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Estimation of angular momentum compensation temperature
in GdFe film by magnetic Compton scattering
Tetsuya Ikebuchi†, Yuushou Hirata†, Shinsaku Funada, Arata Tsukamoto*,
Haruka Ito**, Kosuke Suzuki**, Kazushi Hoshi**, Naruki Tsuji***, Hiroshi Sakurai**,
Yoichi Shiota, Takahiro Moriyama, and Teruo Ono ****

Institute for Chemical Research, Kyoto University, Gokasho Uji, Kyoto 611-0011, Japan
of Science and Technology, Nihon University, Narashino-dai Funabashi, Chiba 274-8501, Japan
**Department of Electronics and Informatics, Gunma University, Tenjin-cho Kiryu, Gunma 376-8515, Japan
***JASRI, Kouto Sayo-cho, Hyogo 679-5198, Japan
****Center for Spintronics Research Network (CSRN), Graduate School of Engineering Science, Osaka University,
*College

Toyonaka, Osaka 560-8531, Japan

The angular momentum compensation temperature, 𝑇𝑇A , in transition metal rare earth (TM-RE) ferrimagnetic
materials is a crucial property for utilizing antiferromagnetic spin dynamics, which is much faster than its
ferromagnetic counterpart. However, reports on the estimation of 𝑇𝑇A in ferrimagnets are limited. In this study, we
measured the temperature dependence of the spin magnetization and orbital magnetization of GdFe amorphous
perpendicular magnetization film by using magnetic Compton scattering. Then, we estimated 𝑇𝑇A experimentally.
Keywords: magnetic Compton scattering, TM-RE ferrimagnets, angular momentum compensation temperature

Antiferromagnets are a promising candidate for the
core elements of future spintronic devices because they
exhibit ultra-fast spin dynamics and a low magnetic
susceptibility to magnetic fields 1)-4). These desirable
properties originate from the antiferromagnetic ordering,
in which the magnetic moments are compensated for on
an atomic scale 5). However, generally, antiferromagnets
are difficult to manipulate and probe due to the small net
magnetization and magnetic immunity. Hence, recently,
transition metal and rare earth (TM-RE) ferrimagnetic
materials, in which two inequivalent magnetic
sublattices are antiferromagnetically coupled, have been
attracting attention 6)-11). This is because these materials
have nonzero magnetization, which enables us to
manipulate and probe them. These ferrimagnets exhibit
two compensation temperatures due to the different
Landé g-factors of the TM and RE elements. One is the
magnetization compensation temperature, 𝑇𝑇M , at which
the net magnetic moment vanishes. The other is the
angular momentum compensation temperature, 𝑇𝑇A , at
which the net angular momentum vanishes. Ultra-fast
domain wall (DW) motions were demonstrated at 𝑇𝑇A in
TM-RE ferrimagnets in both field-driven and currentdriven cases 12)-17). These results suggest that the
ferrimagnets exhibit antiferromagnetic spin dynamics at
𝑇𝑇A . This is because the time evolution of the state of a
magnet is governed by the commutation relation of the
angular momentum, not of the magnetic moment.
Therefore, the estimation of 𝑇𝑇A is a crucial step toward
utilizing antiferromagnetic spin dynamics, but reports on
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this have been limited.
Recently, Imai et al. 18) reported an angular momentum
compensation temperature in a ferrimagnet insulator
Ho3Fe5O12, by using the Barnett effect measurement
technique. This measurement is simple, but there is no
element specific information, which is important to
understanding ferrimagnetic properties. Here, as a
pioneering new experimental method, we focus on
magnetic Compton scattering. Compton scattering
photons reflect the momentum density distribution of the
target electron. Experimentally, by irradiating a
magnetic substance with circular polarized X-rays, the
spin magnetization of magnetically active electrons can
be measured. If the system is composed of independent
particles described by a single wave function, 𝜓𝜓𝜎𝜎 𝑖𝑖 (𝒓𝒓)
(𝜎𝜎 = majority spin or minority spin), within the limit of
the impulse approximation, we can write the momentum
density 𝑛𝑛𝜎𝜎 (𝒑𝒑) by summing over all occupied single
electron states of the system 𝜒𝜒𝜎𝜎𝜎𝜎 (𝒑𝒑) as follows 19)-21).
2
𝑛𝑛𝜎𝜎 (𝒑𝒑) = ∑𝑜𝑜𝑜𝑜𝑜𝑜
𝑖𝑖 |𝜒𝜒𝜎𝜎𝜎𝜎 (𝒑𝒑)| .

𝜒𝜒𝜎𝜎𝜎𝜎 (𝒑𝒑) = (

1

√2𝜋𝜋ℏ

3

) ∫ 𝜓𝜓𝜎𝜎 𝑖𝑖 (𝒓𝒓) 𝑒𝑒𝑒𝑒𝑒𝑒( −

(1)

𝑖𝑖𝒑𝒑𝒑𝒑
ℏ

) 𝑑𝑑 𝒓𝒓.

(2)

Here, 𝒑𝒑 (= (𝑝𝑝𝑥𝑥 , 𝑝𝑝𝑦𝑦 , 𝑝𝑝𝑧𝑧 )) is the momentum of an electron

in a solid, and 𝑝𝑝z is the momentum of an electron in the
material along the X-ray scattering vector, 𝑲𝑲 . The
scattering vector is defined as
𝑲𝑲 = 𝑲𝑲𝟐𝟐 − 𝑲𝑲𝟏𝟏 .

(3)

Here, 𝑲𝑲𝟐𝟐 and 𝑲𝑲𝟏𝟏 denote the wave vectors of incident
and Compton scattering X-rays, respectively. A magnetic
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Compton profile, (MCP), 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 (𝑝𝑝𝑧𝑧 ) , is given by the
following equation.
𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 (𝑝𝑝𝑧𝑧 ) = ∬(𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 (𝒑𝒑) − 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 (𝒑𝒑))d𝑝𝑝𝑥𝑥 d𝑝𝑝𝑦𝑦 .

(4)

Here, 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 (𝒑𝒑) (𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 (𝒑𝒑)) denotes the momentum density
with the majority (minority) spin. Then, the spin
magnetic moment, 𝜇𝜇s , is determined from the 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 (𝑝𝑝𝑧𝑧 )
as 19)-20)
(5)

𝜇𝜇s = ∫ 𝐽𝐽mag (𝑝𝑝z )𝑑𝑑𝑝𝑝z .

Total magnetization 𝑀𝑀t , which is measured by a

superconducting
quantum
interference
magnetometer, is expressed as the following.

device

(6)

𝑀𝑀t = 𝑀𝑀s + 𝑀𝑀l .

Here, 𝑀𝑀s denotes the spin magnetization, which is
obtained from a magnetic Compton scattering
measurement, and 𝑀𝑀l denotes the orbital magnetization.
Therefore, it is possible to estimate individual 𝑀𝑀t , 𝑀𝑀s ,
and 𝑀𝑀l .
In this paper, we focus on a ferrimagnetic GdFe alloy
in which Gd and Fe are antiferromagnetically coupled.
First, the magnetization compensation temperature 𝑇𝑇M
is obtained from the temperature dependence of 𝑀𝑀t . Next,
the magnitudes of the spin magnetizations of Gd and Fe
(𝑀𝑀s,Gd and 𝑀𝑀s,Fe ) in the ferrimagnetic GdFe alloy are
measured using magnetic Compton scattering, and the
spin magnetization compensation temperature 𝑇𝑇S , at
which 𝑀𝑀s,Gd is equal to 𝑀𝑀s,Fe , is determined. Then,
assuming that the 𝑀𝑀l,Gd of Gd is zero, the orbital
magnetization 𝑀𝑀l,Fe of Fe is obtained from the difference
between 𝑀𝑀t and 𝑀𝑀s . Then, the g-factor of Gd and Fe is
determined, and finally, the 𝑇𝑇A of GdFe alloy is
estimated.
GdFe films with a thickness of 1 μm were grown by DC
sputtering using Gd and Fe targets on Al film substrates
with a thickness of 6 μm as shown in Fig. 1(a). The GdFe
was covered with a 60-nm-thick SiN cap layer. The

( )
(a)

(b )

composition of the GdFe film was determined to be
Gd22.5Fe77.5 by an electron probe micro analyzer. X-ray
diffraction of the film did not show any peak, suggesting
that the film was amorphous. To increase the intensity of
the MCP signal, 64 films were deposited layer-on-layer.
MCP measurements were performed at the BL08W
beamline at SPring-8, Japan. BL08W provides circularly
polarized high energy X-rays from a wiggler device 21)-22).
The energy of the incident X-rays was 182.6 keV 23). The
sample was set in a vacuum chamber to suppress the
scattering of the X-rays by air. MCP was measured in
magnetic field switching mode with a scattering angle of
178 degrees, in which the incident X-rays were parallel
to the applied magnetic field. Superconducting magnets
can apply magnetic fields ranging from –0.5 T to 0.5 T
perpendicular to the film plane. MCP measurements
were performed at 289, 250, 225, 200, 175, 150, 100, 50,
and 10 K. The magnetization curves of the 𝑀𝑀t were
measured by a superconducting quantum interference
device (SQUID) magnetometer. The MCP of a
polycrystalline Fe plate with a thickness of 0.1 mm was
measured at room temperature as a standard
measurement.
Figures 1(b) and 1(c) show the magnetization curves
and temperature dependence of the saturation
magnetization for the remanent state of the Gd22.5Fe77.5
film, respectively. The temperature dependence of the
total magnetization 𝑀𝑀t can be written as
𝑀𝑀t (𝑇𝑇) = |𝑀𝑀t,Fe (𝑇𝑇)| − |𝑀𝑀t,Gd (𝑇𝑇)|.
𝑇𝑇 𝛽𝛽F𝑒𝑒

= 𝑀𝑀t,Fe (0) (1 − )
𝑇𝑇𝑐𝑐

𝑇𝑇 𝛽𝛽Gd

− 𝑀𝑀t,Gd (0) (1 − )
𝑇𝑇𝑐𝑐

. (7)

Here, 𝑀𝑀t,Fe (0) and 𝑀𝑀t,Gd (0) are the total
magnetization of Fe and Gd at 0 K, respectively. 𝛽𝛽F𝑒𝑒 and
𝛽𝛽Gd are the critical exponents of Fe and Gd, respectively,
and 𝑇𝑇𝑐𝑐 is the Curie temperature 14), 24). We assume
𝑀𝑀t,Fe (0) = 1130 emu/cm3 25), 𝛽𝛽F𝑒𝑒 = 0.50 26). Moreover, we
determined 𝑇𝑇c = 520 K by measuring the temperature
dependence of the magnetization 14). It was estimated
that 𝑀𝑀t,Gd (0) = 1161 ± 30 emu/cm3 and 𝛽𝛽Gd = 0.60 ±
0.005, leading to 𝑇𝑇M = 131 K with Eq. (7).
(c)

Fig. 1. (a) Structure of thin film sample used in experiment. For magnetic Compton scattering experiment, films
were stacked in 64 layers to amplify signal intensity. (b) Magnetization curves at 288, 150, and 10 K. (c) Temperature
dependence of saturation magnetization. Temperature at which saturation magnetization becomes zero on this curve
is defined as magnetization compensation temperature 𝑇𝑇M , and 𝑇𝑇M = 131 K for this sample.
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Figures 2(a)-2(c) show MCP as a function of the
electron momentum (𝑝𝑝z ) in atomic units (au) at 289, 150,
and 10 K. The magnetic field (H = 0.5 T) was applied
perpendicular to the film plane. The measurement points
are indicated by the circles. The measured MCP for GdFe
alloy can be reproduced by a linear combination of MCPs
from 4f orbitals of Gd and those from 3d orbitals of Fe.
This is because the electron orbitals of Gd from 1s to 5p
and those of Fe from 1s to 3p are filled, and they are
magnetically inactive and thus do not contribute to MCP.
Furthermore, the contribution from the Gd 5d orbitals is
negligibly small. Therefore, fitting free atom profiles to a
high momentum line shape has been exploited to
separate 4f contributions from 3d contributions in 4f rare
earth-3d transition metal alloys 27). The purple solid lines
in Figs. 2(a)-2(c) are the best fit with the least square
method based on the above assumption, and the solid
blue lines and the solid red lines indicate the MCPs of Gd
and Fe, respectively. The 4f contribution of Gd obtained
from the literature 28) and the Fe contribution obtained
from the standard measurement were used for the fitting.
Above 𝑇𝑇𝑀𝑀 , we observed that the MCP of Fe was oriented
positive and the MCP of Gd was oriented negative as
shown in Figs. 2(a) and 2(b) because 𝑀𝑀t,Fe (𝑇𝑇) > 𝑀𝑀t,Gd (𝑇𝑇).
In contrast, below 𝑇𝑇𝑀𝑀 , we observed that the MCP of Fe
was oriented negative and the MCP of Gd was oriented
positive as shown in Fig. 2(c) because 𝑀𝑀t,Gd (𝑇𝑇) > 𝑀𝑀t,Fe (𝑇𝑇).
𝑇𝑇M was 131 K for this sample.
Figure 2(d) shows the temperature dependences of the
spin magnetization of Fe, 𝑀𝑀s,Fe (𝑇𝑇) , and that of Gd,
𝑀𝑀s,Gd (𝑇𝑇) , calculated from the MCPs for Fe and Gd
obtained by the analysis described in a previous
(a)

(b )

(d)

(e )

paragraph. The smaller spin magnetizations at 100 and
150 K indicate that the magnetizations in the GdFe film
were not magnetically saturated because of the small
external magnetic field (≦ 0.5 T). Note that the coercive
field drastically increased around 𝑇𝑇M . Figure 2(e) shows
the temperature dependence of the total spin magnetic
moments, which were calculated from 𝑀𝑀s (𝑇𝑇) =
|𝑀𝑀s,Fe (𝑇𝑇)| − |𝑀𝑀s,Gd (𝑇𝑇)| [Eq. (7)]. Here, we assume that the
spin magnetizations also follow Eq. (7). Then, the fitting
indicated that 𝑀𝑀s,Fe (0) is 1104 ± 40 emu/cm3 and 𝑇𝑇S =
207 ± 5 K as shown in Fig. 2(e). Here, the measurement
points at 100 K and 150 K are excluded from the fitting.
As we have determined the total magnetization 𝑀𝑀t
and the spin magnetization 𝑀𝑀s , 𝑀𝑀l can be obtained from
Eq. (6). Figure 3 shows the temperature dependences of
𝑀𝑀l , 𝑀𝑀t , and 𝑀𝑀s . Since the orbital magnetization of Gd,
𝑀𝑀l,Gd (𝑇𝑇) is zero, the difference between 𝑀𝑀t and 𝑀𝑀s is
considered to correspond to the orbital magnetization of
Fe, 𝑀𝑀l,Fe . By assuming that 𝑀𝑀l,Fe has the same
temperature dependence as for 𝑀𝑀s,Fe (𝑇𝑇) , 𝑀𝑀l,Fe (0) is
estimated to be 25 ± 2 emu/cm3. Therefore, the ratio of
the orbital magnetization to the spin magnetization in Fe
is 2.2 ± 0.3 %, which is consistent with a previous study
9).
As the g-factor is given by
𝑔𝑔Fe =

2(𝑀𝑀s,Fe (0)+𝑀𝑀l,Fe (0))
𝑀𝑀s,Fe (0)

,

(8)

the g-factor of Fe in the sample is estimated to be 2.04 ±
0.01 by using determined values.
(c)

Fig. 2. (a) Magnetic Compton profiles (MCP) at 288 K, (b) 150 K, and (c) 10 K. Measurement points are indicated by
circles. Solid purple lines are best fits with least square method. Red diamonds and blue triangles are deduced
contributions from Fe and Gd, respectively. (d) Temperature dependences of spin magnetizations of Fe and Gd. (e)
Temperature dependence of spin magnetization of GdFe. Blue dashed line represents fitting result with Eq. (7).
Temperature at which spin magnetization is zero on this line is defined as spin magnetization compensation
temperature 𝑇𝑇S , and 𝑇𝑇S = 207 ± 5 K for this sample.
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GdFe. 𝑀𝑀t was obtained by magnetization measurements
using SQUID magnetometer, and 𝑀𝑀s was determined by
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𝑇𝑇M + {1 − (
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)

1
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𝑀𝑀t,Fe (𝑇𝑇) ~𝑀𝑀s,𝐹𝐹𝐹𝐹 (𝑇𝑇) and 𝑀𝑀s,Gd (𝑇𝑇) = 𝑀𝑀t,Gd (𝑇𝑇) and it is
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In summary, we observed the magnetization
compensation temperature and the spin magnetization
compensation temperature in ferrimagnetic GdFe alloy
film with perpendicular magnetic anisotropy using a
SQUID magnetometer and magnetic Compton scattering.
The spin magnetization and orbital magnetization of
each element constituting the ferrimagnetic GdFe alloy
were independently determined. Furthermore, we
succeeded in estimating the angular momentum
compensation temperature of the ferrimagnetic GdFe
alloy film. Our results show that magnetic Compton
scattering is a unique method for investigating the
element specific spin magnetization and angular
momentum compensation temperature in ferrimagnets.
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Low Current Driven Vertical Domain Wall Motion Memory
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Y. M. Hung1, T. Li1, R. Hisatomi1, Y. Shiota1, T. Moriyama1, and T. Ono1,2
1Institute

2Center

for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan.

for Spintronics Research Network (CSRN), Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka

560-8531, Japan.

We propose a new structure of vertical domain wall (DW) motion memory with artificial ferromagnet to achieve
high DW controllability. The artificial ferromagnet is composed of periodically stacked ferromagnetic bilayers with
relatively large and small exchange stiffness constants (Aex), which refer to as strong coupling layers and weak coupling
layers. By optimizing Aex and the magnetic anisotropy of the weak coupling layers, DW width and position can be
easily controlled. Furthermore, micromagnetic analysis shows that low critical current density for DW motion down
to 2 ×1010 A/m2 can be achieved as we increase the Aex of weak coupling layers to larger than 2 pJ/m.
Key words: artificial ferromagnet, vertical domain wall motion memory, exchange stiffness constant, perpendicular
magnetic anisotropy, critical current, micromagnetic analysis
1. Introduction
Domain wall (DW) motion in ferromagnetic
nanowires1) are potential candidates of future memory
technologies such as racetrack memory2)-7), in which
digital bits are stored in a series of DW, and transported
through a nanowire with DW motion driven by electrical
current. Since multiple DW can be compactly encoded
into one ferromagnetic wire, racetrack memory promises
ultra-high storage density compared with conventional
magnetic memories3),7). In a ferromagnetic wire-based
memory cell, narrower DW indicates more digital bits
can be stored. Therefore, DW width is a key factor that
must be concerned. Generally, DW width (Δ) depends on
the properties of ferromagnets, and can be expressed as
Δ = �Aex ⁄ Ku, where Aex is exchange stiffness constant
and Ku is uniaxial anisotropy constant8). According to
previous researches, DW width is around 6.7 nm in a 15nm-thick Co film9), while in a 5-nm-thick permalloy
nanowire, DW width can be larger than 200 nm10). The
intrinsic properties of materials determine DW width,
and hampers the achievement of high storage density in
ferromagnetic wires. Besides, in DW motion-based
technology, DW position is another key factor which
needs to be precisely controlled. Currently, the approach
used to control DW position is to fabricate well-designed
pinning sites in nanowire11)-13). However, this approach
implies complicated nanofabrication is needed, and
makes commercialization of DW motion memory much
more difficult. Furthermore, lowering consumption
power is also important for practical application of
racetrack memory. Even though several approaches had
been proposed to reduce critical current (Jc) for DW
motion down to 1011 A/m3),5),14)-15), to attain low current
driven, precisely controllable, and applicable DW motion
memory with high storage density, there is still a lot of
room for improvement. In this research, we propose a
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new structure of vertical DW motion memory with an
artificial ferromagnet which is composed of periodically
stacked ferromagnetic bilayers with strong and weak
coupling layers. Based on this structure, we can easily
reduce DW width and precisely control DW position.
Micromagnetic simulations are studied to verify the
feasibility of device and investigate Jc needed to drive
DW motion. It is found that as we increase the Aex of
weak coupling layers to larger than 2 pJ/m, Jc down to
2 × 1010 A/m2 can be achieved.
2. Memory operation scheme
Figure 1(a) shows the vertical DW motion memory
proposed in this research, in which the underlayer is a
heavy metal-based conduction wire, e.g., Pt, Ta, and acts
as a word line for data writing. A cylindrical magnetic
wire, referred to as one memory cell, is an artificial
ferromagnet, which is composed of ferromagnetic
multilayers with different magnetic properties. The
lowermost layer of magnetic wire, colored with blue,
named layer1 in Figs. 1(b) and 1(c), is set as a pinning
layer with sufficiently large Ku with perpendicular
magnetic anisotropy (PMA). Above layer1, the even
layers, colored with green, are PMA ferromagnets with
sufficiently large Aex and Ku, which are referred to as
strong coupling layers. The rest odd layers, colored with
yellow and referred to as weak coupling layers, are nonPMA ferromagnets with sufficiently weak Aex. The
character of strong coupling layers is to carry storage bit,
while the character of weak coupling layers is to carry
DW. If the Aex of weak coupling layer is sufficiently small,
the smallest storage unit of one bit can be limited within
a unit of one strong coupling layer (storage), and one
weak coupling layer (DW). Above layer12, a set of tunnel
oxide and fixed magnetic layer is connected, and acts
with layer12 as a magnetic tunneling junction (MTJ)16)-
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Fig. 1 (a) Illustration of vertical DW motion memory with artificial ferromagnets. Left panel: Memory array with
perpendicularly arranged word line and bit line. The cylinders inside array are the multi-bit storage memory cells
constructed with artificial ferromagnets. To operate a specific cylinder (cell), we can use the word line and bit line
select transistors in the peripheral circuit to select the desired cell. Right panel: Detailed structure of one memory
cell. (b) Data-writing scheme and (c) Data-reading scheme of the proposed memory. In (b) and (c), the numbers
labeled in the left indicate layer numbers from 1 to 12, and the numbers labeled in the right of magnetic wires,
next to strong coupling layers (the green layers), are the bit logic defined by magnetization of layers.
18).

With MTJ, the logic bit performed by magnetization
of layer12 can be read.
Data-writing scheme is shown in Fig. 1(b). At initial
state, all layers are magnetized toward -z direction. Here,
we defined -z magnetization as logic ‘0’, and +z
magnetization as logic ‘1’. To write bit1 ‘1’ into magnetic
wire, a current pulse is injected along x-direction into the
heavy metal wire (word line). Because of the heavy
metal/ferromagnet interface, a z-direction spin current is
then induced and injected into magnetic wire, which can
be referred to as spin Hall effect19). The injected spin
current results in spin-orbit torque (SOT) inside
ferromagnetic layers, and thus switches layer1 and
layer2 toward +z direction. This switching process of SOT
had been widely studied in magnetic memories19)-21).
When layer1 and layer2 switched, the weak coupling
layer3 performs like a DW in the artificial ferromagnet
as shown in Fig. 1(b). After writing, write shift process is
needed to move bit1 to other storage layer. In this process,

-z-direction current pulses (J) are injected into magnetic
wire and drive DW upward with spin transfer torque
(STT)22). As bit1 reached the storage layer (layer8 shown
in Fig. 1(b)), the weak coupling layer - layer9, performs
as a new DW. To write bit2 ‘0’ into magnetic wire, a
negative current pulse is injected along x-direction into
the heavy metal wire, and switched layer2 downward
again. After the writing of bit2, another DW in layer3 is
nucleated, and another write shift process will be
executed to move bit2 to the storage layer. Data reading
scheme is shown in Fig. 1(c). Similar to the write shift
process, -z-direction current pulses are injected to drive
DW, and shift the program bit to layer12 for reading by
MTJ. Here, we assume that bit2 had already be shifted
to layer4, and thus bit1 was shifted to layer10, at initial
state. To read bit1, a current pulse is needed to shift bit1
to layer12, and logic ‘1’ inside layer12 can be read.
Likewise, as more pulses are injected, bit2 can also be
shifted to layer12, and the logic ‘0’ of bit2 can be read.
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Fig. 2 (a) The z-axis magnetization of 12 layers with weak coupling layers Aex = 1 pJ/m and 10 pJ/m after
magnetization relaxation. The insets in upper panel illustrate the magnetization of layers near DW layer. The DW
layers are colored with red, while the inset connected with layer5 in the case of Aex = 1 pJ/m shows the
magnetization of three magnetic cells inside layer5. (b) DW widths counted with layers and (c) Jc needed to drive
the program bit from layer5 to layer7, as a function of Aex of weak coupling layers. The inset of (c) illustrates z-axis
magnetization change from layer4 to layer8 as a function of time in the case of weak coupling layers Aex = 2 pJ/m.
A 10 ns, J = Jc = 3 × 1010 A/m2 current pulse is injected from 1 ns (yellow area), and cause the switching of layer5,
layer6, and layer7.
The proposed scheme suggests that DW position can
always be controlled in the weak coupling layers and the
program bits are carried only by the strong coupling
layers. By using this structure, we can effectively control
DW position and achieve high storage density in
magnetic wire. It should be noticed that the data-reading
scheme of this memory is destructive, in which the
storage bits disappear after the reading process.
Therefore, a write-after-read architecture23), or wellpositioned reading heads (MTJ) is suggested for the
actual application. Here, we focus on the feasibility of the
proposed structure by using micromagnetic analysis.
3 Micromagnetic analysis
3.1 Parameters setting
To verify the feasibility of vertical DW motion memory,
micromagnetic simulations were performed in Mumax3
3.10, a GPU-accelerated simulation program24). In our
simulation, 12 layers in a vertical magnetic wire were
constructed, as introduced in Fig. 1. The magnetic wire
of artificial ferromagnet is a cylinder with 20 nmdiameter and the thickness of each layer is 3 nm. The size
of magnetic cells is defined as a 1 nm × 1 nm × 1 nm
cube. Therefore, 3 cells are included inside one layer
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along z-axis direction. The Aex and Ku of each layer used
in this work are summarized in table 1. Layer1 is with
Ku = 107 J/m3, and Aex =10 pJ/m as a pinning layer. Even
layers from layer2 to layer12 are strong coupling layers,
with Ku = 106 J/m3 and Aex = 10 pJ/m, based on the
reference25). Odd layers from layer3 to layer11 are weak
coupling layers without PMA, in which Ku = 0 J/m3, and
Aex with 0-10 pJ/m are assigned. The Aex between strong
and weak coupling layers is calculated by the harmonic
means of those of the strong and weak coupling layers24).
Saturation magnetization (Ms) and Gilbert damping
constant (α) are 8×105 A/m and 0.01, respectively25). The
initial magnetization from layer1 to layer4 are set with
+z, while layer6 to layer12 are set with -z. DW is assigned
in layer5. After the setting, magnetization relaxation was
then executed to see if DW could be controlled in weak
coupling layer in steady state.
3.2 Domain wall position and thickness
The magnetization of each layer with weak coupling
layers Aex = 1 pJ/m and 10 pJ/m after magnetization
relaxation are shown in Fig. 2(a). To derive DW width,
we defined DW as the layers with z-axis reduced
magnetization (Mz/Ms) ranged from -0.75 to 0.75, as the
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yellow area labeled in Fig. 2(a). In the case of Aex = 1 pJ/m,
DW is limited only at layer5 after relaxation, which
indicates that it is possible to control DW position within
weak coupling layers. Besides, in the case of Aex = 10
pJ/m, DW width is enlarged to 3 layers from layer4 to
layer6. These results suggest that DW width can be
controlled by assigning different Aex of weak coupling
layers. Since DW width Δ can be expressed as Δ ∝ �Aex8),
it is expected that higher Aex results in the larger DW
width. The correlation of DW width and the Aex of weak
coupling layers is exhibited in Fig. 2(b). If the Aex of weak
coupling layers is optimized to smaller than 3 pJ/m, DW
width can be controlled only inside one layer. The
narrower DW width promises that more storage unit can
be stacked in memory cells under the same aspect ratio,
which indicates higher storage density of one memory
cell can be achieved under the same process limitation.

2(c) shows the Jc as a function of the Aex of weak coupling
layers. It can be noticed that a prominent drop of Jc
occurs when Aex increases from 1 pJ/m to 2 pJ/m. As Aex
increases to larger than 2 pJ/m, Jc can be reduced down
to 2 × 1010 A/m2, and shows almost no Aex dependence
from 2 to 10 pJ/m. The results above suggest that, by
optimizing Aex and Ku of the bilayers in artificial
ferromagnet, for example, with the given parameters in
our simulations with Aex of weak coupling layers from 2
to 3 pJ/m, it is promising to obtain narrow DW width,
controllable DW position, and also low current driven
properties simultaneously.

Table 1 Aex and Ku of 12 layers used in this work.
Layer Name
Pinning
layer
Strong coupling
layer
Weak coupling
layer

Layer Number

Aex

Ku

(pJ/m)

(J/m3)

1

10

107

2, 4, 6, 8, 10, 12

10

106

3, 5, 7, 9, 11

0-10

0

3.3 Critical current density study
Critical current density Jc needed to drive DW motion
are also studied. In this research, Jc is defined as the
lowest current density for driving DW from layer5 to
layer7 under a 10 ns-long current pulse. To verify Jc,
firstly, DW was assigned in layer5, and magnetization
relaxation was executed. After relaxation, Mz/Ms of each
layer was then measured from 0 ns. At the time t = 1 ns,
a 10 ns current pulse was injected into magnetic wire
along -z-direction, as exhibited in reading scheme shown
in Fig. 1(c). When the current pulse injection finished at
t = 11 ns, we examined whether Mz/Ms of layer5 and
layer6 can be switched to larger than 0.75. The lowest
current density that can drive the switching was then
extracted as Jc. The non-adiabaticity of STT22),24) is set as
zero, and only the adiabatic torque22) is considered in our
analysis. The Mz/Ms dynamics from layer4 to layer8 as a
function of time in the case of Aex = 2 pJ/m under a 10 ns
current pulse with J = Jc = 3 × 1010 A/m2 is shown in the
inset of Fig. 2(c). At the beginning, Mz/Ms of layer5 was
around 0, and performed as a DW. Layer6 and layer7
were magnetized downward. When the current pulse was
injected at 1 ns (see the yellow area), layer5, layer6, and
layer7 started to switch upward. At t = 9 ns, the Mz/Ms of
layer5 and layer6 were all larger than 0.75, which means
that layer5 and layer6 are switched by the current pulse.
At the meanwhile, Mz/Ms of layer7 reached around 0, and
became a new DW. With a current pulse with J = Jc, DW
can be successfully shifted from layer5 to layer7. Figure

Fig. 3 (a) Illustration of the cells from layer4 to layer6
in the simulation of this work. The icons labeled in
the left are the name of cells. The arrows inside the
cells are magnetization after relaxation. DW is
assigned in the three cells of layer5. (b) Time
dependent dynamics of Mz/Ms and (c) Mx/Ms of the
cells from layer4 to layer6 in the case of Aex = 2 pJ/m
under J = Jc = 3 ×1010 A/m2. The gray dash line and
the yellow area labeled in (b)(c) indicates the time
current pulse was injected and time interval that
layer5 and layer6 switched.
3.4 Discussions
To specify the dynamics of DW motion in artificial
ferromagnet-based magnetic wire, we firstly study
switching behaviors of the cells from layer4 to layer6. In
our simulations, the thickness of each layer is 3 nm and
the size of micromagnetic cell is a 1 nm-sized cube.
Therefore, for each layer, 3 cells along z-axis are included,
as labeled with a, b, c of every layers shown in Fig. 3(a).
In this analysis, DW was initially assigned in layer5, and
magnetization relaxation was then executed. Current
pulse was injected at t = 1 ns, like the measurement used
to study Jc. Reduced magnetization along z-axis and x-
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axis (Mx/Ms) of the cells from layer4 to layer6 in the case
of weak coupling layers Aex = 2 pJ/m under J = Jc =
3 × 1010 A/m2 correlated with time are shown in Figs. 3(b)
and 3(c). Here, we should notice that the magnetization
of each cell shown in Fig. 3 is the average magnetization
of the cells in its xy plane. For example, the
magnetization of cell 5-b indicates the average
magnetization of the cells in cell 5-b plane. From Fig. 3(b),
when current pulse was injected at t = 1 ns (see the yellow
area), the cells of layer5 and layer6 started to switch
upward. At t = 9 ns, all of the cells in layer5 and layer6
magnetized toward +z, and the switching process
finished. The magnetization precession in the xy plane of
cell 5-a, 5-b, and 5-c can be observed from the Mx/Ms
shown in Fig. 3(c). When current pulse was injected, the
cells started to precess. As current induced STT became
large enough to overcome the damping torque22), all
magnetization of the cells switched upward. The
switching can be figured out as a DW depinning
process25). Therefore, we can conclude that, if Aex of weak
coupling layers is sufficiently large (> 2 pJ/m), DW
motion memory based on the artificial ferromagnet can
be attained.

Fig. 4 Magnetization distribution of cells in cell 5-b
plane in the case of (a) Aex = 2 pJ/m and (b) Aex = 0.5
pJ/m after magnetization relaxation and without
current injection. XY coordinate indicates the
position of each cell in cell 5-b plane since the xy
cross-section of our device is a circle with 20 nmdiameter.
The abrupt Jc drop as Aex of weak coupling layers
increase from 1 pJ/m to 2 pJ/m shown in Fig. 2(c) is the
phenomenon beyond our comprehension. To understand
the underlying physics, we study magnetization
distribution of cell 5-b plane in the DW layer - layer5, in
different Aex cases. The magnetization vector maps of the
cell 5-b plane after magnetization relaxation in the case
of Aex = 2 pJ/m (Jc = 3 × 1010 A/m2) and Aex = 0.5 pJ/m
(Jc = 1.6 × 1012 A/m2) are shown in Fig. 4. Since the cells
in cell 5-b plane are in the center of layer5 along z-axis,
magnetization of cells in cell 5-b plane always direct
perpendicularly to z-axis, as illustrated in Fig. 3(a).
Hence, the z-axis magnetization can be neglected. In Fig.
4(a), it is exhibited that, at Aex = 2 pJ/m, the
magnetization of cells in cell 5-b plane performs as a
single domain structure26). We can infer that STT acts
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only toward one direction as current pulse is injected.
The STT in this case is quite efficient and small current
injection is enough to drive DW. Therefore, small Jc can
be attained. On the other hand, if Aex of weak coupling
layers is too small, like the Aex = 0.5 pJ/m case shown in
Fig. 4(b), the magnetization of cells in DW layer perform
as a vortex structure27),28). In this case, STT is cancelled
out in DW layer. The switching process could be achieved
only if injected current is sufficiently large to break the
symmetry of magnetization. Therefore, we can conclude
that the abrupt Jc drop from Aex = 1 pJ/m to 2 pJ/m shown
in Fig. 2(c) is resulted from the transition of
magnetization in DW layer from vortex into single
domain structure because of sufficiently large intra-layer
exchange coupling of weak coupling layers. Besides, as
Aex increases from 2 to 10 pJ/m, since single domain
structure in DW layer is already achieved, no apparent
dependence between Jc and Aex can be observed.
4. Conclusion
In summary, we proposed a new structure of vertical
DW motion memory with artificial ferromagnet that
composed of periodic bilayers with different exchange
stiffness constants Aex and uniaxial magnetic anisotropy
energy constants Ku in this research. Based on the
structure, we can simply manipulate DW position within
the weak coupling layers and also minimize DW width by
tuning Aex and Ku of the individual layer. Furthermore,
micromagnetic analysis suggests that Aex larger than 2
pJ/m in weak coupling layers can effectively reduce
critical current density Jc down to 2 × 1010 A/m2, which
can be explained by the transition of magnetization in
DW layer from vortex into single domain structure
because sufficiently large intra-layer exchange coupling
of weak coupling layers are achieved.
The artificial ferromagnet-based structure proposed in
our research provides several advantages compared with
conventional DW motion memories2)-7). First, to precisely
control DW position, what we should do in this structure
is to fabricate appropriate periodical bilayers with simple
film deposition instead of complicated processes for
making pinning sites11)-13). This suggests high feasibility
of commercialization. Second, since the artificial
ferromagnet is composed of bilayers with different
magnetic properties, the parameters of weak and strong
coupling layers can be adjusted separately, which means
that we can optimize the layers for program bit and DW
according to their own device requirements. Therefore, it
is simple to narrow the DW width by tuning the
parameters in weak coupling layers without affecting the
properties of strong coupling layers. To select appropriate
materials for the artificial ferromagnet, one can choose
the traditional ferromagnet, such as Co, or Ni, as strong
coupling layers. Weak coupling layers can be fabricated
with the alloys of ferromagnet and non-magnetic metals,
for example, CoPt, or CoCu, and the DW properties can
be tuned by adjusting the atomic percentage of alloys. It

Journal of the Magnetics Society of Japan Vol.45, No.1, 2021

INDEX

is much simpler to optimize total performance of device
on this structure than on traditional ones. Third, the
proposed structure shows prominently low current
driven properties as sufficiently high Aex of weak
coupling layers can be achieved. These evidences indicate
that artificial ferromagnet-based structure is prospective
to achieve low power consumption, precisely controllable,
high storage density DW motion memory, and
furthermore, as a promising candidate to speed up the
commercialization of DW motion memory.
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