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Abstract. Bias voltage and temperature dependence of magneto-electric properties in double-barrier
magnetic tunnel junctions(DBMTJs) with a structure of [IrMn/CoFe/Ru/CoFeB]/Al-O/CoFeB/Al-
O/[CoFeB/Ru/CoFe/IrMn], have been investigated. The DBMTJs show a large tunnel magnetoresistance
(TMR) ratio of up to 57.6%, a high V1/2 value of 1.26 V and small switching field Hc of 9.5 Oe at room
temperature (RT). The TMR reaches the maximum at 30 K, about 89.0%, and decreases slightly from 30
to 4.2 K. A novel zero-bias anomaly (ZBA) in the P state is found and is temperature dependent, more
sharply at low temperature, whereas a normal ZBA exists in the AP state. These effects are ascribed to
magnon-, phonon- and impurity-assisted tunneling, and variation of density of states. The DBMTJ with
a large TMR ratio, a high V1/2, and small switching field Hc is promising for developing the future spin
electronic devices.

PACS. 73.43.Qt Magnetoresistance – 75.47.-m Magnetotransport phenomena; materials for magnetotrans-
port – 85.75.-d Magnetoelectronics; spintronics: devices exploiting spin polarized transport or integrated
magnetic fields

1 Introduction

Recently spin dependent transport has received much at-
tention due to its promising perspectives for applications,
such as magnetic random access memories (MRAMs),
magnetic read heads, and magnetic sensors since the dis-
covery of the large tunneling magnetoresistance (TMR)
effect at room temperature (RT) observed in magnetic
tunnel junction (MTJ) [1,2]. Many attempts to improve
the quality of MTJ have been made by (1) improving in-
terface morphology between the barrier and electrodes,
(2) optimizing barrier oxidation conditions and (3) using
various ferromagnetic (FM) materials with large spin po-
larization, e.g., Wang et al. [3] have achieved the TMR
ratio of about 70% using a Co-Fe-B alloys as the FM lay-
ers. Parkin et al. [4] and Yuasa et al. [5] have indepen-
dently reported considerably large TMR ratio over 100%
in MgO-based MTJs. However, the TMR value is strongly
reduced when the applied bias voltage is of the order of a
few hundred millivolts [2,6]. Up to now, the best value of
V1/2 in single barrier MTJ, at which the zero bias TMR
value is halved, is less than 700 mV in the reported liter-
atures [7,8].
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The double-barrier magnetic tunnel junction
(DBMTJ) has drawn increasingly attention from
the physical and the application point of view due to its
several advantages over single barrier MTJ (SBMTJ): (1)
a higher TMR value shown in theoretical work [9]; (2) be
suitable for investigating the spin-polarized electron co-
herent tunneling [10]; and (3) TMR of DBMTJ decreases
more slowly than that of SBMTJ as a function of the bias
voltage and has a higher V1/2 value [11–14]. However,
only a few experiments on the DBMTJs are reported due
to the difficulties related to the upper barrier preparation.
Colis et al. [12] reported the TMR ratio of 49.5% and
V1/2 of 1.33 V in DBMTJs with Co-Fe electrodes, but
they showed a comparatively large switching field of free
layer for application. Recently Nozaki et al. [14] found
the TMR of 110% and V1/2 of 1.44 V at positive bias
voltage in a fully epitaxial Fe(001)/ MgO(001)/Fe(001)/
MgO(001)/Fe(001) structure, however, it showed large
asymmetry in bias voltage dependence of TMR ratio, and
the value of the V1/2 at negative bias voltage is only 0.72
V. Such large asymmetry probably limits the application
of the future spin electronic devices. Furthermore, the
fully epitaxial method is not easy to commercialize due
to comparatively high cost in the practical product. The
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reported results show the Co-Fe-B alloys have large spin
polarization [3,15], and there are no literatures about
magneto-electric properties in DBMTJs with amorphous
Co-Fe-B electrodes. In this work, we investigate the bias
voltage and temperature dependence of magneto-electric
properties in the DBMTJ with amorphous Co-Fe-B
electrodes.

2 Experimental

In this work, we fabricated the DBMTJs with an ar-
chitecture of Si/SiO2/Ru(5)/Ni79 Fe21(5)/Ir22Mn78(12)
/Co75Fe25(4) /Ru(0.8) /Co60Fe20B20(4) / Al(1.3)-oxide /
Co60Fe20B20(4)/Al(1.3)-oxide/Co60Fe20B20(4)/Ru(0.8) /
Co75Fe25(4)/Ir22-Mn78(12)/Ni79 Fe21(5)/Ru(5), where
the numbers in parentheses have a unit of nanometer.
The multilayer were deposited using an ULVAC TMR
R&D Magnetron Sputtering System (MPS-4000-HC7)
with a base pressure of below 5 × 10−7 Pa. During the
deposition, magnetic field of about 100 Oe was applied to
define the uniaxial magnetic anisotropy of the magnetic
layer. Al-oxide layers were formed by plasma oxidization
of 1.3 nm Al at 1 Pa for 70 s at a separate chamber.
The elliptic junctions with an area of π × 4 × 12 µm2

were patterned using the conventional photolithography
combined Ar ion-beam etching and lift-off techniques.
All processes were done in the clean room. The magnetic
transport properties of the DBMTJs were measured
using dc four-probe method with the Physical Properties
Measurement System (PPMS) after annealing at 548 K
for an hour to improve the morphology of the layer
surface.

3 Results and discussions

Figure 1 shows a cross-sectional transmission electron mi-
croscopy (TEM) image in which the layers of the DBMTJ
with amorphous Co-Fe-B electrodes can be clearly dis-
tinguished. Two continuous white lines in the middle are
Al-O layers, which indicates that two Al-O tunnel bar-
riers are continuous on a large scale. A high resolution
TEM (HRTEM) image is shown in Figure 1b, which gives
a magnified and clear view of the middle layers in the box
area in Figure 1a. Amorphous Al-O layers are observed
and the thicknesses of the top and bottom barrier layer
are estimated to be between 1.3 and 1.7 nm. The top,
middle and bottom Co-Fe-B layers show an amorphous
structure.

Figure 2 shows the TMR curves of a typical DBMTJ
under the constant bias voltage application of V = +5 mV
at several temperatures (300, 150, 77, 30, and 4.2 K) TMR
ratio is defined as TMR = (RAP -RP )/RP , where RAP and
RP denote the tunnel resistance when the magnetization
of the free layer versus two pinned magnetic electrodes
are aligned anti-parallel (AP ) and parallel (P ) configura-
tions, respectively. We observe the TMR ratio of up to
57.6% and 89% for the DBMTJ with the resistance area

 

Fig. 1. A cross-sectional TEM image of a typical DBMTJ and
Figure 1b is the magnified image of the square part as shown
in Figure 1a.

Fig. 2. TMR curves of a typical DBMTJ at several temper-
atures (300, 150, 77, 30 and 4.2 K) under the constant bias
voltage application of V = +5 mV.

product (RA) of 11.6 and 12.5 kΩ µm2 at RT and 30 K,
respectively, which is the highest TMR ratio using mag-
netron sputtering methods ever reported for the DBMTJs,
higher than that in reference [12]. The switching field (Hc)
of the middle free layer of the DBMTJs is about 9.5 Oe at
RT and 14 Oe at 30 K. These experimental results show
that the DBMTJ with Co-Fe-B electrodes is a candidate
for developing the future spin electronic devices.
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Fig. 3. Temperature dependence of the TMR ratio and junc-
tion resistance for the same DBMTJ.

Fig. 4. Bias voltage dependence of the TMR for the same
DBMTJ at several temperatures. The inset shows the temper-
ature dependence of the V1/2.

We also investigate the bias voltage and temperature
dependence of magneto-electric properties. Figure 3 shows
the temperature dependence of the TMR ratio and resis-
tances from 4.2 K to RT, The magnetic fields of ±100 Oe
were applied to set the magnetization state of the junc-
tion in the AP and P states, respectively. It can be seen
that the resistance RAP of the AP state increases rapidly
with decreasing the temperature, whereas the resistance
RP for the P state hardly changes at all on cooling, which
results in the TMR ratio increase with decreasing the tem-
perature. A maximum TMR ratio of 89% was observed
at 30 K, which increased 54.5% compared with that of
57.6% at RT due to the decrease of magnon and phonon
excitations [16]. The TMR ratio decreased slightly below
30 K is due to: (1) the decrease of the spin polarization
which is due to the thermal excitation of spin waves [17]
and the spin-glass-like states at the interfaces between the
free layer and the insulating layer [18]; (2) the anti-parallel
alignment of magnetization was incomplete due to the the

Fig. 5. AP and P dynamic conductance at several tempera-
tures (4.2, 30, 100, and 300 K).

increased coercivity of the middle ferromagnetic free layer
with decreasing temperature.

There is slightly asymmetric bias voltage dependence
in DBMTJs with amorphous Co-Fe-B electrodes as shown
in Figure 4, which has been also observed in other litera-
tures. Such asymmetry is due to the subtle differences in
Co-Fe-B/Al-O interfaces. It also shows the V1/2 of +1.26
and −1.19 V for positive and negative bias at RT, respec-
tively, where the polarity of the bias voltage is defined
as positive when the current flows from the top to the
bottom layers of the DBMTJs. The V1/2 enhancement is
produced by the reduction of the effective bias voltage
applied to the individual two barriers. And the bias de-
pendence of TMR is also temperature dependent, the V1/2

decreases with decreasing temperature from 300 to 30 K,
then increases slightly from 30 to 4.2 K as shown in inset
graph of Figure 4.

We further investigate the conductance (junction re-
sistance) as a function of applied bias voltage at low tem-
perature. I −V curves were measured under the AP state
and P state at several different temperatures, and both
AP and P configurations were measured at ±100 Oe, re-
spectively. G (V) [G = dI/dV ] curves were obtained by
Lock-in technology, an ac modulation voltage of 2.0 mV
with a frequency of 6.8 kHz was applied to the junction.
Figure 5 shows the bias voltage dependence of the conduc-
tance for both P and AP states at several temperatures
(see Fig. 5a). It can be seen that the G (resistance) for
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AP state ascends (drops) as the applied voltage increases,
the G increases with temperature rather significantly (see
Fig. 5c), where the resistance versus the bias is not shown.
We notice a rapid increment in the G of the junction with
a width of about 130 mV; we have called this the “zero
bias anomaly” (ZBA). Whereas the G for the P state has
novel zero-bias anomaly phenomenon, the main features
is: (1) the G increases rapidly at zero bias voltage from
0 to 0.13 V; (2) the G decreases at range from 0.13 to
0.53 V; (3) the G increases again with increasing at high
bias voltage (>0.53 V) as shown in Figure 5b. This ef-
fect is also temperature dependent, with the peak being
more sharply at low temperature. The origin of this effect
is still elusive. We propose that this effect may involve
the magnon- and phonon- scattering, impurity scattering
and variety of density of states. The increase of the con-
ductance at less than 100 mV for the AP and P states
is ascribed to inelastic magnon-assisted tunneling [19,20]
and impurity-assisted tunneling [21]. While the change at
150–500 mV is due to phonon assisted tunneling [21], and
the change at high voltage (>500 mV) is relative to vari-
ations of the density of states [24]. A much refined theory
is needed in order to quantitatively explain this effect.

4 Summary

In summary, we have fabricated DBMTJs with amor-
phous Co-Fe-B electrodes by using magnetron sputtering
and micro-fabrication technique, and investigated the bias
voltage and temperature dependence of magneto-electric
properties. A novel ZBA is found in the P state and is
temperature dependent, more sharply at low tempera-
ture, which is ascribed to magnon-, phonon- and impurity-
assisted tunneling and variation of the density of the
states. The DBMTJs show a large TMR ratio of 57.6%,
V1/2 of 1.26 V and Hc of 9.5 Oe at RT. These experimen-
tal results show the Co-Fe-B based DBMTJ is promising
for developing the spin-polarization devices.
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