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We demonstrate data writing and shifting processes in a double-free-layer nanopillar with perpendicular magnetic anisotropy. For
the data writing process, the magnetization of the lower free layer is switched by injecting in-plane current pulses into the Pt bottom
electrode to generate spin-orbit torque. The written information, i.e., the magnetization direction of the lower free layer, is subsequently
transferred to the upper free layer through spin-transfer torque by injecting out-of-plane current pulses into the nanopillar. Furthermore,
we verify that this write-and-shift memory operation can be achieved from different initial magnetization states.

Index Terms—domain wall motion memory, 3D memory, spin-orbit torque, spin-transfer torque, magnetization switching.

I. INTRODUCTION

THE cell of a domain wall (DW) motion memory is typically
a ferromagnetic nanowire, where the data is stored by the
magnetization orientation of magnetic domains separated by
DWs [1]-[3]. By injecting current pulses into the nanowire, the
position of DWs can be moved within the nanowire through
spin-transfer torque (STT) originated from the s-d interaction
between conducting electrons and the magnetization in the
material [4]-[6]. Due to the rapid movement of DWs, DW
motion memory can achieve fast operation speeds [7]. These
advantages could make the DW motion memory a potential
alternative to existing storage technologies.

However, traditional DW motion memory still faces several
challenges for practical applications. First, there is a dilemma
between thermal stability and power consumption, as a high
energy barrier for data stability inevitably leads to a larger
critical current density (Jc) required to move DWs [8].
Moreover, to meet the growing demand for higher integration
density in the post-Moore's Law era, it is crucial to enhance the
bit density per unit area on the chip [9], [10]. Nevertheless,
traditional 2D structures of DW motion memory face
substantial challenges in effective scaling while maintaining
optimal performance, thereby limiting their potential to achieve
greater integration density.
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To tackle this challenge, we proposed a novel vertical
domain wall motion memory with perpendicular magnetic
anisotropy (PMA), as shown in Fig. 1. In this type of memory
cell, data writing is achieved by injecting in-plane current
pulses into a heavy-metal bottom electrode, which induces spin-
orbit torque (SOT) to switch the magnetization of the bottom-
most ferromagnetic layer [11]-[14]. Subsequently, out-of-plane
current pulses are injected to transfer the data bits to the upper
layer via spin transfer torque (STT). Micromagnetic
simulations have shown that by carefully selecting
combinations of magnetic materials for storage and DW layers,

we can achieve both high thermal stability and low J¢ [15], [16].
Additionally, the vertical memory structure makes high-density
3D array integration possible [17], [18].

To realize the above-mentioned vertical DW memory
devices, it is essential to demonstrate data-writing and shifting
operation within a single device. Although previous research
has made some progress in probabilistic computing using
double-free-layer devices [19]-[21], no reports to date have
described a write-and-shift memory operation. In this study, we
fabricated double-free-layer nanopillars with a diameter of 300
nm. Then, we investigated the data-writing and shifting
processes in the nanopillar to show the feasibility of the vertical
memory structure.

Il. EXPERIMENTAL RESULTS

A. Device Fabrication

Multilayers of Ta(5) / Pt(10) / Co(1.2) / Cu(3) / Co(tco) /
Pt(te) / Co(tco) / Cu(3) / Pt(3) with wedge-shaped Co and Pt
were deposited on thermally oxidized Si substrate using
magnetron sputtering, as shown in Fig. 2 (a). The numbers in
parentheses represent the thickness of each layer in nanometers.
A 10-nm-thick Pt layer was selected for the bottom electrode to
induce SOT [22]-[24]. A 3-nm-thick Cu layer serves as a spacer
between two free layers and allows the magnetization
configuration to be identified by the giant magnetoresistance
(GMR) effect.
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The film was fabricated into nanopillars with 300 nm
diameter by electron beam lithography and Ar ion etching. The
Pt bottom layer was patterned into a 2-um-wide stripe, and the
rest of the layers were etched to form a nanopillar on the Pt
bottom layer. The etching depth was monitored by in-situ
secondary ion mass spectroscopy for the end point detection.

Figure 2 (b) shows the memory operations we aim to perform
in this study. First, in-plane current pulses are injected through
the bottom Pt electrode to switch the magnetization of the Co
free layer (FL1) by SOT. Then, the magnetization of the



Co/Pt/Co top free layer (FL2) is switched by out-of-plane
current pulse injection without the external magnetic field.
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A nanopillar with thicknesses of tc, = 0.35 nm and tp; = 0.75
nm was employed for the subsequent measurements. We
measured the GMR properties of the nanopillar by sweeping an
out-of-plane magnetic field to confirm the parallel and
antiparallel magnetization states. The experimental setup is
shown in Fig. 3 (a). Figure 3 (b) presents the result of GMR
resistance Remr as functions of the out-of-plane magnetic field
under a DC current of 0.5 mA. We observed the low-resistance
and high-resistance states corresponding to parallel and
antiparallel magnetization configuration, respectively. Sharp
resistance changes indicate that both the free layers are aligned
with the out-of-plane direction due to the sufficiently large
PMA.

B. SOT-Induced Magnetization Switching

We first attempted SOT-induced magnetization switching to
verify whether the magnetization of the FL1 could be reversed
in the writing process. In the experiments, in-plane current
pulses with a pulse duration of 20 ms were injected to the
bottom Pt electrode to generate spin current by spin-Hall effect.
The magnetization was initialized by applying a 300 mT out-
of-plane magnetic field before measurements, and the
resistance of the nanopillar was measured under a 0.5 mA DC
current by GMR effect. An in-plane magnetic field of 100 mT
was applied along the +x direction to break the mirror
symmetry [25], [26]. However, the resistance of the nanopillar
showed no significant change after the current pulse injection,
which might be attributed to the insufficient torque to induce
magnetization switching. To address this issue, we replaced the
in-plane magnetic field with a tilted 100 mT magnetic field,
thereby introducing an out-of-plane magnetic field component
to facilitate SOT-induced magnetization switching. The tilted
field angle @ was set to -30° when the current pulses are in the
+x direction, and +30° when the current pulses are in the -x
direction. The magnitude of the magnetic field component in
the x-direction is 87 mT, and the magnitude of the magnetic
field component in the z-direction is 50 mT. Then, we injected
current pulses and plotted the results measured by GMR in Fig.
4. The resistance change of the SOT switching loop is almost
identical in magnitude to that observed in the hysteresis
measurement. This indicates that the magnetizations of the two
free layers are antiparallel, and that the magnetization of the
FL1 can be switched by SOT assisted by the tilted magnetic
field. It is worth noting that when we injected current pulses in
the -x direction with an initial up-up state and a tilted field angle
6 of -30°, we did not observe any switching signal. This
indicated that the magnetization was not reversed by the
combination of the z-component of the tilted magnetic field and
the Joule heating, which is independent of the direction of the
current pulse.
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C. Data-Writing and Shifting Processes

Next, we performed experiments on data writing and shifting
processes. The experiments were conducted in the following
steps: First, we aligned the magnetization of the two free layers
in a parallel configuration using an external out-of-plane
magnetic field and then performed SOT-induced magnetization
switching of the FL1 using a tilted magnetic field to achieve
data writing. Next, we injected -z current pulses into the
nanopillar to transfer the writing information to the FL2. Finally,
to confirm the state obtained after the data shift, we measured
the resistance of the nanopillar while sweeping an out-of-plane
magnetic field.
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We conducted the above experiments with different initial
states (up-up and down-down magnetization configurations),
and the results are summarized in Fig. 5. We illustrate these
results with the example of the up-up initial state. In the data
writing step, a tilted magnetic field with a -30° elevation angle
was applied. We observed a jump in the resistance of the
nanopillar when a 16 mA in-plane current pulse was injected.
This resistance change shows that the magnetization of the FL1
was switched from up to down, corresponding to the
antiparallel configuration. In the bit shifting experiment, we
injected pulse currents in the -z direction into the nanopillar
without external magnetic field and observed a sudden decrease
in resistance at a current pulse of -18 mA, which indicates that
the magnetization switched to a parallel state. This result
corresponds to the process of shifting the data from the FL1 to
the FL2, and the magnetization of the free layers became down-
down magnetization configuration. Finally, by sweeping the
out-of-plane magnetic field from 0 to +200 mT on the final state
of the bit shifting process, we observed the magnetization
transitioning from parallel to antiparallel and then back to
parallel. Therefore, we confirm the final state of the bit shift is
down-down, which aligns with our expected experimental
results. Similar results were observed in the bit writing and
shifting experiments starting from the down-down
magnetization configuration. Thus, data-writing and shifting
operations from different initial states are achieved in this
double free layer nanopillar.

I11. CONCLUSION

In summary, we fabricated a 300 nm diameter nanopillar
with double free layers, and achieved data write and shift. The
data-writing step is achieved by SOT magnetization switching
of the lower free layer assisted by a tilted magnetic field. The
written data was shifted to the upper free layer by STT induced
by out-of-plane current pulse injection. However, these devices
do have some limitations. For example, in our experiments, the
SOT-induced magnetization switching requires the application
of an external magnetic field, and the currents used for writing
and shifting remain relatively high. This suggests that further
research is needed regarding the field-free writing method [26]-



[29], material selection [15], [16], and structural optimization.
Despite these drawbacks, this study still suggests that the
concept of vertical DW motion memory proposed in our
previous research is feasible. We believe the data writing and
shifting processes conducted using our double free layer
memory cell could provide valuable insights for the
development of DW motion memory and facilitate
advancements in next-generation memory technologies.
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Fig. 1 A vertical domain wall motion memory cell with perpendicular magnetic anisotropy. Here, A« refers to magnetic exchange
stiffness. In this memory structure, ferromagnets with high A, and PMA are used to store digital bits, while those with low A, and
no PMA are used to carry DWs.
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Fig. 2 (a) A schematic illustration of the multilayer structure. (b) Memory operations of the double-free-layer nanopillar.
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Fig. 5 The data-writing (a) and shifting (b) processes are achieved from up-up (red) and down-down (blue) initial states. (c) the final
states after bit shifts are confirmed by sweeping an out-of-plane magnetic field.



