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In contrast to the heavier inert gases, neon does not
experience a true Ramsauer minimum in the total
cross section for electron scattering at low energies.
Nevertheless, the cross section becomes quite small
for electron energies &1 eV. In accordance with the
usual explanation of the Ramsauer effect [N. F. Mott
and H. S. W. Massey, The Theory of Atomic Colli-
sions (Oxford University Press, New York, 1949),
2nd ed.], it is therefore reasonable to assume that 60
approaches, but does not quite reach, 360 at zero en-
ergy, and decreases from this value as the energy in-
creases. For this reason, we prefer 60=289.0 at
15.9 eV.
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Magnetic dichroism is the magnetic-field-
induced difference in optical absorption coeffi-
cients for light with different senses of polar-
ization. Magnetic circular dichroism, which
occurs for light propagating along the direction
of magnetization, is well known and produces
the ellipticity associated with the Faraday ef-
fect (magnetic circular birefringence). Simi-
larly, magnetic linear dichroism, which occurs
for light propagating at right angles to the mag-
netization, must coexist with the Cotton-Mouton
effect (magnetic linear birefringence), although
both of these effects a,re usually so small as
to escape observation. This paper describes
a remarkably large magnetic circular and lin-
ear dichroism exhibited by a, single crystal of
EuSe at 4.2'K. These effects reflect not only
the wavelength dependence and magnetic shift
of the broad-band absorption but also the var-

ious spin structures exhibited by EuSe.
EuSe is unusual in that the antiferromagnetic

spin configuration of Eu++ ions at temperatures
below the ordering temperature (-6'K) can be
readily altered by a. magnetic field. Combined
measurements of magnetization' and powder
neutron diffraction' suggest the following pic-
ture: In zero field the spins in each (111) plane
are ferromagnetically aligned, but angles be-
tween spine of successive (111) planes are ap-
proximately 90', 180', -90', 180', 90, ~ ~ ~ .
At intermediate applied fields (1-2 kOe for
powder specimens), the spins of two of the four
sets of (111) planes flop into parallel alignment
with the other two and yield a nonoscillatory
ferromagnetic component. Above -8 kOe pure
ferromagnetic alignment remains. The other
europium chalcogenides exhibit either ferro-
magnetic order (EuO and EuS) where the near-
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est-neighbor ferromagnetic exchange J, domi-
nates, or pure antiferromagnetic order of the
second kind (EuTe) where next-nearest-neigh-
bor antiferromagnetic superexchange J, domi-
nates. For EuSe the molecular-field analysis'
suggests J, =-J,. Then, since a given Eu
ion is coupled to a. neighboring (ill) plane by
three nearest-neighbor interactions (2 ) d

ree second-nearest-neighbor interactions
J, , 1t 1s not surprising that the turn angles

of 180'.
deviate from the usual antiferromag t' 1ne 1C Va ueS

Ourur measurements of magnetic dichroism
were made on a single crystal of EuSe immersed
in liquid helium (the same crystal described in
reference 4). Figure 1 shows the absorption
coefficients (af and o~) for left and right cir-
cularly polarized light of wavelengths 680 700
and 800 m p. versus magnetic field H applied
parallel to the direction of lightig propagation
and normal to the crystal plate. These absorp-
tion dat a are not corrected for reflection loss-
es.' The large changes in absorption (corre-
sponding to factors as large as 30 in transmit-
ted intensity) are readily visible to the eye.
We note that EuSe exhibits three distinct re-
gions of optical behavior which seem to corre-
late with the three types of s ' fspin con 1guration
discussed above. For 0 & 10 kO ~the ~the ferromag-
netic re ion& ng' & n~ is enhanced significantly, while

o~ is relatively unaffected by the field. At in-
termediate applied fields (3 ZH Z 10 kOe), both

a~ and n~ go through a broad maximum near
6.5 kOe. InIn the low-field region (below -3 kOe),
both absorption coefficients show small changes

t t
which are quite sensitive to sample m s
a ion.

misor1en-

The magnetic linear dichroism of EuSe is
shown in Fig. 2 which gives the absorption co-
efficients for light of wavelengths 680, 700,
and 800 m p, propagating normal to the plane
of the specimen while the applied field (and the
magnetization) lies in the plane f tho e specimen.

e curves labeled nz and n
~~

refer to the plane
of polarization of the incident li ht bn ig eing per-
pendicular and parallel, respectively, to the
ield. The structure at low f ldie s again appears

has
to reflect the transitions between mag t'agne 1c

p ases, but the critical applied fields are now
much smaller than in Fig. 1 because of the
smaller demagnetizing field. The regions of
characteristic behavior appear at about the
same internal fields as may be noted from the
top scale' in Figs. 1 and 2.

e 1ncidentWith increasing wavelength of the
light the dichroism diminishes rapidl . F1g-

g1ves the variation with wavelength of
the absorption coefficients ns Q)~ Qy~ Q

~~

and
n~ measured in an applied field of 15 kOe.
The aabsorption coefficient in zero field '

given for 4.2'K 77'Kr . , 7'K, and room temperature.
All curves are normalized to the room-tem-
perature absorption for 800 m p, as measured
using a Cary Model 14 spectrophotometer.
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ing short-range order). For the ferromagnetic
ground state with S= ~7, (H») = -3.5J; The choice
of J = 540 cm ' then yields the shift of 1900 em
observed7 in EuO. For the antiferromagnetic
phase of EuSe, one obtains (H») = c(-3.5&).
The expected shift at O'K upon transformation
to the ferromagnetic phase is then —,'(-3.5Z},
that is, 1420 em '. At 4.2'K and 15 kOe, how-
ever, the magnetization of EuSe is about 0.8
of its saturation value at O'K. ' Since (H») is
approximately proportional to M', we would
therefore expect a shift in the band edge at
4.2'K of about 900 cm ', in reasonable agree-
ment with the 1000 cm ' reported above. The
value of J= 540 cm ' for the f-d exchange in
Eu+ is plausible in view of the results of Cal-
lahan" in the isoelectronic Gd+ which yield
a value of J=1013 em '. The contraction of
the orbitals in the more highly charged Gd
ion would account for this larger exchange.

The authors are pleased to acknowledge their
debts to J.S. Smart and S. Methfessel for many
helpful discussions, to F. Holtzberg for the

single crystal of EuSe, and to R. Kaplan for
able technical assistance.

T. R. McGuire and F. Holtzberg, to be published.
2S. J. Pickart and H. A. Alperin, Bull. Am. Phys.

Soc. 10, 32 (1965}.
T. R. McGuire, B. E. Argyle, M. W. Shafer, and

J. S. Smart, J. Appl. Phys. 34, 1345 (1963).
J. C. Suits and B. E. Argyle, Phys. Rev. Letters 14,

687 (1965).
Index of refraction data at room temperature (G. Fan,

private communication) gives values of n ranging from
2.93 to 2.80 in the wavelength region 640 to 800 mp, .

The scales of internal field given at the top of
Figs. 1 and 2 were obtained from magnetization data
measured on the same crystal and for the same orien-
tations as the absorption data.

G. Busch, P. Junod, and P. Wachter, Phys. Letters
12, 11 (1964).

S. Pickart, private communication.
SJ. F. Dillon, Jr. , J. Appl. Phys. 34, 637 (1963).

~ S. Methfessel, Z. Angew, Phys. 18, 414 (1965).
~~J. B. Goodenough, Magnetism and the Chemical

Bond {Interscience Publishers, Inc. , New York, 1963).
12W. R. Callahan, J. Opt. Soc. Am. 53, 695 {1963).

MAGNETIC COUPLING BETWEEN T%0 ADJACENT TYPE-II SUPERCONDUCTORS

Ivar Giaever

General Electric Research and Development Center, Schenectady, New York
(Received 1 November 1965)

It is possible for a type-II superconductor
to be in a resistive, yet superconductive, state.
According to Anderson's' flux-creep model,
the resistive behavior is associated with the
motion of quantized flux vortices (fluxons) pre-
sent in Abrikosov~s' theory. This Letter deals
with an experiment which shows that it is in-
deed permissible to interpret literally the volt-
age drop along a type-II superconductor as aris-
ing from the motion of flux.

The experimental arrangement is shown in
Fig. 1. First, an Sn film a few thousand ang-
stroms thick is evaporated onto a microscope
glass slide. I shall refer to this film as thepri-
mary. The center section of the primary is re-
duced in width by outlining it with a razor blade.
Next, a thin film of SiO, approximately 100-200
A thick is evaporated over the primary film.
Finally, a second Sn film is evaporated over
the SiO, layer. I shall refer to this film as the
secondary. The secondary film is made as thin
as possible, i.e., of the order of 500-1000 A,
and it must be narrower than the primary film.
The two metal films are electrically separated

by the SiO, film, i.e., the measured resistance
between them approaches infinity.

The experiment consists of passing a dc cur-
rent I along the primary film and measuring
the dc voltage developed both in the primary
film V& and in the secondary film V. Because
of the narrow section in the center of the pri-
mary, the voltage drop in the primary is lim-
ited to a short length that is completely paral-
leled by the secondary. The current and volt-
age connections are shown in Fig. 1. %hen
both the films are normal, or when the secon-
dary film is in the normal state and the primary
film is in the superconducting state, no voltage
can be detected in the secondary loop as shown
in Fig. 2. However, as soon as both films are
supercondueting, a dc voltage is seen in the
secondary loop as well as in the primary cir-
cuit. This behavior is displayed for three dif-
ferent temperatures in Fig. 2. If the primary
current is increased such that the film enters
the normal state, the primary voltage jumps
to a high value (of the order of 0.5 V) while
the secondary voltage abruptly drops to zero.


