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Our research group aim to deepen understanding of spin-related physics and magnetization dynamics
develop in novel spintronics materials and devices, and explore new functionalities based on the
obtained findings. The goal of these activities is to realize high-performance and low-power
spintronics memory, integrated circuit, and unconventional intelligent computing.
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. Electrical and spin properties of spintronic materials/devices and their applications

. Control of magnetization utilizing spin-orbit interactions

. Dynamics of magnetic domains and domain walls in nanoscale magnets

4. 4evelopment of high-performance and low-power spintronic memory devices

5. Applications of metallic spintronics devices for nonvolatile memories, logic integrated circuits and
brain-inspired computing
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E. MR XZEDHHE / The Number of Research Papers

FY 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | Total
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(1) #EFERT s 39 | 27 | 19| 19 | 22 | 12 | 138
Refereed journal papers
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proceedings equivalent to journal papers
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Papers in refereed conference proceedings
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F. HETREMERE / Significant Research Achievements (FY.2013-2018)

See Ref. 1. “#” mark indicates research carried out at a former organization.
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[2013-2015]

1.

H. Sato, E. C. I. Enobio, M. Yamanouchi, S. lkeda, S. Fukami, S. Kanai, F. Matsukura, and H. Ohno,
“Properties of magnetic tunnel junctions with a MgO/CoFeB/Ta/CoFeB/MgO recording structure down to
junction diameter of 11 nm,” Applied Physics Letters, vol. 105, pp. 062403(1)-(4), August 13, 2014 [IF:
3.521] [Times Cited: 155].

Abstract: This paper and other relating papers/conference presentations describe magnetic tunnel junction
technologies for spin-transfer torque magnetoresistive random access memory (STT-MRAM) applications.
These works followed our earlier work [S. Ikeda et al. Nature Mater. 9, 721 (2010)] reporting a
perpendicular-anisotropy magnetic tunnel junction and enhance the performance of current-induced
magnetization switching and thermal stability factor based on in-depth investigations of the physics at
nanometer scales. Also, the works have led to our later works on single-digit-nanometer shape-anisotropy
magnetic tunnel junction device [K. Watanabe et al. Nature Commun. 9, 663, 2018].

International impact on both academic and social aspects: Mass production of STT-MRAM by major
semiconductor integrated-circuit manufacturing companies has started recently. Magnetic tunnel junction is
the heart of the STT-MRAM and our studies have made significant contribution to the commercialization of
the STT-MRAM. The STT-MRAM is promising technology to realize energy-efficient integrated circuits and

10T societies.

S. Fukami, M. Yamanouchi, S. lkeda, and H. Ohno, “Depinning probability of a magnetic domain wall in
nanowires by spin-polarized currents,” Nature Communications, vol. 4, 2293(1)-(7), August 15, 2013 [IF:
11.88], [Times Cited: 42].

Abstract: This paper and other relating papers/ conference presentations describe current-induced motion of
magnetic domain wall for high-speed working memory and storage-class race-track memory applications.
We have revealed key physics and technologies that are promising for the device applications above. We also
demonstrated the world-smallest 20-nm magnetic domain wall motion device [S. Fukami et al., IEDM2013
3.5.1] and the world-first spintronics-based microcontroller [N. Sakimura et al. ISSCC2014, 10.5] based on
the insights obtained in the fundamental studies.

International impact on both academic and social aspects: Electrical manipulation of magnetic
configuration is of a fundamental interest in spintronics field. Our works have provided a bridge from
fundamental researches to device applications by delving the physics of magnetic texture and its dynamics.

The obtained achievements are expected to promote the further growth of MRAM technologies where
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higher-speed operation should be required in future. Some of the insights obtained in these works have led to

an establishment of “spin-orbitronics’ described below.

[2016-2018]

1.

S. Fukami, C. Zhang, S. DuttaGupta, A. Kurenkov, and H. Ohno, “Magnetization switching by spin-orbit
torque in an antiferromagnet-ferromagnet bilayer system,” Nature Materials, vol. 15, pp. 535-541, February
15, 2016 [IF: 38.887], [Times Cited: 318].

Abstract: Current-induced torque acting on magnetization via the spin-orbit interaction, referred to as the
spin-orbit torque, offers promising scheme to control magnetization direction in spintronics devices. One of
the biggest obstacles for applications is a necessity of external magnetic field to determine the switching
direction. This work showed for the first time that (1) antiferromagnetic PtMn exhibits sizable spin-orbit
torque, (2) combining the spin-orbit torque with exchange bias in antiferromagnet/ferromagnet bilayer
structure allows field-free magnetization switching, and (3) the magnetization, or the device resistance, can
be controlled in an analog manner when the bilayer system is designed properly. (1) and (2) solved the
deadlock of the spin-orbit torque switching, while (3) opened a new paradigm of spintronics research,
so-called neuromorphic spintronics. Later, we utilized this property and showed an associative memory
which is the world-first proof-of-concept demonstration of spintronics-based neuromorphic computing.

International impact on both academic and social aspects: Antiferromagnetic spintronics, where
unraveled physics and functionalities of antiferromagnetic materials are explored, is one of the active fields
in recent spintronics. This work is recognized as a representative study in the antiferromagnetic spintronics as
a new spin-transport phenomena and functionality of an antiferromagnetic metal were revealed. In addition,
neuromorphic computing is an attractive topic in various fields from mathematics, condensed-matter physics,
medical engineering to integrated circuits and computer science, because it has a potential to execute
complex cognitive tasks that the conventional von Neumann computers are not excel at. The
antiferromagnet/ferromagnet system exhibiting analog control of magnetization observed can be used as an

artificial synapse in an artificial neural network and thus is promising for the neuromorphic computation.

S. Fukami, T. Anekawa, C. Zhang, and H. Ohno, “A spin-orbit torque switching scheme with collinear
magnetic easy axis and current configuration,” Nature Nanotechnology, vol. 11, pp. 621-625, March 21, 2016.
[IF: 33.407], [Times Cited: 152].

Abstract: This work also studied the spin-orbit torque magnetization switching. Before this study, there were
two schemes of magnetization switching; one uses out-of-plane magnetization (magnetization along the z
direction) structure and the other uses in-plane and orthogonal-to-current magnetization (magnetization along
the y direction) structure. This work showed a spin-orbit torque magnetization switching for a structure with
in-plane and collinear-to-current (magnetization along the x direction) configuration. Subsequent studies [S.
Fukami et al., VLSI12016, T06-5; Y. Takahashi et al., Appl. Phys. Lett. 114, 012410, 2019, etc.] revealed that
the newly established scheme is promising for nano- or subnano-second magnetization switching which is

not easily achieved by the conventional spin-transfer torque magnetization switching used in STT-MRAMSs.
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International impact on both academic and social aspects: The emergence of the third scheme of
spin-orbit torque switching offers various opportunity to investigate the physics of spin-orbit torque. In fact,
we revealed several unknown mechanisms of the spin-orbit torque magnetization switching such as the effect
of field-like torque and high-speed magnetization dynamics. Also, the observed subnanosecond manipulation
of magnetization is attractive for the MRAM application and several MRAM manufacturing companies are

interested in a utilization of the spin-orbit torque for their future products.



G. HEITREEFEF / Significant Activities (FY.2013-2018)

See Ref. 2-9.  “#” mark indicates research carried out at a former organization.

WFSE RV FI B L G R D 2 DIFEE2 BB L7225, 2013-2018 4E[ED 72 & DIFB O T HEET X 402 H Y H L, #if (2013-2015
HERE) LR (2016-2018 ) 1T TR 5. HXDH, & L <IESCE S0 Thodl.

[2013-2015]

RIEC International Workshop on Spintronics

The 1t RIEC International Workshop on Spintronics was held on Feb. 8-9, 2005. Since then, we have organized
the workshops almost every year and have dealt with exciting topics. Now, the RIEC workshop is recognized as
an important interaction event of world-wide spintronics community. On November 18, 2015 — November 20,
2015, for example, we hold the 13" workshop in RIEC, Tohoku University and invited world-leading
researchers including Johan Akerman (University of Gothenburg), David Awschalom (University of Chicago),
Geoffrey Beach (Massachusetts Institute of Technology), Tomasz Dietl (Polish Academy of Sciences), Claudia
Felser (Max Planck Institute for Chemical Physics of Solids), Julie Grollier (Université Paris-Sud), Masamitsu
Hayashi (National Institute for Materials Science), Burkard Hillebrands (TU Kaiserslautern), Masashi
Kawasaki (University of Tokyo), Aurélien Manchon (King Abdullah University of Science and Technology),
Teruo Ono (Kyoto University), Stuart Parkin (IBM), Andrei Slavin (Oakland University), Gen Tatara (RIKEN),
Kang Wang (University of California, Los Angeles), Dieter Weiss (Universitat Regensburg). The total number
of participants is 185 (77 people from Tohoku University, 33 people from Japan (not Tohoku Univ), 75 people

from overseas).

[2016-2018]

ImPACT Program “Spintronics integrated circuit” Project

IMPACT is a Japanese national program through which the Council for Science, Technology and Innovation,
that serves as the government's command center for innovation policy, encourages high-risk, high-impact R&D,
and aim to realize a sustainable and expandable innovation system. “Achieving Ultimate Green IT Devices with
Long Usage Time without Charging (Program Manager: Masashi Sahashi)” is one of the IMPACT Program,
where spintronics devices and integrated circuits are developed to realize ultralow power IoT systems.

The Spintronics Integrated Circuit Project (Principal Investigator: Hideo Ohno (FY2014-2017), Tetsuo Endoh
(FY2018)) is one of the projects of the Sahashi IMPACT Program. Through this project, we carried out
researches to demonstrate low-power edge devices based on nonvolatile spintronics technology. In the final
year, we successfully demonstrated a 50 uW microcontroller unit operating at 200 MHz. The operation speed is
fast enough to execute high-level tasks such as face recognition while the power is low enough to be operated
under energy harvesting. The established technology should become a new foundation of future semiconductor

integrated-circuit societies.
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