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penetration depth of V3si
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The London-limit penetration depth, A.L(T), has now been calculated as a function of temperature, T,

for V3Si using two recent tunneling-derived spectra of the electron-phonon interaction. Significantly dif-

ferent predictions for AL(T)/A, L(0) resulted from the two spectra. Comparison with recent experimental

data revealed good agreement in one case, but not in the other.

The penetration depth of V3Si has recently been mea-

sured. ' The London limit applies to the sample considered,
and the temperature dependence of the penetration depth
was found to deviate significantly from Bardeen-Cooper-
Schrieffer (BCS) behavior. This is revealed in a plot of
X/ (0)/AL(T) —(I —/') vs T. In this expression, A. (LT) is

the London-limit penetration depth, 1 —t is the prediction
of the two-fluid model for A. (L20)/X (L2T), and t is the re-

duced temperature, T/T„where T, is the critical tempera-
ture. A good fit to the data can be achieved by introducing

a phenomenological correction for strong coupling based on
a value of 3.88 for the ratio 2h 0/ks T„w here 50 is the gap

energy.
Two recent tunneling studies" on V3Si have been

analyzed to obtain the electron-phonon spectral density,
a'F(co). Two very different results are obtained. In one
case, ' the electron-phonon mass renormalization parameter,
h. , derived from a'F(cu) is found to be about I with a cor-

responding conventional value for the Coulomb repulsion

parameter, p, ', in the other case, 2
A. is greater than 2, and

p,
' is anomalously large 'with a value much greater than 1

which does not seem to be physically reasonable.
In this Brief Report, the results are reported for detailed

strong-coupling calculations of the London-limit penetration
depth of V2Si, based on the two tunneling-derived n'F(ru)
spectra, and are compared with the results of the experi-
ment. Convenient theoretical expressions for the penetra-
tion depth in the London limit, as well as for the coherence
distance, are found in the paper of Lemberger, Ginsberg,
and Rickayzen. While these authors work in the BCS limit,
the same prescriptions also apply in strong-coupling theory,
as can be seen from the paper by Nam. ' The only modifica-
tion is that the full Eliashberg strong-coupling equations are

used, rather than their weak-coupling limits, ' ' to obtain the
values of the Matsubara gaps. According to Lemberger
et al. , the normalized, local-limit penetration depth, ~&, is

given by

X/(T)

In Eq. (I), the A„are the Matsubara gaps and the 01„are
the renormalized frequencies satisfying the Eliashberg equa-
tions
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vF is the Fermi velocity, and h is Planck's constant over 2m.

Equations (2) and (3) have been solved for the n2F (0),
which was determined by Kihlstrom' and also for that of
Bangert et al. ' From the solutions, the coherence length

[Eq. (7)] and the local-limit penetration depth [Eq. (I)]
have been computed. In each case, T, has been taken from
the tunneling experiment. This is somewhat different from
the value of Christen et al. ' Some of the characteristic
properties of these solutions can be found in a paper by Mi-

trovic and Carbotte' and are not repeated here.
Figure 1 sho~s the temperature variation of the normal-

ized coherence length, P(T)/g(0), based on the spectrum
of Kihlstrom. The solid curve is for infinite mean free

path, I, while the dotted curve is for I = 28 nm, a value that
will be introduced later as being realistic for the sample
which was analyzed by Christen et aj. ' It should be noted
that as the temperature reaches T, in the pure case,
((T)/g(0) drops to a value of about 0.80, which is larger
than the BCS value of 0.76. Of course, one should not
compare directly with BCS theory, since the calculation at
hand gives 250/ks T, = 3.88. For this value of the ratio, the

~„=2r T (2n —I ); n C 1

( ) 2
Qu2F(II )dII

02+ (cu„—cu )2

7 is the impurity scattering time, p,
'

is the Coulomb repul-

sion parameter, and a'F (0) is the electron-phonon spectral

density as a function of phonon energy, II. 122F(Q) is tak-

en directly from the experiment. Since the present calcula-

tion is done on the imaginary-frequency axis and since tun-

neling inversion is done on the real axis, p,
'

is treated as an

adjustable parameter which is chosen so as to give the exact

T, as described by Mitrovic and Carbotte. ' It should be

noted that the gap edge, 50, is then completely determined
from these calculations.

The local-limit penetration depth applies when the mean

free path, I, is much smaller than the zero-temperature
coherence length, ((0). According to Lemberger er al. ,

'
the London-limit penetration depth, which applies for
h. )) g, is related to X/ by
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FIG. l. The coherence length normalized with respect to its
zero-temperature value as a function of temperature normalized
with respect to the superconducting critical temperature. The ma-

terial is V3Si, The solid curve is the pure case (/- ~); the dotted
curve is the slightly dirty case {/= 28.0 nm).

semiempirical (scaling) calculation of Ginsberg" predicts a
drop in the value of g(T)/((0) at T, to 0.84. The present
strong-coupling value is between this value of Ginsberg"
and the BCS value. That the strong-coupling result for
g(T)/g(0) falls with temperature faster than the scaling
result has already been noted by Kerchner and Ginsberg'
for other materials.

To obtain the absolute magnitude of the zero-temperature
coherence distance, g(0), a value for the bare Fermi veloci-
ty is needed. The value of 1.31x10' cm/sec which was
quoted in the report of Orlando, McNiff, Foner, and Beas-
ley" was used in the present calculations. These authors"
take care to treat fully the mass renormalization factors of
(1+X), which are ignored by many other authors. This
value of v~ is in agreement with that quoted by Muto, Toy-
ota, Noto, Kutsu, Isino, and Fukase, " once care is taken to
extract the renormalization, (1+X), from their quoted
value. This value of uF gives $(0) =6.40 nm as compared
with the value of 5.6 nm quoted by Orlando et al. ,

" and
with 4.9 nm by Muto eI. al. '3 The agreement is even more
reasonable when one considers that a correction for impuri-
ty content should be introduced before a comparison is
made. A mean free path of 28.0 nm is assumed and the
present calculation yields a value of 5.11 nm for the impure
g(0). This value, which is obtained by direct evaluation of
Eq. (7), obeys, to within 2'/0, the simple rule

1 1 + 1

g(0, I) g(0. ) I

As a test of the calculated value of $(0), a uF-
independent ratio can be calculated, following Kerchner and

where the denominator is an approximate expression for the
coherence length, which includes some electron-phonon re-
normalization through the 1+ A. factor. The resulting value
is 1.14, which is intermediate between the BCS value of 1

and the value of 1.28 for Pb quoted by Kerchner and
Ginsberg. ' This is reasonable since 2I o/k sT, is 4.55 for
Pb, much larger than the value for V3S1.

The results for the temperature variation of the normal-
ized London-limit penetration depth, A,L (T)/XL (0), will

now be described. In addition to g(T)/ f (0), a knowledge
is required of the local-limit penetration depth as given by
Eq. (1). This factor is independent of the impurity
concentration. As is done by Christen et at. , [ XL, (0)/
XL(T)j —(1 —r ) is plotted in Fig. 2. The dot-dashed
curve is based on the spectrum of Kihlstrom. ' For compar-
ison, the experimental points of Christen et al. ' are repro-
duced in the figure. The agreement observed is reasonable,
particularly when it is remembered that a correction to the
theoretical curve is needed for impurity content. This
correction will push the curve up somewhat, as will be
described presently. It is noted that the present calculations
are for samples with T, values which are slightly different
from the experimental results of Christen et at. ' This is ex-
pected not to make a significant difference, however.

The solid curve will be briefly considered since it serves
as a test of the numerical work. It was obtained from a full
strong-coupling calculation based on the spectrum of Al. '4

It falls almost exactly on the weak-coupling curve given in
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FIG. 2. The strong-coupling difference from the two-fluid predic-
tion of the inverse square of the London-limit penetration depth
normalized to its zero-temperature value as a function of tempera-
ture normalized with respect to the superconducting critical tem-
perature. The solid curve is both Al and the BCS prediction; the
dot-dashed curve is pure Kihlstrom et a/. V3Si; the short-dashed
curve is Kihlstrom et a/. V3Si with impurities in the amount
prescribed by Christen et a/. the dotted curve is pure Bangert
et a/. V3Si. The data with error bars are those of Christen et a/. '
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~here m is the electron mass, e the speed of light, e the
electron charge, and n the free-electron density. The value

Fig. 2 of Christen et a/. This is considered to be an excel-
lent check on the numerical accuracy.

The dotted line in Fig. 2 is the results based on the spec-
trum of Bangert etal. ~ with the unusually large p, '. The
value of p,

' was 1.9 in the current calculation. The poor
agreement with the experimental data should be noted. If a
correction were applied for impurity content, the agreement
should become even ahorse.

The effects of impurities on the [A.L (0)/h. t, ( T ) ]'
—(I —r') curve will now be discussed. A mean free path
of 28.0 nm has been estimated from data which were pro-
vided by Christen et al. They quote l (0.882/0. 2)((0).
If the numerically obtained value of g(0) is used, this for-
mula of Christen et al. ' yields l 28.0 nm, and hence an in-
verse scattering time, I/r -0.485 meV. This value is need-
ed in Eqs. (2) and (3). With this correction, the dashed
curve of Fig. 2 sho~s satisfactory agreement with the exper-
iment. A correction of the same magnitude to the Bangert
et al 2curv. e (dotted line) would yield a curve which devi-
ates greatly from the experimental data.

Finally, the strong-coupling corrections to the BCS value
of the zero-temperature, London penetration depth are
compared. In absolute terms

&/s &/&

(0) /22C (9)
4mne~

of the second quantity is 1 in BCS theory and the prefactors
are the same in strong-coupling and BCS theories. When
the electron-phonon renormalization is taken into account
in the cu„channel, a factor of (1+X) naturally arises.
Thus, it is best to quote

(1+z)2~T g (~ 2 + g 2)3/2
(10)
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as the strong-coupling correction and it should be near l.
For Al it was found to be 1.006, and for Kihlsirom' V3Si it
was 0.998, with l-~ in both cases. The effect, therefore,
is small. This is expected, since Kerchner and Ginsberg'
found 2% effects in the case of Pb which is coupled more
strongly than V3Si. When the mean free path of f =28.0
nm is accounted for, expression (10) gives a value of 0.892
for Kihlstrom V3Si, reflecting the change in coherence
length at zero temperature.

In summary, the penetration depth indicates that the
Kihlstrom3 spectrum for the electron-phonon interaction
gives good agreement with the experiment, whereas the
Bangert et al. ~ spectrum does not. This is consistent with
the anomalous values of ~ and p.

' for the latter.
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