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The superconductivity of phases rich in the noble metals (Cu, Ag, Au) was investigated. All face-centered
cubic solid solutions (with Zn, Cd, Al, In) remained normal down to 0.014°K ; and all hexagonal close-packed
phases (with Si, Ge, Sn, Sb, Al, In) became superconducting in the range of 0.019-0.61°K. The results are
interpreted as due to the Fermi-surface-Brillouin-zone interaction. The first superconductor with a DO;

structure was found in the alloy Cu-15.5 at.9, Sb.

I. INTRODUCTION

TTEMPTS to search for a possible superconduct-
ing transition at low temperatures in the noble
metals Cu, Ag, and Au have been made in the past.}3
In this investigation, the search has been extended to
even lower temperatures and to the face-centered cubic
(fcc) solid solutions of these metals and other related
phases. Up to the present, the results of measurements
on the pure metals and their fcc solid solutions with
Zn, Cd, Al, and In are still negative. However, super-
conductivity has been found in the hexagonal close-
packed (hcp) phases in the following systems: Cu-Si,
Cu-Ge, Ag-Sn, Ag-Sb, Ag-Al, Au-In, and Au-Sn with
electron concentration (3, the average number of
valence electrons per atom) range of 1.3-1.8, which are
the lowest values for metallic superconductors super-
conductors known to date.

It is well known that upon alloying these nontransi-
tion metals with the noble metals, hcp structures often
result from the original fcc lattice by the simple change
of atomic stacking once the electron concentration ex-
ceeds a value of about 1.4.% This phase change by which
the free energy of the conduction electrons is lowered
is believed to be due to the interaction of the Fermi sur-
face and certain faces of the Brillouin zone® and the rela-
tive size factor between solute and solvent atoms.® The
present results show that such a phase transition also
induces superconductivity in the noble-metal base
alloys. Throughout the homogeneity range of the hcp
phases, the superconducting transition temperature
(T.) increases with increasing & value.

* Research at the University of California was initially spon-
sored by the Air Force Office of Scientific Research, Office of
Aerospace Research, U. S. Air Force, under AFOSR grant No.
AF-AFOSR-631-67, and is currently supported by the U. S.
Atomic Energy Commission through Contract No. AT (11-1)-34.
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An order cubic phase of DOj; (BiFs-type) structure in
the Cu-Sb system has also been found superconducting.
This is the first known superconductor which crystallizes
in such a structure.

II. EXPERIMENTAL
A. Sample Preparation

Sources and purities of elements which were used in
preparing alloys are listed in Table I. Weighed amounts
of the elements were sealed into quartz tubes under re-
duced helium atmosphere and were melted at 1000°C
for a few hours and then annealed. During melting, the
alloys were shaken often to improve the mixing. Since
Al reacted with quartz at high temperatures, its alloys
were melted by induction in alumina crucibles under
hydrogen and were subsequently annealed. The time
and temperature of annealing are listed in Table II.
After the heat treatment, alloys were quenched in
water. The weight losses throughout the heat treatment
are less than 0.29, for all alloys except those of Ag-Al
whose losses are about 0.8%,. The reported compositions
are all nominal.

TaBLE I. Sources and purities of starting materials.

Element Source Purity
Cu a 99.999+4-9%,
Jarrell-Ash 99.999%,
Ag a 99.999+%,
Engelhard Industries 99.999%,
Au a 99.999+4-9%,
Zn a 99.999+4-9%,
Cd b 99.9999%,
Al Semialloys 99.9999%,
In a 99.999+4+9,
c 99.9999%,
Si Du Pont 99.99999+-%,
Ge A. D. McKay 99.999%,
Sn b 99.9999%,
c 99.999+%
Sb a 99.999+%

a American Smelting and Refining Co.
b Cominco Products.
¢ Indium Corp.
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The hcp phase in the Cu-Si system and the DOj
ordered phase in the Cu-Sb system are only stable at
high temperatures and were retained to room tempera-
ture by quenching from the molten state using a tech-
nique similar to that developed by Duwez and Willens,”
but modified to adapt to an arc-furnace.?

Prior to the superconductivity measurements, x-ray
diffraction patterns were taken for all alloys to assure
their homogeneity and positive identification of the
proper phases.

B. Apparatus

The T'’s were measured in a conventional adiabatic
demagnetization cryostat. Chromium potassium alum
[CrK(SO4)2-12H,0] was used as a cooling salt. Equal
volume amounts of powdered salt and Epoxy resin were
mixed to form a pill with some 500 evenly spaced No. 42
formex-coated copper wires running through it. Below
the salt pill the wires were bundled together. The sam-
ples (some 10 mm? in volume) were then simply stuck
into this wire bundle by means of Apiezon grease. The
transitions were observed by measuring the low-fre-
quency (80-cps) susceptibility of the samples with a
mutual inductance bridge. It was observed that the
superconductivity of these alloys could always be
quenched in low fields of 5~30 Oe. This indicates that
the superconductivity exhibited in the samples is a bulk
phenomenon.

Temperatures were measured with a germanium
thermometer, highly doped with arsenic which itself
was calibrated against the susceptibility of a cerium-
magnesium-nitrate single crystal. The lowest tempera-
ture reached was 0.012°K. Thermal equilibrium between
thermometer and samples was assured by good thermal
insulation (residual heat input into cooling salt being
<2 ergs/min.)

III. RESULTS

(a) No transition was detected down to 0.014°K for
specially purified Au (resistivity ratio ~10000) and
Ag (resistivity ratio ~10 000).

TaBLE II. Heat treatment of the alloys.

Annealing
temperature Time
Alloy °C) (day)
(1) hep phases  Cu-Ge 700 9
Ag-Al 600 1
Ag-Sn 550 6%
Ag-Sb 550 3
Au-In 550 4
. Au-Sn 275 85
(2) fcc phases Cu-Zn 700 11
Ag-Cd 500 2
Ag-In 700 3
Au-Zn 700 2
Au-Cd 700 2

7 P. Duwez and R. H. Willens, Trans. Met. Soc. AIME 227,
362 (1963).
8 H. L. Luo, J. Less-Common Metals 15, 299 (1968).
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TasBLE III. Superconducting transition temperature of
the hexagonal close-packed phases.

Electron
concentration T,
Alloy composition (°K)
Ag-30at. %Al 1.60 0.110-127
33.3 1.667 0.126-135
35 1.70 0.100-127
37.5 1.75 0.106-115
40 1.80 0.088-98
Ag-15.5 at.9,Sn 1.465 0.025-35
16.5 1.495 0.047-55
17.5 1.525 0.055-71
18.0 1.54 0.066-80
18.5 1.555 0.060-78
20.5 1.615 0.090-95
22.5 1.675 0.090-107
Ag-11.5 at.%,Sb 1.46 0.019-?»
13.5 1.54 0.028-35
15.5 1.62 0.037-65
Au-16 at.%In 1.32 0.035-100
20 1.40 0.280-330
Cu-14 at.%Ge 1.42 0.025-p=
15 1.45 0.084-92
16 1.48 0.117-123
17 1.51 0.072-150
17.5 1.525 0.145-160
18 1.54 0.130-240
18.5 1.555 0.175-180
19 1.57 0.240-260
Cu-14 at.9,Si 1.42 0.050-58
Au-11.5 at.%,Sn 1.345 0.210-360
12.5 1.375 0.33 -44
13.5 1.405 0.435-460
14.5 1.435 0.430-510
15.5 1.465 0.53 -0.56
16.5 1.495 0.59 -0.61

» The superconducting transition could not be followed completely,

(b) fcc solid solutions: Alloys of the following compo-
sitions: Au-15 at.9% Zn; Au-28-31 at.9, Cd; Au-15
at.% Al; Au-12 at.9%, In; Ag-40 at.9, Cd; Ag-15 at.9,
In; and Cu-34 at.9, Zn remain normal down to 0.014°K.
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F16. 1. Superconducting transition temperature of hcp noble-
metal-based alloys versus electron concentration. The vertical bar
shows the width of the transition.
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(¢) hep phases: Data obtained from superconducting
measurements are listed in Table III. 7', is also plotted
as a function of electron concentration % in Fig. 1. It is
clear that T, drops sharply as the composition ap-
proaches the hcp-fce two-phase boundary.

(d) The ordered cubic phase of DO; structure was re-
tained for the alloy Cu-15.5 at.9, Sb. Its T, was observ-
ed at 0.127-0.184°K and its lattice parameter was found
to be 5.936+2 A.

IV. DISCUSSION

While it is not possible to extrapolate from the pres-
ent results to the superconducting transition tempera-
ture of the pure noble metals Cu, Ag, and Au, the pres-
ent data may serve as a guide when trying to explain
the absence of superconductivity in these monovalent
metals. Superconductivity is usually not observed for
3 values of less than 2, and the superconductors reported
here are, to our knowledge, the ones with the lowest
& values. Theoretically, there is no reason why any dia-
magnetic metal should not become superconducting
at some low temperature. The analysis which follows
supports this, it suggests that the absence of super-
conductivity in Cu, Ag, and Au above the millidegree
temperature range is simply due to a relatively weak
electron-phonon interaction in these metals. In the
BCS theory of superconductivity, 7', is given by

T,=1.140p exp(—1/NoV),

where Op is the Debye temperature, N is the density of
states at the Fermi surface, and V is an effective attrac-
tive electron-electron interaction. It is generally ac-
cepted that the electronic structure of the alloys inves-
tigated can be described with the model of nearly free
electron, i.e., electrons moving in a pseudopotential

with an amplitude of the order of only 75 of the Fermi
energy. The structure change from fcc to hep at a 3
value of around 1.4 is explained in this model to occur
because the band gaps across the first hcp Brillouin-
zone faces are larger than across the first fcc-zone faces
and thus lead to a more effective lowering of the kinetic
energy of the valence electrons.

The fcc and hep phases in the noble-metal-base alloys
are akin to each other, differing only in the stacking
order of the closest-packed planes. Therefore, one may
assume that the variation of any lattice-related property
should be smooth and continuous across and through
the two phases. Any specific deviation may be attributed
to the change of lattice structure and hence to the
change in the Brillouin zones and relatedly, to a change
in the possible interactions between the Fermi surface
and the respective Brillouin zones. Using this approach
Massalski et al. were able to interpret rather success-
fully the lattice-parameter data of noble-metal-base
alloys,® and concluded that the Fermi-surface-Brillouin-
zone interaction was strongest in the Au-base alloys and
weakest in Ag-base alloys.

From this point of view, one may expect that ©p does
not vary strongly in alloys of the present composition
range. The reported data in the literature!®!3 show that,
indeed, ©p remains nearly constant. It is therefore rea-
sonable to estimate the parameter NoV of the different
hcp phases by using the ©p values of the pure metals
(e.g., 164, 229, and 343°K for Au, Ag, and Cu, respec-

9T. B. Massalski, J. Phys. Radium 23, 647 (1962).

0 B. A. Green, Jr., and H. V. Culbert, Fhys. Rev. 137, A1168
(1965).

11, L. Isaacs and T. B. Massalski, Phys. Rev. 141, 634 (1966).

2T, B. Massalskiand L. L. Isaacs, Phys. Rev. 138, A139 (1965).

1B T. B. Massalski, G. A. Sargent, and L. L. Isaacs, in Phase
Stability in Metals and Alloys, edited by P. S. Rudman, J. Stringer,
and R. I. Jaffee (McGraw-Hill Book Co., New York, 1967), p. 291.
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F16. 3. Fourier expansion of the pseudo-
potential of Cu, Ag, and Au (data taken .
from a recent c’omp’ﬂation of Cohen and = SOLID CURVES Pz =1 (PURE METALS)
Heine®), and extrapolated Fourier expan- (&, 1~ BROKEN CURVES: z =13 (Au-ALLOYS)
sions of the pseudopotentials of Cu, Ag g =14 (Ag-ALLOYS)

and Au based alloys at the beginning of

=135(Cu-ALLOYS)

the hep phase (z=1.35 for Cu-alloys, 1.4 o)
for Ag-alloys and 1.3 for Au-alloys). Also

shown are the locations of the first few
reciprocal-lattice vectors of the fcc and

hep structures with their structural

weight, as well as twice the Fermi wave

vector for free electrons for z=1 and

z=14.

tively). In Fig. 2, the N,V value is plotted against the
electron concentration of the alloys. The plot shows
that three linear relations between N,V and 3, with
nearly the same slope and independent of solute ele-
ments can be approximated, one for each group of
alloys of the same host metal. When such linear rela-
tions are extrapolated towards 3=1.0, one would be
tempted to predict that, should the pure Au, Ag, and
Cu metals exist in the hcp structure, they would become
superconducting at 0.57, 1.5X107%, 3.6X10*°K, re-
spectively. It is particularly interesting to note that the
predicted temperature for Au of 0.057°K is easily ac-
cessible, and the hcp modification of pure Au has been
reported in thin-film work.!

From Fig. 2, the N,V values of the Cu alloys are
somewhat higher than those of the Ag alloys at the
corresponding 3 value, while those of the Au alloys are
considerably higher yet. Qualitatively, this result cor-
relates very well with Massalski’s conclusion that the
Fermi-surface-Brillouin-zone interaction is the strongest
in the Au-base alloys. In addition, it is likely that Au
contributes more than one conduction electron per atom
in the alloys.

A general conclusion from the present investigation
is that the noble-metal-base phases in the hcp structure
are superconducting and those in the fcc structure are
not. This conclusion is supported by the fact that the
sharp decrease in T, of the hcp phase corresponds to the
drastic increase of stacking fault density'®!® when the
alloy composition approaches the two-phase boundary.

Recently, Massalski ef al.'=13 reported the data of
electronic specific heats on the Ag-Sn and Cu-Ge alloy
in the fcc and hep phases. The coefficient (in mJ/mole

4 K. L. Chopra, Phys. Status Solidi 32, 489 (1969).

.
2%k 2k
(z=)) (z=14)

°K?) varies from 0.65 to 0.72 in the fcc phase and from
0.77 to 0.84 in the hcp phase of the Ag-Sn alloys. For
the Cu-Ge alloys, the corresponding ranges of the vy
value are 0.69-0.72 and 0.73-0.79, respectively. Using
the free-electron approximation one may estimate that
the density of states in the fcc phase is lower than that
in the hcp phase by only 10-159%, which is not suffi-
cient to justify the total disappearance of superconduc-
tivity above 0.014°K in the fcc phases. Our preliminary
measurements of the phonon part of the electrical resis-
tivity in Ag-Sn and Cu-Ge alloys show that psopex
— ps.gek Increases with increasing & value. We thus be-
lieve that the absence of superconductivity in the fcc
phases is not only due to a reduced density of states but
also due to a strong decrease in the electron-phonon
interaction.

In summary, the superconductivity reported here in
the hcp phases of the noble-metal-base alloys is a struc-
ture-dependent effect. In the hcp structure, besides the
electronic density of states being higher, a stronger elec-
tron-phonon interaction results from the proximity of
the Fermi surface to the Brillouin-zone boundaries.

Note added in proof. Heine and Weaire'” have shown
that it is possible to calculate approximately the struc-
ture dependence of the kinetic energy of the valence
electrons with the help of pseudopotential theory and
explain the structure change from fcc to hcp with in-
creasing electron concentration. It is more difficult to
obtain a theoretical estimate of the average electron-
phonon interaction of our alloys as a function of their

15 R. P. Stratton and W. J. Kitchingman, Brit. J. Appl. Phys.
17,1039 (1966).

16 R. P. Stratton and W. J. Kitchingman, Brit. J. Appl. Phys.
16, 1311 (1965).

17V. Heine and D. Weaire, Phys. Rev. 152, 603 (1966).
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electron concentration. In McMillan’s theory,'® the
BCS parameter NV is replaced by

NoV=N—u*(140.621)/1.04(14)),

where \ is the electron-phonon coupling parameter and
w* the Coulomb pseudopotential. McMillan shows that
in the pseudopotential approximation M is given by

1 Er (vd)
A=37 s
kre? (0¥)/Qp

2k 2k 7
(v?)= / vig°dg / / v’g’dg.
0 0

Here Er is the Fermi energy, kr is the Fermi wave-
vector, (w?) is an average over phonon vibration fre-
quencies, @, is the unshielded ion plasma frequency,
and v, is the Fourier components of the pseudopotential.
Plots of v, versus ¢ which are thought to apply for Cu,
Ag, and Au are shown in Fig. 3 (data taken from
Cohen and Heine). We have extrapolated those plots
to the hep alloys with the indicated electron concentra-
tions with the help of Heine’s assumption that v4 should
depend on ¢/2kr only. Also shown in Fig. 3 are the
locations of the first reciprocal-lattice vectors of the fcc
and hcp structures, indicating their structural weight
(i.e., the number of equivalent vectors times the square

with

18 W. L. McMillan, Phys. Rev. 167, 331 (1968).
19 M. L. Cohen and V. Heine (unpublished).
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of their structure factor). It can be seen that with in-
creasing electron concentration the maximum of v,
moves from about the location of the first reciprocal-
lattice vector of the fcc structure to the third reciprocal-
lattice vector of the hcp structure. This would mean
that the energy gaps across the 8 nearest fcc Brillouin-
zone faces decrease with increasing 3 ratio whereas those
across the 12 third nearest hcp Brillouin-zone faces
increase. That then is presumably the reason for the
structure change from fcc to hep around z=1.35. The
parameter A\, however, remains unchanged in this
approximation, since the assumption of v, being depen-
dent on g/2kr leaves (v?) unchanged. Structure depen-
dent effects have not been included in the expression
of (v,?) and are corrections of higher order. It is therefore
at this point difficult to say whether the experimentally
observed structure dependence of A, in the context of
pseudopotential theory, is more due to a change in
(vg) or a change in (w?). A change in (w?) can of course
be expected in going from the fcc to the hep structure,
in spite of the fact that the compressibility and the
Debye temperature remain essentially unchanged. This
is true because of the difference in elastic anisotropy in
the two structures.

The added discussion here further supports our con-
clusion that the absence of superconductivity in the
fcc phase (i.e., for 3<~1.3) is most likely due to weaker
electron-phonon interaction rather than due to the
smaller density of states at the Fermi surface.

We would like to thank W. L. McMillan and T. M.
Rice for helpful discussions.



