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Normal-state properties, such as the resistipify and the Hall coefficienRy , structural properties, such as
the ¢ axis and in-plane lattice parameters, and superconductive properties, such as the critical temperature
T., the penetration depth,,, and the thermal activation energy for flux flaWJ, are reported forc-axis
La,_,Sr,CuQ,. s films. These parameters have been measured as a function of doping in the range from
heavily underdoped to heavily overdoped. The structural data indicate a 0.3% compressioncaixtbe
parameter and a corresponding 0.3% expansion of the in-plane lattice parameters as compared to bulk values,
which explains the overall reduced critical temperature of these thin films. As the dopant content is increased,
maximum values foi,, AU, and)\;bl are observed close to optimum doping, whig and p,, decrease
monotonically.[S0163-18206)06733-1

[. INTRODUCTION “123” compound$ appears to confirm these predictions.
In this paper we report careful measurements of various

It is of fundamental importance to establish the dopingProperties onc-axis La,_,Sr,CuO, (“214”) thin films,
(x) dependence of the superconducting properties in cuprafe®vering the doping regime from heavily underdoped to

superconductors. Of particular relevance are the phas&l€avily overdoped. Particular attention was given to the
transition lineT;(x), which distinguishes the normal from preparation ofhigh-quality, homogeneous filmsirst, the

the superconducting state, and the penetration dif). normal-state properties, such as the Hall coeffickptand

deed . i ob d for “oni " dobi the in-plane resistivityp,,, are obtained as a function of
Indeed a maximunT, is observed for “optimum” doping,  4oping: they allow an estimate of the mean free patBec-

with a decrease in both the underdoped and overdoped rgng, the evolution of the structural properties is reported as a
gimes. The penetration depkhcharacterizes the appearancefunction of doping and thickness. Then the thermal activa-
of the Meissner state, and its “true” doping dependence igion energy for flux flow, AU — related to — is derived
currently a topic of considerable debaté.On the other from pan(T) measurements in a magnetic field closélto
hand, from a phase-transition point of view, an analysis ofFinally, the in-plane penetration depi,;, is obtained di-
thermal fluctuations points to three-dimensiorf8D) xy  rectly from the kinetic inductancky for the same samples.
critical behavior, which leads to a relation between theAbout 20 samples have been characterized, and this work
specific-heat singularityh and T, and predicts an increase represents the most complete study of the behaviarfoém

of \ in the overdoped regimeandependent of any micro- the heavily underdoped to the heavily overdoped regime to
scopic mechanism of superconductivitiRecent work on date.

overdoped Tl compound$ and overdoped YB&£u0, The original Sr-doped LgCuO, compound is an attrac-
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tive material for such a study, as it supports “bulk” and

homogeneous superconductivity over a large range of doping 50 T 1o

as recently demonstratéd.The preparation of “bulk” ho- a5k o9
mogeneous “214" samples is tedioyparticularly in the I .
overdoped regime owing to the very slow Sr incorporation 40} . Jos
into the easily formed undoped 214 lattice during solid-state - S
sintering at the standard temperatu(emre than 100 h are 35 , 07
necessary for sintering at 900 \.&This effect and the re- I . T
sulting “chemical phase separation” could well explain Ue- e 2Or - = 08 ®.
mura’s early resultsas well as the claims that superconduc- 8 o5l ° . Jdos 2
tivity is restricted to a narrow composition ranje-l From a @ o " /! )
sample-preparation point of view, the thin-film growth pro- = 20} do04 g‘
cess is ideal for avoiding the occurrence of chemical phase E ./' I
separation. The growth process is mostly 2D, as films with 15 a ¥ o3
large and atomically flat surfacesn size can easily be I ] I
obtained'? This indicates that the surface diffusion coeffi- 1o ey .‘/ 102
cients are certainly large enough to ensure a homogeneous Sr I ¢ [

distribution. The films used here were grown on SrTi@s- 05 - 1
ing sequential molecular-beam deposition; the deposition de- ool v v g
tails and the overall structural properties of the films have 009 012 015 018 021 024

been published elsewhele!® Briefly, x-ray diffraction, Strontium Content

atomic force microscopy, and transmission electron micros-

copy (TEM) revealed single-phase awdaxis single-crystal FIG. 1. Inverse resistivity @) and inverse Hall coefficier(@)

films with a surface roughness of about one unit ¢afler 1 ~ at 100 K versus Sr concentration.

um?) and a microstructure that is essentially free of the

usual defects observed in high-cuprate films, such as sec- carrier density increases with Sr doping. Further evidence of

ondary phase inclusionayaxis inclusions, grain and/or twin this comes from normal-state measurements of the Cu spin-

boundaries. Strong chemical inhomogeneity, such as that irlattice-relaxation rate, the magnetic shift and the spin suscep-

duced by large-scale Sr clustering, can be observed usirigility obtained from nuclear magnetic resonan@¢MR)

TEM.®® However during the TEM investigations of the films, experiments on this compoutidas well as on overdoped

no evidence of such behavior was found in the entire dopinBa,CuzO; (Ref. 19 and Tl,Ba,Cu0g.2%* Theseinde-

range studied. pendenimeasurements clearly suggest that an increase in the
Sr content indeed increasas

II. NORMAL-STATE PROPERTIES

The normal-state propertigs * andRy;* obtained at 100 IIl. STRUCTURAL PROPERTIES

K using standard four-point and Hall-effect measurements \yile the normal-state properties are in excellent agree-
are summarized in Fig. 1 as a function of doping. For bothyent with literature values, there is a significant difference
quantities anonotonic increasés observed with increasing patween the lattice parameters of 214 thin films on SETIO
Sr content. They are iexcellent _agreemenmith literature 514 those of the bulk 214. From-26 x-ray-diffraction ex-
data of other thin films on SrTiQ having a comparable periments, the value of the-axis lattice parameter can be
thickness, although single crystals and thicker films showjeriyed and is shown in Fig. 2 as a function of Sr content for
reduced resistivities £20-30 %)*~'" Higher resistivity oy thin and thick films as well as for bulk sampfésThese
values are typically taken as evidence of poor sample qualyata are in very good agreement with those recently reported
ity. On the other hand, the resistance raiiah /pso W) IS for laser-ablated 214 thin films on SrTiG? Although there
also a good indicator for the quality of the thin fllms,_and is an experimental error%(0.01 A) in the determination of
values between 3.3 and 3.5 were obtained for the optimallyne ¢axis lattice parameter for the thin films, a comparison
doped films. These values are as good as or better than thoggryeen the data of films and bulk material indicates an av-
cited for the best films or single crystals reported so far,erage difference 0f=0.045 A, i.e., a contraction of about
indicating a similar sample qualify. This apparent contra- ( 3505 To compress the bulk 214 lattice to such an extent
diction originates from a residual in-plane tensile stressa|ong thec axis, a pressure of 1.6—2.2 GRiepending on Sr
which expands the in-plane lattice constants and increas%ping, would be necessary undaydrostaticconditions?*
the resistivity to=20-30 %. A quantit?tive argumentationis  There are two possible origins for this difference in lattice
given below. We used the publish&, " values as a calibra- parameters. First, it is well documented that an oxygen defi-
tion curve to correct the experimental uncertainty10%)  ciency in the 214 lattice gives rise to a redueealxis lattice
in the Sr content of our films. parameter. This possibility can be excluded, as the samples
Models must be used to relate * andRy;* to the carrier  are cooled under a flow of atomic oxygen that is sufficiently
densityn, and only the simplest ones predict a direct propor-powerful to fill even some interstitial oxygen sites and that
tionality, p~'«n and R,]locn. Although more elaborate can induce superconductivity at 32 K in 214 thin films pre-
models could modify these predictions, we expect gat  pared without Sr,(La,CuQ,, ;).%? In addition, a post-
andR,]1 increase witm. Therefore our data suggest that theannealing of these films in an oxygen atmosphere at
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FIG. 3. Evolution of the in-planeliog (®) and djy;q (M)
FIG. 2. Evolution of thec-axis lattice parameter versus Sr con- lattice parameters as a function of thickness for an undoped 214
centration for thick(l) and thin @) films as well as for bulk film.

samples A). . ) )
750 °C by using literature values of the thermal-expansion

700 °C for 24 h does not significantly change the lattice pacoefficients @) of SrTiO; and 214. For SITiQ,
rameters. The second possibility is related to the in-planer=11x 10" %/K,%® which gives ad[10g Spacing of 3.937 A.
lattice parameter difference between Srgi@.9 A) and 214  The only data we found regarding the thermal expansion of
(3.8 A). The 2.5% larger in-plane lattice parameter of theundoped 214 at temperatures much above the orthorhombic—
substrate could be partially responsible for the film in-planetetragonal phase-transition temperature are given in Ref. 27,
lattice parameter extension, which would induce a shortenamely,a=8.5x 10 8/K and adpigg spacing of 3.826 A.
c-axis lattice parameter. During thin film growth such alarge The evolution of thg 100] and[110] lattice parameters is
discrepancy between lattice parameters is usually accommahown in Fig. 3 as a function of the number of unit cells
dated by the appearance of misfit dislocatidfer thick-  deposited. The extrapolated bulk 214 valu@826 and
nesses larger than the critical thicknesBSor our 214 thin  2.703 A, respectivelyare indicated by the short lines on the
films, we have showH that a regular network of misfit dis- right-hand axis. For the first unit cellsip to =100 A), the
locations exists that accommodates “most” of the latticein-plane lattice parameter is very close to that of the sub-
misfit. strate. For larger thicknesses — as the creation of misfit dis-
To find out whether the lattice misfit is completely ac- locations setsn — a decrease of the lattice parameters is
commodated by the creation of misfit dislocations, we havesbserved, but even at the maximum thickness studied here,
performed a detailed analysis of-situ reflection high- there is no saturation. In addition, the thin-film values are
energy electron diffractiofRHEED) spectra recorded during still larger than the bulk lattice parameters, suggesting that
the deposition of an undoped 214 film on Srgi@ 750 °C.  the strain is not yet completely relieved. This remaining dif-
The RHEED images of the film present a series of longference — averaged over the two data sets — corresponds to
streaks at regular spacings, characteristic of two-dimensionan in-plane lattice expansion of about 0.4%. Owing to the
growth? Line scans taken across such spectra show a seriéaster thermal contraction of the substrate as the sample
of peaks that have been fitted using the Phearson VII peakools after deposition, this mismatch might be reduced at
profile. From the peak positions the in-plane lattice paramroom temperature. The misfit dislocations have been
eter can be estimated principle with an accuracy of= 0.01  observed? and their strain fields distort the film at the film/
A. However to obtain an accurate absolute value the precissubstrate interface over a typical distance of 2—6 unit cells,
geometrical diffraction conditions must be known. Minute occasionally even up to 12 unit cells. Nevertheless careful
geometrical changes of the sample manipulator during a temmeasurement of the misfit-dislocation spacffigé Sr-doped
perature ramp currently prevent a measurement of the lattic214 films has recently confirmed that strain remains present
parameters as a function of the temperature. Hence suchimthe film.
precision can only be maintained for a comparison under Within the resolution £0.01 A) of the available instru-
identical conditiongsuch as during grow}hA more detailed ments(x-ray diffraction, RHEED, and TEM all thin films
report of this method and the analysis of thesitu RHEED  discussed here have a tetragonal structure. Even thin films of
data is in preparatiof?. the undoped 214 compound — which has the largest ortho-
To calibrate the vertical axis of Fig. 3 precisely we haverhombic distortion b—a=0.05 A) in bulk samples — show
used the lattice parameter of the substrate but extrapolated tm deviation from the tetragonal symmetry. It is known that
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the undoped orthorhombic 214 lattice can be transformed
into a tetragonal lattice by the application bfdrostatic
pressure of about 4 GPA.

The above experimental dat&he room-temperature 30 - _ 7
c-axis lattice parameters, the high-temperate@lane lat-
tice parameters, and the absence of an orthorhombic distor- 5L R
tion) unambiguously suggest that the thin films on SrJiO 'y
are under tension. Unfortunately, these data were gathered I ;
under widely different experimental conditions, and with in-
sufficient precision to allow a fully quantitative stress analy-
sis. Qualitatively, however, theauseof this stress is an in-
creasedin-plane lattice parameter with a reducedaxis
lattice parameter as @nsequenceExperimentally, an iden-
tical situation cannot be realized using high-pressure meth-
ods. In a uniaxial pressure experiment, cause and conse-
guence are interchanged compared to our case, but similar
changes in lattice parameters should be observed. Since no 5 -
literature data are available regarding the evolution of the
lattice parameters under uniaxial pressure, estimates from
hydrostatic or quasihydrostatic experiments are used. The
above lattice parameters show that the films are under ten-
sion, in a state that is qualitatively equivalent to the applica-
tion of a pseudouniaxiapressure of the order of 2—-3 GPa
along thec axis.

As described by Goodenough and Manthifarfor the
214 compounds the LL®, sheets are under tension in the . .
K,NiF, structure, because the eight La-O distances meaQound' and again, to our knowledge, no uniaxial measure-

sured (three La-O distances=2.52 A, five La-O distances ments are available. However, since the in-plane lattice pa-
~2.714 A are close to or larger thén the sum of the ionic@meters increase, the in-plane resistivjty) must increase

radii; 2.55 A. However, the cohesion of the structure is en_accordingly, while the out-of plane resistivitpd) and the

sured by the very short apical La-O bone2.35 A). If the a anisotropy p./pa.,) must decrease. Further proof of this

andb lattice parameters increase — as is the case in our film ::Irginlsmbc?mtes fronf: the t%romlltr;tpf 214. thlntﬂ:]mfs on Srr-]
— the lateral La-O distances should also increase, whic 4 substrates, wnere the latice mismaich 1S muc

therefore induces even more lateral tension in thesmaller and in the opposite direction. In this case, the in-

La,0, sheets. In order to compensate such a stress, the al[Hl_ane anct-axis lattice parameters are very close to the bulk

cal La-O distances must decrease, corresponding to a d}églues?5 The resistivity of these thin films is indeed smaller
crease of the axis in our thin films. .:20—30%, in excellent agree_ment'\'mth those of thick

In the following paragraph we compare the normal-stattillms and single crystals and a high critical temperatures can
properties of the films with those of bulk compounds unde e reached3s K).
pressure. Unfortunately only few uniaxial-pressure measure-
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FIG. 4. The critical temperature as a function of Sr concentra-
tion for thin (M) and thick @) films.

ments on the 214 cpmpound exist. Therefore we make the IV. CRITICAL TEMPERATURE
reasonable assumption that the observed in-plane film prop-
erties are affected by the in-plane epitaxial tensile stfiaén, The critical temperatureT(,) versusx was measured both

a negative pressuréo a similarmagnitudeas is found under resistively and inductively, and is shown in Fig. 4 for both
hydrostatic(positive) pressure for bulk compounds, but with thin (39, 50, and 65 ninand thick(200 nm films prepared
opposite sign. under identical conditions. Typical transitions widths — in
For the 214 system, it has been shown by TanahasHhioth types of measurements — are 2—-3 K, independent of
et al®! that hydrostatic pressure has only a small effect the amount of doping. There is no evidence for a
few %/GPa on the Hall coefficient over the entire doping composition-dependent zero-field broadening of the transi-
range(0.08—0.24, which is in contrast to the sizable depen- tion. The maximum critical temperature observed, at opti-
dences found in the other hole-doped superconduétafe  mum doping &= 0.16) for the thickest films, is about 28 K;
are unaware of any uniaxial pressure Hall effect measureaway from optimal doping, the critical temperature de-
ments, but a change e£10% in Hall coefficient is reason- creases. These data also confirm the well-known but not yet
able. For instance, those films that have a maximum criticalinderstood trend that the critical temperature of thin 214
temperature for a given thickness, show a Hall coefficienfilms grown on SrTiQ strongly depends on the film
within 10% of the corresponding bulk value, suggesting thathickness;*'”a T, above 30 K being observed only for very
this effect is indeed small. Since we calibrated the actual Skarge thicknesses.
content in the films using the Hall coefficient of bulk  Different structural phases with a differefit occur in the
samples, an uncertainty in the Sr content of our films is als@14 system as the structural details, such as the octahedral
expected. The changes in the resistivity under hydrostatitlting angle and the orthorhombicity, are chang@dn thin
conditions are larger<10%/GPa (Ref. 29 for this com-  films on a lattice-mismatched substrate, these parameters are
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expected to differ from bulk values. The structural study pre- 10000
sented here showed the presence of a significant tensile r T T
strain, which might explain — at least partially — the re-
duced critical temperature of these films. To our knowledge [ T
only one direct experiment of the uniaxial pressure depen- '
dence of the critical temperature is available in the literature:
Motoi et al®* studied this property on grain-aligned 214
composites as a function of Sr doping and found that
decreases, at the rate of 3 to 9 K/GPa, under pressure applied
along thec axis, depending on the doping level.

Alternatively the uniaxial pressure derivatives Bf can
be obtained by measuring the thermal-expansion anomalies
at T. along the different crystallographic orientations using
the Ehrenfest relation. This method, which requires the ,
knowledge of the specific-heat jump at the transition tem- I .. |
perature, has been used by several autffos;>"and esti- o
mates of approximately-6 to —7 K/GPa fordT./d P, (for
pressure applied along thleaxis), 2 K/IGPa fordT./dP,,
and 5 K/GPadT./dP, have been reported for optimally
doped samples. These data on bulk 214 samples, together oo b
with in-plane tensile strains equivalent to an estimated 009 012 015 018 021 024
pseudouniaxial pressure of the order of 2 GPa, can easily Strontium Content
explain the drastic reduction of the critical temperature in
thin films to values around 20 K. A more quantitative analy-  FIG. 5. The activation energy for flux flowU/kg (expressed in
sis would require measurements of the pressure dependeni@perature unijsas a function of the Sr concentration for ttil)
of the critical temperature of both- and c-axis 214 thin ~ and thick @) films.
films as was done by Bud'ket al2® for 123.

For thicker films more strain is relieve@lthough this is measurements, varies linearly withT1/implying thermally
not clearly visible from the data in Fig)2The critical tem- ~ activated vortex motion over a pinning barrier. The activa-
perature is indeed higher, but the general trend ofiersus  tion energiesAU(T=0) derived from the inductively mea-
x is the same for both thicknessesee Fig. 4 Indeed, itis Suredpap(T) curves atH=0.4 T are presented in Fig. 5 as a
well known that app|y|ng pressure to this higla-cuprate function of x for different film thicknesses. These data are
changes thabsolute valuesf the critical temperature but Very different from those reported in the literatdfeyhere a
does not affect thegeneral trendof the superconducting large field broadening was observed in the underdoped re-
properties(for instance, the maximum of(x) still occurs ~ gime, but not in the overdoped regime. We want to point out
for x=0.16). Applying a high-pressure oxygen treatment tothat the field used her@®.4 T) is much smaller and that the
such thin films can restore the bulk critical temperatdres. activation energy is obtained fropy;, values that are very
We did not perform such a treatment, as it introduces ye€lose to the onset of resistance, in the resistivity range be-
another process variable and as it can change the carrier deieen 10°° and 10 °4Q cm, i.e., five to eight decades be-

sity if additional oxygen is incorporated. low pg  (see figures in Ref. 32Hence these data cannot
easily be related to those extracted from the broadening of

the resistive transition in the 1000 cm range and the dop-
ing dependence reportéd.

To determinex, several methods have been used, such as " Fig. 5 AU reaches a maximum the height of which
muon spin resonance:SR) measurements!'mixed-state” depends on the fllm_ thlckness_for optimum doping and de-
magnetization isotheré°[i.e., M(H) in the reversible re- Creases as one dewateg from.lt. Itis gene_rally expectgd that
gime], and microwave experiments.Here we deriver,, AU is proportional to I°. For instance, Feigel'maet al.™
from a two-coil mutual inductance measuremnfThis  Propose that the activation energy of a dislocation pair in the
technique allows the complex sheet impedaifte=R, 2D collective-pinning model behaves adU = (ogd/
+iwLy to be extracted from the measured real and imagil67°uok5)IN(ay/&)),** whereay is the flux-line lattice spac-
nary parts of the signal using a numerical inversion proceing. Sinceay/£,>1 at the field of interest in our studies, the
dure. In zero fieldL is the sheet kinetic inductandg,,  logarithmic term is a slowly varying function of, so that
which is related to the penetration depth,, by AU(X) is essentially proportional ta ~2(x). Another rela-
LKZMohgb/d- with uo the vacuum permittivity andi the  tion was proposed by Blattet al*® for the case of a smg!e
film thickness. On the other hanBy = p,,/d is related to ~ Vortex along thec axis of a 3D superconductor containing
dissipation resulting from vortex motion. randomly ~ distributed, ~ weak  pinning  centers:
AU=D3£,6Y3231872 ugh 3, where 6 is a disorder param-
eter ande? the mass anisotropy. Althoughis strongly dop-
ing dependent in the underdoped case, it becomes almost

Close toT, and in a magnetic field parallel to tlieaxis,  constant in the overdoped regitheand thereforeAU(x)
we find that Ipy,, as inferred from resistive and inductive o=\ ~2(x). Thus the conclusion emerging from the data in

1000 |- . . \ L

Activation Energy [K]

V. COMPLEX IMPEDANCE MEASUREMENTS

A. Activation energy
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16000 — tal details render a comparison with bulk sampledere

o Nap(0)=3000 A at optimum dopirft] difficult. First, a
o T simple relation betweei; and\y has been observed experi-
o mentally, namelyhe Uemura plotthat partially explains the
14000 1 large values of the penetration depth observed here: the val-
ues ofAy=6000 A are simply due to the lowdr, between

= D - 20 and 30 K*8Indeed, this experimental correlation yields
12000 - oo ;] a relation betwee, and Ay of optimally doped cuprate

oS Voon EE ] superconductorsT <\, 2. Hence, rather than a bulk,

a .o R value of=3000 A, our films would ideally have &, value
S0k N o S . of =4200 A, close to what we actually observe.

8 D ; g Secondly, to deduck, from the measuredly, we have

2 o B ] used the nominal film thickness. Actually, on account of the
o 8000 |- n © n’ - presence of strain fields which suppress superconductivity in

N / those portions of the film which are close to the substrate, the

e l effective thickness where superconductivity is established

homogeneously might be less than the nominal one, thereby

leading to smaller values of,.

R R ES I EE R Thirdly, the equatioff used to derive the value dfy

009 012 015 018 021 024 from the inductive measurements is valid for shielding cur-
Strontium Content rents extending over very large radii. The lateral dimensions

of our thin films(1 cm?, i.e., only 2—3 times larger than the

tration derived using the critical fluctuations closeTipo (H): thin d_rIVIng-COII_ dlam.ete} will Certa_lnly affect the shielding em_.
and @: thick films) and using a two-fluid extrapolation to 0 K ciency, which might lead to higher values of the penetration
(O thin andO: thick films). depth.

Finally, we have shown that the films are subject to an
in-plane epitaxial tensile strainthat reducesT;. It is not

Fig. 5 is th"’_‘t)‘(x) IS npnmonotoman_x \_N'th a minimum known to what extent this strain influences the absolute val-
value at optimum dopmg. Stronger pinning, as SqueSt?d 'Bes of the penetration depth or its anisotropyfAc). In
Ref. 8, and/or a larger disordércannot explain the data in any case, the first argument is certainly valid, and the re-

the overdoped regime. maining difference between the bulk and our thin-film values
(4200-6000 A is probably due a combination of the three
B. Penetration depth other experimental constraints. As the remaining difference
. ) is rather smallthe observed behavior is intrinsic and cannot
Additional and even stronger evidence of the NnoNmMoNoye an artefact due to the sample quality
. _2 . . . . .
tonic A~ “(x) with Sr doping is provided by direct measure-  Tnege different experimental constraints are not expected
ments of\,, using the mutual-inductance technique. Theig pe 5 strong function of doping, thus we focustba gen-
temperatuge dependence of,(T) has already been gry) trend of the datas a function of Sr content rather than
published'® Except for the temperature regime closeTo o the absolute values. For instance, when comparing our
(where critical fluctuations play an important rpléhe tem- il data in the underdoped regime to those available for
perature dependence can be fitted reasonably well with gk sample$*8 the same experimental trend can be ob-
two-fluid refation Mo(T)=[1—()*]*% (t=T/T¢), a-  served[in both cases\(0)(x=0.1)/A(0)(x=0.16)=2]. In
lowing the extrapolation ok to T—0 K. Figure 6 shows the  {he overdoped regime, values ofare difficult to obtain for
extrapolatedh (0) (open symbolsas a function of doping. pylk sampled. The thin-film data presented here are the first
Fitting the same data with a BCS-type relation reduces th¢y, heavily overdoped 214 samples, ahe excellent agree-
absolute values of(0) by V2, but does not change the ment between the films and bulk samples in the underdoped
doping dependence. Note that in the present context the deegime suggests that the observed nonmonotonic behavior in

tailed temperature dependence is unimportant, as the expethe overdoped regime is an intrinsic property of this com-
mental data at a specific value bare already sufficient to  pound

illustrate our point? For instance, an alternative derivation
of A is provided by an analysis of the data closeTta In
this region 3D fluctuations lead to ®(T)/\g=[1—t] ¥®
dependencg!? and values of, have been included in Fig.
6 (filled symbolg. It is expected thak <\ (0), asobserved The results obtained from resistive and inductive mea-
experimentally, but regardless of the values usediom- surements indicate that, despite the fact that more carriers are
monotonicbehavior of\ (x) with a minimum close to opti- being added to the system, the screening capability of the
mum doping is obtained. The values for thick films confirm superconductor is reduced in the overdoped regihigs is
this observation and have also been includ@g . the main result of our paper and is in marked contrast to the
We do not place too much emphasis on the absolute vasimple London prediction ,7ns/m* . This effect has also
ues of the penetration depths obtained, as several experimelpeen observed in overdoped Tl and 123 compodrids.

6000

FIG. 6. The penetration depth,, as a function of Sr concen-

VI. DISCUSSION
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A. Dirty limit tion whether the superfluid density, or the effective mass

Such a behavior could be expected for a superconductdP” 1S responsible for the increase bfas doping proceeds
in the dirty limit (1<£&,), and estimates indicate thamust beyond the optimum (}/alue. Various possibilities have al-
be smaller tharg,/10 in order to explain the observed up- '€ady been suggestéd To go beyond these arguments, the
turn. The mean free path in the 214 system has been esfiluestion to be addressed is whether these additional carriers
mated from resistivitf’ and infrared” measurements. From introduced in the system beyond optimum doping all contrib-
the resistivity measurements a value pkl=3x10" 1 ute to the superfluid, i.e., whethet—n at zero temperature
Q cm? has been derived for an optimally doped sample. Fofnd/0r whether microscopic phenomefun length scales
the regime of interesioptimally to overdoped our p values smaller.thi\g)\), such as ahemicalor an electron_lc phase
_ close toT, — are between 100 and 202Q cm, which separation”™ could actually lowerng. An analysis of the

(o4 ) . .. .
gives a mean free path of 300 to 150 A, respectively. Th&Ptical CQ”%&*C“V'WS'O the 63Cu_r_elax%£on rate, thé*Cu
infrared measurement of a thick, optimally doped 214 filmKnight shift,”” and of the specific hedtsuggests that the
(8200 A close toT,, led to an estimate df=275 A a value added carriers in the overdoped regime only partially con-
that is in agreement with the resistivity measurement. Fronfl€NSe into pairs.
these estimates, it is clear tHais much too large compared
to the quoted short coherence length in these cuprates, to VII. CONCLUSIONS

explain the observed upturn We have shown that the epitaxial driving force imposes a

residual tension on the 214 thin films grown on SrEiQhis
tension has significant effects on both the normal state and
The results are consistent with the analysis of thermathe superconducting properties of these films, mainly by in-
fluctuations close tdl, (3D xy critical behavioy, which  creasing the resistivity and decreasing the critical tempera-
leads to a relation between the specific-heat singulaxity, ture. Measurements of the penetration depth as a function of
and T..> With this relation,\ can be derived from the doping reveal a nonmonotonic dependence, previously not
specific-heat singularity anti. , Tcoc)\az, and an increase of observed in this compound. After completion of this work,
X in the overdoped regime is predictéddependent of any We have been informed thatSR measurements of the dop-
microscopic mechanism of superconductividence, the 3D  ing dependence of in bulk 214 compounds are fully con-
xy behavior extends over the entire phase-transition lingistent with our observations.
T.(x). Recently this consistency, together with a finite-size

B. 3D xy
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