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ABSTRACT

The superconducting transition temperatures Tc of lead-base alloys
‘with 1-T at.% Cd, Hg, In, T1, Sn, Sb, and Bi have been measured, T
changes linearly with solute concentration, Forvthe light soluﬁes In,
Sn, and Sb, Tc is higher than for the heavier elements of the same group
of the periodic table. The reason for thisvseems to be a change in the
phonon spectrum, caused by alloying.

Moreover Tc has been measufed for the system Pb-In 1n the range
0-65 ato.% In, Tc decreases monotonlcally with increasing In content,

in contrast to earlier findings for the system Pb-Tl.
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I. INTRODUCTION

The BCS theory allows one to express the superconducting transition
temperature T as a function of three parameters: the density N(O) of
electron states at the Fermi surface in the normal conducting phase, a .

parameter V, whlch describes the coupling between electrons and phonons,

and Vb, the Debye frequency
1 ™ E \ a&
N(oWV =f (tanh kT ) T (1)
o . c
k = Boltzmann's constant,
h = Planck's constant.

For weak coupling superconductors, for which the product N(O)V is small,
this reduces to the well-known formula

. 1 ' 4 :
KT, = hvj exp (- & O‘V) . - (2)

.

The Debye frequency enters these expressions becausg in the BCS theory the
phonon spectrum is approximated by the Debye distribution, which 1s charac- .
terized by VD.

The dependence of TC on VD’ N(0), and V has been investigated by a
great number of authors,‘ The results are summerized in the following:

1. Debye frequency =

This problem is normally referred to as the isotope effect. As VD

is proportional to l/~/@b where M is the atomic mass of the material in-
volved, Tc should also be proportional to l/'JM. This has been experi-

mentally proved for the different isotopes of various elements, but some
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transition elements show a weeaker dependence_Tc(M).< An explanation for

(1)

this has been given by J. W. Garland.
2. Coupling parameter Vi

D. Farrell et &lo(g) have been able to explain the critical tempera- .
tures of various zinc-base alloys by calculating V as a function of alloy

composition.
3. Density of electron states N(0):

The dependence T on N(0O) has been invéstigéted most extensively. -

- N(0) can be varied by adding atoms of a different number of valence

electrons to the base material, (3 8) thus changing the Fermi energy and
by this N(0). In this connection M. F. Merriam's(7’ ) measurements of 'I'c
for different alloylsystems ere of épecial intefest: he has been able to
show that as soon as the Fermi surface interacts with Brillouin boundaries,v
a sharp change of T, oceurs, reflecting the strong chénge of N(0). A

(9)

study of Tc versus compoéition has been done recently Ey T. Claeson ’for
the system lead-thallium. He found a dépressién.in the plot Tc versus
composition at 49,5 at.% T1 (Fig. 1). Using data published by J. R.
Anderson and A, V. GoldClo) on the electron structure of pure lead and
.applying the rigid band model T. Claeson finds that this 49.5 at.% Tl-
alloy should have a very high N(O) because the electron concentration of
this alloy.is very close to that for which electrons start entering the
third band. But according to the BCS formula;‘ﬁg.r(l), relating T to
'N(0), one expects a high and not a low T, thoﬁgh there could be a
difference in electron-phonon coupling for électrons of diffefent bands.

T. Claeson was not ab1e to rule out completely the possibility of some

phase change, such as ordering.
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Thérefore in this investigation Tc haé been'measurg& over the whole
solubility range for the system 1ead-indium, because indium belongs to
the same group in the periodic chart as £hallium; '

As there is a rather great discrepancy between the publilshed
(Ho Gamari-Seale and B. R.»Coles(6) and M. Sato et al.(ll)) eritical
temperatures for dilute lead-base alloys with Cd, Hg, In, T1l, Sn, Sb, and

Bi as solutes, these measurements have been repeated too,
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1. EXPERIMENTAL PROCEDURE

1. - Specimen Preparation' B |

The maﬁerials were provided by the following‘companies: Amerlcan
Smelting and Refining Company (In, T1, Pb, Sb, Bi), Cbminco American
.Inc. (Sn, Cd), Masero Laboratories )(H'g)o According to the manufacturers
the impurity céntents of the starting materials was less than 10 Ppm.
. The weighed amounts of lead and solute were sealed in quartz tﬁbes,
1.d. 6 mm, under a heiium atmosphefe of 10 Torr., Thallium was never ex- .
posed to the open air, but only hapdled in a dry box under a helium at- |
mosphére. There was no visible evidence pfvthallium oxidation, The
solute concentration has been calculated from the ﬁeights'of the con-
stituents., The specimens with indium‘cohtents between 6 ahd 65 at.%
were agitated for éh hours at 38090 in a rocking furnace, quenched in
ice water, and then annealed for 36 hrs at & temperature .20-30°C below ..
the solidus line, which has been>establisﬁed by T. Heumann and B. Predelf(12) 
Ihis annealing treatmen£ proved to be sufficiént for homogenizing the
specimens, Specimens with solute concentraﬁions?békm‘6 at.% were mixed
. for 48 hrs at 440°C in the rocking furnace, quenched as above, and homo-
genized.for at least 1O hrs at the following temperatures: In, Tl at
295°C; Cd, Sb at 250°Cj Hg, Sm,,Bi at 183°C. These temperafures had been’
chosen to make sure that the compositions of>the alloys were within the
solubility-limits, After the homogenization the specimens were again
quenched in ice waﬁer and immediately transfezred to»liquid nitrogen
temperature. As annealing the specimens for 10 min at 52°C did not

change ‘their Tc’ it ves certain that no precipitation had occurred during

the quench from the annealing temperatures.
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2, Cryogenié Equipment

Thé superconducting @fansi£ion was detéctéd by measufing the mutual
induétance of two coaxial coils) coﬁtaining the sample. A germanium
resistor was used as a thermometer. It has been calibrated between 4.5
and 5°K against thé vapor pressure of helium, at 7;193°K against Tc of
pure lead. This value has been reported by J. P. Franck and D. L. Martin.(lj)‘
Between 5° and 7.193°K the thermometer has been checked against another
germenium resistor, the calibratidﬁ of which can be traced back to NBS.
Absolute errors of measured Tc.values are estimated to be less than
0,0l5°K, whereas relative errors are assumed.to be less than 0,002°K.

To speed up measurements six colls, each for one specimen, were
enclosed in a heavy copper-block, which also contained the germanium .
resistor, The coilé had a primary and a secondary winding, the outpuﬁ of

the latter was amplified,‘dnd togethef with the resistance of the thermo-
meter recorded on a multi-channel recorder; The ac-magnetic field, produced
by the primary, was aboutwlohi G, and the frequency used about 130 Hz.

The earth's magnetic field was not compensated, although it could produce

a change in Tc of the order of magnitude éf 10~5°K; Therefore a pure

lead specimen has always been measured together With the low~solqte-con-
centration speciméns, in order tolbe able to allow for changes in the
external fleld. The scattér of Tc for the pure lead sample was less than
0,0015°K. .Attached to the copper-block was a heater, and the whole
assembly was enclosed in a gas~bight copper-box, which was filled with

760 Torr helium at room temperature. First this box was immersed in liquid
helium to cool the specimens to a temperature well below Tc’ Then thé box

was ralsed above the level of the liguid helium., A temperature SWeep—rate

-
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of ahout 06005°K]hin was established by heafing the copper -block constantly,'.'

but varying the evaporation rate of the liquid‘helium by changing the poweruv
~input in a resistor placed in the liquid helium,

Tc was defined as the temperature at which the sighal coming from the
seéondary coil was the average of those for the completely normal and
completely superconducting épecimeno The hysteresis in Tc measured in
warming up or cooling down wes on an average 0.,001°K. The half-width of
the transition, defined as the temperature«differénce between 25 and T%
of the whole Signal change, was oh an average 0.008°K. For solute con-
centratioﬁs'below 10 atJb the.temperafure-difference for a signal-~change

from 5-95% was always less than 0,020°K.

e arr———, i a = m
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1T, RESULTS B
1, Pb-In
About 50 semples, covering the whole solubility range from 0-65 at.%
‘In, have been testeds The results are shown in Fig. 1, together with three
points measured by W. Meissner et al.(lh) T, Claeéon‘s data on Pb-T1

are also given., The points for indium can well be represented by

6 .
. '.;g; | 8y cv (e

T, = = at.% In), (3)
with .
8y = T+1478 °K 8) = 1.&243 - 1077 °k
ay L6352k + 1072 °k _.a; = 1.6951 » 1070 °k
a, = 1.8995 * 1o"ll °K | ag = T5755 * 1072k
a5 ==T.2011 - 10“6°K |

The average difference between Tc calculated from Eq. (3) and measured‘is
0.0013°K, and the maximum difference 0.009°K. The two differences between

“the indium and thallium alloyé arel

8. Indium affects T, much less than thallium does.

b. Though 20 specimens with compositions between 26 and 54 at.%.In
have been tested, no deviations from a continuous decrease of Tc with
increasing'In-content has been detected.

But some special features have been found for a. specimen, containing
50,00 at.% In after annealing it for a prolonged time below room-temperature:
14 @ at (~18+1)°C decreased T, 0,127°K and 14d at (=9.2+1)°C 0.07T7°K.

Both annealing treatments increased the transition width by a factor of
three. vSimilar effects have been observed for specimens containing

41-58 at.$ In.



' ~ UCRL-1T905
2, Cd, Hg, In; Tl, Sn, Sb, Bi in Pb =

The influence of‘lA7.ato% of these sélutés'Qn Tc is shown in Flg, 2sg
and 2bs Letting Téo be the transition temperature of pure lead, then for

: each elloy system the Tc values cén be fitted to:

= T, '
- =7 + | —
Te"Teo=""\a@ ) C ‘ ‘ (%)
' with C the solute concentration. Data for 7 and ch/dC are glven In
Table I3 also quoted are the values for ch/dC>which have been measuréd

(6)

by H. Gamari-Seale and B. R. Coles, and those which have been derived
from a plot published by'M, Sato et alo(ll)' From thils it seems thatvM.
~Sato et al.t's data‘are more reliable than those given 5y Camari—Seale and
BolB. Coles. The reasén for this may be the following: these authors

" used only specimens with less than 3 at.% solute, so that they had to

- separate Dby célculatioﬁ the.sharp decrease in Tc which occurs below

1 at.% solutes According to D. Markowitz and L. Pa.Kadanoff(l5) this .

drop is due to smoothing out the anistropy of the energy gap.
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Table I.
‘Dete for T and ch/dc;
: Fe P —30 . v .. ' —50
7 r(in 1077°k) ch/dC (in 107™7°K/at.%)
This investigation Gamari-Seale Sato
cd -3h,2 - 11,8 0
Hg ~31k4 - TeT 0
Tn -27.1 - 16,9 - -10 ~16.9
T1 ~18.7 - 24,5 -12 -23,2
Sn ~ 641 + 15,2 +16 #1h,3
Sb .= 8.1 #13h,5 +1bo +133,0
Bi 21,5 +42,3 +53 4383
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IV, DISCUSSION . '

\

The decrease in T of the specimen containing 50 at.% In after being

: annealed below 0°C can be understood in the following way: recently
I.‘T. Heumann and B.'Predel( 2) reperted thermodynamic data, from which they
eoncluded that there should Be a miscibility gap,.centere& at aboﬁt 50 at b
In ‘and below 30°C. From their hypothetic‘phase dilagram one finds that the
50 at«$ In-specimen at -18° or;~9°C should split up into two phases, one
' having an In-content o} roughly 30 ato% and the other of_about 70:at.%.

Our method used to measure Tc may only shom one transition in spite of

two phases with different critical temperatures being‘preseng if the phase ‘1.&
with the lower Tc is embedded in the one with the higher Tc. But in any
.case the higher‘Tc cannot be missed; Therefere one expects for the
discussed phase-separation a critical temperature corresponding to 30 at.%
In, which would be higher than that for 50 at.$ In. This is in contrast

to the experimental findings that the low temperature treatment decreased
Tc' An explanation for thls discrepancy may be found in the well-known
effect that the superqgnducting properties of a finely dispersed phase may
_be changed by a surrounding other phase« This has beem_extensively in- |
vestigated by R. Hilsch and coworkere(l6’l7)vfor thin.films. Using T.
Claeson's(9) argﬁments one expects for an allo& with an indium content

of about 50 at.%, a high density of eiectron states. It is interesting -
that centered at this composition one finds_the miscibility gap. But in
cantrast to the findings for thallium no abnormal critiecal temperatures
were found, mhen the indium specimens were annealed above room temperature;

(9)

‘Possibly the exceptional behavior of T. Claeson's Pb~T1l samples con~
taining about 50 ata% Tl is also due to a miscibility gap in this alloy

. gystem,
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| Looking at the values for ch/dC lisied in Table I it is striking |
that, with the exception of Cd, dTC/dC is alWays larger for the lighter
solute than for the Heavier one of the same group of the periodic table,
Tin alloys have to be compared with pure lead. The'effects of light
solutes on Tc havevbeen studled theoretically|by I Appe;o(}8) This
author calculates Tc by taking info account the change in electron
structure and phonon spectrum,caused by alloying, How the light solute
“indium affects the phonon spectfum of lead has been investigated by Je.

(20) by tunneling experi-

M. Rowell et alo(l9) and by Jf G. Adler et al.
ments. Thelr results are ds followsrl the phonon gpectrum of pure lead
consists of two peaks, one at a phonon energy of 4.5 meV and one at.8.5
meV¥. There are no phénons with energies above 10 meV, Adding some atomic
percent indium does not shift these two peaks muchs it only decreases their
height. But a new peak in the spectrum appears at a phonon energy of about
9.5 meV., This causes the rise in Tco A.quantitative comparison between
measured ch/HC-values and J. Appelts calculations is ndt possible because
it is not known how the electron structure is affected by the alloying and
the bhange in phonoﬁ spectrum is only known for indium. But according to -
Je M. Rowell et al.(l9) one can'expecf a high frequency peak in the phononb
spectrum if the atomic weight of the solute is 1ess_than about 75 of the
atomic weight of the solvent. Because the Debye»distribution has been used
“to repfesént the phonon spectrum in the BCS formula, Eq. (1), ﬁhis formula
cannot account for these high freqqency peaks < :It is not éossible to treat
this as some kind of 1sotope effect, But one can see from Eq. (1Y guali-

tatively that light solutes will raise Tc’ because they will increase the

Debye frequency.
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: Unforﬁunately i£ ié ﬁof-péésibléatévéheck>whéthei adding Ga, Ge, and
As to Pb increasesdec/dC still more than addingvln; Sn, and Sb respec~
tiﬁély, becauée their solubility in lead 1s too small. But there is one
other example from the literature available: G. Chanin et al.(EI) meas -
 ured 'I‘c for different indium-base alloys, including gallium and thallium
as solutes., Their results are shown in Fige 3+ The light solute gallium
incfeases Tc’ whereas théllium decreases‘Tc of indium.

From this point of view it might be advisable for making supercon-
duectors with high critical temperatures to‘use one constituent with a ;
low atomic Wéight° | v

An explanation for the fact that Pb-Cd ailoys have a lower ch/dC
than.Pb-Hg alloys, though.Cd is lighter than Hg, may be that the effect
| ;oflthe change in the phonon spectrum bf the Cd alloys is masked by the -

influence on the electron structure.
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