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alloy systems. A more comprehensive study is
currently in progress.

*Attached from Imperial College, London, England.
)Guggenheim Fellow on leave from the General Elec-

tric Research and Development Center during 1967-
1968.

P. Lederer and D. I.. Mills, Phys. Rev. 165, 837
(1968); S. Zngelsberg, W. F. Brinkman, and S. Doni-
ach, Phys. Rev. Letters 20, 1040 (1968).

2A. I. Schindler and C. A. Mackliet, Phys. Rev. Let-
ters 20, 15 (1S68); G. Chouteau, R. Fourneau, R. Four-
neaux, K. Gobrecht, and R. Tournier, Phys. Hev. Let-
ters 20, 193 (1S68).

E. Bucher, W. F. Brinkman, J. P. Maita, and H. J.
Williams, Phys. Rev. Letters 18, 1125 (1967).

F. R. de Boer, C. J. Schinkel, J. Biesterbos, and
S. Proost, in Proceedings of the Conference on Mag-
netism and Magnetic Materials, New York, 18-21 No-
vember 1968 (to be published).

5G. G. Low and T. M. Holden, Proc. Phys. Soc. (Lon-
don) 89, 119 (1966), and references therein; T. J.
Hicks, T. M. Holden, and G. G. Low, J. Phys. C:
Phys. Soc. (London) Proc. 1, 528 (1968).

6B. Mozer, D. T. Keating, and S. C. Moss, Phys.
Rev. 175, 868 (1968).

S. A. Ahern, M. J. C. Martin, and W. Sucksmith,
Proc. Roy. Soc. (London), Ser. A. 248, 145 (1958).

MAGNETOSTRICTION DUE TO SURFACE CURRENTS IN TYPE-II SUPERCONDUCTORS
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The mixed state behavior of type-II superconductors is determined by both the flux-
line density and the superconductive surface currents. These currents give rise to a
new magnetostrictive term that depends on the surface currents and the flux-line densi-
ty. The new term is found to be very large in the indium alloys investigated. The ex-
perimental results are explained theoretically and it is shown that the elastic constants
can be calculated from measurements of the new magnetostrictive term.

Large diamagnetic or paramagnetic surface
currents can be induced in superconductors of
the second kind when they are in the mixed state.
We have found that in indium alloys these cur-
rents give rise to dimensional changes that are
comparable with the total change between the
normal and superconducting states and much
larger than those resulting from magnetostric-
tion in the Meissner phase. This new and unex-
pectedly large effect can be explained, if the
sample is regarded as composed of two phases.
One, the volume phase, defines the magnetic
field and the field direction just inside the sur-
face by the value of its magnetization. The sec-
ond phase is the current-carrying surface layer
that is exposed to field pressures from both
sides. The magnetostriction arising from the
surface currents is an elastic deformation under
these pressures and it yields a novel method for
the determination of the elastic constants. In
this note we summarize our experimental re-
sults and their theoretical explanation.

When an ellipsoidal specimen is taken into the
mixed state by increasing the field IJ from zero
or reducing it from H»~2 and the change in
field is then reversed, then screening currents
in the surface are induced reversibly. This is
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FIG. 1. Magnetostriction and magnetization curves
for a flat ellipsoid made from polycrystalline In-14-
at. lo Tl. The length change is measured at a radius of
the equator. The magnetic field was applied in the
equatorial plane in directions parallel (a) and (c) and
perpendicular (b) and (d) to the measured radius.

shown in the magnetization curves of Figs. 1(c)
and 1(d). The short lines indicated by pairs of
arrows in the figure are such reversible changes
in magnetization. Their slope shows that the
whole change in external field is screened from
the interior of the sample by the induced cur-
rents. That the screening is really complete has
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recently been shown by thermodynamic argu-
ments. '

During these magnetization changes we ob-
served the length changes shown in Figs. 1(a) and
1(b). One notices that the length changes have
opposite slopes in the two figures. A discussion
of the curves is given below.

The specimen investigated was made from poly-
crystalline indium with 14-at. 1o thallium and is a
flat ellipsoid of revolution with an axial ratio of
1:10. The changes of radius of the equatorial
plane parallel and perpendicular to a field ap-
plied in this plane were recorded using the ca-
pacity method described by White. ' The magne-
tization was recorded simultaneously by integra-
tion of the voltage in a pickup coil.

We have measured and discussed the magneto-
striction in type-II superconductors in the ab-
sence of surface currents elsewhere'~4 and we
have shown that its reversible part is made up of
three contributions proportional to SHc/SP, &~/

sp, and s &/&p (Hc is the critical field, & the
Ginzburg-Landau parameter, ~ the volume, and
p the pressure). To explain the present observa-
tions, we imagine our specimen to consist of a
core of reversible material with a surface capa-
ble of carrying superconductive screening cur-
rents up to a certain critical value. ' Since the
specimen is relatively large (diameter of 30 mm
in the equatorial plane}, it is unnecessary to con-
sider the current distribution in detail and we
simple assume a net current just at the surface.

The starting point of our calculation is an ellip-
soid in the mixed state without surface currents.
The field at infinity parallel to a main axis is
Be, the demagnetization factor is D, and the per-
meability is p, Hq /Hq=-, w'here&; and H; are the
local fields inside the specimen and averaged
over the flux-line structure. If the external field
is now changed in the correct sense by an amount
&He, surface currents are induced so as to
screen the interior of the sample completely.

The field inside the sample is then constant and
parallel to He, and has the value H; = He/[1-D(1
-g)]. The field just outside the surface can be
calculated using the continuity conditions for the
field components parallel and perpendicular to
the surface. One has to notice that only the field
component parallel to the surface can be screened
by a surface current. For this component the
outer field is greater than in the current free
state by a factor 1+&H;/H~, where &H& = &He/
(1-D) is the field screened by the surface cur-
rents. The normal component is independent of

AHe.
The field inside and outside the surface can

therefore be calculated exactly. The Maxwell
stress-tensor difference for the two fields gives
the pressure acting on a surface element in the
two states with and without screening currents.
The pressure lies in the plane given by the inner
field and the normal to the surface element and
can be divided into two components: P~~ parallel
to B„and Pz perpendicular. These are given by

bP = HA~(-1- p) sin2y cosp,
ll

(la)

hp = Hh~-(sin'y+ p sing cos'p),
i

(lb)

(2b)

where r~~ and rg are the radii of the equator of
the flat ellipsoid measured parallel and perpen-
dicular to &e, and & and & are the Poisson num-
ber and Young's modulus, respectively. The dif-
ficulty lies in the evaluation of the constants c(~

and c~, which depend only on the form of the
specimen and the Poisson number of the materi-
al used. We have studied approximate solutions
for a general ellipsoid of revolution and found
that the constants c are of the order of unity.
For an infinitely flat ellipsoid, c~l and i tend to
unity and, if further p=0 as in the Meissner
state and at 8~1, then the brackets in formulas
(2a} and (2b) tend to 1-2&. Therefore an infinite-
ly flat ellipsoid (not a film. ) is isotropically
compressed in the Meissner state by a negative
&~, i.e., a positive ~He: Near Hq2, on the oth-
er hand, p is close to unity, and &&~~ and &r~
have opposite sign and are independent of the
constants c, which are so difficult to deduce.

This behavior is seen qualitatively in Figs. 1(a)
and l(b), and in Fig. 2 we compare the steepness
of the observed length changes with the behavior
predicted. If «/rH, &M is plotted against l-g,
a straight line is found. Its steepness and inter-
cept of the ordinate give the elastic constants.
Thus our experiments provide a somewhat round-

where bM = n, H;/4-v is the magnetization result-
ing from the induced surface currents and p is
the angle between the inner field and the normal
to the surface element.

The evaluation of the elastic deformations un-
der the stress distribution so imposed is compli-
cated. One can, however, show that the defor-
mations always have the form

(2a)

535



VOLUME 22, NUMBER 11 PHYSICAL REVIEW LETTERS 17 M~cH 1969

0.0

2.0
—-1.0

1,0

0.0

100 200 300 100

~Qr

[io "~'
J

I

200 [oel

—-2.0

FIG. 2. Steepness of the small reversible curves in-
dicated by pairs of arrows in Figs. 1(a) and 1(b). The
full lines represent calculations and the points, mea-
surements.

about but nevertheless feasible technique for
measuring the elastic constants.

Table I shows elastic constants deduced from
our magnetostriction measurements compared
with direct observations. There is a good agree-
ment between values in the literature for the
pure metals and the observed values for the Ta-
5 at.% Nb and the In-9 at.% Pb samples. How-

ever, Young's modulus in In-14 at.k Tl differs
from the value for pure indium by a factor of 3.
A direct measurement of Young's modulus in this
alloy was carried out to check this result, and
fair agreement was found.

We have imagined our sample to consist of a
core of reversible type-II superconductive mate-
rial and a surface capable of carrying supercon-
ductive screening currents, when it is in the
mixed state. This model can be extended in a
simple way to take into account pinning forces in

the core of the sample also. In their presence
gradients in the density of the flux lines are easi-
ly built up by any change of the external field.
The gradients are equivalent to a macroscopic
current density within the specimen. For such
currents Eqs. (1) are valid too. Also Eqs. (2)
can be used for internal currents because &~
weights the distorted volume correctly for a first
approximation.

Figure l(b) shows a well-defined dip just below

H~2. The magnetization curve has a rather steep
decay at this point. We suppose that near this
field the surface and the interior lose their ca-
pacity for carrying a screening current, so that
there is a sudden entry of flux into the specimen,
and the forces which have distorted the sample
before relax. The sample becomes thicker and
shorter. This is shown in Fig. 1(b) by the rise
from the deepest point and in Fig. 1(a) by the
very steep decay in increasing field near Hc2.

The flat ellipsoid used in this work has one dis-
advantage for the measurement of magnetostric-
tion due to surface currents. If the equatorial
plane of the sample does not lie exactly parallel
to the external magnetic field, a large magnetic
moment is induced at an angle to Be and there-
fore gives rise to forces distorting the sample.
We have chosen a flat ellipsoid for our experi-
ment because we were mainly interested in the
superconducting properties, for which a small
demagnetization factor is desired. The angle of
the external field has been chosen so as to give
the expected magnetostriction curve in the Meiss-
ner state for a flat ellipsoid with an axial ratio
of 1:10. Thus this part of the curve includes no
experimental infor mation.

This research was supported by a grant from

Table I. Comparison of elastic constants deduced from this work with values from direct measurements. o is
the Poisson number and E is Young's modulus in units of 10 dyn/cm .

Elastic constants derived from
Magnetostriction measurements Direct measurements

cT =0.345+0;015 E= 2120+ 100
Ta,-5 at.% Nb, single crystal, 2.6'K;

cylinder: axial ratio 1:20.
o. = 0.47 + 0.02 E=204+ 15
In-9 at.% Pb, polycrystalline, 2.4'K;

long ellipsoid: axial ratio 1:8.
o =0.47+ 0.03 E=70+30
In-14 at.% Tl, polycrystalline, 1.3 K;

flat ellipsoid: axial ratio 1:10.

cr = 0.340 E=1860
Pure Ta a 293'K.

o =0425 E=207
Pure In, a O'K.

E=115+30
Direct measurement on a rod

of In-14 at. Io Tl at 4.2'K.

O. L. Anderson, in Physical Acoustics, edited by W. P. Mason (Academic Press, Inc. , New York, 1965), Vol.
IG, pt. B, pp. 87, 88.
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SMALL-ANGLE X-RAY SCATTERING OF QUARTZ NEAR THE &-P TRANSITION
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A series of experiments on the small-angle x-ray scattering of quartz over a temper-
ature range centered on the n-P transition (573 C) showed no excess scattering during
the phase transformation. This is taken to indicate that the previously reported "opal-
escence" (Yakovlev, Velichkina, and Mikheeva and Yakovlev and Velichkina) is probably
not a critical phenomenon but arises from twinning inhomogeneities.

Numerous papers dealing with various aspects
of the &-P quartz transition at 573 C have been
published (for a review, see Young' ); there still,
however, appears to be some uncertainty con-
cerning the order of the transition. Various
measurements'~ tend to support the view that
this is a first-order transformation. Neverthe-
less, an enormous light-scattering effect, akin
to critical opalescence, has been reported'; the
intensity of light scattered at an angle of 90' ap-
parently increases by a factor of 104 near the
transition temperature relative to the intensity
scattered at 20'C. This phenomenon is ascribed
to fluctuations in the refractive index due to cor-
responding fluctuations in a characteristic Lan-
dau order parameter g.4 According to Landau,
an increase in the diffuse scattering of x rays
from order fluctuations should also be observed
near the Curie point. Recently, the Raman and
Brillouin spectra of quartz near T&p have been
studied. While "opalescence" was indeed ob-
served, its origin was assigned to scattering by
domain walls between electrical twins rather
than to critical fluctuations in the order parame-
ter.

We have examined the small-angle x-ray scat-
tering of quartz to determine whether sufficiently
large electron-density fluctuations to cause an
observable increase in scattered intensity were
indeed present near 7'&p. If there are critical
fluctuations in the order parameter (i.e., dis-
placements of Si atoms from P-phase equilibrium

positions) local fluctuations in electron density
would be expected, as well as increasingly long-
range correlation of such fluctuations as the
transition is approached.

The scattering of 1-mm thick quartz plates of
several origins' was measured in transmission
with a Kratky camera, ' using Cu «or Mo &&
radiation monochromatized by the appropriate P
filter and pulse-height discrimination. The sam-
ples were confined in a furnace described else-
where"; temperature constancy over the illumi-
nated portion of the sample could be controlled
to +0.05 C. Iron-Constantan thermocouples, cal-
ibrated against National Bureau of Standards-
certified thermometers, were used to measure
the temperature; the occurrence of the transi-
tions at 573 C was checked by observing the
change of intensity of the 100 line with tempera-
ture (using the same thermocouple) in a diffrac-
to meter. '

Three types of experiments were performed.
Scattering curves as a function of angle were ob-
tained at, a series of temperatures between 567
and 575'C (including 571.0 and 574.0'C) and at
195'C. Within experimental error these proved
to be the same. In another series, the intensity
at several fixed angles was measured in steps of
3'C between 535 and 595 C, again showing no sig-
nificant change in intensity at any temperature or
angle. Since it is possible that the "opalescence"
effect exists in an extremely narrow temperature
range near T~p, a series of experiments were
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