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Spin-polarized tunneling was used to study exchange effects as a function of spin-orbit scattering rate
at the surface of thin Al films, each covered with a submonolayer of Gd. The spin-orbit scattering rate
was controlled by the deposition of a Pt layer on the side of the Al film opposite that covered with Gd.
At sufficient Pt coverages, the Zeeman splitting of the conduction electrons is washed out, but the mag-
nitude of the polarization is unchanged. Furthermore, polarization of the same magnitude is observed in
both the superconducting and normal state. These results are understood in terms of the dependence of
the conduction-electron spin susceptibility on the spin-orbit scattering rate.

INTRODUCTION

It is well known that the exchange interaction between
the spin of an impurity and those of the conduction elec-
trons of a normal metal gives rise to a spin polarization of
the conduction electrons, and that this polarization medi-
ates the coupling between impurity spins. However, this
Ruderman-Kittel-Kasuya-Yosida! (RKKY) spin polar-
ization is suppressed in the BCS superconductors due to
singlet pairing. The spin polarization P(r) is related to
the susceptibility x(g), where q is the wave vector:

P(r)—fdr)( r—r' ZX )B,(g)e ",

where B,, represents the exchange field. The RKKY
spin polarization is derived by substituting the free-
electron expression for y(gq). The sharp cutoff at the Fer-
mi wave number gives rise to a polarization with spatial
extent on the scale of the Fermi wavelength Ar. The im-
portant difference between the superconducting and nor-
mal states is that the long-range part of the spin suscepti-
bility is significantly depressed in the superconductor.’
This fact has been verified in Knight shift experiments on
Al, but only after a series of conflicting experimental re-
sults.> More recently, the absence of the RKKY effect in
superconductors with low spin-orbit scattering has been
demonstrated by spin-polarized tunneling experiments.*
Tunneling measurements provide an unambiguous means
of mvestlgatmg such systems, as the tunnelmg conduc-
tance is closely related to the density of states.’

The spin susceptibility of a superconductor with spin-
orbit scattering has been worked out by Kaufman and
Entin-Wohlman.® With the introduction of spin-orbit
scattering on the order of the superconducting energy
gap, h /7~ 3A, the spin susceptibility of the supercon-
ductor can be of the order of that in the normal state.
One then expects the presence of the RKKY polarization
in response to a local exchange potential. This possibility
is examined here through the controlled introduction of
spin-orbit scattering using thin-film deposition tech-
niques. Spin-orbit scattering is introduced by the deposi-
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tion of a surface layer of Pt onto a thin Al film. Spin-
polarized tunneling is used to compare the RKKY polar-
ization in the weak and strong spin-orbit cases and in the
superconducting and normal states.

EXPERIMENT

Three types of multilayer structures are the objects of
this study. Each was fabricated by vacuum deposition
onto liquid-nitrogen-cooled glass substrates. The first
structure is an Al/Pt bilayer consisting of a 4.0-nm-thick
Al film covered with two monolayers of Pt. Tedrow and
Meservey have experimentally demonstrated the eﬁ‘ect of
Pt on the critical field” and the density of states® of thin
Al films. For each monolayer of Pt, the spin-orbit
scattering rate h /7, was found to increase by 3.2 meV.
This scattering rate is large in the sense that in order to
resolve the Zeeman splitting 2uB in the presence of this
scattering rate, the field B must be of the order ~3.2
meV/2up=27.6 T, while in pure Al, B ~1 T is sufficient.

The second structure consists of a Gd/Al bilayer con-
structed from a 4.0-nm-thick Al film covered with a sub-
monolayer of Gd (~3 atoms/nm?). Previous measure-
ments have established three easily distinguishable
features which appear in the superconducting density of
states as consequences of the exchange interaction from
the Gd.* The first-order perturbative effect is a splitting
of the electron energy like that produced by a magnetic
field (i.e., Zeeman splitting). This first-order effect results
in a sizable energy splitting of the tunneling conductance,
as first demonstrated in the experiments of Tedrow,
Tkaczyk, and Kumar.’ In second order, exchange
scattering of electrons decreases the transition tempera-
ture T, and broadens the density of states, producing a
broadened conductance curve and smaller gap. 10 The
third consequence of the exchange interaction, the one of
interest in this paper, is the RKKY spin polarization of
the conduction electrons. This appears in the tunneling
conductance as a characteristic asymmetry with respect
to zero-bias voltage.

Finally, the two perturbations to the aluminum film
(i.e., exchange and spin-orbit scattering) were combined
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in a third structure consisting of a Gd/Al/Pt trilayer.
The Pt and Gd thicknesses were nominally the same as
those in the first two structures. In fact, the first and
third structures were made at the same time except for a
shutter operation during Gd deposition. For each of
these three structures, a standard procedure was used to
construct a tunnel junction on the side of the Al film
covered with Gd and/or opposite the side with the Pt
layer. This junction provides access to the density of
states at this surface. A second Al film formed the
counter electrode of these junctions. Conductance mea-
surements were performed in a *He cryostat at a temper-
ature 7 =0.45 K.

RESULTS

The conductance of an Al-Al,0;-Al/Pt junction in an
applied magnetic field of B =2.12 T is shown in Fig. 1.
This field is chosen so that both electrodes, the Al film
and Al/Pt bilayer, are superconducting. The peak that is
typically observed at the sum of the energy gaps (sum-gap
peak) is here split into two peaks. The energy separation
was measured and found to equal the Zeeman splitting of
the Al film for the applied field, i.e., 2uB =0.25 meV.

In Fig. 2 the conductance of an Al-Al,0;-Gd/Al junc-
tion is shown for two values of the applied field. In curve
a, the applied field is below the critical field of both the
Al and Gd/Al electrodes. Again, the sum-gap peak in
the conductance is split by the difference 2uB,, in the
Zeeman splitting of the electrons in the top and bottom
electrodes. No asymmetry with respect to zero-bias volt-
age is observed, indicating the lack of a RKKY spin po-
larization. The curve b was taken in an applied field
above the critical field of the Gd/Al electrode. The Al
electrode remains superconducting and the spin states are
Zeeman split by the applied magnetic field 2uB =0.43
meV. The conductance is asymmetric, indicating polar-
ization of the Gd/Al electrode in the normal state.

The conductance for a junction of the form
Al-Al,05;-Gd/Al/Pt is shown in Fig. 3 in an applied field
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FIG. 1. The conductance of an Al-Al,0;-Al/Pt junction,
where two monolayers of Pt mix the spin state of the electrons
in the Al/Pt electrode. The voltage splitting of the sum-of-the-
gaps peak corresponds to the Zeeman splitting of the electrons
in the Al electrode, 2uB =0.25 meV.
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FIG. 2. The conductance of the Al-Al,0;-Gd/Al junction
measured for two values of the applied magnetic field: a,
B=0.17T; b,B=3.72T.

B =3.34 T, where the Gd/Al/Pt electrode is normal.
Features similar to that seen in Fig. 2(b) are evident. Fig-
ure 4 shows the conductance of the same junction in an
applied field of B =2.12 T, where both electrodes are su-
perconducting. This is the same field used in Fig. 1 for
the control junction with no Gd. The energy splitting of
the sum-gap peak is the same as that measured from Fig.
1, AE =0.25 meV. In contrast to the S-I-S tunneling
curves of Figs. 1 and 2(a), a characteristic asymmetry
with respect to zero-bias voltage is evident. The peak at
—0.6 meV is seen to be higher than that at +0.6 meV,
while the peak at +0.4 meV is higher than the peak at
—0.4 meV.

DISCUSSION
Spin-polarized tunneling

Measurements of the superconducting tunneling con-
ductance presented in Figs. 1-4 are understood in terms
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FIG. 3. The conductance of an Al-A1,0;-Gd/Al/Pt junction
measured in a magnetic field where only the Al electrode is su-
perconducting. The asymmetry with respect to zero bias is as-
sociated with a spin polarization of electrons in the Gd/Al/Pt
electrode.
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FIG. 4. The conductance of the same junction used in Fig. 3 é : il <,<2
but at a lower magnetic field for which both electrodes are su- o Br-— == B :i:é:f:j T g
perconducting. The asymmetry indicates a spin polarization of W §§§§ L4 m
the electrons in the Gd/Al/Pt electrode. The conductance of §§§§ ) |
the corresponding control junction (i.e., no Gd) is shown in ot i
Fig. 1.

c F-2%
of the semiconductor model,!' which is schematically /: al ! -4
represented in Fig. 5. A wealth of information is avail- % v §>
able as long as one of the electrodes is superconducting. § B === =1 - == 5
The number of conductance peaks, their voltage position, “ " m
and relative heights give information about the spin- e 7.
dependent densities of states of the junction electrodes. Y
In all cases above, a superconducting Al counterelectrode
was used, as its behavior is well documented and the na- d )
tive oxide forms a good tunneling barrier. The supercon-
ducting Al counterelectrode serves as a probe of the den- 3
sity of states even when the multilayer structures are in ' eV -2apr |
the normal state. . {10 <

Two established rules must be considered in the inter- Sle > 8
pretation of the spin-polarized tunneling conductance.’ 2" &
First, in addition to tunneling at constant energy, the : 2L
quasiparticles do not flip their spins during tunneling
through an Al,O, barrier.!? Secondly, a superconducting
thin film with small spin-orbit scattering has its density of
states split into spin-up and spin-down parts by a magnet

field.!"> The left-hand side of Fig. 5 presents the density of
states of the two electrodes of the tunnel junction for
various conditions. The shaded area represent the filled
states, while the clear areas are empty states. The bias
voltage moves one density of states with respect to the
other. Tunneling can occur only when a filled state on
one side of the barrier is opposite an empty state at the
same energy on the other side of the barrier. The right-
hand side of the figure shows the resulting conductance
as a function of voltage.

Figure 5(a) illustrates the case of S-I-S tunneling in a
magnetic field when the two superconducting electrodes
have low spin-orbit scattering. The resulting conduc-
tance is unchanged from that in zero field. Because of
conservation of spin, tunneling across the barrier is for-
bidden until the applied bias voltage shifts the density of
states an energy equal to the sum of the energy gaps.

DENSITY OF STATES CONDUCTANCE

FIG. 5. Schematic representation (semiconductor model) of
the tunneling process connecting the density of state to the mea-
sured conductance. In all cases, the counterelectrode (left side)
represents the density of states of a superconductor with low
spin-orbit scattering in a magnetic field. The superconducting
density of states is split by the Zeeman energy. Curve a
represents the case of the right electrode of this same type. In
curve b, the density of states of the right electrode is not spin
split. In curve c, the right electrode is a ferromagnet. Curve d
represents speculation as to the case of a superconductor with
spin polarization, which is possible in the case of strong spin-
orbit scattering combined with a RKKY interaction.
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Figure 5(b) illustrates the extreme case where the Zeeman
splitting of the electrons in one electrode vanishes be-
cause of spin-orbit scattering. The sum-gap peak in the
conductance is split by the Zeeman energy. This serves
as a model of conductance data presented in Fig. 1.

The general case of S,-I-S, tunneling where the energy
gaps and Zeeman splitting is different for the two elec-
trodes is similarly modeled. The result is that the sum-
gap peak is split symmetrically about its zero-field posi-
tion. The splitting of the peak is equal to the difference in
Zeeman splitting of the two electrodes. Possible reasons
for differences in Zeeman energy include spin-orbit
scattering (discussed above), Fermi-liquid effects,'* and
the first-order effect of the exchange interaction.* The
last effect accounts for the splitting of the sum-gap peaks
observed in the conductance data presented in Fig. 2(a).
A second feature of S,-I-S, tunneling is that at high tem-
peratures, additional peaks appear at the difference of the
energy gaps. These peaks are small in magnitude and re-
sult due to a thermally activated population of quasiparti-
cle states above the gap. One of the difference peaks is
observed in the conductance data presented in Fig. 2(a).
This corresponds to the more heavily populated peak in
the density of states.

The effects discussed up to this point result in structure
in the tunneling conductance that is symmetric with
respect to zero-bias voltage. The origin of asymmetry is
illustrated in Fig. 5(c). Spin polarization of the conduc-
tion electrons at the Fermi level of a ferromagnet causes
the inner conductance peak at V=—(A—uH)/e to be
higher than the one at ¥V =(A—uH)/e, while the outer
peaks at ¥ ==1(A+pH) have the opposite asymmetry of
magnitude. Experiments using 4/ and 3d band ferromag-
nets as one electrode of the tunnel junction have implied
that the degree of asymmetry of the conductance is pro-
portional to the spin polarization of the itinerant elec-
trons at the surface of the ferromagnet.!> A value for the
polarization P=(nt—nl)/(n1+n!) can be calculated
from the conductance peak heights.'

The representation in Fig. 5(c) is taken to explain the
conductance data presented in Fig. 2(b). The conduc-
tance is asymmetric indicating polarization of the Gd/Al
electrode in the normal state. A 2.910.6% polarization
was calculated using the four peak heights. This is the
expected order of magnitude, considering that the polar-
ization observed in Gd metal is 13% and the sample has
~1 atomic layer coverage of Gd. Note that the asym-
metry is a large effect in comparison to other features
routinely measured by tunneling; for instance, those due
to phonons.

Spin-orbit scattering and the RKKY effect

The conductance data for the Gd/Al/Pt trilayer are
presented in Figs. 3 and 4 and these results represent the
main finding of this paper. In an applied field sufficient
to drive the Gd/Al/Pt trilayer normal (Fig. 3), the Zee-
man splitting of the Al electrode is observed. In addition,
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an asymmetry corresponding to a polarization
P =4.11+0.6% can be associated with the Gd/Al/Pt elec-
trode. This is of the same order as that obtained in the
low spin-orbit scattering case from Fig. 2(b) for a Gd/Al
electrode.

It may appear contradictory that the introduction of
sufficient spin-orbit scattering to wash out the Zeeman
splitting in the superconducting density of states does not
reduce the spin polarization in the normal state. Howev-
er, the Pauli principle restricts spin-orbit scattering to
states within k5 T of the Fermi level. Only those states at
the Fermi surface are spin mixed. The states involved in
the localized RKKY effect are generally far from the Fer-
mi surface. As a result, to a first approximation the
RKKY spin polarization of the conduction electrons in
the normal state is expected to be unaffected by spin-orbit
scattering. A related discussion is given by Ferrell in the
analogous case of the Knight shift.!”

Measurements presented in Fig. 4 are made at a lower
applied field for which the Gd/Al/Pt electrode is super-
conducting. Splitting of the sumgap peaks is observed
and is of the same magnitude 2uH as that in Fig. 2(a). In
addition, the curves are asymmetric, indicating a spin po-
larization of the itinerant electrons in the superconduct-
ing Gd/Al/Pt electrode. A polarization P =3.31+0.6%
of the same magnitude as that in the normal state was
determined from the peak height ratios. One may note
that the structure in Fig. 4 is less sharp than the S-I-S
conductance curves in Figs. 1 and 2(a). This is believed
to be a consequence of depairing effects associated with
the exchange interaction'® and the combination of spin-
orbit scattering and a magnetic field.'”> In Fig. 5(d), we
speculate as to the shape of the density of states of a su-
perconductor with a spin polarization and depairing,
which is possible in the case of strong-spin-orbit scatter-
ing.

SUMMARY

Spin-polarized tunneling has been used to study the po-
larization of the conduction electrons produced by Gd
atoms on the surface of thin Al films. In the low spin-
orbit scattering case, the polarization vanishes in the su-
perconducting state, as expected from the calculated be-
havior of the spin susceptibility. The addition of strong
spin-orbit scattering from a Pt surface layer allows the
polarization to persist in the superconducting state.
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