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Effect of two bands on critical fields in MgB2 thin films with various resistivity values
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Upper critical fields of four MgB2 thin films were measured up to 28 T at Grenoble High Magnetic Field
Laboratory. The films were grown by pulsed laser deposition and showed critical temperatures ranging between
29.5 and 38.8 K and resistivities at 40 K varying from 5 to 50mV cm. The critical fields in the perpendicular
direction turned out to be in the 13–24 T range while they were estimated to be in 42–57 T range forab
planes. In contrast to the prediction of the BCS theory, we did not observe any saturation at low temperatures:
a linear temperature dependence is exhibited even at lowest temperatures at which we made the measurements.
Moreover, the critical field values seemed not to depend on the normal state resistivity value. In this paper, we
analyze these data considering the multiband nature of superconductivity in MgB2 . We will show how the
scattering mechanisms that determine critical fields and resistivity can be different.
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I. INTRODUCTION

Since the discovery of superconductivity in magnesi
diboride,1 several unusual properties arising from the pr
ence of two distincts-wave gaps have been emphasized
has been clarified2,3 that two different gaps are associat
with two distinct sheets of Fermi surface. The larger gap
associated with thes bands, while the smaller to thep
bands. Thep and s bands have different characteristics,p
bands being essentially electron type and nearly isotro
and s bands essentially hole-type and nearly two dime
sional.s bands determine the anisotropy of physical prop
ties.

Due to the different parity of thes and p bands, the
interband impurity scattering is expected to be negligi
compared with the intraband ones; thus,s andp bands can
be considered as different channels conducting in para
This scenario gives an explanation of some superconduc
properties,4–6 but the effect of the presence of the two ban
on the critical fields is still not clear.

Upper critical fields and their anisotropy can be stud
on single crystals or onc-axis oriented~or better epitaxial!
thin films. Important differences exist between these t
kinds of samples. Single crystals present homogeneous
mal Tc values, low residual resistivityr0 ~about 2–5
mV cm!, relatively low critical fields values perpendicula
(Hc2

' ) and parallel (Hc2
i ) to theab planes (Hc2

' 53 – 5 T and
Hc2

i
516– 19 T), and an anisotropy factorg5Hc2

i /Hc2
'

55 – 6 always decreasing with increasing temperature.7–10

On the contrary, thin films show an important spread inTc
andr0 values.Tc can vary from the optimal value down t
25 K and resistivity from fewmV cm up to hundreds o
mV cm. In thin films the critical field values are considerab
higher ~up to tens of teslas! and g values are always lowe
~up to 3.5!; g usually decreases when temperature increa
even though in some cases the opposite behavior was
observed.11–19

The difference between the properties of single crys
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and thin films can be ascribed to disorder, which is sur
stronger in thin films. Disorder can play a role in suppress
Tc and in increasing the critical fields: in a BCS scenario,
critical field can be enhanced by increasing the resistiv
but it is still not clear how thin films with low resistivity can
show very high critical field, as in the case reported here

This paper presents data relevant to four thin films w
resistivity values ranging within one order of magnitude. O
goal is to focus the role of disorder in thin films in order th
the relations amongr0 , Tc , and critical fields may be clari-
fied. First, we study the resistivity curves in detail to estim
the more important scattering mechanisms in our films. S
ond, the critical field data are analyzed within the Gurev
model,20 which correlates the critical fields to the diffusivit
of each band. Finally, the scattering mechanisms determin
resistivity and critical field values are compared.

II. SAMPLE PREPARATION AND CHARACTERIZATION

In order to study the influence of disorder on the upp
critical field behavior of MgB2, we have measured four dif
ferent films prepared by standard two-step method11 on dif-
ferent substrates. The samples, whose thickness is in
range 900–1300 Å, were deposited by pulsed laser abla
starting from a stoichiometric target; details about the de
sition technique are reported elsewhere.21 In the following,
they will be referred to as film 1, film 2, film 3, and film 4
their properties are summarized in Table I. The properties
these films vary from film 1, which presents low critic
temperature~29.5 K! and low residual resistivity ratio
(RRR51.2), to film 4, which showsTc538.8 K, near the
bulk value, and a relatively high RRR~2.5!. In Fig. 1 the
resistivity versus temperature curves are plotted. Norm
state resistivity is related to the different purity of th
samples; in fact, just above the transition, resistivity valu
ranging between 50mV cm and 5mV cm have been found. I
should be noted that in these samples the resistivity at 4
increases one order of magnitude while the change in re
tivity Dr5r(300 K)2r(40 K) remains nearly constant. Al
the samples show good structural properties, as evidence
©2003 The American Physical Society17-1
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TABLE I. Main properties of the four thin films. The critical temperature value reported is the onset o
transition~90% of the normal state resistance! and the transition width is calculated between 90% and 1
of the normal state resistance. The absolute value of resistivity is with an accuracy of 20% due
uncertainty in thickness determination. For comparison, thec axis of the bulk is 3.521 Å.

Film 1 Film 2 Film 3 Film 4

Substrate Al2O3 c cut MgO~111! MgO~111! Al2O3 c cut
c axis ~Å! 3.517 3.532 3.533 3.519
Tc ~K! 29.5 K 32 K 33.9 K 38.8 K
DTc ~K! 2.0 1.5 1.1 1.0
RRR 1.2 1.3 1.5 2.5
r~40 K! ~mV cm! 40 50 20 5
dr/dT(300 K) ~mV cm/K! 0.048 0.091 0.052 0.036
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x-ray diffraction measurements. In allu–2u patterns, intense
~00l! peaks coming from MgB2 can be detected, indicating
strong c-axis orientation of the phase. Only in film 4, th
~101! reflection, which is the most intense in powders, see
to be detectable, even though with very low intensity; t
indicates a not perfect orientation of the film. We have
ready reported14 that samples with critical temperature ne
the optimal value often present the worst structural prop
ties, while samples with lowTc and RRR values are usuall
more oriented and sometimes show in plane texturing
very high critical fields. Fromf scan measurements, we ha
clear indications of in-plane alignment for film 1.18 Up to
now, similar measurements have not been performed on
other films. From a structural point of view, a dependence
the cell parameters on the substrate used has also bee
served. In particular, thec parameter, calculated from th
position of the ~002! peak, seems to be smaller than t
optimal value in films grown onc-cut sapphire~in our case
film 1 and film 4!, while it is slightly higher in samples
deposited on~111! MgO ~film 2 and film 3!. This was veri-
fied in all the films grown on these two kind of substrate

III. NORMAL STATE RESISTIVITY

To analyze the scattering mechanisms in our films
consider the normal state electrical resistivity. We recall t
thin films, generally, show higher resistivity and lower r

FIG. 1. Resistivity as a function of temperature for the fo
films.
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sidual resistivity ratio compared with single crystals, beca
of the high structural disorder and nanostructure, which
induce grain boundaries to scatter. Nowadays, thin films w
resistivity curves very similar to those of single crystals a
residual resistivityr0 of the order of fewmV cm are avail-
able, and film 4 is one of them. In particular, resistivity
film 4 follows the power lawr(T)5r01aT3 up to 100 K,
as usually occurs in MgB2 single crystals and bulk
samples.23

In Table I some data drawn from the resistivity curv
have been summarized: the resistivity at 40 K~in the follow-
ing considered to be nearly equal to the residual resisti
r0), the resistivity slope calculated at room temperatu
dr/dT ~300 K!, and the residual resistivity ratio. We poin
out that the first two values, owing to the uncertainty in t
film thickness evaluation, have an uncertainty of 20%,
the following discussion is not affected by such indetermin
tion.

If the interband scattering rate is negligible compar
with the intraband ones,r0 is given by the parallel ofr0s

and r0p , the residual resistivity ofs and p bands, respec-
tively, i.e.,

1

r0
5

1

r0s
1

1

r0p
5vps

2 «0

1

Gss
1vpp

2 «0

1

Gpp
. ~1!

Here,vps andvpp are the plasmon frequencies ofs and
p bands,«0 is the vacuum dielectric constant, andGss and
Gpp are the intraband scattering rates. Since in theab plane
vps and vpp do not differ too much~4.14 and 5.89 eV,
respectively5!, we can define an average plasmon frequen
vp

25(vps
2 1vpp

2 )/2; thus, from the residual resistivity w
can calculate the parallel betweenGss andGpp :

G5
GssGpp

Gss1Gpp
5«0r0vp

2. ~2!

The calculatedG values are reported in Table II and va
from 171 to 17 meV.

These values represent the effective scattering in e
film but we have to clarify which band is more affected. T
this purpose we analyze the resistivity slope. In fact,
resistivity slope can change depending on whethers or p
7-2
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TABLE II. Some data drawn from resitivity curves and from critical field curves for the four films.

Film 1 Film 2 Film 3 Film 4

G5GssGpp /(Gss1Gpp) ~meV! 140 171 69 17
Gsp ~meV! 4.2 3.2 2.4 0.1
Ds (m2 s21) 0.4931023 0.4831023 0.4631023 0.3731023

t ~s! 2.30310215 2.28310215 2.16310215 1.74310215

rs ~mV cm! 123 125 131 163
rp ~mV cm! 59 83 23 5
h 1.6 1.1 4.2 24
Hc2(0)'ab ~T! 14.2 15.5 16.8 24.6
g 3.0 3.5 3.0 2.3
Hc2(0)iab ~T! 42 54 50 57
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conduction band prevails.22,23The resistivity slope fors and
p bands,drs /dT anddrp /dT, are given by22

drs

dT
5

1

Ãps
2 «0

2pkBl trs

\
'0.26 mV cm/K,

drp

dT
5

1

Ãpp
2 «0

2pkBl trp

\
'0.06 mV cm/K,

where l trs and l trp ~1.1 and 0.56, respectively24! are the
transport electron-phonon coupling constants.

Due to the lower coupling constant and to the larger pl
mon frequency, the phonon contribution to resistivity
lower for thep band. In clean samples this contribution pr
vails and at room temperature a slope close todrp /dT is
expected. On the other hand, in dirty samples the value of
resistivity slope depends on the ratio between the resid
resistivities of thes andp bands,r0s /r0p ; whenr0s /r0p

@1, dr/dT'drp /dT, while when r0s /r0p!1, dr/dT
'drs /dT. Looking up thedr/dT ~300 K! values25 of Table
I, one can see that the slopes of the films are close to
drp /dT value; only film 2 has an intermediate slope b
tween drs /dT and drp /dT, but, however, closer to
drp /dT.

In conclusion, in the films here presented, thep conduc-
tion prevails and so we can assumer'rp,rs and G
'Gpp,Gss ; this could be due to disorder, especially effe
tive in the B planes. This result has to be considered in
following analysis of critical field data.

Really, the analysis of resistivity data as a tool to extr
information on multiband effects in MgB2 has been ques
tioned by Rowell.26 In his paper, he showed how gra
boundary scattering and poor connectivity between gra
can make the actual geometrical factor for the calculation
resistivity hard to estimate. Due to this uncertainty, the c
culated resistivity, as well as its variation, can be overe
mated. Even if this overestimation is present in our data,
actual dr/dT values would become even lower, therefo
reinforcing our previous conclusions.

Finally, we suggest that disorder could also be the ca
of the Tc suppression in thin films. In our case, in fact, th
suppression seems not to be caused by uniaxial stresse
already mentioned in the previous paragraph, thec-axis val-
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ues depend on the kind of substrate but no correlation
tween the lattice parameters and the critical temperature
been observed. In a two-gap superconductor in the abs
of magnetic scattering, only the interband scattering ra
Gsp , is able to reduce the critical temperature;23,24 the equa-
tion that describes theTc suppression in the case of MgB2 is
given by23

S dTc

Tc
D'2

pGsp

8kBTc

~Ds2Dp!~DsNp2DpNs!

~Ds
21Dp

2 !Np
, ~3!

wheredTc is the critical temperature reduction with respe
to the optimal value,Ds and Dp are the gap amplitudes a
T50 K andNs andNp are the density of states ofs andp
bands, respectively.

By introducing the following values:Ds57 meV, Dp

52.2 meV, Ns50.3 states/eV cell andNp50.4 states/eV
cell2 in Eq. ~1!, we find

S dTc

Tc
D'20.2

Gsp

kBTc
. ~4!

If we assume an optimalTc value of 39 K, we can calcu-
late Gsp for each film: the values range from 0.1 to 4 me
and are reported in Table II. We recall that, owing to t
different parity ofs andp bands,Gsp is expected to be very
low and, in general, negligible compared withGss andGpp .
Gsp values, compared with the intraband scattering rates
timated before, turn out to be more than one order of m
nitude lower for all the films, even for film 1, which presen
a conspicuousTc suppression~10 K!. Moreover, a rough
correlation between intra- and interband scattering rates
be observed; the latter increase as far as the first increa

We conclude that the large spreading ofTc values ob-
served in thin films rather than in bulk samples can be cau
by the large structural disorder presented by films. In a
case the conditionGsp!Gss ,Gpp is fairly met.

IV. UPPER CRITICAL FIELD

High magnetic field electrical resistance measurements
to 28 T and down to 2 K were performed at GHMFL
~Grenoble High Magnetic Field Laboratory! using a standard
four-probe ac resistance technique. For each temperature
7-3
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per critical field Hc2
i and Hc2

' have been estimated as th
point of the transition in which the resistance is 90% of t
normal state value.

In Fig. 2, Hc2
i and Hc2

' are reported as a function of th
reduced temperature for the four samples. Despite the g
difference in critical temperature and resistivity values
common trend ofHc2

' (T) curves is exhibited by all the films
but film 4 ~the film with the lowest resistivity value!, whose
Hc2

' seems to be considerably higher than the others~24 T
instead of 14–16 T for the other three samples at 2 K!. We
recall that, as previously observed, this sample is not c
pletelyc oriented: if upper critical fields are determined wi
the criterion of 90% of the normal state resistivity, the m
aligned regions can only cause an overestimation of
smaller critical field (Hc2

' ), the larger (Hc2
i ) being not af-

fected. In fact misaligned grains remain superconducto
fields higher thanHc2

' but, in any case lower thanHc2
i .

Therefore, a comparison of the fourHc2
i curves of Fig. 2 is

possible.Hc2
i values at low temperature are quite similar a

the derivative is even higher for film 4. Two interesting fe
tures can be noted in these data: first, the upward curva
nearTc , becoming more evident when the critical tempe
ture value is near the optimal one,12,18and second the linear
ity of the Hc2 (T) curves, even at the lowest temperatures
measured~2 K in the case of perpendicular orientation!.

In low-Tc superconductors in the dirty limit, the zero
temperature upper critical field can be calculated, in a sim
BCS framework, from

Hc2~0!50.69TcS dHc2

dT D , ~5!

with

dHc2

dT
5

4ekB

p\
NFr0 , ~6!

whereNF is the density of states at the Fermi surface andr0
is the normal state residual resistivity. It should be noted t
in this case, this standard BCS formula fails. In fact this B

FIG. 2. Critical fields in the two orientations~parallel, open
symbols; perpendicular, full symbols, to the basal plane! for the
four samples. For an easier comparison, they are presented
function of the reduced temperature.
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extrapolation strongly underestimates the realHc2(0); for
film 1, for example, we calculate the BCS zero-temperat
extrapolation value ofHc2

i (0)522 T andHc2
' (0)58.75 T,

whereas these values have already been reached at 13 a
K, respectively. In contrast with the BCS theory prediction
we have not observed any saturation ofHc2 at low tempera-
ture: a linear temperature dependence is observed even a
lowest temperatures we measured. This is fairly evident
particular, in perpendicular orientation, where the magne
field we can apply is strong enough to determineHc2 down
to 2K, which allows a reasonable estimation ofHc2

' (0) by
linear extrapolation. The obtained values are reported
Table II.

The slopedHc2 /dT at Tc is proportional to residual re
sistivity @see Eq.~6!#, so an increase inr should proportion-
ally increase the upper critical field values. This was verifi
for low temperature superconductors and represents the u
method to enhanceHc2 in technological materials, such a
Nb-Ti and A15 compounds. The same approach was f
lowed also for MgB2, where the resistivity was increase
both by alloying12 and irradiating27,28 the phase, leading to a
rise of critical fields in both cases. In the whole set of o
data, on the contrary, we cannot observe a clearHc2 depen-
dence onr. In the four samples, the resistivity values ju
above the transition vary by one order of magnitude~from 5
to 50mV cm! but the critical fields values are similar to eac
other.

From the data of Fig. 2, it is possible to estimate t
anisotropy factorsg5Hc2

i /Hc2
' for all the films. Their tem-

perature dependences are shown in Fig. 3. All theg(T)
curves have the same behavior,g decreasing with increasing
temperature. At the lowest temperatures the anisotropie
all the films are in the range between 3 and 3.5~the maxi-
mum value reported forg up to now for films!, the only
exception being film 4 for whichg is 2.3, probably becaus
of the imperfectc orientation. The maximumg value re-
ported in the literature for films must be compared with 5
reported for single crystals. An understanding of this topic
still lacking in the literature. For our purpose, consideri
that theg curves seem to saturate at low temperature, i
reasonable to use theg values at the lowest temperature
estimateHc2

i (0) from theHc2
' (0) values~see Table II!. The

s a

FIG. 3. Anisotropy factorsg5Hc2(u50°)/Hc2(u590°) for all
the films as a function of the reduced temperature.
7-4
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EFFECT OF TWO BANDS ON CRITICAL FIELDS IN . . . PHYSICAL REVIEW B68, 094517 ~2003!
so calculated parallel critical field values are also reporte
Table II and range between 42 and 57 T, which are value
great interest for high field application of superconductiv

It is clear that, in modeling critical field behavior, th
two-band nature of superconductivity in MgB2 has to be
taken into account. Articles describing the critical field b
havior in this framework only recently began to appear in
literature.20,29

The model proposed by Gurevich20 considers the intra-
band electronic diffusivitiesDp and Ds , the interband one
being neglected; the upper critical field is determined by
smaller~or larger! one depending on the temperature ran
considered. The shape can be considerably different from
BCS one andHc2(0) can drastically exceed the BCS e
trapolation.

For Hc2(0) the following equation has been given:20

Hc2~h!5
kBf0Tce

g(h)/2

2\nDsAh
~7!

with

g~h!5
1

2
SAln2~h!12

lm ln~h!

w
1

l0
2

w22
l0

w
D , ~8!

where lm5lss2lpp , l05(lm
2 14lsplps)1/2, ln n

520.577,w5lsslpp2lsplps , andh5Dp /Ds .
Equation~7! can be specialized for the three different co

ditions h@1, h!1, andh51, giving

Hc2~0!5
f0kBTc

2\nDs
e2l2/2w for Ds!Dp~h@1!, ~9a!

Hc2~0!5
f0kBTc

2\nADsDp

for Ds5Dp~h51!, ~9b!

Hc2~0!5
f0kBTc

2\nDp
e2l1/2w for Dp!Ds~h!1!, ~9c!

with l1,25l06lm . Interestingly, the zero-temperature u
per critical field value is always dominated by the lowe
diffusivity when Ds and Dp are different, and by the geo
metrical media when they are similar. The intermediate c
is similar to the BCS one. What distinguishes the three
ferent conditions is the dependence of critical fields anis
ropy on temperature: ifDs!Dp , g increases when tempera
ture decreases, while the temperature dependence is
opposite ifDp!Ds . For Ds;Dp , finally, g is nearly con-
stant and only a slight increase is observed as tempera
decreases.

In the framework of the Gurevich model, theg tempera-
ture dependences of Fig. 3 seem to indicate that we are in
Dp>Ds condition. This is in agreement with our results o
normal state resistivity: in fact, we foundrp,rs for all the
films, which impliesDp.Ds (h.1). With this hypothesis
on the diffusivity ratio, it is possible to estimateDs from the
measuredHc2

' (0). In fact, for h.1 Eq. ~7! depends weakly
on h and the calculatedDs values vary only by 4% ash
varies from 1 to 10. The obtainedDs values are reported in
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Table II and they are similar for films 1, 2, and 3~around
0.4831023 m2 s21) and slightly lower only for film 4,
which presents higherHc2

' value. Using theseDs values, the
resistivity associated to thes-bandsrs can be calculated
from 1/rs 5e2NsDs ~see Table II!.

rs ranges between 123 and 163mV cm, values consider-
ably higher compared with the measuredr0 ~5–50mV cm!.

This is an important result: in a two band superconduc
the resistivity and the critical field can be determined by t
different mechanisms~in our case the scattering in thes
bands for critical field and the scattering in thep bands for
resistivity!. From comparison between the measuredr0 and
rs , it is possible to estimaterp : it varies between 5 and 83
mV cm, as reported in Table II. From these values we cal
lateDp and, finally, we could estimateh. It turned to be 1.6,
1.1, 4.2, and 24 for films 1, 2, 3, and 4, respectively, wh
confirms that the assumptions made were reasonable. Fin
we have found that the critical fields of our films are det
mined by the diffusivity ofs band, which is the lower, while
resistivities are determined by the larger diffusivity,Dp .
This explain why it is possible to have high critical fields
low resistivity films. What is peculiar in our films is that the
Ds is nearly the same~in fact, they have similar critical
fields! but Dp changes by more than one order of magnitu
This could be due to the fact that disorder in the B plan
that forms in the course of the deposition process is poo
recovered during annealing in Mg atmosphere for the ph
crystallization.

V. CONCLUSIONS

We studied the role of disorder in thin films with differen
values of resistivity and critical temperature, but similar v
ues of critical fields. We suggest that theTc suppression is
determined by the interband impurity scattering, which
able to reduce the critical temperature in a two-gap superc
ductor.

The upper critical fields were analyzed using the mo
proposed by Gurevich, which takes the multiband nature
superconductivity in MgB2 into account. We observed how
the scattering mechanisms determining critical field and
sistivity values can be different. This explains why films wi
resitivities differing by one order of magnitude can sho
similar critical fields.Hc2 values up to 24 T in perpendicula
direction and up to 57 T in the parallel orientation have be
found. These high values confirm the importance of this m
terial for large scale applications.
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netti, D. Marrè, N. Spinelli, R. Velotta, X. Wang, and C. Ferde
ghini, Supercond. Sci. Technol.16, 241 ~2003!.

19X. Zeng, A. V. Pogrebnyakov, A. Kothcharov, J. E. Jones, X.
Xi, E. M. Lysczek, J. M. Redwing, S. Xu, Qi Li, J. Lettieri, D
G. Schlom, W. Tian, X. Pan, and Z. K-Liu, Nat. Mater.1, 1
~2002!.

20A. Gurevich, Phys. Rev. B67, 184515~2003!.
21C. Ferdeghini, V. Ferrando, G. Grassano, W. Ramadan, E. B

ingeri, V. Braccini, D. Marre´, P. Manfrinetti, A. Palenzona, F
Borgatti, R. Felici, and T.-L. Lee, Supercond. Sci. Technol.14,
952 ~2001!.

22M. Putti, V. Braccini, E. Galleani d’Agliano, F. Napoli, I. Pallec
chi, A. S. Siri, P. Manfrinetti, and A. Palenzona, Supercond. S
Technol.16, 188 ~2003!.

23I. I. Mazin, O. K. Andersen, O. Jepsen, O. V. Dolgov, J. Kortu
A. A. Golubov, A. B. Kuz’menko, and D. van der Marel, Phy
Rev. Lett.89, 107002~2002!.

24I. I. Mazin and V. P. Antropov, Physica C385, 49 ~2003!.
25In principle the resistivity is linear with the temperature atT

.uD ~whereuD is the Debye temperature!; actually, the resis-
tivity presents the linear behavior already atT;u/2 (T
;400 K) and the room temperature derivative is very clo
~nearly 10% higher! to the asymptotic value.

26J. M. Rowell, Supercond. Sci. Technol.16, R17 ~2003!.
27Y. Bugoslavsky, L. F. Cohen, G. K. Perkins, M. Polichetti, T.

Tate, R. Gwilliam, and A. D. Caplin, Nature~London! 411, 561
~2001!.

28M. Eisterer, M. Zehetmayer, S. Tonies, H. W. Weber, M. Ka
bara, N. H. Babu, D. A. Cardwell, and L. R. Greenwood, Sup
cond. Sci. Technol.15, L9 ~2002!.

29T. Dahm and N. Schopohl, Phys. Rev. Lett.91, 017001~2003!.
7-6


