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Surface resistance of epitaxial YBaCu3;0,_, films on various substrates: Effects of pair
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The temperature dependent surface resist&y€€) of eight high-quality epitaxial YB&u;0;_, films on
LaAlO4(Y/L), MgO (Y/M), and CeG-buffered sapphiréY/S) substrates was investigated at 19 GHz with a
resolution of 20uf). The residual leveRy(T— 0) was(90-180 u( for all films. The slopeIR¢(T)/dT in the
range(4—20 K decreased froni6—8 u/K for Y/L to (0—2 uQ/K for Y/M, and to slightly negative values
for Y/S. This slope correlated with the transition temperaflire including published data of abo(t0—-20
pQIK for high-purity YBaCusO;_, single crystals. The increase Bf from 4.2 showed power-law behavior
AR((T)T? up to 40 K witha~1.3 for Y/L and Y/M. However, it was exponential for Y/QR¢(T)xexp
(= 8XTIT) with §~0.8. The results can be described with the two-fluid model in terms of the quasiparticle
densityny(T) and the scattering time(T). The high and reproducible residual resistance imglieagneti¢
impurity scattering at a rate”%(0)=ny(0), i.e., proportional to the density of quasiparticles. In crystals and
unstrained films, the pair condensation is gapless, and the power-law temperature dependeacds phire
reflected in that ofRg. In contrast, in strained filmsny(T) displays activated behavior, and the low-
temperature behavior dRg changes to exponential. The formation of an energy gap is attributed to the
interaction between the Cu-O planes and the chains, which is affected by strain. The existence of an energy
range with zero density of states limits possible interpretations of the order parameter of YBaCuO. A two-band
scenario with magnetic pairbreaking and two different order parametark{l2=6—8 for the planes ang0
for the chaing with swave symmetry, at least in the chains, appears to be an adequate explanation.

[. INTRODUCTION gapless superconductivity in the charge reservoirs of
HTS's 2122

Until now, the pairing mechanism and the symmetry of According to the pairing mechanism and the symmetry of
the order parameter in high-temperature superconductotbe order parameterthe energy dependent density of states
(HTS’s) are not unambiguously resolved. Many experimen-N(E) of HTS has been discussed controversially. Most mod-
tal results such as a finite surface resistaRG€T<<T,), els involving d-wave symmetry imply thalN(E), averaged
power-law behavior of the penetration deptfiT) at low  over all directions across the Fermi surface, vanishel at
temperatured;® spontaneous magnetizatié, and anoma- =0 similar toE® with a=1-22" In contrast, the existence
lous Josephson behavidf revealed an unconventional char- of an energy gaplA|, i.e., whereN(E)=0 for an extended
acter of the HTS materials. Phenomenological explanationsnergy rang&<Re(A), is unambiguously related sswave
of these and other observations assumeedrmve symmetry  symmetry and is well known to result in thermally activated
of the superconducting order parameter. However, regardingharge transport in terms of the reduced energy gap
the high transition temperatures, the required pairing mecha=|A|/kgT,.*®%3In turn, the observation of exponential tem-
nism consistent with this symmetry is presently not cléar. perature dependences must be considered a proof against
Furthermore, the observation of Cooper pair tunneling alongapless superconductivity as in maktvave scenario. It is
the crystallinec direction proved the existence of a nonvan-worth noting that early reports indeed claimed an exponen-
ishing swave contribution to the pair staté-'*An alterna-  tial temperature dependence of the surface resistance of well
tive explanation of the unconventional behavior of HTS’'soxygenated epitaxial YBaCuO films and of single
was based on a two-band modei'’ This model considers crystals?*~2® However, many surface impedance data on
two electronic subsystems, represented by the Cu-O plan$TS single crystals did not reveal such features latef on.
and the charge reservoirs between these planes which, in the We report recent studies of the surface resistaRgd)
case of YBaCuO, are the Cu-O chains. Strong electronef high-quality epitaxial YBaCuO films on different sub-
phonon interaction of the in-plane carri¥t€®and induced strates, part of which displayed a clear exponential tempera-
superconductivity in the reservoirs lead to two order paramture dependence ®&,. Based on an improved measurement
eters which could be of conventional, unconventional, ortechnique and on statistical reliability, these data present an
mixed symmetry. This model accounts for the crystal strucimportant confirmation of the earlier observations. They also
ture of the HTS compounds and is able to describe manprovide deeper insight into the mechanisms which lead to the
experimental observations. A specific feature of the twoformation of an energy gap. These mechanisms are related to
band model is intrinsic magnetic pairbreaking, which poten-the crystalline perfection of the epitaxial flms and hence to
tially leads to spontaneous magnetization at interfaces and the type of substrates employed. The results bear important
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TABLE I. Survey of selected properties of the investigated YBaCuO films. The sequence of the samples
corresponds to the curves in Figal, from top to bottom. The thermally evaporated film on LaAl®/L2)
and all films on sapphir€Y/S1-3 were deposited after the substrate was covered with g Gefier layer.
The deposition techniques are explained in the text. The residual resistance and theRslope were
extracted from quadratic least-squares fits in the rgdg@0 K as indicated in Fig. (b).

Film Critical Residual Slope
Sample Deposition thickness temperature resistance IR/ T,
ID Substrate technique dg, Nnm Te, K Rs(0), nQ) nQIK
YL 1 LaAlO, LD?8 260 90.1 165 6.0
YIL 2 LaAlO, TCS2 400 >87 107 8.2
YIL 3 LaAlO, DS 330 89.6 88 6.6
YIM 1 MgO EC® 350 89.9 108 2.4
YIM 2 MgO EC® 350 92.0 127 0.0
Y/S 1 Sapphire TE 86.4 187 -3.3
YIS 2 Sapphire M 400 87.9 147 -3.4
YIS 3 Sapphire M 550 87.5 115 -2.0

constraints for possible interpretations of the pair state ifLD), magnetron sputterifg(MS), high oxygen-pressure dc
HTS's. Section Il describes the microwave measuremensputtering® (DS), electron beam coevaporatidn(EC), and
technique and the investigated films. The results for the temthermal coevaporatidh (TC). The EC samples covered an
perature dependence Bf are summarized in Sec. lll, and area of 1 in. by 1 in., while the other films were 2 in. in
discussed in terms of a two-fluid model in Sec. IV. The papediameter. All films, except for sample Y/M2 which was near
is concluded in Sec. V by a discussion of the major findingsoptimal oxygen doping, were slightly overdopexi<{0.12)
YBa,Cu;0;_, of correct(within 3%) cation stoichiometry.
Il. EXPERIMENTAL TECHNIQUES The thiCkneSSd,: of the films varied between 260 and 550
nm, corresponding to a ratid: /\(0) of about 1.5-3. The
The surface resistance of the investigated YBaCuO filmsesulting film thickness correction of the surface resistance
was measured at 19 GHz using a Nb-shielded dielectric resgemains below 10% up to temperatures abbwtT /2, above
nator excited in the edge-current free TEmode?’ The di-  which A(T) starts to increase apprecialfyThis correction
electric was a high-purity sapphire with a loss-tangent beloveould therefore be safely neglected for the following analy-
4x10°° at 4.2 K. The unloaded quality factor of the host sis, given the lack of sufficiently precise(T) data for the
resonator, when terminated with a pure Nb sample, exceedeflvestigated films. The critical temperatures of the films were
3x 10" at 2 K, indicating residual losses equivalent to a sur-inductively measured, or deduced from the surface resistance
face resistance of as low as 20). The sample under inves- data, with a resulting uncertainty of 0.5 K. TiRg(0) and
tigation was thermally and electrically isolated by(¥00—  jR,/4T data were extracted from quadratic least-squares fits

300 um wide gap from the sapphire and the Nb shield,in the temperature range between 4 and 20 K as discussed
which were both permanently kept at 4.2 K. Heating the Cibelow[see Fig. 1b)].

support of the HTS film allowed us to study the temperature
dependence of its surface resistance with high precision up to
temperatures close fb,. The microwave antennas into and 1ll. TEMPERATURE DEPENDENCE OF THE SURFACE
out of the host resonator were adjusted to low coupling fac- RESISTANCE
tors <1%, and the source was kept at the low power level of
—10 dBm during such measurements. The surface resistance
of the sample was deduced from the quality facfoof the Figure Xa) compares the as-measurBd(T) data of the
resonator, including the corrections for tiweeak coupling.  investigated YBaCuO films in the temperature range from
The Q(T) data were acquired with a computer controlled4.2 to 40 K. The data for Y/M and Y/L were offset by100
network analyzer during warming the sample from 4.2 K upu ) and +200 u{} for clarity, as indicated by the arrows. At
to T, within typically five hours. Further details and repre- 4.2 K, all films displayed surface resistance values around
sentative results obtained with this system were describei50 (), independent of the type of substrate. This low level,
previously?’ which corresponds to 4Q.() if scaled quadratically with
Three groups of high-quality epitaxial YBaCuO films frequency to 10 GHz, is indicative of a high sample quality,
were investigated in the present stugee Figs. 1 and)3 and is comparable to published data on high-purity single
Group 1 consisted of three films deposited ontocrystals®® However, theR(T) data can be distinguished
CeO-buffered sapphire substratéeferred to as Y/Bfrom  from the steepness with which the surface resistance in-
two supplierssee references below and in TableGroup 2  creases alT>4.2K. The Y/S films display almost constant
contained two films on MgQY/M) from a single supplier, Rgup to about 15 K, and a weak increase at higher tempera-
and group 3 three films on LaAlQY/L) from three different tures. The surface resistance of the Y/M films starts to in-
suppliers. Selected properties of all samples are summarizedease above 4.2 K with a steeper slope and with significant
in Table I. The films were prepared by pulsed laser ablafion curvature, while thd&¢(T) data of the Y/L films increase still

A. Residual resistance and slop@Rs/dT
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FIG. 2. SlopedR;/dT as obtained from the quadratic fit in Fig.
1(b), versus critical temperature for the films on sapphfited
circles, MgO (squarey and LaAlQ, (triangles, and for single-
crystals(open diamonds, Refs. 43, ¥4The horizontal line marks
constantRy(T).
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o defects such as microcracks® This fact led originally to
0 5 10 15 20 the development of buffer layers such as GE&f° It is
temperature T (K) worth noting that the existence of a Cgbuffer in sample
¥/L2 did not lead to a corresponding deviation @R;/JT

FIG. 1. (a) Temperature dependence of the surface resistance
the YBaCuO films listed in Table I: Y/$group 1, circles, three Hrom those observed for the unbuffered LaglSubstrates

different samples Y/M (group 2, squares, two samples/L [Fig. 1@]. !n accorqance with this observation, the grouping
(group 3, triangles, three sample¥he arrows indicate an offset of of steep, intermediate, a_nd Sh_aIIOW slopes R{(T) Tor

0.1 m (solid line, for Y/M) and of 0.2 n) (dashed, for Y/L. (b) LaAIO3, l_\/IgO, and sapphire anticorrelated clearly with the
Selected data for sample Y/L3 in the temperature radge0 K lattice misfits between YBaCuO and the unbuffered sub-
(symbols together with a quadratic least-squareg(fite). strates of 9-021 0.09, and about 0%1.

Alternatively, the crystal structure of YB@u;O;_, can
more steeply. These features are independent of depositid¥¢ Parametrized in terms of tieaxis lattice parameter or,
technique and film thickness, as can be concluded from conf-9-, Via the oxygen deficiency, in terms of the critical
paring the different films within each group, and can there{emperaturer. As shown in Fig. 2 for a variety of
fore be correlated with the type of substrates. Similar result§lms including those listed in Table (filled symbols, the
were recognized recently also for data communicated in &l0peJRs/dT is obviously correlated witfT¢. [It is worth
commercial advertisement, and can hence be considerditing that the right-most square represents sample Y/M2.
representativé>® Due to being close to optimal oxygen dopit®ec. I)), its T,

In order to evaluate the substrate dependent behavidleviates from the body of data towards higher valuatso
quantitatively, theRy(T) curves in Fig. 1a) were parameter- included in the flgu_re are data on YBaCuO smgl_e-crystals
ized in the low-temperature rangé—20 K by the polyno-  extracted from the literatuf&*® (open diamonds which fit

mial to the overall trend. The scatter of the data represents the
influence of further microstructural or electronic peculiarities
IRs like inhomogeneities, impurities or granularity @R and/or
- s 2 )
Ry(T)=Ry(0)+ oT XT+O(T9). (1) on dR./4T.

Altogether, the temperature dependence of the surface re-
The lowest order required to reproduce the curvature of thgjstance of YBaCuO becomes steeper with increasing crys-
Rs(T) curves was twoR¢(0) is the extrapolated residual talline perfection of the samples. A similar conclusion was
resistance at zero temperature, afi/JT represents the drawn for YBaCuO single crystals doped with Ni and ‘2n.
linear slope ofRy(T). The quality of a typical fit is demon- According to Fig. 2, there seems to be no general difference
strated in Fig. ) for the film Y/L3. TheRy(0) anddRs/dT  between the microwave properties of films and crystals. The

data evaluated for all films are listed in Table I. In accor-observed behavior is therefore relevant for the explanation of
dance with the discussion of Fig. (d, Rs(0) the pair state.

~(90-180)u ) is comparable for all films, whil@Rs/JT
accumulates at high values -8 u(/K for the films on
LaAlO,, at intermediate values ¢0—2) uQ/K for the films B. Increase ofR; above its low-temperature level
on MgO, and slightly below zero for the films on sapphire.  1pe analysis oR(T) in Sec. Ill A. showed that the re-
In an attempt to understand the influence of a substrate oqal resistance was independent of the employed sub-
the temperature dependence of the surface resistance of tE’ﬁates, in contrast to the slop®./dT. It is therefore im-

film deposited onto it, the slopeR,/JT was tried t0 be 5rant to analyze the temperature induced increas®, of
correlated with the crystal structure of the films. It is gener-

ally known that a mismatch of lattice parameters between
substrate and film induces stréirand, potentially, related AR(T)=R4(T)—R40), 2)
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dence ofRg(T) is an undoubtful proof of existence of an
extended energy range where the density of states is identical
to zero. It consequently limits possible interpretations of the
pair state in YBaCuO such as the coexistence of a dominant
d-wave contribution with a subdominasstwave contribu-
tion, since such scenarii imply a finite angle-averaged den-
sity of states extending down to zero energy.
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The surface impedance of high-temperature supercon-
ductors can be described phenomenologically with the two-
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publicationst 1/

-
e

s

-
S
%

1/2

increase AR_(m<)

i,uow

2= M —ioa(m

()

A T T
2 4 6 8 10 Assuming a Drude model for the quasiparticle conductivity

-
e
o
.

inverse reduced temperature T /T with a frequency independent scattering timallows us to

expresso; and o, in terms of the number densities of un-

FIG. 3. Temperature dependence HR;=R(T)—R¢(0) in paired and paired charge carriens, andng:

double-logarithmic scalinga), and in an Arrhenius plotb). The

notation is the same as in Fig. 1. The dotted and dash-dotted lines in e? (T)
(a) represent trle lineara(=1) and the quadratic dependences ( oq(T)= FnN(T) T [or(T ] (4a)
=2) of AR T?.
and
in greater detail. The results for the samples discussed along
with Fig. 1 are summarized in Fig. 3 using the same notation. 1 e? [wr(T)]?

Figure 3a) displays the temperature dependence\ BE(T) oo(T)= o A(T) Mo nS(T)+nN(T)m2 ,

in a double-logarithmic scaling, in comparison with the

power-law behavioiT®, a=1 (dotted ling anda=2 (dash- (4b)
dotted line. The reproducibility and the grouping of the data where the temperature dependences of all relevant quantities
according to the three different types of substrates is similapre explicitly indicatede is the electronic unit charge, and
as in Fig. 1. The data for Y/L and for Y/M are consistent M* the effective quasiparticle mass. The first part of @d)
with a slopea~1.1—1.4 over the entire temperature range updefines the microwave penetration dep{T) as usual. The

to 40 K, which is in accordance with other repditsin  densityng(T) is related tony(T) by

contrast, the data for Y/S 8t>10K cannot be described by

a single power law, rather than by a series of power-laws Ns(T)+Nn(T)=ne, (40
with different exponents. The data scatter below 10 K rewith ng the number density of charge carriers at the Fermi
flects an uncertainty of about 14X} for the R¢(0) levels. level. At low temperatures, where;(T)<o,(T) holds, Egs.

Figure 3b) is a representation of the same data as in Fig(3) and (4) can be simplified to yield the surface resistance:
3(a), but scalingARg logarithmically versus the inverse re-

duced temperatur€;/T. This scaling is naturally applied to RS(T)=,u§w2/2>< A(T)X oy (T). (5)
conventional superconductors whose surface resistance dis- . . .
plays thermally activated behavior as discussed in Sec. @ order to parametrize the surfaqe resistance according to
Plotting AR¢(T) data then yields, a./T>2, a straight line, gs. (4) and (5), models are required for the temperature
the slope of which is a measure of the reduced energysgap dependences _OﬁN(T) and .T(T)' Th? general fo”'? of
The experimental data for Y/L and Y/M display a plateau innN(T)' normallzed to the resu_jual fraction>0 of unpaired
AR close to the transition temperature, which is well knownCharge carriers, can be considered to be

to reflect strongly temperature dependent quasiparticle ()

scattering™ but no linear behavior in any temperature (1) = N
range. In contrast, the plateau is suppressed in the films on No

sapphire, and Ry(T) follows a pronounced activated behav- with t=T/T, the reduced temperature and-ng/n,. The
ior at T./T>2 with a slopes~0.8. The magnitude of this temperature dependence f(T) is contained in the nor-
slope agrees with earlier reports BY(T) of YBaCuO films  malized functionF(T), with F(0)=0 andF(1)=1. An ap-
and crystal$;~**and with the observation of a small energy preciable body of datésee, e.g., review in Ref) pointed to

gap of break junctions in YB&WO;_, and YbBaCus0;—x  the empirical behavior
single crystal$®

The observation of an exponential temperature depen- F(t)=F,(t)=t?, (78

=1+(v—1)F(t) (6)
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while for a finite reduced energy gapfollows

s 6 R T T
F(t)= F2<t>=exp( - ;). (7H) _cr@ o /]
g4f .
The reduced energy gaift) _is generally ter_nperature depen- § 3l ! 2 i
dent such that(1)=0, but it can be considered constant at g 2l
t<1/2. = e ]
N : - ®
The quasiparticle scattering rate 1(T) of YBCO was 1 Lo 3
found to drop exponentially below,, and to approach with 15} I A . A
a cubic power-law the constant value, at low 0 01 02 03 04 05
temperature$® Since here we are mainly interested in the reduced temperature t=T/T,
temperature dependenceRf at t<3, it follows that
3 6 6 AN T T VAME
1 1 1 1 t v /]
=4 S ] (8a % 5}(b) -
() 70 7(t) 710 7(1) z I ]
g 4
The total expression for the scattering time becomes in re- § 35
duced units, using=[7o/7(1)—1]: e
8 2oL
T(t) 1 g . (5=0.8)
tH=—=7——7. (8b) R S T
7 7o 1+oxt® 10071 02 03 04 05
Combining Eqs(4)—(8) gives the surface resistance in terms reduced temperature t=T/T

of the temperature dependent functiopgt) and »(t):

LR [0 J—
_ F R (DR (0)

RS—(t)_VUZ 7n(t) X 7,(1) v 7n(t) 32 1.08 | /

o2 PLiTeon (O [ T4 Teon 0T o 108} © ;
9 r ]

1.04 [ ]
with A= m*/ uonee? the plasma wavelength\ [~ 160 nm F ]
in YBCO).® The constant parameters contained in @ are .
v (quantifying the inverse fraction of unpaired charge carri- 1.00 [ E
ers at zero temperature—c in an ideal superconductor b Lo P REE— -
the reduced energy gap(which is determined by measured ' ' ’
datg, 0 (quantifying the steepness of the drop of the scatter-
ing rate belowT.), and ¢p=w7y (which is given by the
residual scattering rateThe parameterg and ¢ are related
to the residual resistand®,(0) by

102§ ' ]

reduced temperature t=T/T .

FIG. 4. (a) Temperature dependences of the reduced quasiparti-
cle densityn,(t) [curve 1:F(t), curve 2:F,(t) with §=0.8, see
Egs.(7)] and of the reduced scattering timg(t) [curve 3:6=0,
curve 4: =10, see Eq(8b)]. (b) Results for the reduced surface
—3/2 resistanceRy(t)/R¢(0) for gapless ;) and gappedR,, 5=0.8)

(10) pair condensation and fat="5 (dashegl and 6= 10 (solid curves,
as calculated from Eqg9) and (10). (c) Same as in(b), on an
expanded scale.

1

R(O) L, %o
_ v— ,
1+¢§

owhy2 ¥ 1+l

B. Results for the surface resistance

Starting with a discussion of the residual resistance, Eqlime, scattering is magneticespectively: nonmagnetiem-
(10) can be simplified since>1 (typically?® ny/ng=1n  Purity scattering. However, regarding the obvious similarity
<0.05) and @p<l (typicaly’ wry~0.2 at w/2m  Of theRy(0) values of high-purity crystals and strained Y/S

— 19 GHz) are realistic approximations, resulting in ;ilm\s(,Btgg second explanation seems inappropriate, at least
or .
R0 The temperature dependence of the surface resistance is
L)~ ﬁocnoro. (12) given in the framework of the two-fluid model developed in
HowNp/2 v Sec. IV A by that ofn,(t) and of n.(t) [Egs.(6)—(9)]. Fig-

ure 4a) illustrates 7,(t) using F(t) (curve 1 and F,(t)
The observation tha®¢(0) is nearly independent of the type (5§=0.8, curve 2, and »,(t) for 6=0 (curve 3 and §=10
of substrate(Sec. Il A) implies therefore that the residual (curve 4. The two-fluid approximatioff ;(t) =t2 for the pair
scattering rate * scales in proportion to the number density breaking leads to an increase gf(t) starting at the lowest
ng of unpaired charge carriers. Obviousty, andng have a  temperatures while the assumption of a finite, though small,
similar (or even the samerigin, which could be intrinsic to  energy gap results in a constant number of unpaired charge
the superconductor. Is-wave (respectively:d-wave super-  carriers ny(t)=ny at low temperatures such that>1
conductors, the most likely mechanism to cause an appréehere:t<0.1). The reduced scattering timg(t) stays con-
ciable fraction of unpaired charge carriers and, at the samstant or decreases with increasing temperature, depending on
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the choice off. The variation of %, with temperature is While the simple model can explain various features, the
much stronger and opposite to that®f. Figures 4b) and  remaining questions concern the origin of the correlation of
4(c) display the reduced surface resistafitét)/Rs(0) cal-  gR./dT with T, (Fig. 2), and the related turnover from a
culated from Eqs(9) and (10) for different sets of param- power law to an exponential temperature dependencs,of
eters. According to the previous discussion, the paramete{s a function of the employed type of substrate. Recent
po=wTy Was fixed at 0.2, and the residual fraction of un-report§243 on significant enhancements of the critical tem-
paired charge carriers at=25. The temperature dependence perature in strained LaSrCuO films on SrLaAlO demon-
of R; modeled for the gapless caldanctionF,(t)] obeys a  strated that lattice deformations associated with strain can
power-law as expected, with the steepness depending on thg,qamentally modify the energy scales governing the pair
parameterf [dashed curves in Figs.(8) and 4c): 6=5,  ondensation. As concluded for the case of YBaCuoO films,
solid curves:#=10]. In contrast, assuming a reduced energy; separation of two adjacent Cyfanes from one another
gap 5=0.8 [function F5(1)] leads tf) an aImorsfc cqnstgnt due to in-plane compressive strgiknown as the “Poisson
A0t emperaien 015 ndeal, a8 Gnfed - ) i expeted 1 e, Suh a bavor could
terir;g (n.) [see curves 2 and 4 in Fig (] nresults in a explain the lower critical temperatures of the Y/S films com-
L : N pared to Y/L(Table ). Another consequence of an elonga-
shallow minimum ofR4(t) slightly belowt=0.1. . : S .
tion of the lattice along the crystallinedirection is a modi-
fication of the electronic interactions between the GuO
planes and the CuO chains, which are suspected to induce
superconductivity in the chairf$??4” Whether the chains
In summary, the measured residual resistance of differdisplay a vanishing or a finite energy gap was argued in the
ently prepared high-quality epitaxial YBaCuO films was in- two-band model to depend on the hole doping l€uel, the
dependent of the employed substrates and quantitatively re@xygen deficiency but also on magnetic interactions be-
producible, Ry(0)~130u() at 19 GHz. The temperature tween the out-of-plan€‘apex”) oxygen sites and the CuO
dependence oRg, in terms of the slope/Rs/JT, became chains. Increasing the plane-chain distances could therefore
stronger with increasing crystalline perfection, as paramrender the chains from a gapless into a weakly gapped state.
etrized here by the critical temperature, from films on sap-This proposed mechanism would provide a natural explana-
phire to MgO and further to LaAl@substrates. This corre- tion for activated behavior to occur predominantly in
Ia_ltion extrapolated from epitaxial films_ even to high-purity strained films rather than in high-purity crystals.
single-crystals. Up to about 40 K, the increasB(T)«T® An alternative explanation of the occurrence of gapped
above the zero-temperature valBg(0) was between linear g, perconductivity in YBaCuO could be scattering at non-
and quadratiqwith an exponenea~1.3) for the films on  magnetic impurities, which are likely to be present in
LaAlO; and MgO in accordance with other repoffsHow-  giained films, and which are known to reduce the critical
ever, it was exponential for the films on Cgluffered sap- o mperature ofi-wave superconductofé? It is speculated
phire and corresponded to a reduced energydap.8. This that defects and interfaces in these highly anisotropic short-

observation proves the existence of an extended energy ran98herence—length materials lead to a frustration ofitheave

\;v:r(ce)re the average density of quasiparticle states must bseymmetry, and to the appearance of a subdomi ve

The observed?,(T) behavior was related in terms of a component extending over a few coherence len§thi.

two-fluid model to the opposing temperature dependenceglowiver’ Itolls questlor;alb![e i thlstsceréarlo an accofutrrl]t for
7,(T) and 5,(T) of the pair breaking and the quasiparticle € observed exponential temperalure dependence of the sur-

scattering, respectively. The model involved the fixed paramf@ce resistance, given that this quantity integrates over the
eterss (set either to 0 or to 0)&and o= wr,=0.2° and the entire sample_- area, agnd over all quasiparticle energies and
variablesv=ng/n, and =[/7(1)—1]. The universal momentum direction: Furthgrmore, the small energy gap
Ry(0) values implied that the residual scattering ragé _concludeq here from tht_e variation Bf at low temperatures
scaled in proportion to the residual fractiog of unpaired IS not sufficient to describe the steep drofRgfnearT, but
charge carriers. Magnetic impurities were concluded to béequires the assumption of a second, much larger, energy gap
the most likely source of pair-breaking and, at the same timel@pproximately A/kgT.~6) as discussed in Ref. 5.

of scattering in YBaCuO, independent of the type of In conclusion, the presented data contain serious con-
samples. Thdr¢(0) level could be explained with a reason- straints for any interpretation of the pair state in YBaCuO, if
able value ofng~ng/252° which turned out to be indepen- not in all cuprate superconductors. They indicate the coex-
dent of the slope dR,/dT. The exponent a  istence of two superconducting bands. The occurrence of a
=dIn(ARy)/9In(T) agreed with the data measured for thefinite energy gap defines a reference, and illustrates the ne-
Y/L and Y/M films when assuming=0 and»,(T)xT?, as  cessity, for any theoretical approach in termsdefiave or
suggested by numerous penetration depth @&tén con-  mixedd/s-wave symmetries to evaluate the resulting density
trast, in the case of activated behavior witk-0.8, the de-  of states. On the experimental side, the data connect the be-
crease of the scattering timg(t) became competitive to the havior of films to that of single-crystals, which were believed
weak exponential increase of,(T) at low temperatures, so far to be the only type of material to study intrinsic prop-
leading to a shallow minimum oR¢(T) around 10 K(as- erties of cuprate superconductors. The proposed model can
sumingT.~90 K), in accordance with the data measured forand will be checked with further microwave measurements
the Y/S films[Fig. 1(@)]. on different cuprates and in different doping levels.

V. CONCLUDING DISCUSSION
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