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We report on spin-resolved photoemission spectroscopy measurements at the interface between a
25-nm-thick Fe3O4 �111� thin film and a 2-nm-thick �-Al2O3 �111� layer. The Fe3O4 layer remains stoichio-
metric even after being covered by �-Al2O3 and exhibits a negative spin polarization of �−40%, after rema-
nence correction. This value should be considered as a lower bound for the spin polarization and demonstrates
that Fe3O4 remains a spin polarized material even after incorporation in a bilayer.
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The discovery of giant magnetoresistance in Fe/Cr
multilayers1 has been followed by a large research effort for
almost two decades aiming at developing new materials suit-
able for spintronics. The interest of a given material is
mainly expressed by its spin polarization P= �N↑−N↓� / �N↑
+N↓�, N↑ �N↓� standing for majority spin �minority spin�
electron density of states at the Fermi level. This property is
particularly important for magnetic tunnel junctions �stacks
of two magnetic electrodes separated by a thin insulating
layer�.2 Indeed, the tunnel magnetoresistance �TMR�, corre-
sponding to the variation of resistance between parallel and
antiparallel configurations of the electrode magnetizations, is
given in a simple view by the Jullière formula:3 TMR
=2P1P2 / �1− P1P2�, P1 and P2 being the spin polarizations of
the two electrodes. Magnetite �Fe3O4� is thus expected to be
an interesting electrode material, for band structure calcula-
tions predict a half metallic behavior �P=−100% �, the con-
duction being due solely to the minority spin electrons,4,5 and
it might exhibit high spin polarization at room temperature
and above because of its high Curie temperature �TC

=860 K�. Despite a large amount of experimental work,
there is yet no consensus on the value of the intrinsic spin
polarization of Fe3O4, as spin-resolved photoelectron spec-
troscopy �SR-PES� experiments realized on Fe3O4 surfaces
reveal a large range of values6–10 from −80% to �16% cor-
responding to samples grown by different methods and dif-
ferent crystal orientations. Moreover the pertinent parameter
for spin dependent tunneling is not the spin polarization of
Fe3O4 surface, but that of the Fe3O4/tunnel barrier interface,
the value and sign of which strongly depend on the material
used as the tunnel barrier and cannot be guessed from the
spin polarization of the Fe3O4 surface only.11 The largest
TMR results to date with an Fe3O4 electrode were obtained
on sputtered Co/AlOx /Fe3−xO4 trilayers �+43% at 4 K�.12

Considering an effective spin polarization of �33% for the
Co/Al2O3 interface,13 this leads to a spin polarization of
�53% according to the Jullière formula which is greater than
the spin polarization ��45%� reported for metallic Fe using

tunneling experiments.14 Moreover, these tunneling experi-
ments lead to a positive spin polarization at the
Fe3O4/alumina interface, while a negative value was reported
in most SR-PES expermiments6–9 on Fe3O4 surfaces and has
been predicted by band structure calculations.4,5 A direct
measurement of the spin polarization at the Fe3O4/alumina
interface is therefore clearly needed, and the present paper
addresses the unsolved question of the sign of the spin po-
larization at the Fe3O4/alumina interface.

Direct insight into the spin polarization at the
Fe3O4/barrier interface can be gained by using spin-resolved
photoelectron spectroscopy �SR-PES�,15,16 even if the mea-
surement has proven to be difficult and is limited to a few eV
around EF due to the trade-off with signal intensity. To the
best of our knowledge, no such experiment has been reported
so far concerning Fe3O4 covered by a tunnel barrier, and
requires a high quality and well-characterized sample. The
aim of this paper is to present SR-PES results obtained on a
Fe3O4/�-Al2O3 bilayer epitaxially grown on �-Al2O3 sub-
strates by MBE.

Samples were grown in an MBE setup dedicated to oxide
thin films elaboration by co-deposition of atomic oxygen and
metal, as described in details elsewhere.17 High quality
Fe3O4 �111� thin films can be epitaxially grown onto sap-
phire �0001�,18 and we also recently developed a method
addressing the delicate problem of growing an ultrathin �-
Al2O3�111� crystalline layer on top of a Fe3O4 �111� thin
film without altering its stoichiometry.19

The samples were thoroughly characterized prior to the
photoemission and x-ray magnetic circular dichroism
�XMCD� studies using standard bulk magnetometry �vibrat-
ing sample magnetometer �VSM�, superconducting quantum
interference device �SQUID�� and electrical transport mea-
surements �see Fig. 1�. The 25-nm-thick Fe3O4 single layer
exhibits a rather sharp Verwey transition at 119 K, both
when looking at the magnetic or electrical properties of the
sample. Bulk single crystals exhibit a first order transition at
TV=120 K, but a broadening has been reported for thin
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films.20,21 Since any deviation from perfect Fe3O4 is known
to have a dramatic impact on the Verwey temperature TV, this
sample can genuinely be taken as a stoichiometric Fe3O4
reference for XMCD studies of the local magnetism.

The continuity of the Al2O3 layer has been monitored
locally using conductive tip atomic force microscopy which
is a technique extremely sensitive to pinholes given the ex-
ponential dependence of electric resistance on the insulator
thickness.19 The measurements �not shown here� demonstrate
that the Fe3O4 layer is entirely covered by the 2-nm-thick
Al2O3 layer. This is a crucial requirement for photoemission
studies, since the SR-PES signal could be dominated by pho-
toelectrons coming from the Fe3O4 surface and not the
Fe3O4/�-Al2O3 interface, in the case of partial coverage.

The room temperature magnetic properties of the
Fe3O4/�-Al2O3 bilayer are shown in Fig. 2. The hysteresis
loop is typical of Fe3O4 thin films grown in our laboratory:
the coercive field is 415 Oe and the remanent magnetization

MR is 63% of M�20 kOe�. Since the SR-PES measurements
have to be performed in zero applied field, the remanent
magnetization of the sample has been checked after se-
quences emulating the pulsed field applied for the SR-PES
experiment: a large positive field was first applied to mimic
the one applied for the measurements in the XMCD cham-
ber, then four pulses of a given magnitude H were applied
�−H→ +H→−H→ +H� and the remanent magnetization
was finally measured. The curve of Fig. 2 demonstrates that
a field of 2 kOe is required to reach the remanent magneti-
zation plateau, which is nearly constant for fields larger than
3 kOe.

X-ray absorption spectroscopy �XAS� and x-ray magnetic
circular dichroism �XMCD� experiments were performed on
the ESRF ID08 beamline using �100% circularly polarized
light both in a dedicated setup using a UHV 60 kOe super-
conducting magnet and within the SR-PES chamber. The
60 kOe magnetic field was applied making a 30° angle to the
film surface so as to reproduce the incident beam/sample/
analyzer geometry of the SR-PES chamber. All the magnetic
moments are aligned with the external magnetic field H,
since the anisotropy field measured by VSM is much lower
than the applied field �Han=5.5 kOe for both samples�. Fig-
ure 3 shows the XAS and XMCD spectra obtained in the
XMCD chamber on the reference Fe3O4 layer and on the
Fe3O4/�-Al2O3 bilayer. These experiments allow further in-
sight into the magnetic and chemical properties of the
samples. In particular, XMCD is known to be extremely sen-
sitive to the Fe valency.22 XAS spectra of the two samples
are identical within the experimental uncertainty. Further-
more, the dichroic signal exhibits exactly the same shape as
for the free surface showing that the stoichiometry of Fe3O4
at the interface has not been affected by subsequent �-
Al2O3 deposition. The reasons for the slight loss of ampli-
tude in the case of the bilayer are still to be clarified.

FIG. 1. Verwey transition of the reference Fe3O4 sample, ob-
served both in magnetic and transport measurements �straight lines
are only guides for the eyes�. The inset shows the logarithmic de-
rivative of the resistance in which the local extremum defines the
Verwey temperature. The transition occurs at TV=119 K, which is
very close to the bulk value.

FIG. 2. Remanent magnetization �normalized with respect to
M�20 kOe�� of the Fe3O4/�-Al2O3 bilayer as a function of the
pulsed field applied by the VSM. The dashed line corresponds to
the pulsed field applied during the SR-PES experiments. Inset
shows the room temperature hysteresis loop of the Fe3O4/�-
Al2O3 bilayer.

FIG. 3. �a� XAS spectra at the Fe L2 and L3 edges of the refer-
ence Fe3O4 sample �dots� and the Fe3O4/Al2O3 bilayer �straight
line�. They have been offset for clarity. �b� XMCD spectra at the
Fe L3 edge �the applied field is 60 kOe�. The dichroic signal of the
Fe3O4/Al2O3 bilayer has been multiplied by 1.15 in order to com-
pare the shapes of both spectra.
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Spin-resolved photoemission was then performed on the
bilayer, at normal emission and 30° incidence from the
sample normal. No cleaning procedure was performed prior
to measurements since the Fe3O4 layer was covered by �-
Al2O3. This �-Al2O3 layer also weakens the photoemission
signal by a factor of �4 �assuming a mean free path of
1.5 nm for photoelectrons with 600 eV kinetic energy in the
2-nm-thick �-Al2O3 layer�. A Mott analyzer was used for
spin detection at 20 kV operation voltage. The effective
Sherman function of the Mott analyzer has been measured
using a reference CuO sample and the value Seff=0.14 was
used throughout the whole experiment.23,24 The spin detector
instrumental asymmetry has been removed by reversing both
incident light polarization and sample magnetization, and
combining the four resulting sets of data for each individual
SR-PES measurement.25 The position of the Fermi level has
also been measured using a gold reference sample. The ab-
sence of energy shift between spectra taken at different pho-
ton beam intensities allows us to exclude sample charging
effects during the measurements. The angular acceptance of
the analyzer was ±20 and the best resolution that could be
achieved with good counting rate was 0.7 eV. Such a spec-
trum took up to 24 h to measure.

The SR-PES result is shown in Fig. 4. At the incident
photon energy of 600 eV and with a ±20 angular acceptance
the measurements can be considered as integrating over the
whole Brillouin zone. The spectrum thus gives a good pic-
ture of the actual density of states of the sample close to the
Fermi level. The spin polarization is found to be �−20%
once the energy resolution �0.7 eV� has been accounted for
by smoothing the raw data.

This raw value has yet to be corrected since all photo-
emission measurements have to be performed in zero field
after magnetization of the sample by a 3 kOe pulsed mag-

netic field sufficient to reach maximum remanence �see Fig.
2�. XMCD spectra were systematically recorded before and
after each run of measurement and compared to the dichroic
signal recorded in the XMCD chamber under a 60 kOe ap-
plied field. As shown by Fig. 5, the MR /M�60 kOe� ratio is
�52%. Note that this ratio is in fact consistent with the one
obtained from VSM measurements, since the remanent mag-
netization is not normalized by the same “saturation” mag-
netization �M�20 kOe� for VSM and M�60 kOe� for
XMCD�. The absence of saturation even in extremely high
fields is well-known for magnetite thin films26 and has been
attributed to the presence of antiphase boundaries.17 The raw
polarization value from Fig. 4 has to be corrected by a factor
of �2 to account for the MR /MS ratio.

Taking into account the remanence correction, we obtain a
value of −40% for the spin polarization of the Fe3O4/�-
Al2O3 interface. This value is lower than predicted by atomic
structure models which lead to8 P=−2/3. However, −40% is
only a lower bound value for several reasons. Firstly, the
energy resolution of the experiment �0.7 eV� may result in
an underestimate of the spin polarization since band structure
calculations predict a spin gap of 0.5 eV.27 Moreover, the
remanence correction is based on XMCD whose probing
depth is rather large compared to XPS. The magnetization at
the Fe3O4/�-Al2O3 interface might therefore be lower than
that measured by XMCD. Besides, some contaminants are
adsorbed on the surface of the �-Al2O3 layer since no clean-
ing procedure was performed on the sample. This could give
rise to an unpolarized background which lowers the mea-
sured spin polarization. Thus the polarization will most prob-
ably exceed −40% but this does not allow us to rule out the
results of atomic or band structure calculations. The mea-
surement gives nonetheless a direct insight on Fe3O4 density
of states at the electrode barrier interface, particularly with
respect to the sign of the spin polarization which is found to
be negative as for the Fe3O4 surface. The positive value ex-
tracted from tunneling experiments can thus not be ascribed
to a change between interface and surface band structures
and is related to the tunneling process itself.

FIG. 4. Spin-resolved photoemission spectra of the valence band
of the Fe3O4/�-Al2O3 bilayer. Upper panel: spin up �-�-� and spin
down �-�-� photoemission intensities. Lower panel: spin
polarization.

FIG. 5. XMCD spectra of the Fe3O4/�-Al2O3 bilayer at the
Fe L3 edge. -�- with a 60 kOe applied field in the XMCD chamber.
-�- remanence after magnetic pulse, SR-PES chamber. -�- same as
precedent, dichroic signal multiplied by 1.95.
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In summary, spin-resolved photoemission experiments
have been performed on a Fe3O4/�-Al2O3 epitaxial bilayer
in order to measure the spin polarization of Fe3O4 at the
interface. The sample has been thoroughly characterized by
bulk magnetometry in order to establish the minimum mag-
netic field to be applied in the SR-PES experiment, and by
XAS and XMCD in order to check Fe3O4 stoichiometry. SR-
PES leads to a lower bound of −40% for spin polarization at
the Fe3O4/�-Al2O3 interface after remanence correction.

This experiment clearly gives evidence of a negative spin
polarization at the Fe3O4/�-Al2O3 interface.
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designing and realizing the pulsed magnet. We are also in-
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