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Double magnetic tunnel junctions with cross-magnetization configurations
for electrical detection of domain-wall structures
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(Received 27 May 2009; accepted 14 June 2009; published online 7 July 2009)

A device consisting of double magnetic tunnel junctions with cross-magnetization configurations is
proposed to enable simultaneous electrical detection of both the structure and motion of a
domain-wall (DW). Operation of this device has been confirmed through micromagnetic simulation.
Owing to the cross-magnetization configurations, two types of DW structure formed in a
ferromagnetic wire were clearly identified: a transverse wall (TW) in which the magnetization at the
center of the wall is directed transversely to the wire axis and a vortex wall (VW) in which the
magnetization circulates in the plane around a small perpendicular vortex core. In addition to the
structural difference between TW and VW, the velocity of the DW motion was detected through the
time response of the tunneling magnetoresistance. © 2009 American Institute of Physics.

[DOI: 10.1063/1.3168514]

The structure and motion of domain-walls (DWs)
formed in a nanoscale ferromagnetic wire have been studied
intensively from various scientific and technological points
of view.'™”’ Recently, the electrical detection of DW motion
using a single magnetic tunnel junction (MTJ) was reported.®
This method enabled detection of the position and velocity of
the DW through the tunneling magnetoresistance (TMR) ef-
fect on a nanosecond time scale. However, it was difficult to
identify the DW structure through this method. In general,
two types of DW structure are formed in a ferromagnetic
wire: a transverse wall (TW) in which the magnetization at
the center of the wall is directed transverse to the wire axis
and a vortex wall (VW) in which the magnetization circu-
lates in the plane about a small perpendicular vortex core
(Fig. 1).%" It is important to identify the DW structure—i.e.,
whether it is TW or VW—because the properties of the DW
motion, such as velocity, in the ferromagnetic wire strongly
depend on the DW structure. In this paper, we propose a
device consisting of double MTJs with cross-magnetization
configurations, in which the magnetization of a free layer is
oriented orthogonally to the magnetization of a pinned layer,
for the purpose of simultaneous electrical detection of both
the structure and motion of the DW. We have confirmed the
operation of this device through micromagnetic simulation.

Figures 2(a) and 2(b) show the structure of the proposed
device and its operation principle. A pair of MTJs is formed
on a ferromagnetic wire, which is shared by the MTIJs as
their lower electrodes. In the conventional structure de-
scribed in Ref. 8, a single MTJ whose pinned direction is
parallel to the wire axis is formed on a ferromagnetic wire.
Since the magnetization direction of the ferromagnetic wire,
except for the DW region, lies along the wire axis because of
shape anisotropy, the TMR value for the conventional struc-
ture can be described as®
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where Rpsp) is the TMR value for the parallel (antiparallel)
configuration and Lpsp) is the wire length of the part at
which the parallel (antiparallel) magnetization configuration
occurs. The TMR value therefore changes depending on the
DW position in the wire. However, it is insensitive to a dif-
ference in the DW structure.

To make the TMR value structure-sensitive, we adopted
a cross-magnetization configuration for the MTJ. This cross
configuration enables us to identify whether the DW struc-
ture entering into the MTJ region is TW or VW through the
TMR time response. Suppose the pinned direction of the
upper electrode is fixed to the y-axis direction. Here, we set
the x-axis and y-axis to the directions of the wire length and
width, respectively (see Fig. 2). In the TW structure, the
magnetization direction in the wall rotates to the +y or —y
direction. We will hereafter refer to the TW structure in
which the magnetization direction rotates to the +y (-y) di-
rection as TWypy. When the TWyp enters the MTJ region,
the TMR decreases (increases) because the magnetization
component parallel (antiparallel) to the pinned direction in-
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FIG. 1. DW structures stably formed in a ferromagnetic wire. (a) TW.
(b) VW.
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FIG. 2. (a) Proposed device structure consisting of double MTJs with cross-
magnetization configurations used for the simultaneous electrical detection
of both the structure and motion of a DW. (b) Operation principle of the
proposed device.

creases. However, the +y and —y components in the VW
structure are almost equal. We will refer to the VW structure
in which the magnetization circulates clockwise (counter-
clockwise) in the xy-plane as VWcw(ccw). When the
VWew(cew) 1s entering the MTJ region, the TMR value first
increases (decreases) because the antiparallel (parallel) com-
ponent increases. The TMR value then returns to almost its
initial value when the VWew(ccw) has completely entered
the MTJ region because the parallel and antiparallel compo-
nents become almost equal. Finally, the TMR decreases (in-
creases) when the VW ey ccw) is exiting the MTJ region be-
cause the antiparallel (parallel) component decreases. Thus,
the TMR time traces for the TW motion differ from those for
the VW motion, resulting in the DW structures being identi-
fied through these TMR response curves. Furthermore, the
use of double MTJs enables the velocity of the DW motion
to be detected through the time response because the same
trace is repeated twice due to the double MTJs.

We calculated TMR values in this device when the DW
driven by the magnetic field passed through the MTJ regions.
We used half-metallic Heusler alloy Co,MnSi (CMS) ferro-
magnetic electrodes (both wire and upper electrodes) in the
simulation based on an experimental demonstration of high
TMR ratios of up to about 180% at room temperature (RT)
for CMS/MgO/CMS MTJs.” ! The length (L) and width (W)
of the CMS wire were assumed to be 12 wm and 250 nm,
respectively, and the thickness (r) was 2.5 or 10 nm. Each
MT]J formed on the CMS wire was 250X 250 nm? and the
space between them was 800 nm.

To calculate the TMR values, we divided the CMS wire
into rectangular cells that were 2.5X2.5X¢ nm?, and the
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FIG. 3. Energetically favorable DW structures formed in the CMS wire as
functions of wire width (W) and thickness (7).

magnetization direction in each rectangular cell was simu-
lated by solving the Landau—Lifshitz—Gilbert equation.12 The
magnetization was almost uniform inside each cell because
the lateral cell size was smaller than the exchange length

defined by \/ZA//.LOMé, where A is the exchange stiffness
constant and M is a saturation magnetization. Unlike con-
ventional MTJs, the angle of the magnetization of the ith cell
with respect to the pinned direction 6; takes an arbitrary
vallgell‘Therefore, we used the extended Julliere model given
by ™~

2

R,=Ry| 1+ (1=cos 6) (2

1 + P? cos 6,
to calculate the TMR value for the ith cell, R;, where P is the
spin polarization of the CMS and R, is the TMR value when
both magnetization vectors are parallel. The total TMR value
was calculated as parallel connections of R; for the cells
involved in the MTJ region.

The material parameters of the CMS used in the simula-
tion were as follows: magnetization of Mg=852X 10> A/m,
cubic magnetocrystalline anisotropy constant of K;=7.0
X 10° J/m3, exchange stiffness constant of A=4.6
X 10712 J/m,15 damping constant of a=0.003,16 and effec-
tive spin polarization of P=0.687. The value of P was esti-
mated from the TMR ratio of 179%, which we recently dem-
onstrated exgerimentally in CMS/MgO/CMS MTIs at room
temperature.” We simulated the motion of four kinds of DW
structure: TWy;, TWp, VWew, and VWyw. Magnetic fields
of 1 and 5 Oe, respectively, were applied along the wire
direction to drive the TW and VW.

Figure 3 indicates energetically favorable DW structures
as a function of the geometry (r and W) of the CMS wire. We
simulated the time evolution of the energy of both the TW
and VW for each W and ¢ to determine the energetically
favorable DW structure. The simulation results showed that
the energetically favorable DW structure changed from the
TW to the VW as either W or ¢ was increased. The boundary
curve between TW and VW was given by t X W=C, where
the constant value of C was approximately 680 nm?. Similar
results were reported for NiFe wires, where the value of C
was approximately 1500 nm2.%!'” The smaller value of C for
the CMS wire compared to that for NiFe is possibly due to
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FIG. 4. Time traces of the normalized TMR values for the DW motion of (a)
TWy, (b) TWp, (¢) VW, and (d) VWcw. Points A (c) and B (d) respec-
tively indicate the time at which the DW began to enter the first (second)
MTJ and finished passing through the first (second) MTJ.

the smaller exchange length6 in the CMS. Further studies on
the stability of the DW structures are, however, beyond the
scope of this paper. Because the TW and VW were stable at
(W,1)=(250,2.5) and (250, 10), respectively, we used CMS
wire with (W, 1)=(250,2.5) for the simulation of TW motion
and that with (W,1)=(250,10) for the simulation of VW
motion.

Figure 4 shows time traces of the TMR values for the
DW motion of (a) TWy, (b) TWp, (¢) VWey, and (d)
VWccew. The TMR values were normalized by the TMR at
the time when the DW was outside the MTJ regions. Points
A (C) and B (D) in the figure respectively indicate the time at
which the DW began to enter the first (second) MTJ and
finished passing through the first (second) MTJ. As shown,
we obtained four TMR traces that differed depending on the
DW structures. The most significant difference in the TMR
traces between the TW and VW is that the TW produced a

Appl. Phys. Lett. 95, 012502 (2009)

single peak structure when it passed through each junction,
while the VW produced a peak and valley structure. These
TMR traces can be used to identify the DW structure. Fur-
thermore, the velocity of the DW motion could be estimated
from the time difference between B and C. We found that the
TW structure moved faster than the VW structure.

In conclusion, we have proposed a device consisting of
double MTJs with cross-magnetization configurations, which
can be used for simultaneous electrical detection of both the
structure and motion of a DW. Micromagnetic simulation
clearly demonstrated that the DW structure could be identi-
fied as either TW or VW, with simultaneous detection of the
velocity of DW motion, through the TMR time response of
the MTIJs.
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