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We report the direct measurement of spin polarization in epitaxial CoFe2O4 tunnel barriers using the
Meservey-Tedrow technique. By observing an asymmetry in the Al quasiparticle density of states in
Pt�111� /CoFe2O4�111� /�-Al2O3�111� /Al tunnel junctions, we prove the existence of spin filtering in our
CoFe2O4 tunnel barriers. We further analyze the effect of oxidation conditions during film growth on the
polarization of the tunneling current, revealing an important role played by oxygen vacancies in the spin-filter
efficiency of this material.
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Spin-polarized tunneling �SPT� across magnetic insulators
is of great interest due to their potential integration into de-
vices involving spin injection into semiconductors,1 tunnel-
ing magnetoresistance �TMR�,2 and spin detection.3 Because
of the exchange splitting of the conduction band of a mag-
netic insulator, there exist two distinct tunnel barrier heights
for spin-up and spin-down electrons, leading to the spin-
selective transport of electrons, and hence a large spin polar-
ization can result. This effect, known as spin filtering, may
be directly measured by the Meservey-Tedrow technique4

which uses a superconducting electrode as the spin analyzer
in metal/magnetic insulator/superconductor �SC� tunnel junc-
tion. Spin filtering was first demonstrated by the Meservey-
Tedrow technique in EuS tunnel barriers5,6 and followed by
the work with EuSe �Ref. 7� and EuO �Ref. 8� barriers. The
slightly more complex oxides BiMnO3 �Ref. 9� and NiFe2O4
�Refs. 10 and 11� have also shown spin-filter capabilities by
producing significant TMR effects in magnetic tunnel junc-
tions �MTJs� �Ref. 12� at low temperature.

The ultimate goal in spin filtering is to measure the effect
at room temperature.13 One of the excellent candidates to
realize this is CoFe2O4, whose high Curie temperature �TC
=793 K� and good insulating properties make it a potential
candidate for room-temperature spin filtering. Local spin-
density approximation calculations using the self-interaction
correction predict a lower tunnel barrier height for spin-
down electrons and thus negatively polarized spin filtering.14

Furthermore, spin filtering should be very efficient due to the
large exchange splitting of 1.28 eV predicted in the conduc-
tion band. Experimentally, we recently showed that CoFe2O4
is indeed capable of filtering spin at room temperature via
TMR measurements in fully epitaxial Pt /CoFe2O4 /
�-Al2O3 /Co MTJs.15 The TMR experiments revealed a
CoFe2O4 spin filter that was negatively polarized with a spin-
filter efficiency �PSF� of −25% at low temperature. This
value was extracted indirectly using the Jullière formula16

and taking the polarization of the Co counterelectrode to be
+40%. In the present work, we use the Meservey-Tedrow
technique with a superconducting Al spin analyzer to directly
determine PSF and thus show the influence of oxidation con-
ditions in our CoFe2O4 tunnel barriers on PSF.

CoFe2O4�111� /�-Al2O3�111� epitaxial double tunnel bar-
riers were grown in ultrahigh vacuum �UHV� conditions at
450 °C by molecular-beam epitaxy �MBE� using a radio-
frequency oxygen plasma as the source of atomic oxygen.
The films were deposited on �-Al2O3�0001� substrates cov-
ered with a 20-nm-thick buffer layer of Pt�111� using Knud-
sen cells for Co, Fe, and Al, and reactively evaporated.
Samples were fabricated using different oxygen partial pres-
sures in the plasma source �PO2

�, ranging from PO2
=0.2 to

0.4 Torr during growth. These corresponded to an oxygen
pressure inside the evaporation chamber of 1.9
�10−8 to 1.0�10−7 Torr. We chose to perform SPT mea-
surements on CoFe2O4�111� capped with �-Al2O3�111� in
order to reproduce the exact tunnel barrier as in our
CoFe2O4-based MTJs.15 Also, the �-Al2O3 layer served to
protect CoFe2O4 from exposure to air when samples were
transported from the MBE chamber to the thermal evapora-
tion chamber used to deposit Al electrodes.

Figures 1�a� and 1�b� show the in situ RHEED patterns

along �11̄00� �in the hexagonal coordinate basis of the sap-
phire substrate� of a CoFe2O4 /�-Al2O3 barrier at two differ-
ent stages of growth. Both layers display fully epitaxial, two-
dimensional quality with the characteristic RHEED patterns
of a single-crystalline spinel film. Figure 1�c� shows the
Fe 2p and Co 2p XPS peaks, also in situ, of a CoFe2O4 �3
nm�/�-Al2O3 �1.5 nm� layer in which the Fe3+ and Co2+ oxi-
dation states are observed.17 These spectra may be measured
through the �-Al2O3 barrier since the escape depth of the
electrons is about 5 nm. In situ AES was most useful in
characterizing the oxidation state of the �-Al2O3 film be-
cause of its chemical sensitivity to the existence of metallic
Al. Figure 1�d� clearly shows the absence of any peak in the
energy range corresponding to metallic Al, thus confirming
that our crystalline aluminum oxide layer is indeed fully oxi-
dized. It is important to note that there was no noticeable
difference in the RHEED patterns or the XPS spectra for the
CoFe2O4 barriers grown under different PO2

.
For SPT measurements by the Meservey-Tedrow tech-

nique, a 4.2-nm-thick Al electrode was deposited on the
Pt /CoFe2O4 /�-Al2O3 stack in a separate thermal evapora-
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tion chamber. Before beginning this process, the surface of
the �-Al2O3 layer was subjected to an oxygen plasma in
order to minimize surface contamination from exposure to
air. Next, an amorphous alumina definition layer was depos-
ited from an electron-beam source, allowing us to define a
long strip of CoFe2O4 with a simple shadow mask. Finally,
the substrate was liquid-nitrogen cooled, and the 4.2 nm Al
electrode was deposited as cross strips over the long strip to
complete Pt /CoFe2O4 /�-Al2O3 /Al tunnel junctions, whose
area was approximately 500�150 �m2.

Before performing SPT measurements, the resistance of
each tunnel junction �Rj� was tracked during cooling from
room temperature to 4 K. The increase in resistance, Rratio
=Rj�4 K� /Rj�300 K�, is plotted in Fig. 2 for a series of 15
junctions whose PO2

during growth varied from 0.2 to 0.4
Torr. In this plot we immediately observe a substantial de-
crease in Rratio for the junctions deposited with increasing
PO2

from 0.2 to 0.26 Torr, followed by a plateau or saturation
beyond 0.26 Torr. The large Rratio in the low-oxidized junc-
tions is characteristic of a tunnel barrier containing point
defects such as oxygen vacancies or chemical defects. In the
present case, these are likely generated by oxygen vacancies
in the lower-oxidized CoFe2O4 samples. This is evidence
that oxygen vacancies influence the tunneling properties of
our CoFe2O4 �3 nm�/�-Al2O3 �1.5 nm� barriers. The point
defects generate defect states in the band gap that act in
lowering the effective barrier height of the tunneling elec-
trons, and thus induce a stronger Rj�T� dependence. Because
they are associated with oxygen bands �sp type� that are
expected to be weakly hybridized with the d bands from the
Co and Fe, their exchange splitting should be weaker than

that of the d states in the conduction band. One consequence
of this could be a significant reduction in PSF. Also, the prob-
ability of spin-scattering events due to the oxygen vacancies
could increase, thus potentially influencing PSF as well.

The evolution of the resistance values with increasing oxi-
dation conditions also reveals a decrease in the number of
defect states in the band gap for the higher-oxidized samples.
This may be seen in the inset of Fig. 2, where the values at 4
K are plotted. The Rj values are somewhat scattered due to
small deviations from the nominal barrier thickness from one
junction to another. Even a variation of 0.1 nm in barrier
thickness can considerably change Rj due to the exponential
dependence of the tunneling current density on thickness. It
is worth noting that the resistance increase is relatively
small, compared to the increase in Rratio, because the effect of
defect levels is less dominant at low temperature. Also, be-
cause the Rratio is self-normalized, it is a more reliable pa-
rameter than Rj alone. Nevertheless, there is a clear increas-
ing trend in the Rj�PO2

� distribution. This result again
suggests that for the lower-oxidized samples, sp-type defect
states in the band gap generated by oxygen vacancies lower
the effective barrier height, thus lowering Rj.

SPT measurements were carried out next for the Pt �20
nm�/CoFe2O4 �3 nm�/�-Al2O3 �1.5 nm�/Al �4.2 nm� tunnel
junctions in a 3He cryostat at 0.45 K, well below the critical
superconducting temperature of the Al electrode �which we
measured as 2.6 K�. All samples with PO2

ranging from 0.2
to 0.4 Torr were measured, but a variation in the SPT char-
acteristics was observed only for samples grown between 0.2
and 0.26 Torr. We will therefore concentrate on the results
from three sample sets with PO2

=0.2, 0.24, and 0.26 Torr.
The dynamic tunneling conductance �dI /dV� versus bias
voltage �V� curves measured in all junctions at zero field
showed zero conductance at V=0 and sharp symmetric peaks
at �0.43 meV on either side of V=0. These properties con-
firm the high quality of the tunnel junctions. Upon applica-
tion of a magnetic field, there was Zeeman splitting of the Al
quasiparticle density of states �DOS�. The Zeeman-split

FIG. 1. �Color online� In situ structural and chemical analysis of
a CoFe2O4�111� �3 nm�/�-Al2O3�111� �1.5 nm� tunnel barrier in-
cluding ��a� and �b�� the reflection high-energy electron-diffraction

�RHEED� patterns along �11̄00� and �c� the Co 2p and Fe 2p x-ray
photoelectron spectroscopy �XPS� peaks. The Al LMM transition in
the Auger electron spectroscopy �AES� spectrum of the �-Al2O3

layer is shown in �d�.

FIG. 2. �Color online� Tunnel junction temperature resistance
ratio �Rj�4 K� /Rj�300 K�� as a function of oxidation conditions for
15 junctions with PO2

=0.2–0.4 Torr. The figure also shows the
distribution of the junction resistances at 4 K, plotted in semiloga-
rithmic scale, with the dotted blue line serving as a guide for the
eyes.
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dI /dV curves were visibly asymmetric, indicating that the
tunneling current is indeed spin polarized. In the 0.2 Torr
sample �not shown�, the asymmetry of the conductance
peaks measured at 2.9 T corresponded to PSF=6%.4 Because
there are no ferromagnetic electrodes in this structure, the
polarization can only be explained by spin filtering in the
CoFe2O4 barrier.

For the 0.24 Torr barrier, the asymmetry of the conduc-
tance peaks at H=3.3 and 3.7 T corresponds to PSF=12%,
shown in Fig. 3�a�. We were able to obtain a more accurate
value of PSF by fitting them to the Maki-Fulde theory.18

Briefly, the Maki-Fulde theory describes the DOS of a SC in
an applied magnetic field taking into account the spin-orbit
scattering �b� and orbital depairing �c�. For the 0.24 Torr
sample, the following values for the fitting parameters were
used: Tc=2.8 K, T=0.45 K, H=3.31 T, b=0.03, c=0.08,
and e0=0.7, where e0 is the Fermi-liquid parameter.19 The
result was P=12.5%, which agrees well with the value ob-
tained by comparing the relative spin-up and spin-down peak
heights,4 thus justifying the exclusive use of this method to
calculate PSF from the dI /dV curves. The increased value of

PSF in the 0.24 Torr sample with respect to that for 0.2 Torr
shows that the stronger oxidation conditions have a positive
effect on the spin-filter efficiency of the CoFe2O4 barrier.
This trend is further confirmed by the SPT measurement of
the 0.26 Torr sample, which for an applied magnetic field of
H=3.7 T yields PSF=26% �Fig. 3�b��. The small peaks at
0.88 meV are a consequence of the two-terminal method
used for this particular sample and originate from the In-Al
contacts. They do not change the deduced PSF. Beyond PO2
=0.26 Torr, no higher polarization was measured, indicating
that the CoFe2O4 barriers reached saturation at this point.

The Rj�T� and SPT results for the series Pt /CoFe2O4 /
�-Al2O3 /Al tunnel junctions described previously indicate
that for PO2

�0.26 Torr, the CoFe2O4 barriers contain
enough defect states in the band gap due to oxygen vacancies
to lower the spin-filter efficiency. The predominant sp char-
acter of these states makes them less sensitive to exchange
splitting, thus explaining the reduction in PSF. Above 0.26
Torr, no significant increase in PSF was measured, in good
agreement with the saturation of the temperature resistance
ratio shown in Fig. 2, and suggesting that tunneling is domi-
nated by the d states in the conduction band. One very im-
portant point is that the changes in oxygen vacancy concen-
tration in our films grown in PO2

=0.2 to 0.4 Torr were
undetectable by all standard structural, chemical, and mag-
netic characterization techniques. Only the tunneling experi-
ments were sensitive enough to detect an effect related to
these minor defects.

The measurement of a non-negligible spin-filter effect is
very encouraging, especially since this is a direct observation
by the Meservey-Tedrow technique with a ferrite tunnel bar-
rier. The positive sign of the measured PSF is quite intriguing
as this is neither consistent with the negative PSF expected
theoretically from band-structure calculations for the inverse
and normal spinel structures,14 nor with the negative TMR
observed earlier in our Pt /CoFe2O4 /�-Al2O3 /Co MTJs.15

The Meservey-Tedrow technique being undoubtedly the
most direct measurement of P in a tunneling current, this
result is an indication of some additional factor, other than
the DOS in the CoFe2O4 conduction band, influencing the
overall mechanism for spin-polarized tunneling. The inter-
pretation of this phenomenon is nontrivial, but in comparing
the experimental conditions and samples used for the
Meservey-Tedrow and TMR measurements, two main differ-
ences stand out. The first is the detector electrode, which is
either Al or Co. The second is the bias voltage applied during
the two tunneling experiments.

The measurement of an unexpected P has already been
observed in Meservey-Tedrow experiments involving other
systems. Most notably is the work of Thomas et al.20 which
measured positive P in Co /SrTiO3 /Al tunnel junctions,
whereas TMR experiments on Co /SrTiO3 /La2/3Sr1/3MnO3
MTJs already determined negative polarization in Co by De
Teresa et al.21 In the work of Thomas et al.,20 one conjecture
that they had was that the wave-function symmetry of the Al
detector may actually determine the sign of P.

In the case of our Pt /CoFe2O4 /�-Al2O3 /Al tunnel junc-
tions, the effect of the Al detector electrode wave symmetry
could be especially relevant if the alignment of the bands in

FIG. 3. �Color online� Spin-polarized tunneling in two Pt �20
nm�/CoFe2O4 �4 nm�/�-Al2O3 �1.5 nm�/Al �4.2 nm� tunnel junc-
tions grown in different oxidation conditions and measured at 0.45
K. �a� A 0.24 Torr sample measured at H=3.3 T and H=3.7 T
�inset�. �b� A higher-oxidized sample �0.26 Torr� measured at H
=3.7 T and H=4.3 T �inset�.
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the epitaxial barrier with those of the Al resulted in the pref-
erential detection of the highly delocalized sp electrons, and
thus positive P. This is more likely as electronic band-
structure calculations show that sp-d hybridization in
CoFe2O4 is weak.14 The only structural difference between
the tunnel junctions used for Meservey-Tedrow and TMR
experiments being the detecting electrode �Al or Co, respec-
tively�, it is quite possible that the Al detector electrode wave
symmetry is in fact responsible for the positive sign of P
measured in the Meservey-Tedrow case.

The second main experimental difference between the
Meservey-Tedrow and TMR experiments is the bias voltage
used for the measurements. The SPT experiment is necessar-
ily performed at very low bias ��2 mV� in order to probe
the spin at the superconducting energy-gap region of the Al
spin analyzer. In this bias-voltage regime, the direct-
tunneling mechanism dominates, and the spin-dependent tun-
nel current densities �J↑�↓�� are likely modified by the corre-
sponding tunnel matrix elements.22 In contrast, the TMR
measurements were conducted at much higher voltages �50–
200 mV�. The TMR�V� curves showed that transport in this
bias-voltage range was governed by Fowler-Nordheim tun-
neling, facilitated by the low tunnel barrier height of about
60 meV.15 This indirect mechanism, different from that in the
Meservey-Tedrow experiment, involves tunneling across the
conduction band of the CoFe2O4 spin filter as it passes below
the Fermi level.23 As a result, it is expected that there will be
spin accumulation at the CoFe2O4 /�-Al2O3 interface, which
is necessarily negatively spin polarized because the DOS
dominates here. Tunneling is thus a two-step process whose

polarization should be determined by the DOS, ignoring the
�-Al2O3 tunnel matrix elements. The sign inversion of PSF

seen in the SPT result when compared to the TMR measure-
ments may also be due to the bias voltage used for the two
tunneling experiments, although the actual mechanism re-
mains unclear.

In summary, we have demonstrated direct evidence of
spin filtering in CoFe2O4 epitaxial tunnel barriers by the
Meservey-Tedrow technique. SPT measurements of several
Pt /CoFe2O4 /�-Al2O3 /Al tunnel junctions resulted in spin-
filter efficiencies varying from 6% to 26%. The systematic
increase in PSF correlated directly with an increase in the
oxidation conditions during the growth of the CoFe2O4. SPT
results reveal that in the presence of oxygen vacancies, de-
fect states in the CoFe2O4 band gap lower the effective tun-
nel barrier height, create spin-scattering centers, and are less
exchange split, resulting in a reduction in the spin-filter effi-
ciency. Finally, the measurement of the unexpected sign of P
via the Meservey-Tedrow technique suggests that the tunnel-
ing mechanism in CoFe2O4 is not entirely governed by the
DOS in the conduction band and that either the detector elec-
trode wave-function symmetry or the bias-voltage regime, or
both may have an important effect on the spin-filtering
mechanism.
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