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Tunneling spectroscopy measurements of magnetic tunneling junctions including two different
barrier layers were performed. Intense dips at bias voltages of ±0.3 V were observed in second
derivative conductance spectra only for a magnetic tunneling junction with a MgO barrier. It was
concluded that the electronic structure of the MgO barrier has significant influence on the tunneling
process of electrons through magnetic tunnel junctions. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2171961�
I. INTRODUCTION

Magnetic tunneling junctions �MTJs� are attracting much
attention due to its application to magnetoresistive random
access memory and coming read heads for ultrahigh density
hard disk drives.1–3 Recently, MTJs showing a large tunnel
magnetoresistance �TMR� effect at room temperature with
MgO tunnel barriers have been reported.4–7 In particular, it is
surprising that a very high TMR ratio of 230% was observed
even for MTJs with a highly oriented MgO barrier sand-
wiched by amorphous CoFeB electrodes.7,8 Thus, to make
clear the detailed mechanism of the huge TMR effect be-
come a very important topic.

Tunneling spectroscopy can extract information on de-
tailed spin-dependent tunneling processes of electrons that
are directly linked to the density of states of constituting
materials. Several studies have been reported on investigat-
ing the electronic structure of MTJs by tunneling spectros-
copy measurements.9,10 In this study, we performed tunnel-
ing spectroscopy of MTJ with a MgO barrier
�CoFeB/MgO/FeCoB� which shows a very high TMR ratio
at room temperature. For a reference, tunneling spectroscopy
of MTJ with an Al–O barrier �CoFeB/Al–O/FeCoB�, which
shows the largest MR ratio among MTJs using Al–O barri-
ers, was also performed.
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II. EXPERIMENTS

Two spin-valve type MTJs were fabricated by a magne-
tron sputtering �Canon ANELVA C-7100� and subsequent
photolithography processes. Structures of MTJs are as
follows: Ru�7 nm� / Ta�10 nm� /Co60Fe20B20�3 nm� /barrier
layer / Co60Fe20B20�3 nm� / Ru�0.85 nm� / Co70Fe30�2.5 nm�
/PtMn�15 nm� /Ta�10 nm� / thermally oxidized Si�001� sub-
strate. We employed two sorts of barrier layers, MgO�1.8
nm� and Al–O�1.2 nm�.11 We use abbreviations of “MgO-
MTJ” and “Al–O-MTJ” for each MTJs hereafter. The MgO
barrier layer was deposited by a rf sputtering, whereas the
Al–O layer was formed by a radical oxidation of metallic Al
layer �0.87 nm�. Other layers were deposited by a dc sput-
tering. Then, both samples were annealed in a high vacuum
applying a magnetic field of 8 000 Oe, at 360 °C for 2 h �for
MgO-MTJ� and at 270 °C for 5 h �for Al–O-MTJ�. Junctions
with a size of 1 �m�1 �m were fabricated by photolithog-
raphy and Ar ion-milling.

Tunneling spectroscopy studies were performed using a
cryostat equipped with superconducting solenoids �OX-
FORD MagLab System2000�. First, MR curves were mea-
sured by a dc two-probe method at liquid helium temperature
to investigate the magnetic hysteresis of the MTJs. Then, we
measured the second derivative conductance �d2I /dV2� with
an energy resolution down to 1 mV by conventional lock-in
detection technique applying an ac-modulated voltage at 4.3

K. Bias voltages between −1.0 and +1.0 V were applied.
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Signals were taken for two magnetization configurations of
ferromagnetic layers of CoFeB, parallel configuration and
antiparallel configuration, by applying adequate external
magnetic fields for both MTJs. More details of measure-
ments are denoted in our previous paper.12

III. RESULTS AND DISCUSSION

The MR curve of MgO-MTJ is shown in Fig. 1�a�. The
resistance in the parallel configuration was 36 �, and the
MR ratio was 307% at 4.3 K. In contrast, the resistance of
Al–O-MTJ in the parallel configuration was 248 �, and the
MR ratio was 102% at 4.7 K. Large MR ratios obtained for
both samples tell the high quality of these MTJs.

Figure 2�a� shows the d2I /dV2 spectra of MgO-MTJ that
were measured at 4.3 K by applying magnetic fields of 220
and −220 Oe for parallel and antiparallel configurations, re-
spectively. Strong peaks around zero bias voltage were ob-
served for both configurations. These peaks are often called

FIG. 1. MR curves of �a� MgO-MTJ taken at 4.3 K and �b� Al–O-MTJ taken
at 4.7 K.
“zero-bias anomaly.” One possible origin for these peaks is
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magnetic impurity scattering, which should become con-
spicuous with decreasing measurement temperature. Broad
and large dips, particularly noticeable for the parallel con-
figuration, were observed at ±0.3 V, which reflects the re-
duction of conduction. Speculation for the origin of the dips
is discussed later. Besides, sharp and tiny anomalies, were
found at around ±0.05 V only for parallel configuration in
the case of Fig. 2�a�. It has been already clarified in our
previous study12 that the anomalies strongly depend on the
configuration of ferromagnetic layers, which implies that
they can be attributed to magnon excitations.

On the other hand, the d2I /dV2 spectra of Al–O-MTJ
showed completely different characteristics �Fig. 2�b��. They
were taken at 4.3 K by applying magnetic fields of 100 and
−150 Oe, respectively. Intense zero-bias anomaly peaks were
observed also for Al–O-MTJ. The peaks, however, were
much broader than that of MgO-MTJ. Other distinct features
were not identified within the bias voltage of ±1.0 V. Fun-
damental structures of the both configurations were very
similar to each other.

2 2

FIG. 2. d2I /dV2 spectra of �a� MgO-MTJ and �b� Al–O-MTJ, taken at 4.3 K.
A comparison of the d I /dV spectra of two MTJs in the
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parallel configurations is shown in Fig. 3. One can see in-
tense dips obviously only for the spectrum of MgO-MTJ. In
contrast, the spectrum of Al–O-MTJ is featureless without
any intense peaks or dips. We conclude that these dips are
brought from the change of tunneling probability through the
MgO�001� barrier depending on the bias voltage, and the
density of states of the MgO barrier has significant influence
on the tunneling process. However, inelastic tunneling elec-
tron spectra of a single-crystal Fe�001� /MgO�001� /Fe�001�
-
MTJ �Ref. 13� are thoroughly different from those of
CoFeB/MgO/CoFeB-MTJ in the present study. Thus, it was
proved that the reduction of conductance at around ±0.3 V is
peculiar to MTJs including a MgO�001� epitaxial barrier and
amorphous CoFeB electrodes. This fact implies that not only
the electronic structure of the MgO barrier but also those of
electrodes and interfacial states have relation to the giant MR
ratios. The origin of disappearance of the dips for Al–O-MTJ
is unclear at the present stage.

FIG. 3. d2I /dV2 spectra of MgO-MTJ and Al–O-MTJ in the parallel con-
figuration taken at 4.3 K.
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IV. CONCLUSION

We performed d2I /dV2 measurements of MTJs including
two different barrier layers. The figures of spectra were com-
pletely different between a MTJ with a MgO barrier and a
MTJ with an Al–O barrier. Intense dips at bias voltages of
±0.3 V were observed only for the spectra of the MTJ with
the MgO barrier, which means that the electronic structure of
the MgO barrier has significant influence on the tunneling
process.
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