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The Volume Change at the Superconducting Transition

by J.L. Olsen and H.Rohrer
Institut fur Kalorische Apparate und Kiltetechnik,
Kidg. Techn. Hochschule, Ziirich.

(15. X. 1956.)

Abstract. The changes in length of polycrystalline rods of Tin, Lead, Indium,
Thallium and Tantalum .on destruction of superconductivity by a magnetic field
have been measured. The change in critical magnetic field H, with pressure p de-
rived from these observations may be described within the limits of experimental
error by 0H [0p = a+b (T/T,)? with the following values for ¢ and b in units
of 10~* Oersted dyn—'cm2.

Pbia= —-63, b =—48; In: a =—34, b = —24;
Ta: a =+17, b =—11.,

In the case of Thallium @ ~ 0, and b is highly anisotropic with a value for poly-
crystalline material consistent with Hattons value of +1-6.
For Tin we find a/(a+b) = 0-58.

1. Introduction.

Early attempts to measure a volume change on destruction
of superconductivity were unsuccessful!), but such a change
amounting to only 1 part in 107 was observed experimentally in
1949 by Lasarew and Supovsrov?) in tin. Since then no further
measurements on the volume change in superconductors have been
reported. ' |

Such measurements are, however, useful because a simple thermo-
dynamic relationship3) allows 0H,/0p (where H, is the critical mag-
netic field, and p is the pressure) to be calculated from AV, the
volume change. Reliable information on the temperature depend-
ence of 0H,/0p 1s of considerable interest since one may calculate
from it the pressure dependence both of y, the normal electronic
specific heat, and of H, the critical magnetic field at the absolute
zero which 1s closely connected with the “‘condensation energy’ of
the superconducting phase. Owing to the width of the transition in
many superconductors direct measurements of 0H,/0p are often un-
reliable and in some cases impossible to make. Data obtained from

*®
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the volume change can then help to fill in gaps and to confirm
doubtful values.

Observations of the order of magnitude of the effect of pressure
on the transition were first made by Sizoo and OnxnNEes?) and by
51200, DE IHaas and OxNES®) in 1925, but no reliable quantitative
data existed until the experiments of Lasarew and coworkers in
1944. By using an ice bomb technique®) pressures of about 1750 at-
mospheres could be applied to the metals under observation. The
temperature dependence of 0H, /0p was determined for indium and

tin?), and the change in T, was observed for thalliums®), while data

of a qualitative nature was collected for lead, mercury and tanta-
lum?), and for a number of bismuth alloys. More recently work at
high pressures has been carried out by CrestEr and Jonges!?),
Bowen and Jones!l), Mue~xcu?), and Harton3) on thallium, tin
and aluminium, while Frsxr!4)15) has also made measurements at
moderate hydrostatic pressures up to 100 atmospheres on tin, in-
dium and thallium. GrRENTER, SPONDLIN and SQUIRE!S), and Gre-
NIER17)18)19) have investigated the effect of pure tension on single
crystals of tin and mercury and found a considerable anisotropy.
GrENIER2%)* has also given a detailed account of the thermodyna-
mic relationships involved in these measurements.

In spite of all this work unresolved discrepancies in the results
of different investigators remain even for the most extensively in-
vestigated of these metals. We have therefore thought it of value
to supplement existing direct measurements of 0H,/0p with obser-
vations on changes in length at the superconducting transition. We
have already reported briefly on measurements on lead??), indium
and thallivm??). In the present paper more accurate work on these
metals and on tantalum 1s described. We have also made measure-
ments on tin which are more accurate than those obtained in the
pioneer work of LAsAREW and SupovsTov?).

2. Theoretical.

The critical magnetic field, H,, of a superconductor at a tempera-
‘ture, T, below the transition temperature, T, may be expressed by

H,=H,j() (1)

where H, is the critical field at T'=0, and ¢ = T/T,. We define f(?)
so that f(0) = 1, and obviously then f(1) = 0. It is well known that

*) We are very grateful to Dr. GRENIER for sending us a copy of his thesis prior
to its publication. ' '
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to an accuracy of approximately 2 per cent f(t) 1s identical for all
superconductors, and may be expressed by f(t) =1 — 2 T, and H,
are related to the normal state electronic specific heat per mole,
yT, by the relation23).

Hy II
l[/—— 4aT2 {f t)}t 0 (2)

where 17 1s the molar volume and f”(¢) 1s the second derivative of
f(t) with respect to . H, can thus be considered either a function of
Hy, T and T, or of Hy, T and »/V. For convenience in what follows
we shall denote y/V by y*.

We now consider the effect on H, of changing some parameter z.
This may for example be the pressure, volume or isotopic weight,
and the change will affect Hy, T, and y*. Differentiating (1) we
find

(302) = S 4500 — 17 (0} + 5 Hot ) [ 3 + gy a1 "O)) - ®)

As remarked above f(f) may be described with considerable accu-
racy by f(t)=1—1t2 This would yield f”(0)=—2, and in fact all
cbserved values of f”(0) lie between — 1.6 and — 2.3. On the other
hand observed values of y* in superconductors vary by a factor 10,
and observed values for H, by a factor 100. For this reason we
believe it to be justifiable to neglect changes in f”(0), 1. e. to neglect
the term 1/f”(0) 0/0x f”(0) in equation (3), and we shall do so in
the following. It is, however, well to remember that our conclusions
about 0y*/0x may need modification if this assumption 1s wrong.

Thermal conductivity work below 1° K 24), and specific heat
data?%)26)27) has shown the need for an exponential form of f() for
small ¢, and the thermodynamic functions for this case have been
discussed by various authors28)29). It does not, however, seem that
this in any way invalidates our approximate calculations in the
present section where we shall continue to use f(t) = 1—t2 for its
much greater simplicity.

In the case of the isotope effect 1t has been established with fair
accuracy??) that y* is independent of atomic weight. This combined
with the constancy of f”(0) leads to

(52e) = 2o 1y —11()) @)

the so-called “‘similarity principle” which gives similar critical field
curves for all specimens. In the early discussion of work on the
dependence of the critical field on pressure, p, it was generally
assumed that the similarity principle should also hold for critical
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field curves displaced by the effect of pressure, and results were
therefore discussed in terms of deviations from the similarity prin-
ciple. In fact there seems no special reason why (4) should hold,
but 1t does appear that all data so far on the temperature depend-
ence of (0H,/0p)r can be described within experimental error by (3)
with a suitable choice of 0Hy/0p and 1/y* 0y*/0p. Values thus deter-
mined are shown in Table IIIL.

From a knowledge of (0H,/0p) » the change in volume on applying
a magnetic field may be deduced. Let ¥, be the volume of the speci-
men in the superconducting state in the absence of a field, and let
V. z be that in a field H less than H, then 3)

Vo~ Von=5= (52, (5)

SH™ 8a \ op /1

In a field great enough to destroy superconductivity the normal
volume, V,, 1s given by
0H HR [0V,
I V Vs 47 ( Opc)T+ 8:-7:(01)3)1!' (6)

As remarked in the introduction this volume change was first
observed by Lasarew and Supovsrov2) who obtained good agree-
ment between their directly observed change in volume AV, and
the results on 0H,/0p by Kax, LasareEw and SupovsTov?).

The temperature dependence to be expected 1s most easily seen
if we use f(f) = 1—#2 Then we have

(()HC _ 0H,
f)p) o op

H, oy*

sl == “?‘,‘f‘ I TR (7)

This may of course be expressed in the form

() sor ®

and we shall make use of this notation when discussing our results.
For the volume change one obtains

15 eV Ao 22 (1 —1)+ T2 (SE) (1192 (9)

S =Hy S (- 2

We shall occasionally require (6) in a form applicable to the an-
1sotropic case. It has been pointed out by Grexier20)3!) that if
lo. s and lg , are the superconducting and normal lengths in direc-
tion @, then

l@,n—z@,s:l@,sf—;(gf;);r fﬂ (‘Zf;j;)g, (10)

where pg 1s a pure uniaxial pressure in the direction ©.



Vol.30,1957. The Volume Change at the Superconducting Transition. 53
3. Experimental Method.

To measure these small volume changes use was made of a pre-
viously described optical lever device®2) which is capable of detect-
ing rotations of 10-8 radian. A system of spring hinges as described
by R. V. JoxEs?3) converted changes in length of the ca. 10 cm long
rod shaped specimens into rotations of a mirror at room tempera-
ture. Motion of the mirror was detected by a beam of light and
a split barrier-layer photocell. The output was amplified and the
final galvanometer deflection recorded photographically. The sensi-
tivity of the apparatus allowed changes in length of 10-8 cm 1i. e.
one part in 10? to be observed. As in the case of our previously
described work on the modulus of rigidity of superconductors®?2)34)35)
the accuracy was limited by the disturbing effects due to the boiling
helium and liquid air in the cryostat. Certain problems connected
with the absolute calibration may introduce systematic errors of
up to 109%,in our absolute values of the changes in length. The effec-
tive lever arm of the spring hinge system may also change slightly
on mounting a new specimen causing possible errors of 59, in the
relative effects for different specimens.

Table 1.
i 04,4 for isotropic
Specimen Diameter 27 polycrystal
10% ohm=! em™?
Tn
V—Sn—3 3:33 mm 101 9-9
Indium
V—In—1 | [3 X 3mm 11-6 12.9
V—In—3 | | square 11-3 } -
Lead
V—Pb—2 7 mm
V—Pb—4 3 mm
Thallium
V—Tl—1 3 mm 5-56
V—T1—2 3:5 mm 6-47
2§
V—T1—3 3:-5 mm 6-12 e
V—Tl—4 3-5 mm 6-86
Tantalum
V—Ta—1 4 mm

Observations were made on switching on or off a magnetic field
homogeneous to better than 19, over the length of the specimen.
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Each point plotted in figures 2—8 represents the mean of 10—15
applications and removals of the field.

The specimens investigated in our work are tabulated in table I.
They are all of effective length 9.8 cm.

4. Field dependence.

In figure 1 we show the variation with magnetic field H of the
length of the lead rod V-Pb-4 at 3.93% K. We have plotted the dif-
ference between the length, [, in zero field and that, Iy, in a field H
against H2 Tt will be seen that there is first an increase in length

800—0—0 o—
0 -
=)
- 5L
X
=
£
2
R "
= 0= { % f=—y
% 2 ¢ 6x710
\O\ Oersted
\ X%D :
N ey
-5 L ‘\ °
\\
Fig. 1.

Change in length of lead rod V—Pb—4 at 3-93% K.
(to— Uz /1, plotted against H2.
Theoretical magnetostriction for infinite cylinder: ————
and for sphere: — - — - —

proportional to H2, and then an abrupt transition to the normal
state value of the length. A further increase in field does not affect
the length of the rod.

The change in length in suberitical fields has not so far received
a satisfactory explanation. Equation (5) indicates that a certain
change in volume proportional to H? should occur in subcritical
fields, but this is of the opposite sign to that observed by us. Owing
to the form effect in magnetostriction the change in length of the
rod A I/l may, however, deviate considerably from the value indic-
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ated In equation (5). By making use of BEckurs?$) calculation we
find for a superconducting ellipsoid of demagnetising factor N =

dman ;
gl H? 1 na
L = Ba{i—n) {31{ (2”_1)+?§} (11)

where K 1s the bulk modulus, G the rigidity modulus, and a =
[oN/ol.For along ellipsoid n = 0, and A1/l has the value of 1/3-AV/V
with a AV/V corresponding to equation (5). At an axial ratio
depending on the material the effect changes sign (this ratio is ca.
4 for lead), and for a body where n = { the change in diameter
in the direction of the field is given by:

lH‘—lu . Hzi
l, 8z @’

(12)

In figure 1 the calculated effects for long cylinder and sphere are
also shown. Since the axial ratio of our specimes 1s at least 15 it
seems unlikely that our results can be explained as a magneto-
strictive effect.

A more likely explanation appears to be that the slight inhomo-
geneity of the field produces forces on the specimen, and thus
distorts the suspension. This explanation must, however, remain
somewhat unsatisfactory since no clear-cut effect of the position
of solenoid on this pseudo-magnetostriction could be observed.
Intermediate state regions at the ends of the specimen may possibly
have some such effect.

5. Temperature dependence.

In figures 2—10 we show the results of our measurements of
(ly —1,) in polycrystalline rods of tin, indium, lead, thallilum and
tantalum. While the scatter in the results for individual specimens
1s quite small in most cases, we must repeat the warning that our
absolute calibration of the apparatus is subject to an error of as
much as 109, and that this error varies a little from specimen to
specimen. The absolute values should not, therefore, be relied upon
to better than 109, although the temperature dependence may be
accepted as trustworthy to within the limits of scatter. Our results
are summarised and compared with those of other workers in
Table II.

5.1. Tn.

Measurements on tin have been reported by Lasarew and
Supovstov?), but we have considered it worth while to remeasure
this substance, both in view of the spread of their data, and in order
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to check the capabilities of our method. In figure 2 we show meas-
urements of A1/l plotted against temperature for our two specimens.
The room temperature conductivity is somewhat greater than that
of randomly oriented polycrystalline material, and we may assume

Temperature
Fig. 2.
(ty—1,)/l; in Tin V—Sn—3.
that for this specimen 3 Al/l i1s smaller than AV/V. In figure 3
0H,[0pe (1.e. the effect on H, of uniaxial pressure pg paralell to the

specimen) derived from our measurements is plotted against 2. In
doing this the magnetostrictive second term in (6) has been taken

g

HO - /5 L

|

% OM/Q/K

o —j0 2057 C

S e

S

b |

X —05 -

O]

= )

wd 0 | |

E 0 o5 /
Fig. 3.

Calculated (0H,/0pg) for V—Sn—3.

into account. It will be seen that the dependence on ¢2 is linear, as
predicted by (7) and (8).

Since our conductivity differs from that of randomly oriented
material we cannot calculate 0H,/0p for hydrostatic pressure from
our results. We can, however, quote a value for the ratio a/(a+b) =
(0H,/0pe),,/(0H./0p) p,= 0-58. This is in fair agreement with the re-

cent results of Muencu!?) and GrENIER!?).
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9.2. Indium.

Our measurements on indium have already been reported briefly
by one of us?2), and they are only reproduced in figure 4 for com-
pleteness. (The graph in reference2?) contains the same experimen-
tal data plotted on a larger scale). A few comments are, however,
necessary. It will be seen from table I that both specimens have
very nearly the conductivity of polycrystalline material. The change
in length 1s the same for both specimens. It is therefore justifiable
to assume that AV/V = 3 Al/l and to calculate 0H,/0p from these

S
,5 — -—\.-:0‘0\0
L L
Q
o 10~
i
X
-
|
= S
\%&
B,
0 | ! N 1 L !
o 1 2 3 4 5 6 7 %K
Termperalure
Fig. 4.
(Is—1,)/l; in Lead and Indium
© V—Pb—2 e V—Pb—4 A V—In—1 vV V—In—2.

measurements. The values of 0H,dp at T =0 and T = T, are
— 8.4 X 10-? and — 5.8 x 107? QOersted dyn—! cm? respectively.
The uncertainty in the absolute value does not, of course, affect
the ratio of these two quantities. This is 0.59 and thus closer to the
value of Kax, Lasarew and Supovsrtov?) than to Muencr’s!?)
value. In attempting to decide the most reliable value for a/(a+b)
we consider 1t reasonable to weight our results somewhat more than
that of the two earlier workers, and consider 0.65 a fair value.

9.9. Lead.

Lead 1s probably the ideal case of a metal where a measurement
of Aljl provides more reliable information on 0H,/dp than a direct
measurement. The change in length is the greatest so far observed,



58 J. L. Olsen and H. Rohrer. H.P.A.

and the metal has a cubic crystal structure so that 3 A/l = AV]V.
In addition the ordinary transition in a magnetic field 1s so smeared
out as to make direct measurements on 0H,/0p exceedingly diffi-
cult, as shown by the inability of Kax, LAsareEw and Supovsrtov?)
to give more than a lower limit for 0H, /op at 7.

We have already published preliminary results?!) for this metal,
but the present more careful measurements are of considerably
oreater accuracy. The results are shown in figure 4. The difference
between the two specimens can be attributed to the difficulties in
absolute calibration mentioned at the beginning of this paragraph.

o s
>4
T
<
> ooo’fﬁi%
S
=
= “5 —
S
b
%
& .
< o7/
T 9 | |
0 (7% 7
Fig. 5.
Calculated (0H/0p) for Lead
o V—Pb—2 e V—Pb—4.

Figure 5 shows the values of 0H,/0p deduced. For this metal it 1s
essential to take the magnetostriction term in (6) into account.
Its value at 0° K 15 0.9 x 10-° Oe. dyn—1 ¢cm?2 These new measure-
ments modify the values of (0H./0p) at 0° and at T, given 1n our
original publication slightly. We now obtain — 6.3 x 10-® and
— 11.1 x 102 Oersted dyn—' em?2 The ratio of these two quantities:
0.57 1s thus of the order observed in tin and indium.

a.4. Thallium.

The effect of pressure on the transition temperature of thallium
has caused considerable interest because of its anomalous sign at
low pressures and because of the disagreement between different
authors!?)14)15), The pressure dependence at 1', now appears to
have been finally cleared up by the detailed investigations of Har-
Tox13) at hydrostatic pressures up to 12000 atm. No information
on the temperature dependence of (0H,/0p), has, however, been
reported so far. We therefore thought it interesting to measure
AlJl and we have recently reported on such measurements for a
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single specimen??). The value thus obtained corresponded to a
0T'./0p roughly four times that obtained in Ilattons measurements.

Thallium at low temperatures has a hexagonal structure and it
therefore seemed possible that the discrepancy between the hydro-
static measurements and ours might arise from an anisotropy of the
specimen. This 1s confirmed by the results for three different speci-

2 Ne
—
Xm \ Jermperature
=~ 0 : |
3oy 2] 7%
IV.: urv&’m, of
=, }pﬁ’ '
—5°
_f L
Fig. 6.

(I—1,)/l, in Thallium
o V—T1—1 A V—TI1—3 v V—Tl—4 No effect observed in V—T1—2,

mens shown in figure 6. A fourth specimen T1 2 was also investig-
ated, but no effect was observable. The values of 0H,/0p derived
are shown in figure 7 where we also show the valueat T'; derived from
direct measurement. These measurements provide the first example

-3 I
—_— )
S g | e
e = [ *
X@T i sl WUZ
& = 0 I {
S‘% : g’{%‘-_a @f
g [ )
) % o
T \‘?“m
+3 - P

Fig. 7.
Calculated (0H ,/0pg) for Thallium specimens
o V—T1—-1 s V—T1-3 v V—Tl—4
o Hattons value at low pressures.

of a substance where 0H ./0p has a different sign for different crystal
directions.

The actual change in length is small, and the calculated value of
(0H,/0pg)  which has an error proportional to (1 — 1%~ is conse-
quently rather inaccurate near T,. The extrapolation to T' = 0 1s
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clearly also somewhat a matter of guesswork. Some assistance may
be obtained by making use of the fact that (0H,/0pe) for an arbi-
trary direction @ must be a linear combination of (0H,/0p,,) parallel
to, and (0H,/0p ) perpendicular to the hexagonal axis. All (0H,/0p,)
lines must therefore go through a single point in the diagram. We
have made use of this in drawing the lines in figure 7, but the
degree of reliability of our choice of the origin as point of intersec-
tion is probably still open to question.

In figure 8 we show (0H./0p)p_p, plotted against o,,, the con-
ductivity at 273° K. It will be seen that as in the case of Grenier’s

> _3 -
=
X &é‘ 2 v/
© 7/
&8 7L
QﬂqT‘O Gors
<8/ 6/ T T 0% chmem™
=y = t—,f——f
L= ) +I — /
=]
N T2 -
= P
+3 7
Fig. 8.

(0H /0pg) at T = T', as a function of conductivity o,,, at ice point for Thallium
specimens. + + 4 indicates Hattons value plotted for different published values
of conductivity.

work on tin there is an approximately linear correlation between
conductivity and (0H,/0pe)y, Unfortunately no single crystal
resistivity data exist for thallum*) and even the published values
for the resistivity of polycrystalline metal vary widely. It is there-
fore 1mpossible to determine what the extreme values of 0H,/0pg
are, or to determine exactly how good the agreement is between
our data and that of other workers on 07,/0p. We have plotted
the low pressure value for 07,./0p using the three different values
of 64,4 found in the literature. It will be seen that the points so
plotted straddle the line through our data.

Our measurements yield (0H,/0pg) p_o = 0 for all @, and we may
thus take it that (0H,/0p)p_q = 0. For T = T, it is best to use
the published low pressure hydrostatic value which is

(0H[0p)p_ 1, = 1-9x10~° Oersted dyn—* cm?.

*) Recently??) it has been shown that thallium single crystals may be grown in
spite of the hecp — bee transformation which takes place at 260° C.
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a.5. Tantalum.

Tantalum is a hard superconductor with the well known tend-
ency to trap flux which this implies. This creates experimental prob-
lems since the specimen does not return to the pure superconduc-
ting state on removing the magnetic field once superconductivity

0 ! 5 2N

Fig. 9.
(Is—1,)/l; in Tantalum.

has been destroyed. Our specimen was a rod of spectroscopically
pure material as supplied by Johnson, Matthey & Co., and no attempt
was made to anneal it. We may probably assume that the material
1s polycrystalline with a random orientation of crystallites.

_5 | ) o
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s >
et 8
g e
= 0 05 oo 4%° 7
© 7] t o/0 [
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&
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X /00
@4 o 0/0
T
o

Fig. 10.

Calculated (0H ,/0p) for Tantalum.

It was found that the change in length on removing the field was
less than that occuring at the first application of the field. Deflec-
tions on subsequent applications and removals of a magnetic field
tended gradually to zero. We therefore heated the specimen to
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4-34° K between each observation, and only made use of the results
obtained on switching on the field. The results on tantalum shown
in figure 9 are therefore much less accurate than those for the other
metals where each point 1s calculated from an average of 10 or so
deflections. Even with this low accuracy the anomalous shape of
the curve shows up quite clearly. (I, —1,) is of the usual sign close
to T',, but changes sign and becomes negative below about 3-5° K.
This change of sign is perhaps seen more clearly and naturally in
the plot of (0H./0p) against ¢? in figure 10. The curve in figure 9
corresponds to the straight line in figure 10.

6. Discussion.

It seems useful to compare the most recent data on 0H,/0p, and
we have done this in Table II. All results published to date can be

Table II.
a (a+b)
Author Oersted dyn—! em?2 x 10~* alao)

Lead KLS <— 6

OR —6-3 —-11-1 0-57
Mercury . . . | KSL < 0

Hartox (1) — 75

(GRENIER —4-6 — 60 0-77
Tin . . . .. KLS —4:5 — 87 0-52

Fiske —4-5 — 6-56 0-68

MuexcH —4-2 — 69 0-61

GRENIER -41 - 71 0-58

OR 0-58
Indium KLS —4-9 — 76 0-64

MuexcH —4-8 — 62 0-77

OR - 34 — 58 0-59
Thallium Fiskr + 30

Harton (2) " + 1-8

OR 0 +14+2 0
Tantalum KSL < 0

OR +17 -4 —-1:75
Aluminium . . MueNcH — 33

GRENIER - 37

References

Fisgg!®); GRENIER?); HaTToN (1)48); HaTToN (2)13); KLS: KAN, LASAREW,
SupovsTov’); KSL: KaN, Supovstov and LasarEw®); MueNcE'?); OR: Present
work.
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described with sufficient accuracy by 0H,/0p = a + b (1/T,)% We
give @ and a + b where available, where only (0H,/0p)y.p, has
been measured, we give a + b. The measurements of GRENIER!7)18)
on tin and mercury show a very considerable anisotropy in the
effect due to tension, but to avoid undue complication we have
shown the values for pure hydrostatic pressure calculated by Gre-
NIER from his anisotropic results. It is not easy to choose the most
reliable results, but in Table III we have made some attempt to do
this for each of the metals. The physical meaning of the values so
obtained is most easily seen if we calculate the dimensionless quan-
tities

V oH
b B 8 (18)
and
V. oy
== (14)
for each substance. Clearly then
Hyoc V™ (15)
and .
yoxV? or y¥ocV9-1 (16)
We may note that from (3) neglecting changes in f"(0)
—-a =3 a+b
hrm ITEm T T am)

where k is the compressibility. For a reasonably accurate calcula-
tion account must be taken of the deviations from parabolic form
of the critical field curves, and this has been done in our evaluation
of the data using critical field data from SHOENBERG’s book?3).

Table IIIT.
a (a+0b) A g
Oersted dyn—tcm? x 10—°
Lead . . . . . —6-3 -11-1 34 1-7
Mercury . . . —4-6 - 60 31 3-2
Tin. . . . . . - 3-8 — 6-56 6-7 15
Indium . . . . -38 - 60 53 27
Thallium . . . 0 + 1-8 0 4-3
Tantalum . . . +7 - 4 —-15 -39
Aluminium . . - 35 2h—g = 24

Very little can be said about the values of k to be expected on the
basis of existing theories. ScHAFROTH’s recent work38)29) which
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compares the superconducting transition to a Bose-EINSTEIN con-
densation leads in its most primitive form to h = 1-5. This figure,
which 1s simply that for an ideal Bose-EINSTEIN condensation,
cannot be taken very seriously. The value of g which may be ex-
pected 1s, however, more easily amenable to theoretical discussion.
The simple SomMMERFELD theory gives y = V23 or g = 2/3. It will
be seen that our values of ¢ imply y o< V* where 1:5 <« < 4-3 for
the soft superconductors so that even here the pressure dependence
of ¥ is very much greater than on the free electron model. The ex-
ceptionally large value of g found in tantalum i1s perhaps not very
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Fig. 11.

Effect of volume on 7', and H, The arrows indicate the direction and relative
magnitude of motion in diagram resulting from increase in volume.

surprising in view of the known peculiarities of the transition
metals?). The value of 07T',/0p for aluminium also indicates that here
h or g must be unusually large. This is somewhat more difficult to
understand since here the electronic structure should be less ab-
normal.

Since a compression of the crystal does not affect the degree of
filling of a Brillouin zone it seems that this strong pressure depend-
ence in y must be ascribed to a pressure sensitivity in (0E/0k)
(where E is the energy of an electron with wave vector k) rather
than to any special form of K (k).

A recent paper of Lewis4!) has again drawn attention to the
remarkable correlation4?) existing between the soft superconductors



Vol. 30,1957. The Volume Change at the Superconducting Transition. 65

where a plot of H, against T, for different soft superconductors

1elds.
yields H,x T§’37

with considerable accuracy. In view of the realtionship

H, = Const. (y/V)2 T,
that implies that
Hyoa(y/V)'% and T, «(y/V)".

If now transition from one superconductor to another obeys this
relationship so well it might be expected that a slight modification
of the superconductor such as that caused by pressure should also
obey this rule. We ought then to have

h—1.85(g—1).

An examination of our Table IIT shows that this is by no means
always the case. To show the effect of this deviation on Lewis’s
rule we have copied his diagram in figure 11 where it will be seen
that the “hard” and the “soft” superconductors lie on two parallel
lines. We have indicated by arrows the motion in the diagram
caused by increase in volume of 79, for the superconductors of
table TII. A universal validity of Lewis’s criterion would have im-
plied that all motion should take place parallel to the main lines of
his diagram. The corresponding effect of change in isotopic consti-
tution which according to Lock, PrppArD and SHOENBERG?23) does
not affect ¢ has been indicated by the dotted lines in the diagram.

In conclusion it may be remarked that the main results of our
work so far has been to show the great differences in the rate of
variation in ¥ with volume for different metals. No reliable correla-
tion appears to exist between the volume sensitivity of y and H,,.
Work on single crystals would appear highly desirable.
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