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Position-reconfigurable pinning
for magnetic domain wall motion

Taekhyeon Lee?, Seyeop Jeong?, Sanghoon Kim? & Kab-Jin Kim***

Precise control of magnetic domain wall (DW) motion is crucial for DW-based spintronic devices. To
date, artificially designed DW pinning sites, such as notch structures, have been used to precisely
control the DW position. However, the existing DW pinning methods are not reconfigurable because
they cannot change the position of pinning site after being fabricated. Herein, a novel method for
attaining reconfigurable DW pinning is proposed, which relies on the dipolar interactions between
two DWs located in different magnetic layers. Repulsion between DWs in both layers was observed,
indicating that one of the DWs acts as a pinning barrier for the other. Because the DW is mobile in
the wire, the position of pinning can be modulated, thereby resulting in reconfigurable pinning that
was experimentally demonstrated for current-driven DW motion. These findings provide additional
controllability of DW motion, which may expand the functionality of DW-based devices to broader
spintronic applications.

Magnetic domain walls (DWs) are essential in the development of next-generation spintronic devices, such as
racetrack memory'~’, DW-based logics*~” and neuromorphic devices® . These emerging spintronic devices oper-
ate by accurately controlling the DW position using current. Because the DW travel distance is linearly dependent
on current pulse length, DWs can be moved to a desired position ideally by adjusting the current pulse length!“.
However, accurately controlling the DW position in reality is difficult because of unexpected defects in the wire
or intrinsic DW inertia, which gives a non-linear relation between the DW travel distance and current pulse
length'. To overcome these limitations, a method has been proposed to create artificial pinning sites in the wire
that can pin the DW in desired position. For instance, etched notch structures have been implemented in wires
to reliably control the DW position in repeated experiments'é'*. Applying electrical gating or ion irradiation
on a specific region has been used to pin the DW at a specific position**?!. However, these approaches require a
complicated nanofabrication process, thereby making the commercialization of DW devices cumbersome. Fur-
thermore, nanofabrication is an irreversible process; hence, the positions of pinning sites cannot be changed after
they are formed, which limits the wide applicability of DW-based devices. This limitation is particularly relevant
for neuromorphic applications, where programable multilevel states are needed to emulate the synaptic functions
such as weight and threshold (see Supplementary Note 1 for more details). Therefore, designing fabrication-
free and position-reconfigurable pinnings is crucial to achieve DW motion-based neuromorphic applications.

Herein, a novel approach for obtaining a fabrication-free and position-reconfigurable pinning site for DW
motion is proposed, as illustrated schematically in Fig. 1. In contrast to previous studies requiring extrinsic treat-
ment, the dipolar interaction of two DWs located at different magnetic layers was used. In a magnetic double
layer, both DWs are chiral Néel-DWs due to inversion symmetry breaking, and thus can be moved by current
through spin orbit torque?~*. Due to the fixed chirality, the lower layer’s DW has a magnetization configuration
of “down-right-up’, resulting in the magnetization of DW center being oriented towards the (+ x)-direction.
When this DW moves through spin-orbit torque caused by the current, the DW of the upper layer generates
a dipolar field that extends to the bottom layer, oriented in the (- x)-direction (indicated by the green line).
Therefore, the Néel type DW of bottom layer would experience a repulsive force from the dipolar field, making
the top DW acts as a pinning potential barrier for the bottom DW. The energy barrier profile arising from the
dipolar interaction, is calculated using micromagnetic simulation and displayed in Fig. 1c (see Supplementary
Note 2 for simulation details)>>-%’.

Importantly, since the DW is a mobile structure, the position of the pinning site (i.e., the top DW’s position)
can be easily modulated, resulting in reconfigurable pinning for DW motion. We note that the similar idea has
been proposed theoretically using the dipolar interaction between DW and vortex® but experimental demonstra-
tion has not yet been reported. To realize the proposed reconfigurable DW pinning, two conditions must be met:
(1) the layer-layer interaction should be sufficiently weak, such that the two DWs can move independently, and
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Figure 1. (a) Magnetic double layer system containing two DWs at different magnetic layers. (b) When the
DW in bottom layer moves to the right, the DW experiences repulsive force due to the dipolar field from the
top DW. (c) The magnetostatic energy barrier was simulated as a function of the position of the DW in the
bottom layer. The dashed line denotes the position of top layer DW. The magnetostatic energies corresponding
to configurations (a and b) are marked by black dots.

(2) the bottom layer (driven layer) DW should be Néel-type with chirality such that it possess opposite magneti-
zations to the dipolar field from top layer’s DW. If not, the two DWs will attract each other (see Supplementary
Note 3 for details on the attractive interaction). These conditions are satisfied by engineering the structure.

Sample preparation and MOKE measurement

A double magnetic layer system consisting of Si/SiO,/Ta(3 nm)/Pt(5 nm)/Co(0.3 nm)/Ni(0.8 nm)/Co(0.2 nm)/
Ta(1.2 nm)/CoFeB(1 nm)/MgO(1 nm)/Ta(3 nm) was prepared, as shown in Fig. 2a. The top CoFeB (hereafter
referred to as the CFB layer) and bottom Co/Ni/Co (hereafter referred to as the CNC layer) layers are mag-
netic with perpendicular magnetic anisotropy. These layers were chosen because the Pt/CNC/Ta and Ta/CFB/
MgO layers have the same DW chirality owing to the same sign of the Dzyaloshinskii-Moriya interaction-.
Therefore, the magnetization direction of the two DWs have a fixed chirality, as described in Fig. 1. The bot-
tom and top Ta layers behaved as buffer and capping layers, respectively, and the Ta spacer layer in the middle
was inserted to separate the two magnetic layers. The Pt layer is employed to exert spin-orbit torque on the
CNC layer via the spin Hall effect®'~**, thus enabling the verification of the proposed DW pinning experiment
because the spin-orbit-torque drives the DW only in the CNC layer. Hence, the DW in the CFB layer behaves
as a fixed pinning site, as described in Fig. 1b. For current-driven DW motion, the film was fabricated into a
wire (width=3 pum) using conventional photolithography and Ar ion milling, and deposited Ti/Au electrodes
using the lift-off technique.

A magneto-optical Kerr effect (MOKE) microscope was used to investigate the DW motion. Figure 2b shows
the MOKE intensity of the sample while sweeping the magnetic field H along the out-of-plane direction. A
clear two-step jump is observed in the MOKE hysteresis, which indicates the individual switching of each layer.
When the magnetic field increases from negative to positive, the first step is observed at approximately H=20
Oe corresponding to the CFB layer switching, owing to its relatively small coercivity field compared to that of the
CNC. As the magnetic field increased further, a second step appeared at approximately H =150 Oe corresponding
to the CNC layer switching. Particularly, the MOKE intensity for CFB is greater than that for CNC because of
MOKE'’s increased sensitivity near the surface owing to the finite optical penetration depth. The different MOKE

Scientific Reports |

(2023) 213:6791 |

https://doi.org/10.1038/s41598-023-34040-y nature portfolio



www.nature.com/scientificreports/

(a) (b)
3 Full loop
SR LA © Minor loop
| C ] 3 g

- X
(@)
=
-200 0 200
Field (Oe)

(d)
10°k e
,‘-\0\10—1 . ' ‘
E, . ¥ a
< 10 ¢ ‘
b ‘ Current, CFB domain
2107

Dw
"%

R il
4 b & =m

10°

L

05 10 15 20 25 30
|Current density| (10"'A/m?)

Figure 2. (a) Vertical layer structure of the proposed double magnetic layer system. (b) Full and minor MOKE
hysteresis loops obtained in the double magnetic layer system. (c) Overview of wire device. (d) DW speed of
CNC layer as a function of current density for positive and negative current while magnetization of CFB layer
is saturated in either up or down (see inset for DW configuration). Direction of domain wall motion follows the
current flowing direction which is denoted by red arrows in the inset.

intensities of CFB and CNC help to distinguish the magnetization directions of each layer, i.e., the following
four different magnetization configurations can be distinguished: CFB(up)/CNC(up), CFB(up)/CNC(down),
CFB(down)/CNC(up), and CFB(down)/CNC(down). The red curve in Fig. 2b indicates the minor loop of MOKE
hysteresis corresponding to the reversible switching of CFB layer. The minor loop did not exhibit a sizable shift
in the horizontal direction, indicating that the interlayer coupling between two magnetic layers was sufficiently
weak. This means that the RKKY (Ruderman-Kittel-Kasuya-Yosida)**-*¢ coupling, which prefers antiparallel
coupling of two magnetic layers, is comparable to dipolar interaction, which prefers parallel alignment between
CFB and CNC layers (see Supplementary Note 4 for details). Thus, four different magnetization configurations
can be stabilized at zero magnetic field, indicating that each layer’s DW can move independently.

Result and discussion

The weak interlayer coupling was further examined by measuring the DW speed in the device shown in Fig. 2c.
To this end, the current-driven DW speed in the CNC layer was measured while the magnetization of the CFB
layer was saturated. The DW speed in the CNC layer is affected by the CFB layer if the interlayer coupling is
strong. To verify this, the up-down DW was prepared in the CNC layer by applying external field pulse (~ +150
Oe, 100 ms) near the coercive field of CNC layer. Subsequently, DW speed was measured for positive and nega-
tive currents (see the Methods section for details), while the magnetization of the CFB layer was fixed in either
up or down (see insets in Fig. 2d for a detailed configuration). Figure 2d shows the DW speed as a function of
current density for different configurations. The results indicate that the DW speed was approximately the same
for all configurations, confirming that the interlayer coupling of the CEB and CNC layers is weak. Thus, the DW
in each layer can move independently.

The DW-DW interaction in the proposed double-layer system was investigated. To create the initial state
shown in Fig. 1, a transverse writing electrode was fabricated in the middle of the wire, as shown in Fig. 3a (see
Fig. 2¢ for full image of device). Initially, a sufficiently large H= +500 Oe was applied to saturate the magneti-
zation of both layers, and the magnetic field was subsequently reversed to H= —150 Oe for 100 ms. For this
magnetic field, the CFB layer was fully switched to the downward direction; however, the CNC layer was partially

Scientific Reports |

(2023)13:6791 | https://doi.org/10.1038/s41598-023-34040-y nature portfolio



www.nature.com/scientificreports/

(a)

{ Writing electrode

DW driving Iing fis

(b)
MOKE intensity (top view)

— : ' : CFB
Magnetization configuration (side view)

CNC

Figure 3. (a) Overall image of the patterned device and MOKE images during a series of current pulses. The
scale bar is 50 pm. (b) Schematic illustration of magnetization configurations of each layer corresponding to the
MOKE images in Fig. 3a.

switched (see Supplementary Note 5 for details). Further, a current was injected into the transverse writing line,
which generated a local Oersted field to switch the CFB layer’s magnetization near the electrode. By precisely
controlling the magnetic field and current amplitude, the magnetization state was created, as shown in Fig. 3a
(MOKE image) and Fig. 3b (schematic of the magnetization configuration). Notably, the magnetization configu-
ration can be distinguished by comparing the MOKE intensities, as shown in Fig. 2b.

Figure 3b shows the three DWs (labeled A, B, and C) in the bottom CNC layer. Here, the motion of A- and
C-DW located at the left and right sides of the electrode is studied because the B-DW located near the electrode
hardly moves. This is because the electrode fabrication process causes local degradation beneath the electrode,
which alters the magnetic anisotropy in that area. Additionally, there is a current shunting through the electrode,
resulting in a significant reduction of current density near the electrode. Therefore, we focused on A- and C-DW
rather than the B-DW. The CFB layer consists of two DWs (labeled P and Q), and only Q-DW is studied because
the P-DW is strongly pinned at the electrode. Q-DW in the CFB layer is not moved by the current because the
CFB layer is far from the bottom Pt layer. Therefore, Q-DWs in the CFB layer can act as pinning barrier when
the C-DW in CNC layer approaches, which is the same situation that we described in Fig. 1b.

To check the DW-induced pinning, current pulse trains of J= — 1.4 x 10'" A/m?, 50 us were applied along
the wire and the translational motion of DWs was observed (see Supplementary Note 6 for the estimation of
current-induced Joule heating). As shown in Fig. 3a and b, both the A- and C-DW in the CNC layer move in the
left or current-flowing direction, manifesting spin-orbit-torque-driven DW motion during fy ~ t;. The C-DW
is pinned at the location of Q-DW in CFB, whereas the A-DW propagates without pinning during ¢y ~ #;. Thus,
the Q-DW in the CFB layer acts as a pinning site for the propagation of the C-DW in the CNC layer, as proposed
in Fig. 1. When the current direction was reversed in during t, ~ t3, both A-DW and C-DW propagated in right
direction indicating that the C-DW is pinned because of the neighboring Q-DW instead of local defects. We
note that the DW-induced pinning can work for other current densities (see Supplementary Note 7 for details).

To further verify the position-reconfigurability of the DW pinning site, the position of Q-DW in the CFB layer
was changed and the experiments were repeated. By adjusting the initial magnetic field and writing current, three
different states were prepared, as shown in the MOKE line profile in Fig. 4a where the dashed line corresponds
to the Q-DW position in the CFB layer. Schematics of the magnetization configurations are shown in Fig. 4b.
A current pulse of J= +1.3x 10" A/m?, 100 ps was applied between the line-profile measurements. The results
indicate that the DW in the CNC layer was pinned at the location of Q-DW in the CFB layer, irrespective of
propagation direction. Therefore, the position of DW pinning site can be changed by varying the DW’s position
without an additional fabrication process. Herein, the position of Q-DW in the CFB layer was controlled using
the magnetic field and current; however, it may be controlled using fully electrical means, for instance, by design-
ing an additional spin-injection layer adjacent to the CFB layer. Therefore, these findings have implications in
further studies on magnetic double-layer systems to improve the functionality of DW devices.
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Figure 4. (a) Three experimental examples of MOKE line-profile of repeated current driven DW motion

for different pinning positions and current directions. The color of points in each plot is mapped based on its
MOKE intensity. The position of pinning site (Q-DW in CFB layer) is denoted by the dashed line. (b) Schematic
illustration of magnetization configurations corresponding to Fig.4a.

Conclusions

In summary, a position-reconfigurable DW pinning method utilizing the DW-DW interaction in a double mag-
netic layer system was proposed. The first magnetic layer’s DW acts as a pinning site for the second layer’s DW
owing to the dipolar interaction. Because the DW is mobile in the wire, the position of pinning site created by the
DW can be easily changed without using any fabrication process. The position-reconfigurable pinning for DW
motion in current-driven DW motion was experimentally demonstrated. The proposed method could provide
programmable pinning for DW motion, which is essential for DW-based artificial synaptic devices requiring
programmable multilevel or weight factors. Hence, this study provides additional functionality for DW-based
devices, which may aid in the development of DW-based neuromorphic applications.

Methods

Sample preparation. Magnetic films were deposited by magnetron sputtering at base pressure 5x 1078 torr
and working pressure 3 mtorr. DC magnetron sputtering power was 25W (Ta, Co, Ni) and 50W (CoFeB). In case
of MgO, 50W RF power was used. Magnetic films were fabricated to the wire using conventional photolithogra-
phy and Ar ion etching process. Ti(5 nm)/Au(100 nm) electrodes were also fabricated using photolithography
and magnetron sputtering.

Magnetic measurements. Magneto-optical Kerr effect (MOKE) was used to observe MOKE hysteresis
loop and the motion of domain walls using homemade MOKE setup. Electric current pulses were applied by
pulse generator (AV-1010-B). A displacement of DW in each MOKE snapshots between current pulse injections
was measured. From the linear fitting of DW displacement versus the accumulated pulse width (=time), we were
able to determine the speed of DW in current-induced DW motion.

Received: 9 November 2022; Accepted: 23 April 2023
Published online: 26 April 2023

References

1. Parkin, S. S. P, Hayashi, M. & Thomas, L. Magnetic domain-wall racetrack memory. Science 320, 190-194 (2008).

2. Yang, S.-H., Ryu, K. S. & Parkin, S. Domain-wall velocities of up to 750 m s™' driven by exchange-coupling torque in synthetic
antiferromagnets. Nat. Nanotechnol. 10, 221-226 (2015).

3. Kim, K.-J. et al. Electric control of multiple domain walls in Pt/Co/Pt Nanotracks with perpendicular magnetic anisotropy. Appl.
Phys. Express 3, 083001 (2010).

4. Allwood, D. A. et al. Magnetic domain-wall logic. Science 309, 1688-1692 (2005).

5. Luo, Z. et al. Current-driven magnetic domain-wall logic. Nature 579, 214-218 (2020).

Scientific Reports |

(2023)13:6791 | https://doi.org/10.1038/s41598-023-34040-y nature portfolio



www.nature.com/scientificreports/

6. Guan, Y. et al. Ionitronic manipulation of current-induced domain wall motion in synthetic antiferromagnets. Nat. Commun. 12,
5002 (2021).
7. Lee, G. H. & Kim, K.-J. Optimizing the geometry of chiral magnetic logic devices. J. Magn. 25, 150-156 (2020).
8. Lequeux, S. et al. A magnetic synapse: Multilevel spin-torque memristor with perpendicular anisotropy. Sci. Rep. 6,31510 (2016).
9. Siddiqui, S. A. et al. Magnetic domain wall based synaptic and activation function generator for neuromorphic accelerators. Nano
Lett. 20, 1033-1040 (2020).
10. Grollier, J. et al. Neuromorphic spintronics. Nat. Electron. 3, 360-370 (2020).
11. Yang, S. et al. Integrated neuromorphic computing networks by artificial spin synapses and spin neurons. NPG Asia Mater. 13, 11
(2021).
12. Sanz-Hernandez, D. et al. Tunable stochasticity in an artificial spin network. Adv. Mater. 33, 2008135 (2021).
13. Dawidek, R. W. et al. Dynamically driven emergence in a nanomagnetic system. Adv. Funct. Mater. 31, 2008389 (2021).
14. Taniguchi, T. et al. Precise control of magnetic domain wall displacement by a nanosecond current pulse in Co/Ni nanowires.
Appl. Phys. Express 8, 073008 (2015).
15. Thomas, L., Moriya, R., Rettner, C. & Parkin, S. S. P. Dynamics of magnetic domain walls under their own inertia. Science 330,
1810-1813 (2010).
16. Kldui, M. et al. Vortex circulation control in mesoscopic ring magnets. Appl. Phys. Lett. 78, 3268-3270 (2001).
17. Hayashi, M. et al. Dependence of current and field driven depinning of domain walls on their structure and chirality in permalloy
nanowires. Phys. Rev. Lett. 97, 207205 (2006).
18. Kim, K.-]. et al. Depinning field at notches of ferromagnetic nanowires with perpendicular magnetic anisotropy. IEEE Trans. Magn.
45, 4056-4058 (2009).
19. Im, M.-Y., Bocklage, L., Fischer, P. & Meier, G. Direct observation of stochastic domain-wall depinning in magnetic nanowires.
Phys. Rev. Lett. 102, 147204 (2009).
20. Bauer, U,, Emori, S. & Beach, G. S. D. Electric field control of domain wall propagation in Pt/Co/GdOx films. Appl. Phys. Lett. 100,
192408 (2012).
21. Jin, T. et al. Synaptic element for neuromorphic computing using a magnetic domain wall device with synthetic pinning sites. J.
Phys. D. Appl. Phys. 52, 445001 (2019).
22. Emori, S. et al. Current-driven dynamics of chiral ferromagnetic domain walls. Nat. Mater. 12, 611-616 (2013).
23. Thiaville, A. et al. Dynamics of dzyaloshinskii domain walls in ultrathin magnetic films. Europhys. Lett. 100, 57002 (2012).
24. Manchon, A. et al. Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic system. Rev. Mod. Phys. 91, 035004
(2019).
25. Vansteenkiste, Al. et al. The design and verification of MuMax®. AIP Adv. 4, 107133 (2014).
26. Leliaert, J. et al. Current-driven domain wall mobility in polycrystalline permalloy nanowires: A numerical study. Appl. Phys. 115,
233903 (2014).
27. Leliaert, J. et al. MuMax® workshop, Session 4: Advanced features and more extensive examples. Ghent Univ. https://mumax.ugent.
be/mumax3-workshop (2020).
28. Hurst, A. C. H. et al. Reconfigurable magnetic domain wall pinning using vortex-generated magnetic fields. Appl. Phys. Lett. 110,
182404 (2017).
29. Yu,]. et al. Spin orbit torques and Dzyaloshinskii-Moriya interaction in dual-interfaced Co-Ni multilayers. Sci. Rep. 6, 32629 (2016).
30. Torrejon, J. et al. Interface control of the magnetic chirality in CoFeB/MgO heterostructures with heavy-metal underlayers. Nat.
Commun. 5, 4655 (2014).
31. Emori, S., Bauer, U, Ahn, S. M., Martinez, E. & Beach, G. S. D. Current-driven dynamics of chiral ferromagnetic domain walls.
Nat. Mater. 12, 611-616 (2013).
32. Ryu, K.-S.,, Thomas, L., Yang, S.-H. & Parkin, S. Chiral spin torque at magnetic domain walls. Nat. Nanotechnol. 8, 527-533 (2013).
33. Haazen, P. P. J. et al. Domain wall depinning governed by the spin Hall effect. Nat. Mater. 12, 299-303 (2013).
34. Moriya, T. Anisotropic superexchange interaction and weak ferromagnetism. Phys. Rev. 120, 91-98 (1960).
35. Yafet, Y. Ruderman-Kittel-Kasuya-Yosida range function of a one-dimensional free-electron gas. Phys. Rev. B 36, 3948-3949 (1987).
36. Parkin, S. S. P. & Mauri, D. Spin engineering: Direct determination of the Ruderman-Kittel-Kasuya-Yosida far-field range function
in ruthenium. Phys. Rev. B 44, 7131-7134 (1991).

Acknowledgements

This work was supported by the Technology Innovation Program (or Industrial Strategic Technology Develop-
ment Program) (20020286) funded By the Ministry of Trade, Industry & Energy(MOTIE, Korea), KSRC(Korea
Semiconductor Research Consortium) support program for the development of the future semiconductor device,
and the Samsung Research Funding Center of Samsung Electronics under project no. SREC-IT1901-11. This
work was also supported by the KAIST-funded Global Singularity Research Program for 2021.

Author contributions

T. L. planned and performed the study under the supervision of K.-J.K. S.J. and T. L. deposited magnetic thin
films, fabricated devices, and measured magnetic properties under the supervision of S. K. T. L. performed the
experiment and analyzed the results with the help of K.-J.K. T. L. and K.-J. K. wrote the manuscript. All authors
discussed the result and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-34040-y.

Correspondence and requests for materials should be addressed to K.-J.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023)13:6791 | https://doi.org/10.1038/s41598-023-34040-y nature portfolio


https://mumax.ugent.be/mumax3-workshop
https://mumax.ugent.be/mumax3-workshop
https://doi.org/10.1038/s41598-023-34040-y
https://doi.org/10.1038/s41598-023-34040-y
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:6791 | https://doi.org/10.1038/s41598-023-34040-y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Position-reconfigurable pinning for magnetic domain wall motion
	Sample preparation and MOKE measurement
	Result and discussion
	Conclusions
	Methods
	Sample preparation. 
	Magnetic measurements. 

	References
	Acknowledgements


