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Abstract

The superconducting transition temperatures Tc of face-centered cubic Al1−x–Lix alloys (x = 0–0.10) exhibit a minimum near x = 0.03
(3 at.% Li). The McMillan strong-coupling Tc equation yields a similar trend of the electron–phonon coupling constant λ. Meanwhile, the density
of states at the Fermi level N (0) decreases monotonically with increasing x . It appears that Tc drops initially due to a reduced N (0), which is then
overtaken by alloying-enhanced factors of phonon or electron–phonon interaction.
c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Extensive research on cuprate superconductors has revealed
their many unique characteristics, but the detailed mechanism
leading to the critical phenomenon remains elusive. For
traditional superconductors, the BCS theory [1] provides
an elegant description of the superconducting electron pair
formation induced by attractive electron–phonon interaction.
The superconducting transition temperature is given by the
expression

kTc = 1.14〈h̄ω〉 exp[−1/N (0)V ], (1)

where k is the Boltzmann constant, 〈h̄ω〉 the average energy
of phonons which scatter electrons at Fermi level, N (0)

the electronic density of states at the Fermi level, and V
the parameter measuring the difference between Coulomb
repulsion and phonon-induced attraction of electrons close
to the Fermi level. Then, building on earlier work of
Eliashberg [2], McMillan [3] extended the BCS equation to take
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into account the effective Coulomb repulsion strength µ∗ and
the electron–phonon spectral function α2(ω)F(ω). From the
latter, a dimensionless electron–phonon interaction parameter
λ is introduced, yielding the more generalized strong-coupling
formula,

Tc =
θD

1.45
exp

[
−

1.04(1 + λ)

λ − µ∗(1 + 0.62λ)

]
, (2)

with θD being the Debye temperature. While µ∗ has a limited
range, λ varies appreciably from 0.23 for Be (Tc = 0.026 K) to
1.75 for Nb3Sn (Tc = 17.8 K) [4,5].

In practice, Tc of any given material still relies on
experimental determination. By rearranging Eq. (2) to

λ =
1.04 + µ∗ ln(θD/1.45Tc)

(1 − 0.62µ∗) ln(θD/1.45Tc) − 1.04
, (3)

experimentally derived Tc and θD are often used to calculate λ.
A brief description and summarized λ values can be found in a
recent review article by Allen [5].

The sp-metal aluminum has a relatively low λ of 0.38. This
work on Al–Li is for the purpose of adding more information to
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Fig. 1. X-ray diffraction patterns confirming the fcc structure in all samples.

the alloying effect on λ, which can be further analyzed as [3]

λ = N (0)〈I 2
〉/M〈ω2

〉, (4)

where 〈I 2
〉 and 〈ω2

〉 are the mean square electron–phonon
matrix element and phonon frequency, respectively, and M is
the atomic mass. Based on calorimetric and tunneling data, such
a delineation procedure has been made on binary Tl–Pb and
Pb–Bi and ternary Tl–Pb–Bi alloys [6,7].

2. Experiment and results

Aluminum–lithium-base alloys, with additions of other
elements such as copper and magnesium, are among
the commercially available high-strength and light-weight
structural materials. The phase diagram of the Al–Li binary
system has been well established [8]. Four face-centered cubic
α-phase Al1−x–Lix samples having nominal compositions
of 1, 3, 5, and 10 at.% Li (x = 0.01, 0.03, 0.05 and
0.10), respectively, were prepared by pyrosynthesis. For each
composition, a weighted mixture of Al (99.9995% purity) and
Li (99.9% purity) was contained in a graphite crucible inside a
bell jar evacuated and refilled with argon. After being melted
above 750 ◦C, the molten charge was poured into a 0.5 inch
diameter steel mold. Knowing that the Li solubility is low at
ambient temperature but 10 at.% at 500 ◦C and 14 at.% at the
600 ◦C-eutectic [8], the product was homogenized by annealing
at 500 ◦C, followed by ice-brine quenching. Practically no
weight loss occurred during the process. X-ray diffraction
patterns, from a Phillips MPD diffractometer with Cu Kα1
radiation, shown in Fig. 1, confirm the fcc-phase structure.
The lattice constant decreases monotonically with increasing Li
content from approximately 4.052 Å for pure aluminum, which
agrees with the literature value, to 4.030 Å at 10 at.% Li.

Calorimetric measurements between 2 and 10 K on
these samples have been made and reported earlier [9].
Fig. 2. Sketch of ac-susceptibility measuring system.

No superconductivity was detected then as expected, since
aluminum has a Tc value near 1 K. In this work magnetic
measurements were employed. Considering the relatively low
critical field Hc = 105 G for aluminum, conventional
dc-susceptibility measurements with an applied field H ≥

10 G would cause transition broadening and Tc-shifting. To
overcome these complications, a low-temperature and low-field
ac-susceptibility setup was constructed, as shown in the sketch
in Fig. 2. A commercial dc-SQUID sensor and homemade
signal pickup coils are mounted on the sorption-pumped 3He
refrigerator system having a base temperature close to 0.4 K.
Along with two self-compensating secondary coils having the
sample inserted into one of them, the primary coil is connected
to an ac-current source. At 15.97 Hz, the current-induced
magnetic field has a sine-wave profile of amplitude ∼20 mG.

The temperature dependence of the real part of the
diamagnetic signals χ ′

ac in Fig. 3 clearly identifies the
superconducting transitions. For pure aluminum (x = 0), Tc =

1.16 K (mid-point of the transition) agrees with the literature
value [10]. The narrow transition widths (∆Tc ∼ 0.2 K, based
on 20% and 80% of normal-state χ ′

ac) further confirm the phase
purity in the alloys. Only one broader transition (∆Tc ∼ 0.5 K)
occurs at 10 at.% Li, which may reflect a less-than-sufficient
quenching rate near the fcc-phase boundary. Even so, this
would not present any problem in data analysis below.

3. Discussions

In the previous report [9] of calorimetric measurements on
the same samples, each set of low-temperature specific heat
data was analyzed as the summation of an electronic (γ T ) and a
lattice (βT 3) term, both varying monotonically with increasing
x . The Debye model yields θD from the lattice specific heat
coefficient β. The electronic specific heat coefficient γ can be
used to calculate N (0),

γ = (2π2/3)k2(1 + λ)N (0) (5)

provided that λ is available.
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Fig. 3. Magnetic susceptibility data showing superconducting transitions.

Fig. 4. Li-content dependence of λ calculated from experimentally derived Tc
and θD .

As shown in Fig. 4, Tc undergoes an initial drop of about
10%, reaching a minimum near 3 at.% Li, then increases by
almost 25% at 10 at.% Li. Apart from the relatively slow
varying θD , one needs to know µ∗ in order to derive λ from Eq.
(3). According to the review article by Allen [5], knowledge
of µ∗ is primitive and it is assumed to be 0.10–0.13. For
the lower Tc superconductors being considered here, µ∗

=

0.10 would be justifiable. The λ values thus obtained are
included in Fig. 4. They show also a minimum near 3 at.% Li.
Their determination leads further to the calculated density of
states N (0) from Eq. (5), which is among the most important
electronic properties. Along with the calorimetrically derived
θD and γ , the superconductivity-related parameters Tc, λ, and
N (0) thus obtained are listed in Table 1.

The exact value of λ certainly relies on the selection of
µ∗. More important to this study, however, is to elucidate
the alloying or Li-content effect on Tc. For this purpose, an
additional test was made to ascertain the Li-content dependence
Fig. 5. Li-content dependence of normalized parameters in Eq. (4), relative
to pure Al. The error bar of N (0) reflects the uncertainty in calorimetrically
determined γ .

Table 1
Superconducting transition temperature and related parameters in fcc AlxLi1−x

x Tc (K) θD
a

(K)
µ∗b λ γ a (mJ/mol K2) N (0) (eV−1)

0 1.16 435 0.10 0.382 1.34 0.206
0.01 1.07 442 0.10 0.377 1.30 0.200
0.03 1.05 444 0.10 0.375 1.23 0.190
0.05 1.13 456 0.10 0.378 1.20 0.185
0.10 1.29 468 0.10 0.385 1.16 0.178

a From Ref. [8].
b Assumed value after Ref. [5].

Table 2
Variation of λ on Li content, based on three differently assigned constant µ∗

values

x µ∗
= 0.09 µ∗

= 0.10 µ∗
= 0.11

0 0.366 0.382 0.399
0.01 0.360 0.377 0.393
0.03 0.359 0.375 0.392
0.05 0.362 0.378 0.394
0.10 0.368 0.385 0.401

of λ. This was done by varying µ∗ to different constant values
of 0.09 and 0.11, respectively. As clearly shown in Table 2, a
minimum in λ invariably prevails near x = 0.03 (3 at.% Li).
Consequently, in the further analysis based on Eq. (4) below,
µ∗

= 0.10 for all samples and their corresponding λ values are
used.

With reference to pure aluminum, the normalized values of
λ, N (0), 1/M and calculated ratio of 〈I 2

〉/〈ω2
〉 from Eq. (4)

as listed in Table 3 are shown in Fig. 5. Tunneling data, if
available, could help delineate the 〈I 2

〉/〈ω2
〉 ratio [7]. Without

such, though, one can still conclude that Tc drops initially due to
a reduced N (0), which is then overtaken by alloying-enhanced
factors of phonon or electron–phonon interaction, resulting in
the observed Tc minimum near x = 0.03 (3 at.% Li).
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Table 3
Normalized parameters in Eq. (4) based on µ∗

= 0.10, relative to pure Al

x λ/λAl N (0)/N (0)Al (1/M)/(1/M)Al (〈I 2
〉/〈ω2

〉)/(〈I 2
〉/〈ω2

〉)Al

0 1.000 1.000 1.000 1.000
0.01 0.987 0.971 1.008 1.008
0.03 0.982 0.922 1.023 1.041
0.05 0.990 0.898 1.039 1.061
0.10 1.008 0.864 1.080 1.082
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