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Junction With an Fe3O4 Electrode
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Magnetic tunnel junctions (MTJ) with a plasma-oxidized Fe electrode have been fabricated on oxidized silicon wafers with standard
photolithography. High-resolution transmission electron microscopy (HRTEM) and diffraction patterns show that a thin Fe layer can be
oxidized by a controlled oxygen plasma into pure Fe3O4 without other crystallographic phases such as FeO and Fe2O3. To grow Fe3O4

directly in contact with an AlOx barrier, we began with Fe layers that varied from 1.8 to 5 nm. It was found that complete oxidation
only occurred for the 1.8-nm thickness. Magnetic and electrical transport properties on the MTJs were measured at room temperature
and low temperature (110 K). When the layer adjacent to the AlOx barrier was Fe3O4, inverse magnetoresistance (MR) behavior was
observed, which is what is expected from the band structure of Fe3O4. However, when free Fe exists due to incomplete oxidation, positive
MR behavior is observed.

Index Terms—Half-metal, magnetite, magnetic tunnel junction (MTJs), magnetoresistance ratio.

I. INTRODUCTION

AS a result of their high spin polarization (100%),
half-metallic materials having only one spin-subband

at the Fermi level are very attractive as electrodes in magnetic
tunnel junctions (MTJ). From the band calculation, Fe O
(magnetite) is one of the half metals which has an energy
gap in the majority spin band at the Fermi level [1]. Only
for spindown electrons, are there available states at the Fermi
level which means that the conduction electrons have spin
down, i.e., %. Experimental data shows that the
spin polarization near the Fermi energy is— %
[2]. In general, most ferromagnets such as NiFe and CoFe,
with AlOx tunnel barrier show a positive spin polarization
[3]. Since Fe O has a negative spin polarization, the ex-
pected magnetoresistance (MR) for a tunnel junction with the
ferromagnet and Fe O electrorodes should show an inverse
MR according to Julières equation [4]. MTJs with a Fe O
electrode has been studied by several groups. Seneor et al. [5]
fabricated magnetic tunnel junctions using Co as one electrode
and iron oxide (mixture of Fe O and -Fe O ) as the other
electrode with AlOx barrier. These MTJs showed a tunneling
magnetoresistance (TMR) of 13% at room temperature. Wang
et al. [6] reported a TMR of 14% at room temperature using
CoFe and Fe O with an AlOx barrier. But these TMRs were
all positive. Recently polycrystalline Fe O based tunnel
junctions (Fe O /AlOx/CoFe) and epitaxial Fe O based
tunnel junctions (Fe O /CoCr O /La Sr MnO ) have
shown an inverse TMR of % and the junction magnetore-
sistance (JMR) of % at room temperature, respectively
[7], [8]. However, the origin of the sign of the MR for these
tunnel junctions remains unclear. Through the experimental
results presented in the rest of this paper, we shall show a
NiFe/AlOx/Fe O tunnel junction does indeed have inverse
MR if sufficiently pure Fe O at the interface with the tunnel
barrier can be achieved.
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II. EXPERIMENTAL PROCEDURES

Magnetic tunnel junctions with the structure of Ta 3/Cu
50/Ta 3/NiFe 10/AlOx 2/Fe (1.8–10 nm) oxidation/Fe 5/Ta
3 were deposited on oxidized silicon substrates by using an
RF/dc sputtering system. All our junctions were patterned by
photolithography and ion beam etching. Junction size varied
from 4 4 m to 16 16 m . The tunnel barrier layer was
formed by plasma oxidation of 1.7 nm of Al for 45 s. For the
Fe O , we first deposited an Fe layer on top of the AlOx and
subsequently oxidized the Fe with an oxygen plasma. This
process requires careful control of the plasma condition and
the Fe layer thickness such that all the Fe adjacent to AlOx
layer is converted into Fe O . On top of the oxidized Fe layer,
another Fe layer was deposited to ensure lateral ferromagnetic
coupling through the layer. The Fe layer also prevents the
Fe O layer from being reduced [9], [10]. The microstructures
of the films were investigated by high resolution transmission
electron microscopy (HRTEM), and conventional TEM. The
magnetic properties were measured using a vibrating sample
magnetometer (VSM) with fields up to 350 Oe. The magn-
toresistance (MR) transfer curve was measured by a four point
measurement with fields up to 350 Oe.

III. RESULTS AND DISCUSSION

Fig. 1 shows (a) cross section TEM and (b) HRTEM im-
ages of the structure of Ta 3/NiFe 10/AlOx 2/Fe 10 nm O
plasma/Fe 5/Ta 3 nm. To identify the phases, we measured the
d-spacings from the fast Fourier transformation (FFT )of the
high-resolution image [9], [11]. As shown in the Fig. 1(b), in the
oxidized Fe layer, only the top 2 nm of the Fe layer has trans-
formed into a 3.3–3.5-nm-thick Fe O layer. The remaining 8
nm remains Fe. Apparently, 3.3–3.5 nm Fe O layer effectively
passivates the rest of the Fe layer. This indicates that to ensure
a complete Fe O layer to form at the interface with the AlOx
tunnel barrier, the Fe layer to be oxidized needs to be thinner
than 2 nm in this method.

The Fe O layer formed from the oxidized Fe layer is
also identified in the electron diffraction pattern of the plan
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Fig. 1. Cross-section TEM (a), and HRTEM images (b) of the structure of Ta
3/NiFe 10/AlOx 2/Fe 10 nm + O plasma/Fe 5/Ta 3 nm.

Fig. 2. (a) Bright-field and (b) dark-field images and (c) selected area electron
diffraction pattern of the Fe O layer in the structure of Ta 3/Cu 50/Ta 3/NiFe
10/AlOx 2/Fe 2.5 nm + O plasma/Fe 5/Ta 3 nm.

view TEM image of the Fe O layer in the structures of Ta
3/NiFe10/AlOx 2/Fe2.5 nm O plasma/Fe 5/Ta 3 nm, as
shown in Fig. 2(c). To make a sample for the TEM plan view
image of the Fe O layer, an ion milling step was precisely
controlled to produce a thin area of the Fe O layer in a sample
with multilayers, as described in a previous paper [12]. The
diffraction rings clearly indicate the Fe O phase along with
Fe and FeNi phases that are associated with the top and the
bottom electrode, respectively. The diffraction rings show no
Fe O or FeO phases, consistent with HRTEM analysis. The
bright-field and dark-field images [Fig. 2(a) and (b)] show grain
sizes in the range of 5–10 nm with no apparent texture.

Since the oxidation penetration depth is only about 2 nm in
the oxidized Fe layer, the Fe layer thickness was systematically
reduced. Fig. 3 shows measured MR transfer curves for the Fe
layer thicknesses of 5, 2.5, 2, and 1.8 nm. The junction size was
16 12 m . The same oxidation condition was applied after

Fig. 3. Magnetoresistance transfer curve of junction structure of Ta 3/Cu 50/Ta
3/NiFe 10/AlOx 2 nm/Fe [(a) 5, (b) 2.5, (c) 2, and (d) 1.8 nm]+ O plasma/Fe
5/Ta 3 nm.

Fig. 4. Cross section HRTEM images of junction structure of Ta 3/Cu 50/Ta
3/NiFe 10/AlOx 2/Fe [(a) 5 and (b) 1.8 nm ] + O plasma/Fe 5/Ta 3 nm.

each Fe layer deposition. With a 5-nm Fe layer thickness, the
magnetoresistance is positive and exhibits a similar value as if
the electrode is pure Fe. However, when the Fe layer thickness
is reduced below 2.5 nm, the measured MR value starts to de-
crease. At 2-nm thickness, the MR value becomes essentially
zero. When the Fe layer thickness is 1.8 nm, the MR curve be-
comes negative (inverse), the parallel state having the highest
resistance while the antiparallel state has the lowest resistance.
At this thickness, the Fe layer has essentially completely trans-
formed into Fe O as shown in Fig. 4(b). At the tunnel barrier
interface, the polycrystalline Fe O phase dominates. For the 2
nm thick Fe layer case, an unoxidized residual Fe phase coexists
with the Fe O phase, resulting in zero MR.

Fig. 4 shows cross section HRTEM images of tunnel junc-
tions formed from 5-nm-thick Fe (thickness before the oxida-
tion) and 1.8-nm thickness Fe. When the Fe thickness was 5 nm,
2 nm of unoxidized Fe layer remained next to the AlOx barrier
as we expected from the HRTEM analysis in Fig. 1(b). When the
Fe thickness was 1.8 nm, the Fe layer was fully oxidized which
means that the Fe O is directly in contact with AlOx barrier.
Based on our MR and TEM results, we conclude that the inter-
face phase between AlOx barrier and Fe O determines the MR
behavior. Many previous publications showed positive MR for
ferromagnet/AlOx/Fe O tunnel junctions [5], [6]. Our results
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Fig. 5. Magnetoresistance transfer curve (a) of and M-H loops (b) of junction
structure of Ta 3/Cu 50/Ta 3/NiFe 10/AlOx 2/Fe 1.8 nm + O plasma/Fe 5/Ta
3 nm at T = 300 K and 110 K.

suggest that these positive MR values are likely due to existence
of the Fe phase. It is reported that when Al deposits directly on
top of Fe O , there will be an interface reaction, resulting in an
Fe phase at the interface between Al and Fe O layer [9]. This
indicates that it is difficult to obtain a perfect Fe O phase at the
interface. For example, in the case when Fe O was used as a
bottom electrode for the MTJ, other phases such as FeO and Fe
form as a result of the interface reaction when Al is deposited
on top of this Fe O layer. As seen in Fig. 3(c), the interface
having mostly Fe O and small amounts of Fe phases produces
a positive MR. This means that although Fe O may be domi-
nant phases, a small amount of Fe can affect the MR behavior.

To show that this inverse MR curve comes from a magnetic
configuration, we have measured the MR curve as well as the
M-H loop at room temperature and low temperature (
K). This result is shown in Fig. 5. As seen in Fig. 5(a), the junc-
tion resistance increases more than 70% from 300 to 110 K.
M–H loops were measured at room temperature and low tem-
perature from the unpatterned part of the wafer. As shown in
Fig. 5(b), at low temperature, the coercivity of the oxidized Fe
coupled to the top Fe layer increases while the coercivity of the
NiFe does not change. In our experiment, the magnetic coupling
between the Fe O and Fe was found to be ferromagnetic by
measuring the moment. This M-H loop shows that the switching
fields at which abrupt changes are seen in the MR curve cor-
respond to the coercivities of the two electrodes. The magni-
tude of the MR is increased more than twice by the lowering of
the temperature, but does not show the MR we expected from
half metallic properties. Since we have succeeded in producing
an Fe O electrode in contact with the AlOx barrier, why do
we not see the large MR? It is reported that MR is related to
the defects and orientation of the Fe O layer [13], [14]. The
plasma-oxidized Fe in our system does not have any obvious
texture but does have a lot of defects such as grain boundaries.
We believe that the low MR results from defects in our polycrys-
talline Fe O and possibly the existence of other phases such as
FeO and -Fe O at the interface.

IV. CONCLUSION

We have shown that by carefully controlling the oxidation
condition for making Fe O from Fe, it is possible to achieve
a pure polycrystalline Fe O interface with the AlOx barrier,
resulting in an inverse MR. Small amounts of Fe lead to a pos-
itive MR.
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