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Magnetostriction in Superconducting Indium Lead Alloys
by G. Bréandlil), F. D. Enck?) and R. Griessen

Laboratorium fiir Festkorperphysik
Swiss Federal Institute of Technology, 8049 Zirich, Switzerland

(3. 111. 71)

Abstract. The magnetostriction and the magnetization have been measured in a series of
indium alloys having a lead content ranging from 0 to 25 at.9%,. From the measured curves — of
which some typical are presented — the critical temperature, T, the critical field at absolute zero,
HO, the coefficient of the electronic specific heat, y, the Ginzburg-Landau parameter, ¥, and, in
particular, their volume dependences are deduced. These parameters are related to variations in
the crystal structure, the Fermi surface, and the mass enhancement constant A.

Introduction

We measured simultaneously the magnetostriction and the magnetization of
various polycristalline indium alloys ranging between 0 and 25 at. %, Pb, as functions
of the external field at different temperatures between 1.3 K and 4.2 K. These alloys
are type-I superconductors for a lead content smaller than ~4 at.%, and type-II-
superconductors above 4 at.9, Pb. The thermodynamics that relate the magneto-
striction to the magnetization and to the stress dependences of the volume, ¥, the
critical field H, and the Ginzburg-Landau parameter » are given in previous papers
(1, 2]. This paper is concerned mainly with the further discussion of these data and
their relation to crystal structure variations.

We have chosen In-Pb alloys for these investigations because of a) an existing
general knowledge on this alloys system and b) strong structure variations with lead
content that are expected to have an influence on the superconducting properties.
These measurements of the critical temperature T, of a series of specimens have been
made by Merriam [3] and Meissner, Franz and Westerhoff [4], the magnetization
curves have been studied by Gygax [5] and by Noto, Muto and Fukuroi [6]. Gygax
has also measured the residual resistivity at 4 K. The structure of In-Pb alloys has
been studied by Tyzack and Raynor [7], by Moore, Graham, Williamson and Raynor
[8] and by Merriam [9]. They found a tetragonal crystal structure that changes lattice
constant ratio, ¢/a, from c/a > 1 to c¢/a << 1 at about 13 at.9, Pb. Further ¢/a has a
maximum near 7 at.9% Pb and a minimum near 20 at.9%, Pb.

1) Now at the Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca,
New York 14850, USA.
2) On sabbaticalleave from Franklin and Marshall College, Lancaster, Pennsylvania 17604, USA.
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Apparatus and Sample Preparation

The magnetostriction was measured by a capacity method and the magnetization
by a flux meter. Details of the apparatus are given elsewhere [2]. The same paper also
describes the preparation and the measurement of ellipsoidal specimens 50 mm long
and with axial ratio 1:8, which are made of indium with 5, 9, 15, 20 and 25 at. 9, lead.
All the thermodynamic properties measured on these samples are presented below.

h\\tﬁ\xgxx\x;_‘

—
L 1cm
Figure 1 Figure 2
Cylindric sample and pick-up coils as they Evacuable vessel made from pyrex glass for
were put in the measuring capacitance. The melting and mixing the alloy, and casting the
actual specimen is the black hollow slit cylindric sample.

cylinder.

Specimens of indium with 0, 1, 2, 3, 4.1, 5, 6, 7, 9 and 10 at. %, lead were hollow
slit cylinders as shown in Figure 1. Their length was 33 mm, the outer diameter 18 mm,
and the wall thickness 2 mm. These specimens were prepared by mixing the proper
amounts of lead and indium in a y-shaped pyrex tube as shown in Figure 2. The two
metals were melted together and poured from one part to the other about 100 times
in an attempt to obtain a homogeneous mixture. Afterwards the hollow cylinder was
cast in the mold shown in Figure 2. Its core consisted of a slightly conical brass
cylinder surrounded by a teflon tube. The outer part of the mold was composed of two
half cylinders made from brass and coated with ‘dag’, a suspension of graphite in
alcohol, to avoid sticking of the specimen.

The specimens were then cut to the proper length and rounded at the end on the
lathe. Afterwards they were slotted on one side to get a singly connected body, and
cemented to the copper parts using epoxy resin. The completed samples were tempered
for 1 week at 145°C under vacuum. After tempering, the copper end plates of the
samples were lapped flat and parallel. Some specimens were electropolished on the

50
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outeside in 1/3 nitric acid and 2/3 methyl alcohol solution and in two cases even electro-
plated with copper. This treatment had no effect on the thermodynamic parameters
discussed in this paper.

During a run, the sample was located inside one of two oppositely wound pick-up
coils (see IFig. 1) to measure the magnetization. The copper plate at the upper (free)
end of the sample was the lower plate of a parallel plate disc capacitor (with guard
ring), by which the magnetostrictive length change was detected. The sensitivity was
about 0.3 A in A7. The magnetic field was directed parallel to the axis of the specimen
and increased and decreased at constant temperature and typically within a few
minutes. After each cycle the sample could be heated above the critical temperature,
1., to expel the trapped flux.

Measurements at Constant Temperature

Figures 3 and 4 shows magnetostriction and magnetization curves at 1.3 K of
some of the investigated In-alloys with 0-25 at.%, Pb. For more than about 4 at.%, Pb
the specimens are type-II superconductors. The curves in Figure 3 are taken on
specimens of the hollow slit cylinder type, whereas in Figure 4 the specimens are
ellipsoids. There is no important difference between measured curves for the two

at/% x 108

=

(=4
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H 4 kQOe
Figure 3 Figure 4

Magnetostriction and magnetization curves The same as in Figure 3 for alloys of higher
of some typical alloys measured at 1.3 K lead content, measured at 1.3 K in ellipsoids

in hollow cylinders. of 50 mm length and 6.25 mm diameter.
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types of specimens. This may be seen by comparison of the magnetostriction and
magnetization curves of In-9 at.9, Pb in two previous papers (1, 10].

The hysteresis of type-II superconductors in Figure 3 and 4 is mainly due to
superconducting surface currents in the mixed state as has been shown elsewhere [2].
Assuming that both diamagnetic and paramagnetic surface currents have equal
critical values, the dashed curves can be constructed. They are assumed to be the
magnetostriction and the magnetization in the absence of surface screening currents
and remaining bulk hysteresis (assumption 1). Since the magnetostriction due to
surface currents is nearly proportional to the external field, the hysteresis is much
larger in specimens with high upper critical fields, H,,, as observed in samples with
high lead content.

For the present discussion, only the dashed curves are considered. We shall now
try to explain them thermodynamically.

The integration of the dashed magnetization, M, gives

H*

/ V MH')dH' =V

0

H ¢
87

= G,(H*) — G,(0), (1)

where V' is the volume; H* is the smallest field that destroys superconductivity
(H* =z H, for » < 0.417, H* = H_, for »x > 0.417); H, is the critical field, and G is
the Gibbs potential. The Ginzburg-Landau parameter, %, has been calculated only for
type-I1 materials by the definitions

H,
= V—Zz Hc ’ (2)
and
1 1/2
— (0.5 g 3
" [ T 8x116 (OM/OH)HCJ G)

We found experimentally no significant difference between », and x,, and we will
write » without an index in the following discussion.

The magnetostriction may be thermodynamically described by the differentiation
of equation (1) with respect to a stress, o, which is defined as a tension. Therefore
0G/0o = — 1, where [ is the length of the specimen. This yields

Al L(0)—L(H* 1 oV H: O0H, H,
I 1.(0) “V 06 8x | 00 4w

(4)

The first term is a hydrostatic compression of the sample by the expelled magnetic
field. It normally contributes less than 5 to 109, but in In-25 at.9, Pb, for example,
this term contributes as much as 1/4 at 1.3 K. In previous works [1, 2] equation (4) is
also given for intermediate H fields. In this case a third term in (4) appears for type-II
materials. ItE is proportional to 0x/0c and vanishes at H_,. This third term is re-
sponsible for the increase of the dashed magnetostriction curve between H_, and H_,.
It is also proportional to the amount of interface material present in the sample and
has a maximum at the point where the distance between vortices is approximately
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two penetration depths, 4. At this point nearly the whole sample consists of interface
material between normal regions at the center of the vortices and superconducting
regions (B ~ 0) between the vortices.

The stress dependence of » can be simply deduced [1, 2] from the slope of the
dashed magnetostriction and magnetization curves at H_,

1  0lnl/oH
H,, OM[oH |y

0ln »x/0c = — — 0ln H,/0o . (5)
Temperature Variation

It is well known that H (7") values can be fitted by
H,(T) = H, 1(¢) | (6)

where Hy= H, (T = 0), t = T/T, and [(f) is usually approximated by a polynomial
in 2. By such a fit, H; and 7, can be deduced. It then follows using a formula given
by Lock, Pippard and Shoenberg [11] that the Sommerfeld constant of the electronic
specific heat is given by

y=—VuHs "0)4= T, (7)

where V, is the molar volume and f”(0) = d2f/d2|, .
The magnetostriction experiments yield values of Al/I at different temperatures.
These results are plotted in Figure 5. The curves are fits to the experimental points,

15 T T T T T

10°%

Figure 5
Total magnetostriction,
AlT) /I, between zero field
and normal state against
the temperature, T, for the
range of investigated
alloys.

which are shown for the In-10 at.9, Pb specimen. Statistical errors are ~ 3x 10-9.
Systematic errors are estimated to be of the order 108, including possible deviations
from the ideal polycrystalline structure or the nominal alloy mixture. These errors

have been estimated by comparison of different samples (separately mixed and of
different shape).
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If 0InV/0o and H,(T) are known, ALT)/l yields OHC(T)/DG by equation (4).
In differentiating equation (6) with respect to ¢ one gets the expression

OH(T)[00 = 0H,j00 - {(t) — 0T,j00 - Hot {'()/T, + Ho(0f/00), 8)

to which the experimental 0H (T)/0c values can be fitted having 0H,/0¢ and 07,/0c
as free parameters and f(f) and H, deduced from (6). These quantities are further
related to 0ln y/do: One relation is found by differentiating (7) to give

Oln y/0¢ = 2 [0ln H/do — 0ln T,/06] + 0ln V/0s + Oln f7(0)/0c . (9)
A second relation follows a suggestion by Collins, Cowan and White [12]:
0ln y/0o = 0ln [H%(t,) — H:(t,)]/0c + 0ln V0o . (10)

This is valid in the limit ¢;, #, € 1, where the specific heat of the electrons can be
neglected in the superconducting state.
0ln %(7)/0c we have found to be approximately independent of 7.

Special Assumptions

The specimens are assumed to be ideally polycrystalline, which leads to
0ln V/0o = —1/3 0ln V[0p (assumption 2), where p is a hydrostatic pressure. Since
no measurements of the elastic constants of In-Pb alloys were available we used the
pure indium value of Anderson [13] Oln V/do = 7.2x 10713 ¢cm?/dyn at T =0
(assumption 3). This value is used to calculate the volume dependence of the thermo-
dynamic parameters from the stress derivatives.

. We also must choose an expansion of the function f(¢). This is usually written

ft) =1 +fcn 27 with f(1)=0. (11)

We used this form of f(f) but we realized that it converges very badly. This is a
disadvantage, particularly when f is to be differentiated with respect to a stress.
A better expansion of f(f) could possibly be obtained on the basis of a scaled energy
gap parameter, A, and the BCS-theory. Finnemore and Mapother [14] fitted in this
way H (T) values of pure metals. For alloys such fits should be even better, because,
as shown by Anderson [15], an averaged gap rather than the real anisotropic gap is
responsible for the superconductivity. The advantage of the proposed fit to /() would
be that the derivative 04/do makes more physical sense than dc/0c in the differentiation
of (11).

Unfortunately our H (7T) measurements did not include temperatures lower than
1.25 K and were not very accurate. Therefore we decided to follow the conventional
expansion (11) and assumed that

(0f/00), = 0, (assumption 4)
which implies that 0/”(0)/do = 0. For f we have chosen
FO) =1+ c 2+ ¢ 8. (assumption 5)
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To satisfy the condition f(1) = 0 we write
f=1—QQ+a)2+at. (12)

The constant ¢, is 1.07 for pure indium after Berman, Brandt and Ginzburg [16] and
nearly pressure independent. This yields @ = 0.07. By fitting our data to equation (12)
we found a ~ 0.1 for all indium alloys with less than 4 at.9, Pb (type-I super-
conductors). For type-II materials ‘a’ scattered statistically from run to run and
sample; but the mean value was still ~0.1. We have therefore chosen the value
a = 0.1 (assumption 6) for all In-Pb measurements.

Thermodynamic Properties

The thermodynamic parameters deduced from the equations given above and
using the assumptions mentioned are plotted against the lead content in Figures 6
and 7.
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The comparison with other measurements gives the following:

Figure 6: Gygax [5] has measured 7,, H,, v and 7 values in In with 0 to
10 at.9, Pb. Our T, H, and x values agree well with his, but our y values are sys-
tematically larger because of a larger f” used in assumption 1. Merriam [3] has found
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a linear increase in 7, from 7 to 15 at.%, Pb. We have therefore drawn a full line in this
region. According to a suggestion by Andres [17], we also measured the reciprocal of
the electrical resistivity due to the phonon scattering, g, . This should have a similar
dependence on the lead content as y because both parameters are proportional to the
electron density of states at the Fermi surface and because the mass enhancement
constant, A, which enters y as a factor 1 + 1 is related to g,,. We have therefore
measured the resistivity at room temperature and subtracted the residual part using
Gygax’s values, The reciprocal of the difference, g, is plotted in Figure 6 below the y
curve.

l T T T T 10
dinT, /Blnv
= \\ _ 5
g # .
g B -3
0
10
M\\ dlnH, /oinV
Q \
L \§- e 5
i SN
R
0
10
diny/ dlnv
h “%-...% 45
\\
X ~
% 0
10
dlnx /vy
L % o] 5
_§~" "% Figure 7
e 0 Parameters deduced from magnetostriction
0 5 10 15 20 25 measurements.

At/ Pb in In

Figure 7: In pure indium Collins, Cowan and White [12] have measured values
that are given by thick strokes on the left side of the figure. The crosses are measure-
ments by Fischer [18]. He cast his specimens from the same alloys as we. Fischer’s
and our values of 0ln 7,/0ln V are in good agreement from 0 up to 7 at.%, Pb. The
disagreement for the higher lead contents, which is far beyond the estimated errors,
may be due to the invalidity of assumptions 4, 5 and 6 in these alloys. These alloys
are stronger coupled superconductors than pure indium as was found recently by one
of us (G.B.) on measuring the energy gap, /1, of In-10at. %, Pb by the absorption of far
infra red radiation. For 2 A(0)/k T, resulted a value of 3.9 4- 0.15 which is significantly
higher than 3.69 + 0.04 reported for indium by Norman [19].
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Discussion

In this section we discuss the results in relation to changes in the Fermi surface.
Related work has recently been done for indium rich alloys with thallium (White and
McCollum [20]) and cadmium (Higgins and Kaehn [21]).

Measurements of the crystalline structure by Moore, Graham, Williamson and
Raynor [8] are described in the introduction. From their data one can further deduce
the atomic volume, which is found to increase by 5%, from 0 to 25 at.9% Pb in In.
This is roughly a factor 4 too small a volume change to explain the very big increase
in T, H,, y and Kr_depicted in Figure 6 by multiplying the parameters of Figure 7

with AV. This has two consequences: 1. The curves in Figure 7 are not the differen-
tiated curves of Figure 6, although they nearly appear to be, and 2. there must result
large changes of the Fermi surface and the mass enhancement constant, 4, due to the
lead admixture.

Ashcroft and Lawrence [22] find the following picture of the Fermi surface of
pure indium: The first zone is filled, the second zone is singly connected and contains
electron holes. The monster of the third zone as it is found in aluminium (cubic
structure) is reduced to rings, the f-arms, and to small pockets, the «-arms, by the
tetragonal distortion of the indium crystal lattice. The a-arms are probably not
occupied. By the admixture of lead the tetragonal distortion increases until 7 at. %, Pb,
where the ratio of the lattice constants, ¢/a, has a maximum. We suppose this to be
due to an increase in the f-arms. At 7 at.9, Pb the a-arms begin to fill up. At 13 at.9,
Pb c¢/a jumps from c/a > 1 to ¢/a < 1. This has been explained by pseudo-potential
methods by Heine and Weaire [23]. Above 13 at. %, Pb the a-arms which are two times
more frequent are occupied and the f-arms empty. We suppose that when lead is
further added the o-arms increase (analogously to the f-arms for O to 7 at.%, Pb)
until the minimum in ¢/a at ~20 at.%, Pb is reached.

On comparing the increase in y = N(0) (1 4+ 4) due to the lead admixture (Fig. 6)
with the calculations of the density of states, N, by Ashcroft and Lawrence [22] in
their Figure 13, and assuming that each lead atom brings one extra electron, we have
to conclude that 4 increases appreciably starting near 0.7 for pure indium.

It is surprising that the phase change at 13 at.9%, Pb has a small influence on the
parameters plotted in Figure 6, whereas the maximum and minimum in ¢/a at 7
at.%, Pb are clearly detectable. 0ln 7,/0ln V' and 0ln H,/0ln V values in Figure 7 show,
however, a step at 13 at.?%, Pb.

Remarkable in this context are also the X-ray measurements by Raynor and
Graham [24], who have studied indium containing 0 to 25 at.%, Pb with a constant
admixture of 5 at.9, TL. If one assumes that the main contribution of Tlis an increase
in the volume of the alloys and that the number of conduction electrons per atom is
not changed, one finds that dln(c/a)/0ln V' for In-Pb alloys is ranging between — 1.5
and — 3.0. This shows again that the axial ratio ¢/a is an important parameter in the
discussion of measurements on indium-lead alloys of tetragonal crystal structure.

Conclusions

We have shown that in In alloys with 0 to 25 at.%, Pb strong variations in the
magnetostriction, both in the absolute value and in the shape of the curves, are
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detectable. In particular, the sign change of the magnetostriction in increasing field
for indium with 20 and 25 at.9, Pb is remarkable. The data from the magnetization
measurements also shows strong variations due to the lead admixture: T, H, and y
increase by ~1009%,. These effects, we found, are related to changes in the Fermi
surface, the crystal structure, and the mass enhancement constant.
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