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SURFACE SUPERCONDUCTIVITY IN TYPE I AND TYPE II SUPERCONDUCTORS*

Myron Strongin, Arthur Paskin, Donald G. Schweitzer, O. F. Kammerer, and P. P. Craig
Brookhaven National Laboratory, Upton, New York

(Received 18 March 1964)

Saint-James and de Gennes' have shown theo-
retically that a surface superconducting layer
with a critical field H 3 can exist above the bulk
critical field H~ when the external field is paral-
lel to the sample surface. They find that H~3
=2. 39~H~ where ~ is the Ginzburg-Landau pa-
rameter. For type II superconductors (z & I/~2
this relation becomes H~3 = 1.69H~2. Experi-
mental evidence' ' has confirmed the existence
of a surface critical field H~3 above H~2, for
type II superconductors. For values of ~ be-
tween I/W2 and 1/2. 39, surface critical fields
are predicted for type I superconductors, al-
though observation of H3 in type I materials has
not yet been reported. %e have measured the
real and imaginary parts (g' and g") of the ac
susceptibility in type I and type II superconductors
in both parallel and perpendicular dc magnetic
fields. This technique yields much sharper tran-
sitions in H~3 than have been reported and permits
demonstration of the existence of surface effects
in superconductors with H~3 barely above H~. In
a lead alloy containing only 0. 1% Bi we find that

Hg3 is slightly above H~. This alloy shows a re-
versible type I magnetization curve. In pure Pb,
H~3 was not detectable and the paramagnetic ac
susceptibility characteristic of the intermediate
state' in type I superconductors was observed.
Because of high sensitivity in determining H~3
in dilute Pb-Bi alloys, ~ for pure Pb could be
determined by extrapolating the K vs concentra-
tion curves to zero concentration.

The complex ac susceptibility was measured
with an electronic mutual inductance bridge' at
18, 35, and 100 cps and with an axial field on the
sample of about 0.04 oersteds. The samples
used were cylinders with a diameter of 0.06 inch
and 0. 5 inch long. The real part of the ac sus-
ceptibility, y, is a measure of the diamagnetism
caused by the induced ac currents. A supercon-
ducting surface layer will make the sample appear
completely diamagnetic in this measurement.
The imaginary part of the ac susceptibility, X"

~

is a measure of the power loss in the sample.
In superconducting transitions, under certain
conditions, the ac losses can exceed those in a
normal material, leading to peaks in y" vs field'
or temperature. '~' It can be shown that a peak
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FIG. 1. (a} Magnetization curve at 4.2 K for Pb and
0. 1 jo Bi in Pb. Curves are the same for both samples
within experimental error. (b) Real part of the sus-
ceptibility, y', for pure Pb and 0. 1k Bi in Pb and
imaginary part, g", for 0.1% Bi in Pb. g" is plotted
to the same scale as y' and magnitudes can be com-
pared. T =4. 2 K.

in the power loss will occur in a superconducting
sheath at sufficiently low frequencies.

The magnetization curves and y in a longitudi-
nal magnetic field are shown in Fig. 1 for Pb
and 0.1@Bi in Pb together with g" for the 0.10k
Bi in Pb sample. Neither sample showed flux
trapping although some slight hysteresis near
H~ was observed in the alloy sample. It can
be seen that in pure Pb, y' shows the differen-
tial paramagnetic effect~ characteristic of the
intermediate state in ideal type I supercon-
ductors. y' in longitudinal fields for 0. 1% Bi
in Pb clearly shows a transition above H~.
%hen the sample was placed in a field perpen-
dicular to the axis, the ac susceptibility char-
acteristic of the intermediate state was ob-
served. '
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FIG. 2. (a) Magnetization curve at 4.2'K for 19' Bi in Pb. (b) X for 1% Bi in Pb in perpendicular and parallel
fields at 4. 2'K.

The interpretation of the susceptibility mea-
surements in a transverse field for cylindrical
samples is complicated by the fact that different
regions of the surface are at different angles to
the dc field. It has been found experimentally
that H~3 is a monotonic function of angle between
surface and field. ' The angle effect together
with the different magnet geometry that had to
be used to obtain transverse fields made it dif-
ficult to discern whether there was any super-
conductivity above H in the transverse case in
0.1% Bi in Pb. However, in the case of 1@Bi
in Pb, shown in Fig. 2, it can be seen that the
y' transition in the transverse field case occurs
at lower fields than the transition in the axial
field case. Above H~ the regions of the cylindri-
cal sample normal to the field should not be super-
conducting. These regions would interrupt the
superconducting surface sheath along the path
of the circulating ac currents. Hence, if on1.y
surface superconductivity were present the ac
transition should occur at H~. Since the mag-
netization curve precludes any bulk effect, the
ac transition in the transverse case must be due
to some superconducting network of negligible
volume that does not exist on the surface.

In annealed samples we have observed sharp
y" peaks (see Fig. I). In cold-worked samples
the g" peak broadens and appears to develop
structure, indicating that the shape of the y"
peak is a sensitive method of studying details of
the H~3 transition.
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FIG 3 Hg3/Hg vs atomic Vo Bi in Pb at 4 .2 K . The
horizontal uncertainty bar for the 5% composition in-
dicates the maximum range in composition in bar from
which sample was taken. The analysis for this sample
is still not available.
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In Fig. 3 we have plotted Hc3/Hc at 4. 2'K
against alloy concentration, where Hc is the
critical field of pure Pb and H~3 is identified with

with the sharp transition in y' and y". The ob-
served curve is approximately linear over the
concentration range studied. Linearity is ex-
pected if x varies linearly with concentration,
and if 8~3=C~H. For a slab in a parallel
field, Saint-James and de Gennes' find that the
constant C is 2. 39. From the ratio of Hc3/Hc2
for type II superconductors in an axia, l field we

have found that the constant C appears to be
about 10% above 2. 39. Similar results were
found in Pb-In alloys by Gygax, Olsen, and Krop-
schot. ' Extrapolation of ~'s deduced from Fig. 3
to zero Bi concentration yields a, value of ~ for
pure Pb of 0.38+0.05. Although Hc3/Hc for zero
concentration appears to lie slightly above unity
the difference does not exceed experimental error
and the value of unity was used in calculating ~.

We have also made some preliminary measure-
ments in triply zone-refined, single-crystal Ta
which demonstrates that H~3 can exist in a pure
material a.s well as an alloy. At about 1.8 K a

type I magnetization curve and an B~3 significant-
ly above H was found. In our Ta sample, a value

C
of about 0. 5 was found for x.

*This work was performed under the auspices of the
United States Atomic Energy Commission.
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In this Letter we describe the direct observa-
tion, by polarized neutron scattering, of a large
degree of nonlocalization of the zirconium spin
density in ferromagnetic Zr Zn2. Comparison
with free-atom 4d electron configurations would
suggest that the ferromagnetism of this com-
pound is attributable in significant measure to
the conduction band, so that some sort of itin-
erant electron model is clearly required to ex-
plain it.

ZrZn„which is a cubic Laves phase (struc-
ture type C15), was reported to be ferromag-
netic by Matthias and Bozorth, ' who remarked
upon the unusual fact that neither of the constit-
uent atoms of this intermetallic compound is
strongly paramagnetic. An earlier unpolar ized
neutron diffraction study by Abrahams' was in-
conclusive in establishing the presence of a
moment, because of its smallness (p =0. 18 pH/

molecule) relative to the nuclear scattering.
Olsen' was unable to detect an anomaly in the
electrical resistivity of ZrZn, at its ferromag-
netic transition (-35'K) and attributed this to a
lack of ordered local moments. This suggestion
is borne out by the measurements reported here.

The polarized neutron method, since it retains
the interference between nuclear and magnetic
scattering, is ideal for measuring very small
magnetic structure factors accurately. One ob-
tains, by reversing the incident neutron polariza-
tion, the polarization ratio Rg~~ for each Bragg
r ef lection

(I + w)'

heal (1 - y)'

where y =+magnetic/+nuclear +, which for
y «j. is linear in y, can be measured to any de-
sired statistical precision. The present mea-


