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The magnetotransport characteristics of Fe/MgO/Fe epitaxial tunnel junctions are reported. For
clean Fe/MgO interfaces, a tunnel magnetoresistance of 150% is measured. However, the
magnetoresistance decreases rapidly with the applied voltage. Consequently, the main parameter to
optimize for device application, namely the output voltage, remains relatively low. This limitation
has been solved by interface engineering through the insertion of carbon impurities at the Fe/MgO
interface. Although the tunnel magnetoresistance amplitude is slightly reduced, its variation versus
the applied voltage becomes strongly asymmetric with large magnetoresistance maintained up to
1.5 V. This determines a large increase of the tunnel junction output voltage. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2172717�
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The already wide application prospects1 of devices based
on magnetic tunnel junction �MTJ�, have been recently
boosted by the observation of large tunnel magnetoresistance
�TMR� in MgO crystalline oxide based tunnel junction.2–4

Although the measured value, above 200%, is already 3
times larger than in standard amorphous alumina barriers, the
ab initio calculations5–7 performed on epitaxial MTJ systems
predict even higher TMR. However, it needs to increase the
barrier thickness. Consequently the resistance of the MTJ
becomes too high for most of the applications. Recently, we
have already proven the direct impact of the electronic struc-
ture on spin polarized transport in Fe/MgO/Fe epitaxial
magnetic tunnel junctions.8 In this letter, we show that inter-
face engineering of this electronic structure, through the in-
sertion of carbon impurities at the Fe/MgO interface, in-
creases radically the output voltage which is the main
parameter to optimize for device applications.

The MTJ multilayer stacks subjected to our studies have
been elaborated by molecular beam epitaxy �MBE�, in a
chamber with a base pressure of 5�10−11 Torr. Two set of
samples have been grown on �100� MgO substrates, previ-
ously annealed at 600 °C for 20 min. For the sample type A,
a 50-nm-thick bottom Fe layer was deposited at room tem-
perature directly on the MgO substrate. For the sample type
B, a 10 nm thick seed MgO underlayer was grown at 450 °C
on the substrate, before the deposition of the 50-nm-thick Fe
layer. This MgO underlayer acts as an antidiffusion barrier. It
traps the residual carbon impurities from the substrate sur-
face and prevents their diffusion within the layers during
subsequent annealing stages.9 Indeed, to improve its surface
quality, the bottom Fe layer was annealed at 450 °C for
20 min. The surface rms roughness after annealing, esti-
mated from atomic force microscopy analysis, was about
0.1 nm. However, the Fe top surfaces, postannealing, are not
equivalent for samples type A and B, as highlighted in Fig. 1
containing reflecting high energy electron diffraction
�RHEED� patterns. For both sets of samples the RHEED
patterns along the �110� direction �not shown here� are iden-
tical and they are characteristic of the bcc Fe�100� structure.
However, along the �100� direction, the RHEED analysis of
sample type A emphasizes a c�2�2� reconstruction-related

additional pattern, not present for sample B. A complete
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RHEED analysis, concludes that in samples type A the Fe
surface postannealing presents a c�2�2� superstructure. In
agreement with results of previous Auger electron spectros-
copy and quantitative low-energy electron diffraction
�LEED� studies,10 we associate this reconstruction to the seg-
regation of C at the Fe�001� surface. Using Auger analysis
we checked the chemical nature the surface and we con-
firmed that for sample type A, a carbon monolayer was seg-
regated during the Fe annealing. Where does the C come
from? We observed that the annealing stage of the MgO
substrate at 600 °C does not desorb all the C atoms from the
surface. In the case when the antidiffusion 10 nm MgO thick
underlayer is not inserted �sample type A�, the residual C
atoms diffuse and segregate to the Fe top surface and provide
the surface reconstruction during the bottom Fe layer anneal-
ing. However, Auger spectroscopy analysis revealed no C
contamination after the deposition of the 3 nm thick 3 nm
MgO barrier �the C remains trapped at the bottom Fe/MgO
interface�. On the other hand, in the samples type B, the
trapping underlayer of MgO provides a C free Fe top surface,
postannealing. As it will be shown later, the chemical struc-
ture of the Fe surface has a strong impact on the magne-
totransport characteristics of the junctions, mainly reflected

FIG. 1. RHEED pattern measured along the �100� direction after the growth
of the 50 nm thick Fe bottom layer for sample B. A profile highlights 3
peaks; right: RHEED pattern measured along the �100� direction after the
growth of the Fe bottom layer and adjunction of C for sample A. A profile

highlights 2 additional peaks characteristic of the 2�2 reconstruction.
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by the TMR versus applied voltage behavior.
On the top of the bottom Fe layer, a 3.0 nm thick MgO

insulating layer was epitaxialy grown by means of an elec-
tron gun. A two-dimensional layer-by-layer growth was ob-
served up to 5 monolayers by means of RHEED intensity
oscillations.11 A second magnetic 10-nm-thick Fe layer was
epitaxially grown on the top of the insulating MgO barrier at
100 °C. For sample type B, this layer was subsequently an-
nealed for flattening at 380° for 10 min, whereas for the
sample type A the annealing was not done in order to avoid
modifications of the bottom C related c�2�2� reconstructed
Fe/MgO interface. This top Fe layer is magnetically hard-
ened by a 20 nm Co layer, deposited on top. The stack was
capped with a Pd�10 nm� /Au�10 nm� protecting bilayer.

After the MBE growth of the multilayer stack, the MTJ
structures were patterned by UV lithography and Ar ion etch-
ing, step-by-step controlled in situ by Auger spectroscopy.12

Let us consider first the TMR�V� characteristics, mea-
sured on sample B �Fig. 2, -�-�. As predicted
theoretically,5–7 for large MgO thickness in the asymptotic
regime, the tunneling is found to be dominated by a majority
spd-like character state �1 in the parallel �P� configuration.13

The propagation of this state in the antiparallel �AP� configu-
ration is “prohibited,” which corresponds to a strongly re-
duced conductivity. In agreement with this framework, we
measure a large TMR signal of 150% at room temperature.
However, the TMR value decreases rapidly with applied
voltage. The voltage for which the tunnel magnetoresistance
is divided by a factor of 2, V1/2, remains here below 0.5 V.
The origin of this rapid decay of the TMR with voltage in
standard Fe/MgO/Fe is addressed more in detail
elsewhere.14

On the other hand, the TMR�V� characteristic measured
on sample A, with carbon impurities at the bottom Fe/MgO
interface, appears strongly asymmetric with a maximum of
TMR of 126% at room temperature. One can immediately
remark the sign reversal of the TMR in positive voltage. In
our previous work,8 this was associated to the contribution to
the tunneling of the interfacial resonance of Fe in
Fe/MgO/Fe MTJ with thinner MgO barriers. However,
here—at large MgO thickness—the contribution to the tun-

FIG. 2. Magnetoresistance as a function of applied voltage measured on a
Fe/MgO/Fe tunnel junction ��� and on a Fe/C/MgO/Fe tunnel junction
���. The right top inset shows a characteristic resistance versus applied field
measured on a Fe/MgO/Fe tunnel junction at 10 mV ��� and the left bot-
tom inset shows a characteristic resistance versus applied field measured on
a Fe/C/MgO/Fe tunnel junction at 10 mV ���.
neling of the interfacial resonance �with dz2 orbital characte�,
should be less significant. This is exactly what we observe in
samples type B with carbon free interfaces. However, when
carbon impurities are inserted at the Fe/MgO bottom inter-
face, the bonding between C and Fe seems to enhance the
contribution to the tunneling of the interfacial resonance of
Fe �located in a d-like orbital�. The exact mechanism re-
sponsible on this behavior requires further theoretical
investigation.

For positive biasing of the bottom electrode, the elec-
trons, extracted from the top Fe�001� electrode by tunneling
across the barrier, “scan” in energy the bottom “flat” Fe�001�
electronic structure. Then, when the energy of the collected
electrons “matches” the energy of the interface resonant
state, a strong enhancement of the antiparallel conductivity
with respect to the parallel one occurs, via the enhancement
of the wave function matching at the interface. This explains
the sign reversal of the TMR �Fig. 2, �� when the antipar-
allel conductance overcomes the parallel one, above 0.3 eV.
Moreover, the structural quality of the top MgO/Fe interface
is reduced with respect to the atomically flat bottom one.
Indeed, the bottom Fe was annealed at 450° whereas the top
Fe electrode in junctions type A was not. The RHEED pat-
terns and also the atomic force microscopy experiments vali-
date a significantly higher roughness of the top Fe electrode
in sample type A. One can assume that the interfacial reso-
nance is destroyed by roughness for this electrode, and also
that the density of states of the rough electrode presents no
sharp features. Then, for negative voltage, when the elec-
trons tunnel towards the rough top electrode positively bi-
ased, we observe a very small variation of the magnetoresis-
tance versus V �V1/2�1.5 V�. Moreover, the extremely small
decay of the TMR with the applied voltage implicates that an
additional mechanism competes with all the mechanisms re-
sponsible for the zero bias anomaly, observed in sample type
B, where a significant decay of the TMR with bias has been
measured.14 It is related to an additional electronic-structure-
related filtering effect for tunneling electrons, activated by
the chemical bonding via the interfacial carbon. Moreover,
the roughness-induced annihilation of the surface state re-
duces the probability of resonant spin-flip assisted tunneling
mechanism and prevents the voltage decay of the TMR.

For device application, the key parameter is the magni-
tude of the output signal modulation, namely the output volt-
age defined as Vout=V�Rap−Rp� /Rap, where V is the applied

FIG. 3. Output voltage versus applied voltage measured on a Fe/MgO/Fe
tunnel junction ��� and on a Fe/C/MgO/Fe tunnel junction ���.
voltage, Rap and Rp are the junction resistances measured
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with antiparallel and parallel alignment of MTJ ferromag-
netic layers. From the TMR ratio as a function of the bias
voltage, the output voltage for device applications is plotted
against bias voltage in Fig. 3 for sample A and B. For sample
type B, which provides the highest TMR amplitude, the Vout

in positive bias voltages can exceed 300 mV. This value is
already almost two times larger than the values measured for
conventional MTJs with an AlO barriers. Recently, the state
of the art for Vout has been reported to be of 500 mV.2 How-
ever, as shown in Fig. 3, we illustrate here that this Vout can
be further increased by interface engineering, namely the in-
sertion of C at the Fe/MgO interface. Therefore, we obtain a
Vout that can reach 0.8 V, which represents a new state of the
art in this field area.

The conventional use of high values for both TMR and
V1/2 to provide large Vout is replaced here by a new mecha-
nism. The specific filtering effect related to C contaminated
Fe/MgO interfacial electronic structure,14 induces a change
of the tunnel magnetoresistance sign. The inverse TMR, re-
mains quasi constant at bias voltages beyond 1 V, reaching
values above −40%. This, combined with the small tunnel
resistance of the junction biased beyond 1 V, drives to large
values of the junction output voltage. One the other hand,
even in the branch with positive TMR, the voltage variation
of the magnetoresistive effect is significantly reduced in
junctions with C at the bottom interface. These results, illus-
trate how the interface engineering in Fe/MgO/Fe MTJs
may be used as a key technology in engineering the proper-

ties of novel spintronic devices.
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