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Measurement of the Meissner penetration depth, A(T') were made in amor-
phous Zr,Cus, samples. The results indicate that this amorphous alloy
behaves as a BCS superconductor with 2A(0)/kT,, = 3.8, where A(0) is the
superconducting energy gap at 7 = 0 and T, the critical temperature. It is
also concluded that the low energy excitation, TLS, characteristics of
amorphous material does not contribute to 7.

THE MEISSNER PENETRATION DEPTH, A(7T), deter-
mines the electrodynamic response of the superconduct-
ing pairs to weak magnetic fields. The absolute value of
the penetration depth as well as its temperature depen-
dence are related to the superconducting and normal
properties of the electronic system. Although extensive
work on the subject [1, 2] has been done in the past,
the agreement between theory and experiment can be
considered to be only fair. Anisotropic effects, due to
real Fermi surfaces of crystalline materials, and exper-
imental difficulties in surface preparation are usually
mentioned [2, 3] as responsible for the lack of agree-
ment either in the absolute value of () or in its
temperature dependence.

Amorphous superconductors are in principle ideal
materials to avoid the two mentioned causes for exper-
imental discrepancy. Due to the lack of long range
crystalline order the electronic system of amorphous
superconductors is isotropic. The high and almost tem-
perature independent electrical resistivity indicates that
the electron mean free path is of the order of interatomic
distances, making the amorphous metals the best ex-
amples of dirty superconductors. The Ginzsburg—Landau
parameter of these materials is large (x = 100) due to
the very large penetration depth (A(0) = 10,000 A) and
very short coherence length (£(0) = 100 A). Under this
condition, surface preparation problems are not ex-
pected to be important in the determination of the
penetration depth that, by ail means, should represent a
bulk property of the investigated material.

There are other intrinsic properties of amor-
phous metals that make interesting the study of its
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electrodynamic superconducting response. Let us first
analyze the Gorkov expression for the penetration
depth in the dirty limit near T, given by [3]

Aa = 0.615(E/DVAAL(OX1 — )2, (1)

where A1, (0) = [3¢*/(8ne*vEN(0))]''? and & =
0.18hvp kg T,. Using the simplest solution of the
Boltzmann transport equation for the electrical resis-
tivity p = [§€2I0EN(0)]™! the coefficient of A4 in
equation (1) can be related to accessible experimental
quantities

g = 0.644 x 107%(p/T )3 (1 — )™ V2, @)

where p is expressed in Q-cm and 7, in degrees Kelvin.
The electrical resistivity of amorphous Zr;oCujo has a
weak negative temperature dependence as is typically
found [4] in high resistivity materials. At the present
time two different theoretical approaches are com-
monly used in the literature to explain the electrical
conduction in disordered materials. One of them [5]
is based in a modification of Ziman theory for liquid
metals, where the electrons are treated as plane waves
interacting with atomic disorder. The other [6] con-
siders the negative temperature coefficient of the
resistivity as a manifestation of electron localization.
In the absence of an accepted theory that explains the
transport properties of amorphous metals and its
relation to superconductivity, the experimental study of
the relation given by equation (2) is important.
Another aspect to be considered in relation to
expression (2) is that, although the density of states
of transition metals at the Fermi surface is determined
by the d character of the electronic band, it is not
known which is the relative s and d contribution to the
electrical conduction properties. Following the argu-
ments given by Koepke and Bergmann [7] to discuss
the upper critical field H,,, it is not clear if expression
(2) should apply to these d band superconductors.
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Table 1. Measured electrical resistivity, p, superconduct-
ing critical temperature, T, and transition width, AT,,
Jor the amorphous ZrCusq sample. Also shown are the
measured N(0), B and the result from Gorkov’s formula
lequation (2)] as explained in text
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9 Te AT Ao B Alo}rom
Eq. 2
(wacm)| (K) (K | um) | (um) | (um)
186 2.533 | 0.090 0.85 1.00 m

Since experimental results [8] have shown that the
density of states of amorphous alloys based on tran-
sition metals, obtained from H,, and specific heat,

are coincident we believe that the study of the relation
among T, p and A should contribute to a better under-
standing of superconductivity in d-band metals.

The temperature dependence of A(T) provides
information on the superconducting character of the
material. The two-fluid model together with the London
theory gives a temperature dependence of the form
AT =N (0)y, where y = (1 —t*)"V2, As a conse-
quence of the energy gap in the dispersion relation of
the superconducting excitations, the BCS expression
[3] for M(T) predicts deviations from London’s formula.
At high temperatures, y > 1.5, the BCS temperature
dependence is well approximated by \(#) = A + By.
Since B is a quantity easily measured it is useful [3]
to characterize the material by this value that should
correspond to the experimental A(0) for a London
superconductor. On the other hand numerical calcu-
lations using the BCS theory in the local approximation
show that B = 1.23A(0), where A(0) should be the
measured penetration depth at T = 0, if the super-
conductor follows the BCS temperature dependence.

It is important to remark that to obtain the numerical
factor relating B and A(0) it has been assumed the
weak coupling limit 2A(0)/AT, = 3.5, where A(0) is
the superconducting energy gap at 7= 0.

The relation [3] between A(T") and A(T) has been
used by Waldram [1] to obtain A(T’) from penetration
depth measurements of crystalline materials and recently
[9] to obtain the energy gap of superconducting amor-
phous alloys. In the absence of tunneling data and
considering that Zr,Cu,_, can be considered to behave
as an ideal amorphous system with a moderately strong
coupling parameter [8], it is interesting to investigate
if the energy gap as obtained from the penetration
depth measurements follows the BCS temperature
dependence.

The results discussed here were obtained from a
ribbon 14.5 um thick, 0.08 cm wide and 3 cm long,
obtained from splat cooling [10] the molten metal. The

Vol. 47,No. 11

15 y 20

Fig. 1. Measured penetration depth A(¢) normalized b}'
the slope at y > 1.5, B, as a function of y = (1 — ¢%)1/2
The solid line represents the London model.

0.6 08 t 1.0

Fig. 2. Superconducting energy gap, A(?), as a function
of t = T/T,, obtained from the measured penetration
depth, \(T'), for amorphous Zr4Cuso. The solid line
represents the BCS theoretical prediction for 2A(0)/
kT, =3.8.

resistivity, critical temperature, and transition width are
given in Table 1.

The flux expulsion induced by the variation of the
penetration depth with temperature was measured by
means of a SQUID [11]. Details on the apparatus and
measuring technique can be seen in [9]. The flux expul-
sion and the penetration depth are related by

A® = HoWN() —A0)], 3)

where W is the width of the sample and H,, the applied
magnetic field. At the critical temperature, expression
(3) becomes

Ady = HoW[d/2 —N\0)], “)
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where d is the sample thickness. This expression indicates
how A(0) can be obtained from the total flux expulsion
and geometrical factor measurements. In the high tem-
perature region where A ~ y it is possible to obtain the
coefficient B defined previously: from equation (3) it
follows

_ 4% 1

()

The error in the absolute value of A(0) is estimated
in 10% due to the uncertainty in the determination of
the geometrical factor. The error in B is less than 3%.

Figure 1 shows the results for A(T) as a function of
». The data is normalized by the slope B obtained for
y > 1.5. The straight line represents the London tem-
perature dependence, experimental deviations from that
behavior are evident. To check if this deviation is
described by the BCS theory we have evaluated the
superconducting gap using Waldram’s method. To obtain
the gap we used A(T)/A(0), where A(0) is the exper-
imental value obtained from expression (4). Following
Waldram [1] A(T) is obtained assuming that at a given
temperature A(T)/A(0) is related to A(T) by the BCS
relation [3]. In our case we have used 2A(0)/kT, = 3.8
as determined from specific heat measurements [8].
The results are shown in Fig. 2 together with the
theoretical fitting. It is seen that the agreement is
practically perfect. The value for A(0) obtained from
equation (4) is given in Table 1, together with the value
B obtained from equation (5). The ratio B/A(0) = 1.17
coincides within 2% with the theoretical value obtained
using 2A(0)/k T, = 3.8. In the table we have also given
the value of the penetration depth calculated from
expression (2), using the experimental p and T,. We
see again that the agreement between Gorkov’s result
and the experimental B (obtained near T,) is excellent.
Measurements in other samples reproduced the results

eported here within 10%.
We have shown that the electrodynamics of
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amorphous Zr,oCusg is very well described by the
BCS expressions in the dirty limit.

The agreement with Gorkov’s relation indicates
that the electrons contributing to superconductivity
and electrical conductivity are the same.

Since it has been shown [4] that the low energy
excitations characteristic of amorphous metals do not
contribute to p the validity of expression (2) implies
that they do not contribute to T, either. From all this
and the resuits for the temperature dependent gap we
conclude that amorphous Zr,4Cu,, is an excellent
example of a BCS superconductor.
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