VOLUME 22, NUMBER 9

PHYSICAL REVIEW LETTERS

3 MARCH 1969

EK,Q(K—K')=21TKK+Z:)‘9(2K—2X), (167)
where 6(x)=2tan"*(x/c), and 1j,Jy, Ky are either
integers or half-integers, coming from logarithm
function.

We thus have the following representation for
the real part of a:

Re(a) =Z)jv]_ Im(kj)

=Im[(1/L)Z)jEXv].9(2A + Ziz)j)] <0. (17

When 2 is distributed with a density ¢(x) and p(v)
=p(-v), then

Re(a) =iLJ [pw)dv o()drv6(2r +2iv).  (18)
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COUPLING BETWEEN FERROMAGNETIC LAYERS THROUGH A SUPERCONDUCTOR
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(Received 27 December 1968)

Three-layer systems [ferro-super-ferro (FSF)] with very thin insulating junctions be-
tween S and both F layers have been prepared. The superconducting transition tempera-
ture T,y (when both F magnetizations are parallel) is lower than T.y,.

Some years ago Sarma! calculated the thermo-
dynamical critical temperature of a superconduc-
tor in the presence of a uniform exchange field %.

More recently, de Gennes? indicated that such
an exchange field could be induced by the prox-
imity effect of a ferromagnetic layer F on a thin
and clean superconducting film S, and that in a
sandwich (FSF) configuration, the value of %
could be varied by varying the angle between the
magnetization directions of the F films, thus giv-
ing rise to a variation of the critical tempera-
ture.

In this Letter we report experiments made on
FeNi-In-Ni sandwiches giving evidence of this
coupling effect.

Figure 1 shows the extreme critical tempera-
ture of a sandwich when the magnetization direc-
tions are (a) parallel (7 ,,) and (b) antiparallel
(T, +4)- The rather large difference between the
coercive fields of the FeNi (H,) and Ni (H,) lay-
ers allows us to produce both configurations.

Our samples have been made in the following
way: First a 1500-A thick FeNi layer is evapo-
rated and oxidized for 30 sec under a 10™%-Torr
pressure of O,; then a 2500-A thick In layer is
evaporated under a pressure of 10~® Torr. Last-
ly the sample is cooled down to a temperature of
about 150°K, and a 1500-A thick Ni layer is de-
posited.

We thus obtain thin magnetic insulating layers
on each side of the In layer. The procedure used
to get the barrier at the In-Ni interface (Ni oxi-

dized from below by O, or H,0 molecules ab-
sorbed on the In layer) is similar to that previ-
ously used by other authors.®*

Two important theoretical conditions? are ful-
filled in our experiments:

(a) ds s ¢ and ds 51, so that 2 can be consid-
ered as constant in S (dg, £g, ! are, respectively,
the thickness, coherence length, and mean free
path of S).
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FIG. 1. Resistive measurements of the critical tem-
peratures (R) =resistance in the normal state) in zero
field after the following: dashed line, application of
10000 G (T, y) (all fields are applied parallel to the
plane of the films); solid line, application of —10000
G and subsequently +300 G to return the magnetization

of the FeNi layer (H; <300 G <H,) (Topy).
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FIG. 2. Solid line: R(+H) after previous application
of —10000 G. We are at a temperature T (Tcﬂ <T
<T¢4), where the critical field in the t configuration
Hc 4 is of the same order as Hy. Dashed line: resis-
tive measurements in low field after application of
—10000 G and subsequently +H. The it configuration is
best realized for 180 G<H <380 G.

(b) The electrical contact between the S and F
layers does correspond to a very thin insulating
barrier: If we had no barrier, superconductiv-
ity could not be observed for dg < £y. But the
junction resistance of the S-F contacts is below
10~% Q; thus the barrier is much thinner than in
a conventional tunneling junction (~10 ).

On the other hand, the low-temperature hyster-
esis cycles of the F layers are far from square:
Therefore the F layers are not monodomains in
zero field. It follows that: (a) 67, = Teos=Teas
is limited to a few 10—*°K. (b) Following the

magnetic history of the sample, intermediate
critical temperatures can be obtained in the
range T¢ 44> T > Tcyy- The intermediate R(H)
values reported in Fig. 2 correspond to these in-
termediate critical temperatures.

We also want to point out that our results can-
not be explained by a difference between the
stray-fields configuration of the (+t) and (V)
states. Such effects should persist when there is
no electrical contact between the S and F layers.
We have made measurements on F-SiO-S-SiO-F
systems, where the thickness of the SiO layers
(~200 A) is small compared with the thickness of
the S layer: For such systems we observe that
Te(44)=Tc(4y)-

In conclusion, our experiments show that when
suitable interface conditions are realized, ferro-
magnetic materials can induce an exchange field
in a superconductor by a proximity effect. A de-
tailed study of the influence of this exchange field
on the superconducting properties is presently
under way.

We thank P. G. de Gennes, J. P. Burger,

E. Guyon, B. Holzer, and A. Martinet for very
useful discussions.
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OBSERVATION OF SINGULAR POINTS IN DEFECT-INDUCED FAR-INFRARED SPECTRA OF KBr*
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Far-infrared absorption spectra of KBr crystals containing Li+, Na+, Sm++, OH™,
and F~ are shown all to have sharp discontinuities at 74.8, 75.2, 85.5, and 89.5 cm™1.
It is shown by comparison with dynamical models for the lattice and the defect that
these frequencies correspond closely to expected van Hove singularities in the host lat-
tice. These experiments, when extrapolated to zero defect concentration, provide ac-
curate measurements of certain phonon frequencies in the pure lattice.

The lattice-vibration-frequency spectra of sol-
ids are dominated by sharp discontinuities of
slope at points in the zone where the gradient of
frequency as a function of wave vector g vanish-

396

es.

It has been recognized for some time that de-
fect-induced optical absorption spectra should
reflect in some way these “van Hove singulari-



