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Strong-coupling effects on the temperature dependence of penetration depth
in YBa2Cu3O72d thin films near Tc

A. Andreone, C. Cantoni,* A. Cassinese, A. Di Chiara, and R. Vaglio
INFM, Dipartimento di Scienze Fisiche, Universita’degli Studi di Napoli Federico II, Napoli, Italy

~Received 22 April 1997!

We present accurate experimental data on the temperature dependence of the penetration depthl in
c-axis-oriented YBa2Cu3O72d thin films close toTc . The samples were grownin situ on LaAlO3 ~100!
single-crystal substrates. The penetration depth measurements are performed by an inverted microstrip method,
using resonators of different geometries. NearTc we compare the three-dimensional~3D! XY critical regime
and the Ginzburg-Landau~GL! behavior. Our data show that the GL approach follows the observed tempera-
ture dependence closer than the 3DXY model. The experimental results are discussed in the light of recent
models describing the effect of strong coupling on thel(T) behavior nearTc for an s-wave and ad-wave
high-temperature superconductor.@S0163-1829~97!03737-5#
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Recent measurements1 of the electromagnetic penetratio
depthl in single crystals of YBa2Cu3O72d for temperatures
very close to Tc have shown a dependencel(T)}(1
2T/Tc)

21/3 consistent with critical behavior of the three
dimensional~3D! XY model.2 This result, obtained observ
ing the frequency perturbation in a microwave cavity, see
to be in agreement with previous thermodynamic and tra
port studies.3,4 However, kinetic inductance measuremen
performed at low frequency on YBa2Cu3O72d thin films5,6

indicate a mean-field-like exponent @l(T)
}(12T/Tc)

21/2# well within the nominal critical region. It
has been argued6 that finite-size effects on the samples, if n
included in the data analysis, can produce the discrepanc
the observed results.

In this report we present data on the temperature dep
dence of the penetration depth of YBa2Cu3O72d thin films
using microstrip resonators of different geometries. The
sults are compared with measurements performed on Nb3Sn
thin films by the same technique.

The YBa2Cu3O72d thin films ~thickness 3000 Å! were
grown in situ on LaAlO3 ~100! single-crystal 10310
30.5 mm3 substrates by an inverted cylindrical magnetr
sputtering ~ICMS! technique. The deposition method h
been discussed in detail in Ref. 7. The samples typic
show zero dc resistance at 90 K, with transition widths bel
1 K. Normal-state resistivities aboveTc range between 40
and 50mV cm. All the films measured arec-axis oriented
and show superior structural properties, with an high deg
of epitaxy.

The penetration depth measurements were performe
an inverted microstrip resonator technique, already descr
elsewhere.8 Each sample is made using two films~microstrip
and ground plane! grown with the same nominal depositio
conditions. Resonators of different geometries have b
used, meander line or annular shaped by standard pho
thography. The width of the microstrip lines was betwe
200 and 500mm. The dielectric layers used were sapphire
Teflon, respectively, 100 and 10mm thick.

By this method, the quality factorQ ~inversely propor-
tional to the surface resistanceRs! and the change in the
560163-1829/97/56~13!/7874~4!/$10.00
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resonant frequencyf 0 ~proportional to Dl! are simulta-
neously measured from 4.2 K up to values very close to
critical temperature of the films. However, the low signal-t
noise ratio nearTc makes very difficult and unreliable th
determination of theQ values with the standard 3-dB
bandwidth method, allowing only the measurement of
maximum in the frequency resonance curve up to the te
perature value in correspondance of which the signal dis
pears. This temperature in the best measurements c
sponds to 0.995Tc , whose value is estimated, as discuss
below, fitting thef 0(T) curve. The critical temperature va
ues found using the rf technique are about 1 K lower than
using a four-point dc resistivity method. In the following, w
will refer our analysis to the rf estimatedTc .

A resonator based on Nb3Sn films~5000 Å thick!, grown
on single-crystal sapphire by a dc magnetron sputtering te
nique, was also tested for comparison.

The microstrip resonant technique allows to measure w
extreme accuracy the variations in the penetration depth,
ing the phase velocity expression for a lossless transmis
line:

vp5
c/A«eff

A11~2l/h!coth~ t/l!1gccsch~ t/l!
, ~1!

valid for aspect ratiow/h>1 ~Ref. 9! ~w is the microstrip
width!. In relation~1!, c is the speed of light in vacuum,«eff
the effective dielectric constant, andh andt are the dielectric
and film thickness respectively, while the factorgc takes into
account contributions from field fringing. As shown in deta
in Ref. 9, for w/h@1 ~as always verified in our measure
ments!, this last term can be neglected.

The phase velocityvp is related to the measured quantit
the resonant frequencyf 0 , through the relation

f 05
vp

D
, ~2!

whereD is the effective length of the resonator. In our me
surements the first resonant mode ranges between 1.5 an
GHz.
7874 © 1997 The American Physical Society
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All the samples have been also measured at low temp
tures. In our YBa2Cu3O72d films, l increases quadraticall
with temperature.10 The behavior of Nb3Sn is instead well
described in the framework of the usual BCS formalism11

with standard strong-coupling corrections.
Near the critical temperature, however, relation~1! should

be used with some caution.
First of all, the transmission line cannot be conside

anymore lossless, and the possible ‘‘pulling down’’ of t
resonance frequency due to damping oscillations should
taken into account. The fractional change inf 0 due to losses
has been evaluated to be12 D f loss/ f 0'21/4Q2. This value
must be compared with the sensitivity limit of the resonan
curve method, which in our case is estimated to beD f / f 0
'(431022)/Q. Also, very close toTc ~minimum Q values
of about 20!, the measurement resolution inl is about 5
times lower than the maximum systematic error introduc
by ‘‘damping.’’

In a microstrip configuration, because of the quasi-tw
dimensional field distribution, electromagnetic fields are
entirely confined to the dielectric between the strip a
ground plane films. Moreover, forT>0.95Tc the penetration
depth exceeds the thickness of the YBa2Cu3O72d supercon-
ducting films. Thus the effective dielectric constant will d
pend on the temperature-dependent relative dielectric c
stants of both the dielectric layer and the substrates m
more than it will do at low temperatures. A simple calcu
tion shows that in the worst case13 (1/« r)D« r /DT should be
less than 1024 K21 to have no influence on the determin
tion of the penetration depth. Recent measurements14 indi-
cate that the permittivities of LaAlO3, sapphire, and Teflon
are pratically constant at low temperatures, with fractio
dielectric temperature variations lower than 1025 K21. Other
effects due to thermal variations of transmission line dim
sions are discussed in detail in Ref. 12 and shown to
neglectable.

Finally, finite-size effects have been found6 to affect the
critical behavior in measurements of complex ac cond
tance. This is because nearTc the film impedance variation
will change the current distributions and ultimately the te
perature dependence of the response signal. An accu
analysis of this contribution is not simple because the cur
density in the microstrip depends on the kinetic inducta
of the superconducting films, which is, in turn, dependent
the penetration depth.15 However, analysis of Nb and Nb3Sn
samples, shaped with the same size and geometry of
YBa2Cu3O72d samples, rules out the influence of bounda
effects on the behavior of the penetration depth nearTc .
These microstrips fully satisfy the Ginzburg-Landau~GL!
predictions fromTc down to about 0.8Tc . The absence o
finite-size effects in the resonator inductance is likely rela
to the increase in the uniformity of the current distribution
the microstrip line,16 since very close toTc the penetration
depth exceeds the film thickness.

Near Tc, we compare for YBCO the three-dimension
~3D! XY critical regime and the GL behavior, using the e
pression

l~T!5l* ~12T/Tc!
2n, ~3!

wheren51/3 and 1/2, respectively. Fixingn and fitting the
experimental data close to the transition through relations~1!
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and ~2!, one can yield the quantitiesl* and Tc for each of
the two exponentsn. The only assumption one has to ma
is f 0(4.2 K)' f 0(0), in order to estimate independently th
value of«eff .

17

The results of the two different expressions for one of
c-axis YBa2Cu3O72d sample~Y130! are shown in Fig. 1 in
terms of the quantityD f 0 . This represents the deviation o
the fitting curves, using relation~3! from 0.9Tc up to the
critical temperature. One can see that the fit using the
expression shows a better agreement with the experime
results. The scattering of the points observed in the fig
approachingTc is due to the larger indetermination affectin
the experimental data near the critical temperature. The e
mated critical temperatures are very close to each otherTc
588.5360.04 K for n51/2 and Tc588.3860.05 K for n
51/3. On the contrary, the values of the coefficientl* are
quite different: l*51060620 Å for the GL theory and
l*52570650 Å for the 3DXY model.

It is worth noting that only a deviation plot method an
very accurate data can help to discern the correct power
In fact, if one plots as a function of temperatureT, using the
corresponding values ofl* and critical temperature, the
quantity @l* /l(T)#2 for the GL law and the quantity
@l* /l(T)#3 for the 3D XY law, close toTc a clear linear
behavior is observed in both cases.

Our experimental data show that the GL approach
plains the observed behavior better than the 3DXY model
does. However, without any assumption on the tempera
dependence of the penetration depth, the microstrip te
nique is not suitable to give absolute values ofl in the over-
all temperature range.

Since the microscopic model for the electromagnetic
sponse of superconducting YBa2Cu3O72d is still a matter of
debate, to estimate independently the zero-temperature m
netic screening penetration depth in our samples we used
simple two-fluid model through the phenomenological re
tion l(T)5l2fl(0)@12(T/Tc)

4#21/2, which is considered to
hold well for London superconductors. More precisely, fi
ting the experimental data with the two-fluid expressi
throughout all the temperature region~from 4.2 K to Tc!
should give a reasonable estimation of the zero-tempera
London penetration depthlL(0), that is,l2fl(0)'lL(0).

From the experimentalf 0(T) curves, values oflL(0)

FIG. 1. DeviationD f 0 of the fitting curves from the experimen
tal resonant frequencies, using relation~3! and n51/2 or 1/3, re-
spectively, for one of the YBa2Cu3O72d samples as a function o
temperature nearTc .



e,
f

rn
ec
pa
e

tr

e-

rin
in

le
ys

-

g
d
ng
s
-

c
-

S

s

g a
he

a
ion
g
s
g
e

ious

e of

g-

nite
t

,

on.

it
vior
e

7876 56BRIEF REPORTS
ranging between 2000 and 3500 Å are extracted~see Table
I!. This is in reasonable agreement with other microwav18

mutual inductance,19 and far-infrared20 measurements o
YBa2Cu3O72d thin films.

Strong coupling increases the screening of the exte
magnetic field inside a superconductor and therefore aff
the temperature slope of the penetration depth. This is
ticularly evident nearTc . The coupling strength can b
evaluated from the quantity21,22

TcU d

dT FlL~0!

lL~T!G
2U

T5Tc

5F~a!, ~4!

wherelL(T) is the temperature dependence of the pene
tion depth in the London regime, whileF is a function of the
ratio a5Tc /V and its explicit form depends on the symm
try of the order parameter in the superconductor.V repre-
sents a characteristic energy scale involved in the pai
mechanism, which can be otherwise left unspecified. Us
Eqs.~3! and ~4! one can relate the functionF to the experi-
mentally evaluated quantitieslL(0) and l* ~from the GL
model!,

F~a!1/25
lL~0!

l*
, ~5!

since in the London regime the equalityl(T)5lL(T) holds.
For the case of YBa2Cu3O72d, the ratios@lL(0)/l* #2 for

the different samples measured are summarized in Tab
The values found are similar to that reported for single cr
tals in previous measurements in theab plane by Mao
et al.23 The data for the Nb3Sn, which is also a London su
perconductor, are shown for comparison.

In the framework of the BCS theory, a study on stron
coupling effects nearTc was carried out by Kresin an
Litovchenko.21 They found analytical expressions describi
l(T) in strong-coupled superconductors, but the analy
was limited forTc!V. Semiphenomenological formulas in
volving the single parametera5Tc /V and valid fora<0.25
were then derived by Marsiglioet al.22 with the aim of pro-
viding simple useful equations for strong-coupling corre
tions. ForT nearTc and for a London, strong-coupling, iso
tropic s-wave superconductor in the clean limit, one has

F~a!5
2

122a111a2ln~4.5a!
. ~6!

TABLE I. Fit results for the YBa2Cu3O72d and Nb3Sn samples.
lL(0) andTc for the YBa2Cu3O72d films are obtained fitting the
overall f 0(T) curve within the two-fluid model, while for Nb3Sn
they are estimated using the complete BCS expression~Ref. 11!. l*
is extracted from the data nearTc using relation~3! with n51/2
~see text!.

Sample lL(0) ~Å! Tc ~K! @lL(0)/l* #2

Y32 22006100 89.5 60.1 4.460.4
Y105 35006300 89.7 60.1 3.560.6
Y130 21006100 88.5 60.1 4.260.4
Nb3Sn 85006300 15.9760.05 3.260.2
al
ts
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It is worth noting that in the weak-coupling limit the BC
resultF(a)52 is recovered.24

One can use relations~5! and ~6! to estimate for Nb3Sn
the value ofa from the slope@lL(0)/lL(T)#2 at T/Tc51.
We obtain a50.1560.02, in agreement with previou
results.25

For ad-wave superconductor, the functionF will depend
not only on the quantitya, but also on thed wave consid-
ered. Chi and Carbotte26 evaluatedF considering akx

22ky
2

superconductor and a spherical Fermi surface. Assumin
magnetic field perpendicular to the symmetry axis of t
order parameter, they found

F~a!'
1.2

11p2a2@8/312.5 ln~1.13a!#
. ~7!

Relation ~7! shows that in the weak-coupling limit of
kx

22ky
2 d-wave superconductor the slope of the penetrat

depth curve nearTc is much lower than in the correspondin
s-wave isotropic case. Besides that, numerical calculation27

have shown that ind-wave superconductors strong-couplin
corrections initially move the curve away from BCS in th
direction indicated by relation~7!, but this trend very quickly
saturates and then reverses itself. According to the prev
formula, the maximum in the functionF occurs around
a'0.2.

In Fig. 2 the temperature dependence@lL(0)/l(T)#2

close toTc for Nb3Sn and one of the YBa2Cu3O72d samples
~Y130! is shown. On the same graph the BCS result~solid
line! and thes-wave ~dotted line! andd-wave ~dashed line!
expectations fora50.2, as evaluated from Eqs.~6! and ~7!,
respectively, are plotted. One can see that the steep ris
the superfluid density for all the YBa2Cu3O72d films is in
remarkable contrast to what predicted by thed-wave calcu-
lation. The results are instead fully compatible with a stron
couplings-wave behavior.

Our data, however, should not be interpreted as a defi
argument againstd-wave theories. Rather, they only poin
out that a simplekx

22ky
2 model, even with strong coupling

cannot be used to achieve a good fit with experiments.
On the other side, the agreement with the standards-wave

strong-coupling model has to be taken with some cauti

FIG. 2. @l(0)/l(T)#2 vs T for an epitaxialc-axis YBa2Cu3O72d

sample and for Nb3Sn. The solid line represents the BCS lim
~a50!, while the dotted and dashed lines are the expected beha
for an s-wave and ad-wave superconductor, respectively, in th
strong-coupling theory usinga50.2.
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Relation ~6! surely oversimplifies the description of an an
isotropic, high-temperature superconductor lik
YBa2Cu3O72d, where more complex models,28,29 taking into
account the relevant role played by the CuO2 planes and
CuO chains in the description of electrodynamic and scre
ing properties, should be applied.

In summary, our experimental data using YBCO micro
trip resonators show that nearTc the temperature dependenc
of the penetration depth can be consistently described usi
mean-field exponent, in agreement with the Ginzbu
n
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Landau theory. From the comparison of simples-wave and
d-wave models, we draw to the conclusion that akx

22ky
2

symmetry is not able to account for the large slope obser
in the penetration depth atT;Tc , which is instead compat
ible with a strong-couplings-wave behavior.
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