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Two-fluid interpretation of the microwave conductivity of YBa,Cu;O,_s
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The use of the two-fluid model for analyzing the microwave conductivity of XBgO, s is critically
appraised fos-wave andd-wave models and for weak and strong scattering, in the light of published results
on single crystals, and of results here presented on high-quality epitaxial films and powders doped with Zn and
Co. It is argued that the normal electrons in the best samples show nonlocal cond(xstivitybelow 40 K),
and that this provides a natural explanation of the low-temperature behavior of the measured surface imped-
ance. If correct this model is firmly in favor afwave pairing. Evidence is shown that some 10% of electrons
remain normal a =0 in good films and 50% or more in heavily doped powders, in states which may or may
not be localized. This behavior is associated witffaerm in the temperature dependence a@ind is in accord
with recent calculations of the effects of strong scattering impurities. It is argued that in the superconducting
state transport between localized states is not necessarily associated with hopping conduction, because of the
effects of Andreev reflectioS0163-18207)06005-(

I. INTRODUCTION o"(0)— o”(T
fn=(1+w272)% 3)
Recent measurements by us of the surface impedance of
good-quality optimized YB#u;0,_ films have given re- _
sults for the complex conductivity which, in the best films, . 1ne UBC group and others have used these rela?utm;
are similar to those obtained by the University of British OPt@inwr andf, from the observed microwave conductivity
Columbia(UBC) group for good-quality single crystal€!* N the a-b plane of good-quality single cry§ta|§ of
Analysis of these results using the two-fluid model employed! Ba&2CUsO7—5 with the following important resultsi) 7 is
by the UBC groupand others has raised questions which welndependent of the frequency of measurement, as expected;
explore in this paper. In Secs. [I-VI we appraise the theonfll) 7increases rapidly by two orders of magnitudeTatlls

of the two-fluid model and its applications to single-crystalfrom 85 to 40 K in optimized YBsCusO7_;; (iii) ~becomes
YBa,Cus0;_ 5 including the questions of whether the normal constant below 40 K in optimized YB&uO;_ 5 (iv) a small
current response of YBEWO,_ s becomes nonlocal at low amount of Zn doping reduces but small variations in O
temperatures. In the remaining sections we discuss our owf#oPing near optimum doping have little effect en(v) f,
results for YBaCuO;_ s thin films and for doped powders, Varies linearly W|thT_ at low temperatures; ar(dr_l) the con-
examining the question of whether the normal fractign ~ductivity has essentially the sarf@m as a function off for
varies asT or as T2 at low temperatures, the question of current flow in thea andb directions, but inmagnitudeis
whetherf,—0 at low temperatures, and the roles of weakabout twice as high in the direction (the chain directiop
and strong impurity scattering. for both real and imaginary parts.

Il. THE CONVENTIONAL TWO-FLUID MODEL ll. THE TWO-FLUID MODEL FOR WEAK SCATTERING

In the conventional two-fluid model the complex conduc- MICROSCOPIC THEORY

tivity is written as Superconductors may be described by a local conductivity
&2 o when the electronic mean free pathis much smaller than
ne EJF fn (1) the penetration depth. For currents flowing in thea-b
mlio Urtie plane in YBaCuO,_; the penetration depth is always
greater than 140 nm, while the electronic mean-free paith
less than 10 nm ak., though it increases with falling. In
general we might therefore expect that nonlocal effects
should be unimportantSee, however, Sec. V.

BCS electromagnetic response theory was originally
developed by Mattis and Barde&n.In optimized
YBa,Cu;0;_ 5 the electromagnetic coherence length for
currents flowing in thea-b plane is of order 1.5 nm so we

o' (T) normally have/” considerably greater thafy, (though still
Y Ty (20 smaller thanh). In this clean local limitof Mattis-Bardeen
o"(0)—d"(T) theor - i

y the supercurrent conductivity reduces at low frequen
and cies to the well-known BCS expression for thendon limit

o=c' —idg"=

where the electron density is divided between supercon-
ducting and normal fractionf, andf,,, with f,+f,=1, and

7 is the normal electron relaxation timé/Ne reserve the
notation o=0,—io, for the weak-scattering, dirty-limit
conductivity of Mattis and BardeehOn the assumption that
f,—0 atT=0 one may use Edl) to extractwr andf, from
the measured conductivity as

WT=
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FIG. 1. Computed real part of the high-frequency conductivity forsamave superconductor in the weak-scattering limit wheris
independent of energy, normalized to the dc conductivity (a) Mattis-Bardeen conductivity(T) in the dirty limit /<&, for various
values off w/kT,, showing the well-known coherence peék. The two-fluid conductivityo’ (T) given by Eq.(7) in the clean local limit

&o<</'<\ for various values ofv7,. (c) Values of 7/ 7, corresponding tdb).
; 4 scattering describable as a first order process in a

ne 1 = of
™ stie 1‘];%"8 _ _
temperature-independent scattering potenti#the Born
wheres is an infinitesimal, and the normal current conduc-Ilimit). In this limit the local perturbation of the electron wave
tivity becomes equal to functions by the potential is small angl is independent of
energy. After allowing for the BCS density of states and
_a_f) 1 e (5) coherence factors, the scattering timg is found for an
JE) Urg+iow ' s-wave superconductor to be equal tB/§)7,, which is

where 75 is the energy-dependent relaxation time of the ex—Strongly energy dependent and diverges at the gap edge.

citations in the superconducting statgsee Appendix On (The mean-free patifs, however, is independent of energy

comparison with Eq(1) we see that in the clean local limit 2nd equal ton). ,
of Mattis-Bardeen theory, the two-fluid model holds pro- [N the opposite extreme of Mattis-Bardeen theory, the

Mattis and Bardeen assumed weak coupling and weak elastic

ne? (=

m — o

vided (i) we make the identification dirty limit /<&, the complex conductivity is conveniently
written as o,—i0,, expressed in terms of the tabulated

©  gf Mattis-Bardeen conductivity ratios, /o, and o, /o, which

fn= fo_(;_EdS ®  are independent of. As is well known, the ratiooy /o,

shows acoherence peawhose form depends on the param-
and (i) we replace 1/(4+iw) by the appropriate weighted eterw/A [Fig. 1(a)]. It is less widely realized that, on the
average over states. After allowing for this averaging we findsame assumption, a similar peak is apparent in the clean
that local limit expression(7), whose form, however, depends on
the different parametan 7, [Fig. 1(b)]. (The peaks are both
associated with the logarithmic divergence of the conductiv-
ity integral with respect to energy near=0. In the dirty
) _limit the divergence is cutoff at the energy for which the
where we have normalized to the normal-state dc conductiVg;istinction betweerE, and E,=E;+%w becomes impor-

ity o, and 7,, is the normal-state relaxation time. If this re- tant, an effect which depends on the paramétefA. In the
!axation time varies with energy, as is likely in the cuprates,jean local limit the cutoff occurs whenr, becomes large,
it must be replaced by the effective average value a higher energy; and this effect depends on the parameter
- wT,.) From the two-fluid point of view the clean-limit peak
Tn,eff:f (—aflge) mpde. has a simple interpretation: it is related to the energy depen-
— dence of the scattering time As T falls an increasing pro-
portion of the excitations is near the gap edge, and this in-

UI—F F10E)——2del 7
U—n—_w(ﬁﬁ)msm, (7)

The effective value ofvr obtained experimentally from Eq.

(2) may be identified as creasesrq, as Fig. 1c) shows. It is this increase which
leads to the peals’ (T) in the weak elastic scattering model.

o The corresponding conductivity for &wave model has

W Teff= f been computed by Hirschfelet al,* who showed that the
o two-fluid Egs.(4) and(5) hold in that case also, if the inte-

wTs w —9f/9E gral overe is interpreted as a sum ovesstates. In this model

(— ﬁf/ﬁE)rz d8/ J 7 —2Ue. the gap paramete is anisotropic, with nodes ik space and

WTg) —wlt (w7

a maximum valué\,. As T falls the dominant excitations are
(8) increasingly concentrated near the nodes, and this migkes
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of orderkT/A, at low T. As T falls the typical excitation scattering centers has also been predicted using analytical
energyE and the corresponding local value of the gap pa-methods. Generally speaking, for a typical relaxation time
rameterA for the dominant excitations near the nodes boththe extra density of states at zero energy is of order
fall in proportion toT. It follows that the typical coherence Ng(%/A7), and it makes a significant extra contribution at
factors and thé&/e factor in the density of states per range energies up tdi/7. As was pointed out by Le¥,when we
of angle are independent af at low temperatures and not calculate the contribution of these low-energy excitations to
very different from their normal-state values. But for elasticthe low-frequency conductivity, the terms ircancel and we
scattering the final state is limited tovalues near a node are left with a small constant contributiogy, of order
and the fraction of angles available for the final state is of(ne’/m)(%/A), which should dominate the conductivity up
order kT/A,. We therefore expect that, will be of order to a temperatur@™ of order#/7k. This temperature is low
(Ag/kT)7,, as the detailed calculations confirm. Thus wefor materials near the clean limit, making the effect difficult
again expect, to rise in comparison withr, asT falls, asin  to observe, but it should be possible to see it in Zn-doped
the s-wave model, but for a different reason. In fact, sinceYBa,CusO7_ ;5 At temperatures abovE* the extra density
f, is of orderkT/A,, the T dependences af, andf,, cancel of states does not contribute significantly to the carrier con-
out in the low-frequency conductivity and we are left at low centration, but there is a large renormalization of the scatter-
T with a constantconductivity close too,. At higher fre-  ing rate. Hirschfeldet al* have computed the effects of
quencies the *(w7s)? denominators pull the theoretical strong scattering described bytamatrix. They find, strik-
value of o’ below this value increasing asfalls (Fig. 2 of  ingly, that the renormalized scattering rate is roughly propor-
Ref. 4. tional to Ay/E, corresponding to a cross section which di-
verges at low energy and a conductivity proportionallto

x
IV. EFFECTS OF STRONG SCATTERING for low temperatures above” .

It i§ unlikely that_ impurities of different vale_nce which v, THE COMPLEX CONDUCTIVITY OF YBa ,CusO;7_5
substitute for Cu within the CuQsuperconducting planes BELOW 40 K
can be treated as weak scatters and this is confirmed by the
fact that a few % of Zn impurities has a strong effect on We start by assuming that YBau0;_; is in the clean
T., showing that they must be producing a substantial perimit and that the two-fluid equation@) and(5) apply. [Al-
turbation of the electron wave functions nearby. Several authough these equations have been deduced for weak elastic
thors have therefore developed thedtie$ the effects of scattering, the sum-rule argument described in the Appendix
dilute strong scatterers, usually assuming, for simplicity, theand the natural form of Eq(5) suggest that they may hold
largest possible scattering corresponding to a phase shift $@r scattering for all types in the clean linfit.
72 in the s-wave channel, with negligible scattering into At low temperaturess” falls linearly with T in the best
other channelgisotropic scattering The large perturbation Single-crystal samples and sinee becomes constant at low
produced by a strong scatterer has three important effggts: T it follows from Eq.(3) thatf,«T. The BCS expressio(6)
it may have a strong effect on the order parameter and hender f, may be rewritten as
on the transition temperaturéj) it changes the density of
states and hence the effective normal carrier concentration; f—o f *
and (i ) it modifies the scattering cross section, and hence n
as a function of energy.

The effects of scattering on the gap paramét@nd den- For ans-save superconductor this formula predicts that
sity of statesNg were explored recently in numerical calcu- falls exponentially at lowr, but for ad-wave superconductor
lations by Xiang and WheatléyThey found that weak scat- which has Fermi surface nodes in the energy gap the low-
tering had little effect ons-wave material, in accordance lying density of states is proportional ¥, and it is easy to
with Anderson’s theorerhwhile in d-wave material it had show that Eq(9) predicts thatf,, will be proportional toT,
little effect on the order parameter, but did introduce a smalls observed. This has been taken as strong evidence for the
density of states at zero energy. For strong scattering with d-wave modef! [If this explanation is correct, it seems to
large phase shift, on the other hand, Anderson’s theoremequire that the chain electrons must have nodes too, for
does not hold when the phase shift is strongly energy depemtherwise we cannot easily explain whyT) has the same
dent, and Xiang and Wheatley found that for their scatteringorm for currents flowing in the andb directions]
model the order parameter was very substantially reduced in As we have noteds. rises rapidly with fallingT but
both s- and d-wave material for 7% of impurities, with a becomes constant below 40 K in the best single crystals of
density of states at zero energy approaching the normal-sta¥Ba,Cu;0,_5 It has been suggestethat this may be un-
value. Ind-wave material at low energid; is linear inE in derstood if below 40 K the dominant scattering in the best
the absence of defects, but has the fokm BE? when de-  single crystals is elastic scattering by defects. However, as
fects are present, as previously predicted by Gor’kov andHirschfeld et al. have emphasizetljt is important to con-
Kalugin® Using scattering parameters fitted to the normal-sider carefully the energy dependence ofAs Fig. 1(c)
state resistivity, the Xiang and Wheatley model gives a googhows, in the clean limit of Mattis-Bardeen theory the value
semiquantitative account, for instance, of the suppression a¥f 7. obtained from Eq(2) for s-wave superconductors in
T. and the electronic heat capacity obsefvat low T in  the elastic-scattering regime is not constant, but rises appre-
Zn-doped YBaCuO;_. ciably at low T, even for values ofor of order unity. This

The extra density of states at low energies induced bybservation suggests strongly that we cannot be dealing with

of
9E

)NS(E)dE. (9
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FIG. 2. Results for a high-quality epitaxial YBaus0,_film from DRA Malvern. (a) and(b) Real and imaginary part of the measured
microwave conductivity(c) and(d) Corresponding values @b 7 andf,,, for two assumed values df,(0).

ans-wave superconductor whose dominant excitations moveorresponds to the band structure value with a modest mass
ever closer to the gap edge asfalls. But the observed renormalization.If the velocity of the excitations remains of
behavior does not correspond talavave model either, for this order in the superconducting state, as would be expected
which 7 should vary at I in the Born limit and ad in the ~ in ad-wave model, we may deduce from the limiting value
more realistic strong-scattering limigt the temperatures Of e that the limiting mean-free path must be as long as
aboveT* for which reasonably accurate measurements aré0 ~ m. But this is greater than the penetration depth, and
possible in the best crystals we must therefore ask whether the normal electrons may
It is, moreover, a remarkable fact that the peak observeljave entered the anomalous skin effect regffe. _

by the UBC group ino’ in YBa,CuO,_ 5 always appears A simple way of viewing the anomalous skin effect is to
near 40 K(unless impurities such as Zn or Co have beerS&y that the effective free path of the electrons is limited by
added and thatr.; always settles at about the same level ofth€ skin depth itself, which sets an upper limit to the distance
5% 10712 s, This seems to require that the supposed residudyhich a typical excitation can travel while remaining in the

scattering always has the same strength. This is true not onfyy  eléctric  field.  The situation is complicated in
for optimized material, but also when the O doping is varied,’ Ba&CUsO7-; by the fact that the Fermi surface is nearly two

and for thin film and powder samples which appear to condimensional; as was pointed out by Chang and Scalaffino,
tain extra defect§Fig. 2a)]. Moreover, in optimized single [Or @ completelylayered material the electrons have no ve-
crystals an obvious source of defect scattering for the chaitPCity in thec direction and all nonlocal effects disappear for
electrons is oxygen disorder on the chains, which is knowrgurrents flowing within thea-b plane. However, as noted by

15 H
to vary considerably according to the method of preparationZuccaroet al,™ thec component of electron velocity cannot
A similar peak has recently been fodAd in be ignored in YBaCu;0,_ . Reference to the band structure
Bi,Sr,CaCyOg, 5 Fermi surfact® shows that in the dominant chain and plane

bands the electronic excitations are moving at not more than
20° to thea-b planes and in most cases considerably less.
We may thus estimate the typical velocity in tbalirection
as about X 10* ms™1. (Zuccaroet al. used an unexplained
These considerations raise the question of whethgr value of 8<10* ms %, but suggested that it should be re-
might be limited not by the residual scattering but by someduced to 2<10* ms ! to obtain good agreement with early
intrinsic property. We suggest that this is indeed so, for thamicrowave data and with the observed anisotropBgf) If
following reason. A value for the Fermi velocity in tkeb  these values are to be believed the effective limit to the
plane in YBaCu;0;_; of about 1.6< 10> ms * may be ob-  a-b plane free path set by nonlocal behavior for typical elec-
tained from the normal-state heat capaditife assume that trons will be about 5 timex. This is close to our estimate of
ve is about the same on the chains and the planes, as thke limiting value actually observed and suggests strongly
band structure calculations predict, and that the perimeter ahat in the purer samples the limit tq4 is set by the sam-
the two-dimensional2D) Fermi surface agrees with the ple’s reaching the nonlocal regime rather than its reaching a
band structure perimeter, as the angle-resolved photoemisesidual resistance limit.
sion spectroscopy observations suggest. The value obtained Unlike the residual scattering picture, such a description

VI. THE POSSIBILITY OF NONLOCAL CONDUCTIVITY
BELOW 40 K
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seems to explain the observed behaviorgf at low T, but TABLE |. Characteristics of heavily doped YBau;0;_ 5 pow-
only if we adopt ad-wave model. For al-wave model the ders. Labels show the proportion of Cu atoms replaced by the dop-

velocity of the dominant excitations remains constanffas 2"

falls qnd not very different. frpsz. This makes a constant 1.5% Co 4% Co 5% Zn Undoped
effective mean-free path limited by correspond to a con-

stant 7o, as observed in the best single crystdls.also  T¢/K 90 80 39 93
makes our estimate of the anomalous limit cutoff self-f,(0), from heat capacity <09 <0.7 0.8 0
consistend. For an s-wave model, on the other hand, the from g, 0.5 0.5 0.8 0
velocity of the dominant excitations would fall &sfalls,  Aa/nm, from ac susceptibility 190 190 310 135

making a constant effective mean-free path correspond to af

increasingrg, contrary to observation.
VIII. INTERPRETATION OF THE THIN FILM RESULTS

The two-fluid interpretation used so far leads to results for
VII. OBSERVATIONS ON THIN FILMS our films which seem nonphysical: the rapid rise airq

We h d the bandwidth and f below 30 K and the upturn ifi, below 10 K seem intrinsi-
e have measured the bandwidth and resonant requencga”y implausible, especially when compared with the single-
at about 6 GHz, of a parallel plate half-

; Jara alf-wave resonator, otystal results. Moreover, the values ofcorrespond to a
which the samples, thin films deposited on an MgO SUbhean-free path much greater thanwhich should be unob-
strate, formed one half. The resonator was calibrated byeryable as discussed in Sec. VI.
making equivalent observations on chemically polished nor- \ye note, however, that Eq&2) and (3) both depend on
mal metal samples, whose surface impedance could be corthe assumption that,—0 asT—0. It is easy to relax this
puted from the theory of the anomalous skin effect. Fre-assumption: both equations remain valid provided we replace
quency corrections for thermal expansion were appliedg”(0) by of, the larger value whiclks” would have taken if
using an algorithm whose validity was successfully checked|| the electrons had become superconducting. Figufes 2
for the normal metal calibrators. The real and imaginaryand 2d) show the effect of adopting a plausible trial value
parts of the surface impedance were measured on the sarfi@ 0. We note that, if we choose a value fof, which
samples, in the same experiment. Full details will be pubmakes some 11% of the electrons remain normal=ad for
lished elsewher&’ this sample, the above difficulties disappear: we obtain val-
The best films appeared to have few extended defectses of w7 Which vary with temperature essentially as ob-
such as grain boundaries. We therefore assumed for theserved in the single-crystal work arigl decreases monotoni-
that the observations could be accounted for a uniform comeally with falling T. This behavior off,, is similar to that
plex conductivity, which we obtained from the measured surshown in Fig. 11 of Ref. 4, which was deduced by fitting
face impedance after allowing for the finite thickness of thex(T) for imperfect single crystals, which had a quadratic
film. Figures Za) and Zb) show as an example the conduc- form at low T, as is commonly observed in all but the best
tivities for an optimized YBgCu;0,_;film prepared at DRA  samples.
Malvern by coevaporation, and supplied to us by Professor This model is supported by the calculations of Gor'kov
R. G. Humphreys. This film was 340-nm thick and wasand Kalugi and of Xiang and Wheatléywhich showed
grown on a homoepitaxially buffered MgO substrate atthat the excitation density of statlig(E) present when point
690 °C under a pressure of2L0~*# mbar of oxygen, up to defects are introduced intocewave superconductor has the
50% of which was atomic and subsequently cooled in arform A+ BEZ2. If we once again use E¢9) we find thatf,
oxygen pressure of 21072 mbar with a smaller atomic should be proportional té\’+B’(kT)? in the presence of
fraction. After growth it was furnace annealed for 30 min atdefects, in accordance with the modified plot in Fi¢d)2
500 °C in 1 bar of oxygen. It was accuratelyoriented: the
rocking curve for the/005) reflection had a width of 0.35°.
The atomic force microscope scan showed a smooth surface
with undulations on a scale of about 50 nm. The resistivity at Measurements which we made some years‘gbthe
100 K was 81u ) cm, and the critical current density was complex microwave susceptibility of YBE&u;O,_ s powders
3.2x10° Acm 2 heavily doped with Co and Zn throw further light on the role
The conductivities obtained are broadly similar in form to of impurities and the question of what limitg at low tem-
those obtained on single-crystal Y®a;0,_; by the UBC  peratures. In these samples there was strong evidence that a
group, though the real part of the conductivity is a little large fraction of the electrons remained normalTatO.
larger. There is, however, an important difference. At theMeasurements of the electronic heat capatityade an es-
lowest temperature” variesquadraticallywith T, while in  timate of f,,(0) possible.(See Table I: in the case of Co
the single crystals it varielinearly. This quadratic behavior doping the presence of a weak magnetic anomaly below 40
of ¢” has a dramatic effect when we calculate,; using Eq. K meant that only an upper limit ofy, could be obtainedl.
(2). At high temperatures 7. increases with fallingr and ~ Measurements of the ac susceptibfittyshowed that, al-
flattens off at 40 K, much as in the UBC results; but belowthough the form of the penetration depth as a functiof of
30 K it starts to rise, and seems todiigergingat low T [Fig. was similar to that frequently obtained in undoped
2(c)]. When we calculaté,, using Eq.(3) we find anupturn  YBa,CusO;_ 5, with X(T)—\(0) accurately proportional to
below 10 K[Fig. 2(d)]. T2 at low T, the absolute value 0f(0), which is proportional

IX. OBSERVATIONS ON DOPED POWDERS
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FIG. 3. Results from the microwave susceptibility of doped YBaO,_; powders.(a) Real part of conductivity when 1.5% of Cu is
replaced by Co. The behavior aboVgagrees with the measured dc conductivity of similar samples, including the fluctuation conductivity,
and the peak is interpreted as a fluctuation péakCorresponding values @j 7. deduced as described in the text for three doped samples,
using the values of ,(0) quoted in Table I; the arrows show the critical temperatures. The analysis used here ignores fluctuation effects:
values ofw e for T>0.5T, are therefore invalid and are omitted from the plot.

to ng(0) Y2 increased substantially with doping. Since themuch larger than in undoped crystals, which is responsible
normal-state heat capacity showed tbtal electron density for the temperature depender(tiee effects of the condensa-
had not changed with doping this made possible a seconidon on the relaxation times being largely suppregsed
and independent estimate ff(0).

If the shapes and grain-size distribution for the powder X. LOCALIZED STATES

are known one may deduce the complex conductivity from \wnether the new low-lying states induced by strong scat-
the microwave susceptibilit§}, but in these early measure- tering centers are localized near the impurities or more ex-
ments calibration difficulties associated with the presence ofended is not completely clear. The numerical calculations of
a few abnorma”y Iarge grains led to underestimates of the(|ang and Wheaﬂe%/suggest an intermediate case, with per-
microwave conductivities by factors which varied from 2 to tyrbations extending through 10 or 20 lattice spacings, but
7, and our results were therefore not publlshed in full. Thre%ubstantim Changes in the gap parameter more Sharp|y local-
qualitative conclusions were, however, apparent from the reized. The two-fluid model and the calculations of Hirschfeld
sults for o’ (T): in these heavily doped powde(8 o,, is et al* ignore the possibility of confinement. L®ehas ar-
about one order of magnitude smaller than in the UBC singlgyued that the low-lying states will be confined and that con-
crystals at 40 K and not very different from the normal-stateduction at low temperatures will be by hopping between such
conductivity extrapolated beloW,; (i) ¢'(T) continues to localized states; he argues that thermally activated hopping
rise steeply at the lowest temperature reached, the peak iould give an exponential behavior hard to distinguish from
o'(T) at 40 K seen by the UBC group in optimized that due to a finite energy gap. But Balatsky and Safola
YBa,Cuw0;_5 being abseniFig. 3(@]; and(iii) the fluctua- have shown that if the nature of long-range hopping in the
tion peak nearT, is much more noticeable and somewhatdirections of the gap nodes is taken properly into account the
broader and appears to affaet(T) down to about 0.5.. low-lying states will not be localized in d-wave supercon-
Since Eq.(2) depends only on a ratio of conductivities, our ductor. In the case of the powders heavily doped with Zn one
calibration errors largely cancel out when the effective valuemight expect statistical fluctuations in the Zn concentration
of we is computed. With the help of the valuesfeffrom  to lead to variations i\ (r) on the scale of perhaps 10 nm,
the table and our observations ef(T) we deduce the ef- which would have the effect of confining some excitations.
fective values ofwres shown in Fig. 8b), which remain A similar effect will occur nearT., where spatial fluctua-
imprecise but should be reasonably reliable in form and aptions in A(r) become important.
proximate magnitude. It seems likely that at least some situations arise in the
Three general conclusions may be drawn. First, dopinguprates in which excitations are localized. We wish to raise
with both Co and Zn appears to increase dramatically thehe question of whether in such a situation a model of hop-
proportion of electrons remaining normal at low tempera-ping between localized states is necessarily required to un-
tures(and we have no evidence in these heavily doped poweerstand the transport properties. The theory of normal-
ders of any serious discrepancy between the valuek,of superconducting (NS) interfaces for s-wave
determined from the heat capacity and the penetration deptuperconductofs suggests that when low-lying excitations
measurements Second, the relaxation time &&=0 is sub-  are confined withinN regions by local variations oA(r),
stantially decreased, as would be expected for an increasedirrent can flow smoothly across such interfaces, normal
density of scattering centers. Thirdjs not constant at low current being converted into supercurrent by Andreev reflec-
T but continues to rise steadily. In interpreting this effect intion and other processes with only a small boundary resis-
such heavily doped material in whidh(0) is 0.5 or more, it  tance, even for sharply localized excitations. When the varia-
seems best to suppose that the normal electrons behave muain of the one-electron potential with position near the
as they do in the normal state, with a constant residual scainterface is also important the boundary resistance is greater,
tering rate and an inelastic electron-electron scattering rateut Andreev reflection does not disappear completely and
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conversion of normal current to supercurrent can still occurful discussion with Dr. J. Wheatley on the theory of impurity

If such a picture is valid for an inhomogeneous cuprate westates and with Dr. D. Morgan on the microwave conductiv-
should be able to discuss transport properties using sonigy. The work has been supported by SERC, EPSRC, the
form of effective medium theory rather than a hopping Greek Government, the Bodasakis Foundation and by Pem-
theory. When there are disconnected “normal” regions ofbroke College and Wolfson College, Cambridge.

low conductivity inside a connected superconducting matrix

effective medium theory shows that the two parts behave

roughly as though in parallel and one obtains results not very APPENDIX: THE TWO-FLUID MODEL

different from the two-fluid model, which has parallel con- IN MATTIS-BARDEEN THEORY

duction by normal and superconducting carriers. In such a We show here how the two-fluid model may be obtained
picture the values forey and f, obtained from experiment , 5 gimple way from the nonlocal electromagnetic kernel

using the two-fluid model would not be changed by Iargeused by Mattis and BardeérThis kernell(w,R,T)e R’

factors if one adopted a model of localized excitations. ltyescribes how the current induced by a field at frequency
seems to us important to discuss whether such a model ig 5 qiyen point spreads out to affect other points at distance
generally valid for cuprates with localized excitations of dif- o | “iha hormal staté takes the form—imwe ' “R'*F. The

fﬁrent types and we encourage theoreticians to InVesugatf‘lvlpercurrent part of the kernel is associated with virtual tran-
this question. sitions, is loss-free and is purely real. The normal current

part is associated with real transitions induced by the elec-
XI. CONCLUSIONS tromagnetic field and the corresponding responses travel out

. L ) from the point where the field acts with a phase factor of the
We believe that when the excitations are not localized th‘?orm e 1RV \wherev is the velocity of the response. Using

two-fluid model may be applied to both optimized and dopegege jdeas we may, at frequencies below the gap frequency,
YBa,Cu;0,_ 5 over most of the temperature range, in which identify the normal part of as

we have/ <\ (the local limiY and /> &, (the clean limit,

which holds reasonably well even for doped samplés

proper allowance is made for the energy dependence of [

We suggest that localization may not lead to qualitatively In(@,R,T)=— i L [f(E))—f(E2)]
different behavior if current carried by localized excitations

can be converted to supercurrent at the localization bound- X[(g—1)e Rleatea)/hve
ary.

. . . . . . —iR(epx—€q) Iy
An |mp0rtant exceptlon to this conclusion arises for Optl- + (g+ 1)e Rle2me F]dEla (Al)

mized or lightly doped YBgCu;0,_ s below 40 K, where our
estimates suggest that the normal electrons enter the anomahereE,=E;+#%w, E*’=c2+A?, f is the Fermi function,
lous skin-effect regime. If our analysis of this situation andg, which involves the electromagnetic coherence factor,
proves to be correct it would provide some evidence that thés (E;E,+ A?)/e,¢e,. The term ing—1 is associated with
velocity of the dominant excitations correspond at least apelectromagnetic transitions between the electronlike and
proximately to the band structure, Fermi-liquid mo¢relther  holelike branches. It has a short-range of ordgrand is
than, for instance, a bipolaron or holon modéi would also  absent in the normal state. The termgr-1 is associated
provide firm evidence in favor of d-wave rather than an with electron-electron and hole-hole scattering and has long
s-wave model and suggests a possible resolution of the apange. At low frequencies it corresponds to a disturbance
parent disagreement with all models of impurity scattering intraveling at the group velocity = (¢/E)vg of the excita-
the local limit, noted by Hirschfel@t al* tions. On subtracting the terms identified laswe are left
Samples which have deliberately been heavily doped witlwith a purely real contributiotg representing the supercur-
Zn or Co contain a large fraction of normal electronsTat rent, which is even i and reduces at zero frequency to the
=0, but it is not clear whether these electrons are in exBCS supercurrent kernd(R, T).
tended or in localized states. It seems that even good quality In the dirty limit /<&, the effective conductivityo;
thin films may contain 10% of normal electronsTat0, and  —ig, is proportional to I(w,0,T). The corresponding
that this is associated with a density of states of the f&rm Mattis-Bardeen conductivity ratios, /o, ando, /o, are in-
+BE? at low energies which leads to the commonly ob-dependent of/. Both terms in Eq.(Al) contribute to
served quadratic behavior of(T) at low T. This agrees ¢, /o, . The two-fluid model is invalid in the dirty limit. For
qualitatively with the calculations by Hsiang and Whedtley instance, if we introduce more scattering centegsfalls,
of the density of states fordwave superconductor contain- corresponding in two-fluid terms to a reduction in the density
ing impurities. of superelectrons, but there is no corresponding increase in
the density of normal electrons; in Mattis-Bardeen theory
scales in the same way with scattering in the normal and
superconducting states and we interpret the constancy of
We acknowledge gratefully the supply of high-quality o /0, with increased scattering as reflectinganstantden-
films by Professor R. G. Humphreys of DRA Malvern, help sity of normal electrons. This failure to match the two-fluid
with film characterization by Dr. P. Berghuis, and the discus-model in the dirty limit is related to a sum-rule argument. If
sion and use of unpublished data on the heat capacity dhe conductivity has the two-fluid forifl) at all frequencies
doped YBaCu;O;_s from Dr. J. Loram. We have had help- it follows from the conductivity sum rule
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% n In the opposite case, thelean limit /> ¢&; for which

f o'(0)do=7"— (A2)  1/7<A/h, a two-fluid model is possible. The conductivity is

o now proportional tofl,(w,R,T)e"R”dR. Because of its

that fs+ f, must be equal to unity. In theories involving an short range the first term in EGA1) now makes a negligible
energy gap, any two-fluid model which may hold at low contribution too. For f(equencies much less than the gap
frequencies will break down when the frequency reaches thifequency the contribution tbfrom the second term reduces
gap frequency, for there is then a sudden rise in absorptioﬁ‘?
However, the real part of the conductivity in any case falls o of
rapidly beyond the cutoff frequencyAAf this cutoff occurs | (w,R,T)=— i f - —how
above the gap frequency, as it does in the dirty limit, then the A JE
rise in ¢’ beyond the gap frequency will make a substantialwhere we have writtes,— ¢, as E/e)%w. On performing
contribution to the sum-rule integral, and it is not possible tothe integral overR and comparing with the normal state
have a two-fluid form valid at low frequencies wifQ+f, result one finds that the normal part of the conductivity may
close to unity. be written in the two-fluid form(5).

2E? —iwR/
?_e ORTsdE, (A3)
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