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We have observed electron-spin polarization in the tunnel current in metal-EuS-metal junctions.
The value of polarization can be as high as 85%. This polarization is attributed to the exchange

splitting of the EuS conduction band as a result of the ferromagnetic transition occurring in EuS at
about 15 K. This conduction-band splitting lowers the tunnel barrier height for spin-up electrons
and raises it for spin-down electrons, giving rise to spin polarization in the tunnel current. Tunnel
barrier lowering is also manifested in the observed decrease of junction resistance with temperature
below 15 K. The exchange interaction between quasiparticles in Al and the magnetic Eu'+ ions in

EuS greatly enhances the Zeeman splitting of the superconducting quasiparticle density of states; in

fact, some junctions show Zeeman splitting corresponding to an internal field of B,*=3 T before any

external magnetic field is applied.

INTRODUCTION

Spin-polarized tunneling was developed based on the
Zeeman splitting of the quasiparticle density of state~
(DOS) of a superconductor. This Zeeman splitting wa.
first observed in thin-film Al superconductors, ' and then
in some other superconducting elements and alloys: V
and V-Ti alloy, ' amorphous Ga, ' and V3Ga. As an
experimental technique, it has been used to measure the
spin polarization of the itinerant electrons in 3d metals
and alloys and in 4f metals. When tunneling from a
ferromagnetic electrode into a superconductor whose
DOS is split by a magnetic field, the majority electrons
contribute more than the minority electrons to the total
tunnel conductance for each of the ferromagnets mea-
sured to date, resulting in an asymmetric tunnel conduc-
tance curve with respect to bias voltage. From the asym-
metry one can calculate the degree of spin polarization of
the itinerant electrons at the Fermi level. So far alumi-
num has been most successful as the spin-selective elec-
trode in spin-polarized tunneling experiments partly be-
cause of the relative ease in fabricating aluminum junc-
tions, and partly because of its small spin-orbit scatter-
ing. ' Vanadium has also been successfully used as a
spin-selective electrode in superconductor-ferromagnet
tunneling, despite the many diSculties in junction fabri-
cation.

In previous spin-polarized tunneling studies, polariza-
tion of the tunnel current comes from the different densi-
ties of spin-up, spin-down conduction electrons at the
Fermi level in the ferromagnetic electrode. " In the
present study, instead of having magnetic electrodes, we
used a ferromagnetic semiconductor (EuS) as the tunnel
barrier. Spin polarization in the tunnel current arises
from different barrier heights for electrons with different
spin orientations when the conduction band of EuS splits
into spin-up and spin-down subbands. Bulk EuS has a
band gap of 1.65 eV and a Curie temperature of
T =16.6 K. ' The exchange splitting of the EuS con-
duction band in the ferromagnetic state was discovered
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FIG. 1. The spin-filter model. The dashed line represents the
tunnel barrier height at temperatures above T, and the solid
lines the tunnel barrier heights for spin-up, -down electrons (as
indicated by the arrows) for T« T . The tunneling probabili-
ties for each spin-polarization are shown schematically as the
overlap of the wave functions.

and studied by measuring the red shift of the optical-
absorption edge. This splitting essentially reaches its full
value of bE,„=0.36 eV by 4 K. ' When EuS is used as a
tunnel barrier, the barrier height for spin-up (-down) elec-
trons is changed by the conduction-band splitting:

Pt &=ttto+bE, „(T)i2, where Po is the average barrier
height above T . Since the tunneling process depends
sensitively on the barrier height, the splitting of the EuS
conduction band greatly increases the probability of tun-
neling for spin-up electrons and reduces that for spin-
down electrons (see Fig. l). This is called the spin-filter
effect. It has been observed directly in field-emission ex-
periments where electrons emitted from EuS-coated
tungsten tips were found to have a high degree of spin po-
larization, P=89+7%. ' '" Early tunneling experiments
using Eu chalcogenides as barriers also demonstrated in-
directly the spin-filter effect by observing the decrease of
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netic fields. ' First, the densities of states for the two spin
directions were calculated using the theory and con-
volved with the Fermi function (to obtain thermal
broadening). The total conductance curve is a weighted
sum of the two spin contributions:

dI/dV=a(dI/d V) t+(1—a)(dI/d V)),
where n is the number of spin-up electrons divided by the
total number of electrons and polarization I' is given by
2a —1. This total conductance was compared with the
measured curve. Then, if necessary, the parameters were
adjusted to generate another theoretical curve to be com-
pared with the experimental one until they match. From
the fits we found the polarization was 80% for junction 1.

The amount of Zeeman splitting in Al quasiparticle
DOS was much bigger than the amount expected from
the applied field. For example, junction 1 showed a Zee-
man splitting which corresponded to a total effective field

of 4.3 T in an applied field of only 0.35 T, indicating that
the internal field B* was close to 4 T. The field depen-
dence of B* on H is shown as the inset of Fig. 2. In all
the junctions studied, a remanent Zeeman splitting per-
sisted after the applied field was reduced to zero. Junc-
tion 1 showed a remanent Zeeman splitting correspond-
ing to an internal field of 2 T.

Junction 1 also showed Zeeman splitting in the Al
quasiparticle density of states before any magnetic field
(except the ambient field of about 1 Oe) was applied. The
initial Zeeman splitting is rather small in this junction;
from fitting the curve the splitting was found to corre-

spond to a field of B,*=0.5 T. We use B,-' to indicate the
effective field which corresponds to the initial zero-field
Zeeman splitting (to be distinguished from the remnant
zero-field splitting). One of the highest zero-field Zeeman
splitting was observed in a Ag/EuS/Al junction (2) which
showed an internal field B,*=3T. This junction also had
a very high polarization of 85%. The value of B,* in the
Ag/EuS/Al junction was so high that upon applying a
field of less than 0.02 T the Al electrode reached its
paramagnetic critical field B, , and became normal, so
that only zero-field conductance was measured. It was
difficult to determine the saturation value of B' because
the Al electrode became normal at very low applied fields
(about 0.5 T), but B,*„was definitely much larger than the
saturation magnetization of EuS, 4aMO, which is about
1.5 T. ' (See the inset of Fig. 2.) This observation
demonstrates that the extra Zeeman splitting cannot be
explained as an effect of the EuS fringing field.

Junctions with the reversed sequence of deposition,
that is, Al/EuS/Au, were also made. Here Al was depos-
ited first onto a liquid-nitrogen cooled substrate, then the
substrate was warmed up to room temperature and EuS
and Au were deposited. The enhancement of the Zeeman
splitting greatly diminished or even disappeared. The
lack of an internal field was shown by both the tunneling
data and the Al critical field data. The critical field of the
Al film in these junctions was about 5 T which is the ex-
pected value for Al films about 4 nm thick, ' and the Zee-
man splitting of the Al quasiparticle DOS corresponded
only to the external applied field.

Sample 6
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FIG. 3. Tunnel conductance curves in various applied magnetic fields for a Ag/EuS/V-Ti junction (6). There is spin polarization
of the tunnel current and remanent zero-field Zeeman splitting. The curve labeled 0' was taken after the applied field had been re-
duced to zero.
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The disappearance of the enhanced Zeeman splitting
was probably caused by a very thin layer of Alz03 be-
tween the Al and the EuS films, which grew during the
warming up (about an hour} of the substrates in a vacu-
um of 2 X 10 mm Hg and which destroyed the ex-
change interaction between the quasiparticles in Al and
the magnetic Eu + ions. This observation is part of the
experimental evidence that the cause of the extra Zeeman
splitting is the exchange interaction at the EuS and Al in-
terface, not the fringing field of the magnetization of EuS.
The same conclusion was reached by Tkaczyk et a/. in
their study of the proximity effect of rare-earth-oxide/Al
bilayers. '

Attempts at using other superconductors, such as V or
a V-Ti alloy, as the spin-selective electrode were also
made. Junctions of the type Ag/EuS/V/Al and
Ag/EuS/VTi/Al were fabricated, in which the top 1.5-
nm Al film was used as a protective layer for the 10-nm V
or V-Ti thin films. One Ag/EuS/VTi junction (6} with
10-nm EuS showed spin polarization of the tunnel
current as seen from the asymmetry of the tunnel con-
ductance curves (see Fig. 3). However, the junction had
too high a leakage current which made quantitative
analysis of the data difficult. Often junctions with a V or
a V-Ti electrode were depaired at zero field with consid-
erable leakage current.

SUPERCONDUCTOR-SUPERCONDUCTOR TUNNELING

Electron spin polarization in the tunnel current was
observed in superconductor-superconductor (S-I S) tun--
nel junctions as well. Two Al/EuS/Al junctions (4 and 5)
from the same evaporation were studied extensively. All
the junctions consisted of bottom Al electrodes (50 nm

thick), the EuS barrier with nominal thickness 3.3 nm,
and a top Al film of 4.2 nm. They all showed Zeeman
splitting in zero applied magnetic field. Since no Zeeman
splitting is observable in S-I-S tunneling if the densities of
states of both of the superconducting electrodes are split

by the same amount, we assume that the bottom elec-
trode is not much affected by the EuS. Two factors sup-
port this assumption: (I) the possible growth of some ox-
ide on the Al bottom electrode before the deposition of
the EuS barrier would weaken the average exchange in-
teraction, and (2) the inverse proportion of the average
exchange field to the superconductor film thickness fur-
ther reduces the proximity effect on the thicker Al elec-
trode.

The S-I-S tunneling conductance curves are shown in
Fig. 4. Both curves were taken without any applied mag-
netic field. There is clearly initial zero-field Zeeman split-
ting; from fitting the curves we found that 8,*=1.9 T in
junction 4 and B,*=2.6 T in junction 5. The peaks in the
conductance curves were identified with the help of the
schematic drawing in Fig. 5, which depicts the situation
in which one of the superconducting electrodes is subject-
ed to a magnetic field B*, and the other is not affected.
For simplicity we have left out the spin-filter effect in Fig.
5.

If B* were equal to zero (not shown in Fig. 5), there
would be two sum peaks at b, &+A & and —(b, &+5,z) and
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FIG. 4. Normalized S-I-S tunnel conductance curves for two

Al/EuS/Al junctions made in the same evaporation, in zero ap-

plied magnetic field. The spin directions of the peaks are la-

beled by the up or down arrows. B,*=1.9 T and P =85% for
Sample 4, and B,*=2.6 T and P =60% for Sample 5.

two difference peaks at b, ,
—hz and —(b, ,

—b, z), where 6,
and Az are the superconducting half-gaps of the top and

bottom electrodes, respectively. However, as shown
in Fig. 5, when B*WO, for pB*& ~b,

&

—b, z~ (where p
is the Bohr magneton), there will be six peaks in the
conductance curve. On the positive-bias side

(V„~—Vb,«, &0), there are the spin-down difference

peak at pB"—(b, ,
—hz) and two sum peaks, spin-up at

5&+62—pB* and spin-down at 6, +b,z+p8*; on the
negative-bias side, there are the spin-up difference peak at

pB '—+ (6,—h2 ) and two sum peaks, spin-down at
b, ,

—6—2+pB* and spin-up at —(b&+b2+pB*). If
pB'( ~b, t

—b,2, there will still be six peaks in the con-

ductance curve, but the two difference peaks are reversed
in their spin directions. The conductance curves in Fig. 4
are asymmetrical because the spin-filter effect of the EuS
makes all the spin-up peaks larger than their spin-down
counterparts.

Fitting the dynamic conductance curves of S-I-S tun-

neling is similar to fitting those of S-I-N tunneling. The
DOS for both electrodes have to be calculated using the
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voltage V for one junction, and RJ versus T for most of
the junctions studied, from about 40 to 2 K. All of the
measurements were made in zero magnetic field.

Some I V -characteristics from 3 (which is an
Al/EuS/Al junction similar to 4 and 5) and their fits to
Simmon's theory are shown in Fig. 6. For a trapezoidal
barrier, the tunnel current density, for each spin direc-
tion, is given by

(b)
DOS eV eVJt (=Jo Pt )
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FIG. 5. Schematic of a superconductor-superconductor tun-
nel conductance curve where the DOS of only one of the elec-
trodes (top) is Zeeman split by a field 8*. (a) and (b) show the
densities of states of the top and bottom electrodes, respectively,
and (c) is a computer-simulated tunnel conductance curve be-
tween the two superconductors in (a) and (b). The peaks in the
total conductance curve are labeled by the up or down arrows
which indicate the corresponding spin directions.

JUNCTION RESISTANCE AS A FUNCTION
OF TEMPERATURE

The decrease of junction resistance with temperature
below the ferromagnetic transition temperature of EuS is
another manifestation of the spin-filter effect. We have
measured the tunnel current I as a function of the applied

theory of Ref. 19, but instead of convolving one DOS
with a constant (the density of states of normal metals at
the Fermi level) and the Fermi function, the convolution
is carried out over the two superconducting densities of
states and the Fermi function. The total conductance is
the same weighted sum as in Eq. (1). From the fits the
value of polarization in junction 4 is found to be about
85% and in junction 5 about 60%. These junctions were
made in the same deposition and had the same nominal
EuS barrier thickness. Why their values of polarization
differ by a large amount is not clear to us at the moment.
Local variations of the effective barrier thickness can ex-
plain some of the difference but not all.

(2)

where Jo=(e/2mb)S, 3 =(4~S/h)(2m, )'~ with m,
being the electron mass. We used the following method
to fit the I-V curves. First, I-V curves taken at 31, 21,
and 18 K were fitted to obtain values of the barrier thick-
ness S and the barrier height $0, which were, respectively,
16.4 A and 2.08 eV. Then, I-V curves taken at tempera-
tures from 1.3 to 15 K were fitted using EuS conduction-
band splitting EE,„as the fitting parameter and keeping
S and Po constant at the values obtained from the first
step. From these fits, AE,„as a function of temperature
was obtained. The maximum barrier lowering (which is
assumed to be one-half of the maximum EuS
conduction-band splitting) in our case was 0.28 eV, con-
siderably larger than the optical measurement of 0.18
V 13

Figure 7 shows RJ versus T data. The junction resis-
tances were essentially constant from 77 to 30 K (not
shown); the decrease of RJ started at about 15 K. Using
optically measured AE,„(T) (Ref. 13) and Eq. (1) we cal-
culated S and $0 (see the last two columns of Table I)
from the measured RJ(2 K)/RJ(35 K) and RJ(2 K) and
obtained the value of polarization, P = (J t

—J
&

) /
(J

&
+J~ ). Table 1 compares the calculated and measured

values of polarization. The value of polarization inferred
from the resi.stance ratio is in general larger than the one
measured from the tunnel conductance asymmetry.
Moreover, one particular junction resistance ratio is al-
ways associated with a certain polarization. For exam-
ple, for junction 3, using S, $0, and b,E,„(2 K) obtained
from fitting the I Vcurves, we g-ot the same RJ (2
K)/RJ(35 K) =0.38 and P =91.6%.

The maximum EuS conduction-band splitting we ob-
tained from fitting the I-V curves is much larger than the
optical measurement on single crystals. This is implausi-
ble, especially since T of our EuS films has not in-
creased from the bulk value. This and the high polariza-
tion values implied by the junction resistance change sug-
gest that there may be additional factors besides the EuS
conduction-band splitting that are responsible for the
junction resistance decrease. Thompson et al. ' observed
a sixfold decrease in the resistance in a Schottky tunnel
barrier between a In metal and Gd-doped EuS. They at-
tributed this decrease in resistance to the suppression of
magnetic scattering in the tunnel barrier at temperatures
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Above 15 K, the I-V curves basically fall on top of each other. The smaller dots (which almost coincide with the 15 K data) are I-V
at T= 18 K; I- V curves at higher temperatures are not shown for clarity.

I
I

+'~+ +++z+~f

K~ 0.8—

a- 0.7—
Q

~ ~
O
a- 0.6 —~~
CD

C
0.5—

~ ~
V)
CD

0.4 ao ~

++

0«
«+

~ +
+

+

p «+
+

+ ~

V
+

0

+ Sample
& Sample 5
~ Sample
0 Sample 2
v Sample I

I

IQ

I I I

20
Te m pe rature (K )

30 40

FIG. 7. Junction resistance as a function of temperature. The sharp decrease of Az indicates the onset of the ferromagnetic transi-
tion in the EuS barrier, which is approximately between 14 to 15 K for these films.



42 SPIN-FILTER EFFECT OF FERROMAGNETIC EUROPIUM. . . 8241

TABLE I. Comparison of values of polarization. P „,is the value measured from the tunnel conductance curve asymmetry. P„i,
is calculated using Eq. (2) and the optically measured hE,„(T)

Junction

Au/EuS/Al
Ag/EuS/Al
Al/EuS/Al
Al/EuS/Al
Al/EUS/Al

Sample

no.

pmeas

(%)

80
85
85
85
60

p„i,
(%)

84.9
90.8
91.6
92.6
80.4

RJ(2 K)
RJ(35 K)

0.51
0.40
0.38
0.36
0.58

RJ(2 K)

(kQ)

0.3
0.47
2.2

14.4
3.0

(A)

17.8
19.8
20.4
21.9
17.6

(eV)

1.56
1.32
1.32
1.42
1.96

below T . Their experiment with degenerate semicon-
ducting EuS cannot be directly compared with our exper-
iment; however, we did try to measure RJ(T) in various

applied fields. We found that there was no evidence of
the kind of magnetic scattering reported by Thompson
et al. in our junctions. The discrepancy between the
measured and the calculated values of P remains unex-
plained.

DISCUSSION

As mentioned earlier, some junctions showed Zeeman
splitting in the conductance curve before any external
magnetic field was applied; the initial Zeeman splitting
was sample dependent. Whether the initial zero-field
Zeeman splitting can be observed or not depends on the
size of magnetic domains in EuS. In junctions where EuS
was deposited onto liquid-nitrogen-cooled substrates, the
crystallites are small and the domain sizes are likely to be

small so that we seldom observed initial zero-field Zee-
man splitting. When L «g, where L is the representa-
tive domain size and g the superconducting coherence
length, the exchange field averaged over an area g is
zero. When an external field is applied, the domains
which have a magnetization direction parallel to the ap-
plied field will grow giving rise to an average exchange
field which increases with the applied field. The inset of
Fig. 2 shows the internal field B* as a function of the ap-
plied field for junction l. If L ~g, then the average ex-
change field may be nonzero even without any applied
field.

In contrast to the field dependence of B*,the value of
polarization does not change with the applied field. To
understand this we must first understand how spin polar-
ization is determined in tunneling experiments. It is cal-
culated from the asymmetry of the conductance curve.
The splitting of the EuS conduction band in each domain

Au Eu S Ag Spin-up DOS d$/dV

II

]I

I
/I

I

I

I

)I

I
II

r
I

I

(a) (b) (c)
FIG. 8. Contributions to the tunnel conductance from two opposite domains in the EuS barrier. (a) shows schematically the cross

section of a tunnel junction with an area on the order of g'. (b) The amount of Zeeman splitting in the Al quasiparticle DOS is deter-
mined by the area-averaged magnetization. (c) Each domain favors the tunneling of electrons which have spin-up polarization as
defined by the magnetization of that domain, but the overall tunnel conductance has the same functional form regardless of the
domain orientation.
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favors the tunneling of electrons whose spin direction is
antiparallel (spin up) to the magnetization direction of
that domain; therefore, each domain contributes to the
conductance asymmetry in the same manner. Figure 8 il-
lustrates this graphically. Suppose the two magnetic
domains in Fig. 8 span an area on the order of g . Then
the DOS of Al is split by an effective field that is related
to the area-averaged magnetization. Electrons which
tunnel through either of the two domains see the same
Zeeman splitting in the quasiparticle DOS. However, the
labeling of the spin polarization of the DOS branches is
relative to the magnetization direction of the domain
through which the electrons tunnel. The spin-filter effect
favors the tunneling of electrons with spin-up polariza-
tion which is antiparallel to the magnetization direction
of the domain. Since these are the electrons of lowest en-

ergy, the conductance curve as a function of energy will
have the same shape for each domain, independent of its
absolute direction of magnetization. Therefore, changing
the domain sizes will change the amount of Zeeman split-
ting, but not the polarization. Since the domains of the
EuS in zero field will be so arranged such that there is lit-
tle overall magnetization, one could say that compared
with some external direction the spin polarization of the
tunneling electrons is near zero. Only when the junction
area, which is about 3 X 10 cm, consists of one single
domain (in zero field) is the tunnel current truly polarized
with respect to a external reference direction; of course,
this can be achieved by aligning the domains using exter-
nal fields. It would be helpful to know the domain sizes
in zero applied field in the EuS barrier.

In studying the proximity effect in tunnel junctions of
the type R- (or RO-) Al/Alz03/Fe (R stands for rare-
earth metals and RO rare-earth oxides), Tkaczyk et al.
identified the exchange interaction between the quasipar-
ticles in Al and the magnetic Eu + ions in EuS as the
cause of the enhanced Zeeman splitting in the Al density
of states. ' In their study, they did not observe any ap-
preciable reduction of the superconducting transition
temperature in the EuO/Al bilayer as compared with
pure Al. If the exchange interaction were the cause of
the effective internal field B*, then there should be
depairing according to the theory of Abrikosov and
Gor'kov (AG). ' Tkaczyk and co-workers gave the fol-
lowing explanation. The average effective field B*caused
by exchange interaction is a first-order effect,
8'-cJ(S; ) (where c is the concentration of the magnet-
ic impurity, J the exchange constant, S; the total angular
momentum of the magnetic impurity, and (5, )
represents the thermal average); depairing is a second-
order effect, b T, -cJS,(JS; /EF ) (EF is the Fermi energy
of Al). While 8' was observable, the reduction of T, was
too small ( ~0.05 K) to be seen owing to the small ex-
change constant. They estimated J to be 3.5 meV for oxi-
dized Eu.

%'e also measured the superconducting transition tem-
peratures of Al in the EuS/Al bilayer as compared with
that of a control Al strip made in the same evaporation.
Sometimes there was a T, reduction in EuS/Al, some-
times there was not. Furthermore, we have noticed that
a reduction of T, was always accompanied by the ex-
istence of the initial zero-field Zeeman splitting. This re-
sult is not in conAict with that of Tkaczyk et al. In their
case, the oxidized Eu was not ordered in zero magnetic
field; therefore, the depairing effect came from the
paramagnetic impurities as described by the AG theory.
Frequently, in our case, the EuS was ordered in zero field,
so besides the AG impurity depairing, there was extra
depairing coming from the exchange field B,*, which acts
only on the quasiparticle spins. The problem of a mag-
netic field interacting only with the superconducting con-
duction electron spins and not on the orbits has been for-
mulated by several theorists; ' the bilayer of EuS/Al
provides an experimental system for such a study, and its
investigation is being carried out.

Conservation of electron spins in the tunneling process
has been shown to hold to high accuracy in Al/Alz03/Al
junctions and was assumed in and is consistent with the
present analysis. After the conduction band in EuS splits
into spin-polarized subbands, electrons with up spins tun-
nel through the spin-up conduction subband, and elec-
trons with down spins tunnel through the spin-down sub-
band. This is the basis for the existence of the spin-filter
effect.

CONCLUSION

In summary, we have observed directly, in a tunnel
junction, the spin-filter effect of the ferromagnetic EuS
barrier. The spin polarization of the tunnel electrons is
as high as 85%. The spin-filter effect is also manifested
by the decrease of the junction resistance below 15 K.
Moreover, the magnetic ordering in EuS gives rise to a
large exchange field which acts on the spins of the elec-
trons in Al, causing zero-field Zeeman splitting in the su-
perconducting quasiparticle DOS. The spin-filter effect
may be used to provide a low-energy spin-polarized elec-
tron source and the zero-field Zeeman splitting in the
DOS makes it possible to have a spin-selective tunnel
electrode without any external magnetic field. Both may
be useful in applications.
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