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We observe a peak in the tunneling conductance between two very thin superconducting
aluminum films in an intense parallel magnetic field at a voltage V=(A;+A,—2uf)/e.
The magnetic field dependence of this peak identifies it as that predicted by Engler and
Fulde for spin-state mixing in superconductors. The spin-orbit scattering rate b =%/
3A T, obtained from this measurement is approximately 0.1.

This experiment reports the direct detection of
the effect of spin-orbit scattering on the spin den-
sity of states of a superconductor. The quasipar-
ticle energy states in superconducting Al are
split in a high magnetic field by the interaction
of the field with the spin magnetic moment of the
quasiparticles. This splitting was recently dem-
onstrated! by conductance measurements on Al-
Al,0,- Ag tunnel junctions (Al thickness =50 A).
The measured conductances could be analyzed
surprisingly well by assuming simply that the
BCS? density of states was split into spin-up and
spin-down parts displaced in energy by + uf (u
being the electron magnetic moment). The suc-
cess of this analysis implied that there were no
significant interactions to mix the spin states.
However, measurements®'* of the critical mag-
netic field H, of such films indicated that spin-
orbit scattering, though small in Al, is not neg-
ligible. In fact, theoretical fitting® of values of
H,(T) gave a spin-orbit scattering parameter b
=l /3A7s,~0.2, large enough to have had a signif-
icant effect on the tunneling density of states.
Here 2A is the energy gap of the superconductor
and 7, is the spin-orbit scattering time.

Recently Engler and Fulde® succeeded in cal-
culating the density of states of a thin supercon-
ductor in a high magnetic field for various val-
ues of b. For b=0 and a high magnetic field, H
=0.6(A/u), Fig. 1(a) shows the calculated densi-
ty of states N(E/A). As expected, the density of
states for each spin direction is just half of the
BCS density of states and is shifted in energy by
+1H for spin up and by — puH for spin down. Fig-
ure 1(b) shows the interesting theoretical result

of increasing b. Here the field is the same but

b =0.2 and the calculated behavior is qualitative-
ly different, the spin states being partially mixed.
The states near E/A =1~ uH/A, for example,
are no longer only spin down, as there is also a
small spin-up peak. As b increases, the spin
mixing increases, and the peaks move closer to-
gether and become more nearly equal in magni-
tude. By the time b=5.0, spin is no longer a
good quantum number, and N(E/A) has only a
single peak, which is naturally independent of H
and approaches closely the single, unsplit, BCS
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FIG. 1. Theoretical density of states for a supercon-
cuctor in a magnetic field H=0.6A/u. (a) With =0,
N (E/A) splits into two BCS-like curves, one for each
spin direction shifted by +uH. (b) With some spin-or-
bit scattering, b=0.2, the spin states are mixed with
some spin-up states found near the energy of the spin-
down peak.
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density of states.

The purpose of the present experiment was to
attempt to detect directly this spin mixing of the
quasiparticle states in Al by tunneling between
two superconducting Al films. Junctions were
formed from two crossed Al films each about 50
A thick and separated by an Al,O, insulating lay-
er approximately 30 A thick. The conductance
0=dI/dV was measured as a function of applied
voltage V using a lock-in amplifier operating at
5 kHz. Most measurements were made at 7 =0.4
K (T/T.<0.2) and in fields up to 55 kOe.

By referring to Fig. 1(a), we see that when b
=0, the magnetic field has no effect on 0. As-
suming that the spin of the quasiparticle does
not change during the tunneling, as the voltage
between the two films is increased from zero, o
has a peak only at V=(A, +4,)/e, independent of
H. Of course, ¢ is symmetrical about V=0.
When b#0, as Fig. 1(b) shows, some spin-up
states are shifted downward in energy by 2uH.
Therefore spin-up quasiparticles can tunnel at a
voltage 2uuH /e less than was the case with =0,
that is, when V=(A, +A, - 2uH)/e. Similarly,
some spin-down quasiparticles are raised in en-
ergy by 2uH. Thus they, too, can tunnel at a
voltage 2uH/e less than with b=0, again at V
=(A,+A,—2uH)/e. Thus ¢ has a peak near V
=(A,+A,—-2uH)/e which arises from the altera-
tion of the density of states by spin-orbit scatter-
ing.

Figure 2(a) (dashed curve) shows the ratio of
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FIG. 2. (a) Normalized tunneling conductance for
an Al-Al,04-Al junction in a magnetic field. The dotted
curve was predicted theoretically for T=0, H=0.6A/u,
and =0.1. The solid curve was measured for T=0.4 K
(T/T,~0.16) and H=0.6A/1=36.2 kOe. (b) Measured
tunneling conductance curves for various values of mag-
netic field with an expanded scale. The curves have
been displaced horizontally for clarity. The arrows
mark the voltage V =(A;+A,—2uH)/e for each value of
magnetic field, shown in kOe.
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the conductance in the superconducting and nor-
mal states, o,/0, vs V, as calculated by Engler
and Fulde® for T=0 and H=0.6A/u with 5=0.1.
They have assumed two identical Al films with
A, =A4,=A and that spin is conserved in tunneling.
The large peak at V=(A, +4,)/e is the usual one
seen in tunneling between two superconductors.”
The smaller peak at V=(A, +A, - 2iuH)/e is pro-
duced by spin-state mixing of the density of
states due to spin-orbit scattering such as was
shown in Fig. 1(b). This smaller peak would not
be observed if H=0. Its size depends on the size
of b. Also shown in Fig. 2(a) (solid curve) is an
experimental measurement for approximately
the same conditions as the theoretical curve ex-
cept that T#0. The experimental peaks are
broadened because of the finite temperature and
also because of some depairing in the magnetic
field. Since the films are not quite identical, the
usual difference peak’ at V =(A, - A,)/e also ap-
pears in Fig. 2(a) very near V =0.

The broadened spin-state mixing peak in Fig.
2(a) can be convincingly identified by its magnet-
ic field dependence. Figure 2(b) is an expanded
plot of o,/0,, vs V for various values of H. The
arrows mark the value of (A, +A,— 2uH)/e for
each curve. Figure 3 compares the measured
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FIG. 3. Measured voltages of the spin-mixed peaks
are shown as squares. The lower solid line is the the-
oretical prediction, (A;+A,~2uH)/e, which is obtained
by subtracting 2uH/e from the measured positions of
the principal conductance maxima, given by the cir-
cles. The triangles are approximate theoretical val-
ues of the voltages of the spin-mixed peak for differ-
ent values of b at a field of H=0.6A/u obtained by sub-
tracting the theoretical separation of the conductance
peaks in Ref. 6 from the measured voltage of the prin-
cipal peak.
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voltage of the small field-dependent maxima with
the theoretical value (for small values of b) (4,
+A,-2uH)/e. The upper curve with circles
gives the measured values of the principal maxi-
mum which is assumed to be equal to (A, +4,)/e.
This sum peak is seen to be slightly dependent
on H. Subtracting 2uH/e from this curve gives
the lower curve (A, +4, - 2uH)/e, which is the
expected locus of the spin-mixed maxima for b

- 0. The squares are the measured positions of
the small maxima determined from curves such
as Fig. 2(b). For H<26 kOe the small peaks are
obscured by the steep background slope of the
principal maxima. In this case the positions of
the small peaks were determined by subtracting
an exponential curve which fitted the background
curve for voltages above and below the vicinity of
the small peak. The excellent quantitative agree-
ment of the magnetic field dependence of this
peak, as shown by Fig. 3, allows us to identify it
as caused by spin-state mixing.

We have assumed in this analysis that there is
no spin flipping in the Al,0, layer.! Spin flipping
would produce a peak at V=(A,+A,-2uH)/e, too,
but a peak would also appear at V =(A, +A, +2uH)/
e. Since this higher voltage peak is not observed,
spin-flip tunneling apparently does not occur.

Because of the broadening of the conductance
curves by thermal and depairing effects we can-
not immediately determine an exact value of b
from these measurements. However, it appears
from the relative areas of the measured princi-
pal and spin-mixed maxima that the value of b
for this sample is about equal to or perhaps
slightly less than for the unbroadened theoretical
curve, b=0.1. Another estimate for the value of
b is obtained from the relative separation of the
conductance peaks which according to theory
should decrease continuously as b increases, for
a given magnetic field. The triangles in Fig. 3
show the position for various values of b of the
spin-mixed peak according to Engler and Fulde
if we assume that the position of the principal

peak is given by the upper solid line. For b-0
the position (for wH/A=0.6) would be on the line
(A, +A,—2uH)/e. For higher values of b the
spin-mixed peak moves to higher voltages as
shown. The experimental points lie somewhere
between =0 and 5=0.1. On the other hand, mea-
surements of H (T) for these same films yield a
calculated value of b =0.35, a value which seems
to be outside the limit set by the present mea-
surement. Perhaps this disagreement is to be
attributed to the rather indirect determination of
b from the critical-field measurements.

To summarize, we have observed extra tunnel-
ing conductance in Al-Al,0,-Al junctions at volt-
ages V=(A, +A,~ 2uH)/e, which is caused by
spin-state mixing in superconducting Al. The
technique of superconductor-superconductor tun-
neling provides a direct and sensitive method for
detecting the effects and measuring the magni-
tude of spin-orbit scattering. The value of the
spin-orbit parameter b~0.1 obtained from this
method seems to be significantly less than the
value obtained from critical-field measurements.

We are indebted to Dr. P. Fulde and Dr. H.
Engler for informing us of their results before
publication. We also thank R. MacNabb and
M. Blaho for technical assistance.
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