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London penetration depth 1z was calculated for superconductors having the lifetime broadened
Bardeen-Cooper-Schrieffer (BCS) density of states. With the increase of gap states, Az increases
and the temperature dependence deviates from the ordinary BCS form. The model gives a T2 de-
pendence of iz in the case of weak-coupling BCS. The results are discussed referring some experi-
mental results of magnetic field penetration depth of oxide superconductors.
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Discoveries of new superconductors having higher transition temperature 7, have
been rewritten by pioneers'™® very quickly since Bednorz and Miiller” found the
superconductivity with T,=40 K in La-Sr-Cu-O system.

Surprisingly all the new superconductors are' Cu-O based materials and have
the superlattice structure. However, the fundamental mechanisms in the new system
have not been uncovered. Although the direct probe for the pairing mechanism is
the gap parameter 4, clear-cut consensus has not been established yet. As a matter
of fact, there is a big puzzle between ‘the infrared” and tunnel® measurements of
4. The former suggests the weak coupling BCS, contrarily the latter appeals the
strong coupling BCS. The magnetic field penetration depths 4(7) which have
been reported from several groups are also controversial. Muon-spin relaxation
measurements for YBa,Cu,0, (YBCO) gives A(T)=4(0) (1—(T|T,)*9) ™2, being
similar to an ordinary ‘BCS superconductor.””®. On the other hand, A(7") deter-
mined from the susceptibility measurements with powdered specimens deviates from
the above relation.  Cooper et al.? derived a T% law for YBCO. However, Ishida
and Mazaki reported a T law for YBCO™ and a T?law for La,_,Sr, CuQO, (LSCO).1V

As a possible explanation for the discrepancy among these experimental values of
4, we report here the calculations of the London penetration depth 4, in the frame-
work of the BCS theory, where we use the broadened density of states,'” and at-
tempt to find how the temperature dependence of 4, alters with the broadening
parameter. Generally speaking, the London penetration depth is valid for the local
limit materials which have a very short coherence length & compared to the 2.
In the case of YBCO and LSCO, the reported values of §/2 are much less than
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unity.”®®  Therefore we think the application of 2, to these materials is not un-
reasonable. Meanwhile, all the samples so far. measured to determine A(T) are
sintered polycrystalline, which are expected to have the broadened BCS density of
states. Considering these features, we believe that the discussion on A; which involves
the broadened BCS density of states should be meaningful.

London penetration 2, at a temperature 7T is expressed by™

471 = 1,70 1-2{ (—or@pE N EE], ()

where N,(E) is the BCS density of states, f(E) is the Fermi function. In stead of
N,(E) in Eq. (1), we use a broadened BCS density of states

N,(E,T) = Re{ E—il’ }

[(E—il)—£]7 (2)

where I' is the broadening parameter which represents the existence of energy states
within the energy gap. ' This modified density of states has succeeded .in-the disor-
dered superconductors. I' increases with the increase of resistivity due to the in-
elastic scattering processes. The density of states N (E, I') with various I'/d are
shown in Fig. 1. Note that N,(E, I') increases with the increase of I'. Although
the gap parameter is chosen to be 13.7 meV which corresponds to the weak-coupling
BCS case with 7,=90 K, other values also reproduce almost the same feature. The
increase of the gap states which means more quasiparticle exitation results in the
increase of A(T, I'). This feature can be clearly seen in Fig. 2; where I'[2(0) is
kept in the range of granular aluminum and T=0. This tendency demonstrated in
Fig. 2 seems to have been reflected in some experimental results. 2(0) reported for
sintered polycrystalline YBCO® is larger than that of single crystal YBCO.™ - The
former value is 6200 A and the latter gives 1250 A and 260 A which are measured
in Cu-O planes parallel and perpendicular to the applied field respectively.
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Fig. 1. Lifetime broadening BCS density of states N (E, I') with various I'/4. .
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Fig. 2. London penetration depth at T'=0 as a function of the broadening parameter.

According to the work with Big;Pbys,'” I" has an intrinsic value at low tem-~
peratures, but above a certain temperature it increases with the increase of T. Qual-
itatively speaking, A,(7T, I') increases rather rapidly as I" increases. Since there has
been no information on the temperature dependence of I" for oxide superconduc-
tors, in the present calculation of 2 (7, I'), I" is assumed to be temperature in-
dependent. Besides, 4(T) is assumed to hold the BCS form.

In Fig. 3, we show calculated 2,(7, I'} as well as some experimental values of 2.
The results indicate that with the increase of I', the temperature dependence of
A.73(T, I') deviates more and more from the ordinary function with I'==0. Taking
into account that in the practical case I'/4(0) may not exceed 0.5, we can see that ;2
for the strong coupling case 24(0)/kz7T,=5.1 (corresponding to T,=90 K, 4(0)=20
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Fig. 3. Comparisons between experimental and theoretical temperature dependences of
field penetration depth. Two sets of soliod lines (SC and WQC) are theoretical
for the cases of strong- and weak-coupling BCS. Solid circles and triangles re-
present data of YBCO® and of LSCO®. The dashed line is a 7' law obtained
for YBCO®, )
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meV) reproduces neither the 7" nor 7 dependence of 172 found from the suscepti-
bility measurements®™'D,
=3.5, ;7% successfully retraces the experimental 77 relation in a wide range above
T/T,=0.1, but a T" law of 4,2 cannot be obtained.

Another modified BCS density of states which has impurity states in the energy
gap for example might explain such a dependence. However, the processes of deriv-

On the contrary, for the weak coupling case 24(0)/k5T,

ing A;(T, I') are too simple for the oxide superconductors having the anisotropic
nature in superconductivity. Further discussion therefore seems not to be worth-
while. We just suggest that the states in the gap due to any imperfection in samples
gives rise to a change in 1,(7T, I} even within the framework of the BCS theory.
Note that the present discussion does not rule out other pairing mechanisms for
these materials. More refined experiments of 4(T") are eagerly required.

In summary, we examined the effect of gap states on the London penetration
depth in the framework of the BCS theory. ‘As I' in the lifetime broadening BCS
density of states N,(T, I') increases, 2;(7T, I') increases and its temperature de-
pendence deviates from the ordinary BCS form with I'=0. For the case of weak-
coupling BCS, a T? law can be reproduced by 1.(T, I'). This suggests that the
present model can partially explain the controversial experimental results of 4 in
the Cu-O based oxide superconductors.

The authors would like to thank K. Hirata for a helpful advice for the calcula-
tion.
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