaction that peaks at small momen-
that only a prefactor i ¢ (T) is changed from one sample tym transfet® would certainly allow to fitT, and p,, simul-

to the other to account for the difference in the nOfmaI-StatQaneousb/ but at the same time it would render the theory
resistivity p, . The comparison between microscopic scattereven more complex. Furthermore, as we have shown here,
ing rates and those derived from experiments using, for exany such theory would be incapable of describing the elec-
ample, a fit procedure as in this paper or a two-fluid model isromagnetic response over much of the temperature range
not straightforward because the “measured” scattering ratepelow T, unless a small but unavoidable amount of elastic
always involve an average over frequency with ascattering is taken into account. If such a calculation were

temperature-dependent weighting factor. possible, anisotropy of the quasiparticle velocities and qua-
siparticle scattering rates would be included at no extra cost.
VI. EURTHER WORK Another important problem presently under investigation

by several groups is the relationship between dlbeplane
In order to further substantiate the argument that the surresponse studied here and thaxis conductivity. Attribut-
face impedance in these films is indeed dominated by il’ltl’ini-ng the observect-axis conductivity solely to incoherent
sic effects, even at low temperatures, a detailed comparisostattering®® is inconsistent with the small amount of elastic
with data for twinned and untwinned crystals would be de-s-wave scattering derived here. If scattering between planes
sirable. A somewhat preliminary study has shown that thQ/ery nearly conserves the in-plane momentum, themand
surface resistance measured on twinned single crystals gtwave scattering would have to be considered requiring the

10.1 GHz(Ref. 27 and 9.6 GHZRef. 20 seems to be con- evaluation of vertex corrections with respect to impurity
sistent with this theory. Because of sample differences thecattering.

parameters entering the calculation are, of course, different.

Similarly, the 4.13 GHz data of the UBC grotig®28 for
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