
Vox.UMz 14, NUMszR 23 PHYSICAL REVIE%' LETTERS 7 JUwz 1965

A for Al, it is reasonable that the highly dis-
ordered films used in these experiments might
not exhibit surface superconductivity. It should,
however, be possible to perform further exper-
iments of this type in which the ratio of dG to
l is small enough to give rise to surface coher-
ence of the type predicted by Ginzburg and Kir-
zhnits.

The author wishes to thank Dr. Strongin,
Dr. Kammerer, and Dr. Paskin for communi-
cation of their results prior to publication.

*This work was supported by the National Science
Foundation.

~V. L. Ginzburg, Phys. Letters 13, 101 (1964).
V. L. Ginzburg and O. A. Kirzhnits, Zh. Eksperim.

i Teor. Fiz. 46, 397 (1964) ttranslation: Soviet Phys. —
JETP 19, 269 (1964)].

M. Strongin, O. F. Kammerer, and A. Paskin, pre-
ceding Letter [Phys. Rev. Letters 14, 949 (1965)].

4P. G. de Gennes and E. Guyon, Phys. Letters 3,
168 {1963).

~W. Silvert, to be published.
6P. G. de Gennes, Rev. Mod. Phys. 36, 225 (1964).
YV. Heine, Surface Sci. 2, 1 (1964).

SUPERCONDUCTING LANTHANUM CHALCOGENIDES

R. M. Bozorth, F. Holtzberg, and S. Methfessel

IBM Watson Research Center, Yorktown Heights, New York
(Received 29 April 1965)

The compounds La,Se, and La S, have been
found to be superconducting below 8.6 K and
6.5'K, respectively. These materials crystal-
lize with the bcc Th, P~-type structure w'hich

extends in a solid-solution system to the 2:3
compound. ' The electrical properties vary
with decreasing La concentration from metal-
lic to semiconducting without measurable vari-
ation of lattice constant. In the analogous Gd
system, ferromagnetism has been observed
as a consequence of indirect exchange via con-
duction electrons. ' Since the Gd and La com-
pounds form solid solutions, it is possible to
study the effect of magnetism on superconduc-
tivity as a, function of Gd concentration.

The lanthanum chalcogenides are prepared
by vapor reaction in evacuated quartz tubes
at 600'C, and then sintered in sealed Mo con-
tainers to dense polycrystalline ingots. Mi-
crometallurgical investigation shaw's single-
phase materials with grains of 0.1- to 1.0-mm
size. X-ray diffractometer analysis on single
crystals indicates that the most probable space
group is I43d-T~', with a0 = 9.05 and 8.73 A
for La,Se~ and La,84, respectively. The semi-
conducting 2:3 compounds have the same lat-
tice constants as the metallic 3:4 compounds
and a high concentration of disordered defect
sites in the cation lattice, which become com-
pletely filled at the 3:4 composition. Details
of the structure will be discussed elsewhere. '

The superconductivity was detected by the
observation of magnetic moments measured
with a pendulum magnetometer4 in fields of
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FIG. 1. Hysteresis loop and initial magnetization
curves of La3S4 and I aeSe4 showing superconductivity.

0.1 to 25 kOe at 1.25'K and above. ' The samples
had irregular shapes, approximating spheres.

Figure 1 shows the hysteresis loops mea-
sured on La,S4 and La,Se, at 1.3 and 1.25'K,
respectively. It is apparent that these mate-
rials are type-II superconductors with the first
critical field H 1=0.15 kOe for La,S4 and 0.2
kOe for La Se4,' the upper critical field H 2
is above the range of magnetic field strengths
available in the equipment used. The jump be-
tween the upper and lower branches of the hys-
teresis loop is obtained by increasing the ap-
plied field from 20 to 21 kOe and reducing
again to 20 kOe. Change in magnetization of
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this type can be compared with the minor loops
below H~2 observed in other type-II supercon-
ductor s.'

The slight paramagnetism in La S4, indicated
in Fig. 1 by the difference in the positive and

negative ordinates at the maximum field, may
be due to paramagnetic impurities.

The inserts in Fig. 1 give experimental data
on the initial magnetization. There is reason-
able agreement with the initial slope calculated
for a superconducting sphere, as expected for
a homogeneously superconducting sample.

The critical temperatures T were derived
C

from the temperature dependence of frozen-
in magnetic flux. After the field 8 =+20 kOe
had been applied, the moment was measured
in a field of H = -0.5 kOe. The moments a»
thus obtained for La,Se, and La,S4 correspond
to the near-peak values of the hysteresis loops
in Fig. 1 and are plotted as functions of tem-
perature in Fig. 2. Since the transition to the
normal state can be characterized by the dis-
appearance of frozen-in flux, the extrapolation
of the measured moments to zero can be used
to determine the value of 7.'~ in an applied field
of -0.5 kOe. The extrapolation yields T~ = 6.5'K
for La,S4, and 8.6'K for La,Se4, with a probable
error of a few tenths of a degree.

As the composition is changed in the solid-
solution range from 3:4 to 2:3, the transition
temperature is found to decrease rapidly to-
ward zero. Vfhen the concentration deviates
from 3:4 towards 1:1, the excess La forms
LaSe as a second phase as identified by x-ray
and micrometallurgical analysis. Therefore,
our results are consistent with the phase equi-
librium diagram, which excludes the existence
of free La metal as a superconducting impurity
in La Se4. Measurement of the 2:3 and I:j. com-
pounds show only slight diamagnetic effects
that can be accounted for by the presence of
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FIG. 2. Determination of critical temperature for
superconductivity by measurement of 0 in weak neg-
ative field after application of strong positive field, at
near maximum of frozen-in flux. T =6.5'K for La384C
and 8.6 K for La3Se4.

small amounts of 3:4 impurities, and are there-
fore considered to be nonsuperconducting.

Our present results open the way to further
studies of the influence of the conduction-elec-
tron concentration, lattice spacing, and defects
on superconductivity and its relation to ferro-
magnetism.


