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Insight into new magnetic recording principle with magnetoelectric writing

M. Sahashi, M. Al-Mahdawi, S. P. Pati, S. Ye, Y. Shiokawa, and T. Nozaki,
(Tohoku University)

The recording areal density has continued increasing to nearly 1Tbpsi with Perpendicular Magnetic Recording
(PMR). However, it seems that the growth rate of a recording areal density is fairly reduced for the trilemma problem
due to particulate magnetic recording principle. Of course, such alternative technologies or methods as energy assisted
recording (HAMR, MAMR etc.) have been worked on with energy towards realizing the next generation recording
system where they are still based on a particulate magnetic recording principle. Considering a magnetic recording (i.e.
head/media system), STT and SOT are not suitable for magnetic recording principle. So in this paper we propose a new
magnetic recording principle with voltage effect on magnetization-switching, especially Magnetoelectric Effect of
Cr203 sesquioxide, that is to say that magnetic bits are written on Cr203 antiferromagnetic media by E(electric
field) - H(magnetic field) product.

Magnetoelectric (ME) effect has so far been paid attention to be applied to a nonvolatile memory (NVM). Cr203 is
a typical sesquioxide with ME effect and its antiferromagnetic Neel temperature is TN =307 K, which is higher than RT.
A robust isothermal electric control of exchange-bias at RT is actually reported for bulk Cr203 single crystal sample
when both of electric field E = 0.02 [MV/cm] and magnetic field H = -1.54 [kOe] was applied [1]. But ME effect has
not yet been clarified in Cr203 thin films because of its large leakage current and imperfect antiferromagnetic-ordering
while ME effect like behavior up to 200K is reported to be observed in an ultrathin Cr203/Fe203 Nano-Oxide Layer
(NOL) [2]. When considering the application of ME effect to magnetic recording technology with voltage-controlled
magnetization switching, there are some problems except the above issue, which should be resolved. The first is to
realize and design an effectually high exchange-bias filed between antiferromagnetic (AFM) Cr203 and ferromagnetic
(FM) thin film multilayers in the higher temperature range than RT, which means higher Neel temperature (TN) and
higher blocking temperature (TB), where the properly low coercive force of FM is also required. The second is to invest
FM layer with a perpendicular anisotropy which is thought to be caused by both of the hybridization of FM 3d and O 2p
orbitals and the magnetic coupling at the interface between FM and Cr203. The third is to confirm ME effect in the thin
film Cr203 after getting Cr203 thin film which shows good electrical properties.

In this paper, electrical and magnetic performances of the thin film Cr203/Fe203 sesquioxide were investigated.
We successfully fabricated the Cr203 and Fe203 thin films with small leakage current and good magnetic properties.
We successfully confirmed ME effect of Cr203 thin films (100nm~500nm) and the switching of both exchange bias
field and residual magnetization using Co/Cr203 exchange bias bilayer with low FM layer coercivity (~20 Oe)
structure, shown in Fig.2 under both of ME filed cooling and isothermal process conditions for the first time in the
world [3],[4]. In addition, we succeeded in enhancing TM of Fe203 higher than 400K by Ir-doping where
perpendicular-spin-alignment of Fe203 was also confirmed in both of Mossbauer spectroscopy and weak ferromagnetic
moment measurement with SQUID magnetometer. These results support our new magnetic recording principle concept
with voltage controlled magnetization switching of AFM Cr203 thin film above room temperature at the first step.

In addition, we also propose low EH product writing with positive exchange coupling in Chromia/Co bilayer system
where an induced weak ferromagnetic moment is also observed of antiferromagnetic Chromia. The related experimental
results and phenomenologically analytical consideration will be discussed.

This study was partially supported by IMPACT Program led by Council of Science, Technology and Innovation
(CSTI), Cabinet Office of Government of Japan, and JST-ALCA Program.
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Characterization of magneto-electric switching energy in Cr,0s

antiferromagnetic thin films

M. Al-Mahdawi, S. P. Pati, S. Ye, Y. Shiokawa, T. Nozaki, and M. Sahashi
(Tohoku University)

Introduction: Towards applications in voltage-controlled HDD and MRAM, usually the ferromagnetic layer is
considered as the “active” media. A possibility of using antiferromagnetic (AFM) media is hindered by the difficulty of
controlling and accessing the antiferromagnetic state. Recently, there is a revival in utilizing the magnetoelectric (ME)
antiferromagnet Cr,Os, where the electric control of perpendicular exchange-bias in a Cr,Os/Co multilayer system has

been realized under the simultaneous application of electric and magnetic fields'™

. However, The required energy of
the product of electric and magnetic fields (EH) is 2 to 3 orders of magnitude higher in thin-film systems compared with
bulk crystals'”. In this presentation, we will present the investigation of the origin of this increase, and a novel way to
control it.

Experimental procedure: Two samples were used, sample A was a commercial bulk Cr,Os substrate, sample B was a
sputter-deposited thin-film sample of the following structure: ¢-ALOs; sub./Pt 25 nm/Cr,O; 500 nm/Pt 25 nm. The
average domain state of Cr,Os; was measured by the linear magnetoelectric susceptibility (o) in a SQUID magnetometer.
The application of a small electric field (E) results in an induced magnetization (M = oE), and the sign of a indicates the
AFM domain state of Cr,0s.

Results and discussions: Figure 1 shows the comparison between the 4r
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temperature-dependence of o in samples A and B. Except for a small e

decrease in Neel temperature, the magnitude of a is same and the ME
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property is intrinsically similar in thin films as to bulk crystals. The
increase of EH switching product in thin films is mostly due to the
increase of exchange-bias energy density as the thickness becomes
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reduced orders of magnitude.
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Additionally, we surprisingly found a weak magnetization from Cr,O;
films, which was coupled to AFM order parameter. This weak

magnetization required an additional EH switching energy for single- [
layer Cr,O;. However, the sign of switching EH energy required to 0 100 200 300
overcome the weak magnetization is opposite to the EH energy TIK]

required to overcome the exchange-coupling energy with the Co layer. Fig. 1 Temperature-dependence of a in
We could design a balance between both, and we could decrease the  gamples A and B

switching energy 2 orders of magnitude compared to other reports on

thin-film Cr,Os.
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Magnetic field dependence of threshold electric field for switching
exchange bias polarity

T. V. A. Nguyen, Y. Shiratsuchi, R. Nakatani
Department of Materials Science and Engineering, Graduate School of Engineering, Osaka University

Electric field control of magnetization in magnetoelectric (ME) insulators plays an important role in spintronic
applications owing to various advantages such as the high processing speed and the low power consumption.
Antiferromagnetic (AFM) a-Cr,O3 is a typical ME material which showed a fascinating exchange bias as coupled with
a ferromagnetic layer [1, 2]. The isothermal ME switching of the perpendicular exchange bias in an all-thin-film system
was reversibly achieved with the change in polarity of exchange bias from negative-to-positive (N-to-P) and
positive-to-negative (P-to-N) by tuning the applied electric field while maintaining the magnetic field [1]. At a
temperature, the threshold electric field (Ey,) at which the polarity of exchange bias is reversed depends on the applied
magnetic field [1]. However the study on magnetic field dependence of Ey, for switching exchange bias polarity, which
is indispensable for future spintronic devices, is still insufficient.

In this study, we investigated the isothermal ME switching of perpendicular exchange bias in Cr,0s.
Pt/Co/spacer/Cr,O4/Pt stacked films were prepared on an a-Al,O3 substrate using DC magnetron sputtering system. The
isothermal switching of exchange bias was investigated by the anomalous Hall effect (AHE) measurement using a
Hall-bar device with a 2-um-width and a 40-um-length. At 275 K, the exchange bias field was reversibly switched by
reversing the electric field under a fixed magnetic field. Fig. 1 shows the hysteretic electric field dependence of the
exchange bias field (left) and remanence ratio (right) under -60 kOe at 275 K. The rectangular hysteresis is in agreement
with the isothermal switching of AFM domain state in Cr,05. Fig. 2 shows the magnetic field dependence of Ey, for
switching exchange bias polarity, in which Ey, was evaluated from the cross point of remanence ratio curve with the
horizontal axis for both N-to-P and P-to-N processes. The switching condition, simply expressed by EHy, = constant,
followed the coherent model [1, 2] in which the ME effect leads to the energy gain for switching exchange bias polarity.
The asymmetry of EHy, between N-to-P and P-to-N was attributed to the uniaxial nature of magnetic anisotropy of AFM
layer and the unidirectional nature of exchange coupling of the FM layer. The detail of the dependence of Ey, on
magnetic field (magnetic field and direction) will be discussed in the presentation.
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Fig. 1: Hysteretic electric field dependence of the Fig. 2: Magnetic field dependence of threshold electric field =

exchange bias field (left) and remanence ratio (right) for switching exchange bias polarity measured at 275 K.

under -60 kOe at 275 K.
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Enhanced magnetic anisotropy of magnetoelectric Cr,0s film by Al-doping
T. Nozaki, Y. Shiokawa, S. P. Pati, S. Ye, M. Al-Mahdawi, and M. Sahashi
(Tohoku University)
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Effect of heavy metal doping on the Morin transition of

epitaxial a-Fe>O3 (0001) thin films

M. A. Tanaka, K. Mikami, S. Ando and K. Mibu
(Nagoya Institute of Technology)

Hematite (a-Fe;O3), which is an antiferromagnetic material with high Néel temperature (Tn = 950 K), is attracting
great interest, because this material can be applied for assisting layer of perpendicular magnetic devices, e.g.,
electric-field-writing-hard-disk drives. In pure a-Fe,Os;, the Morin transition, which is the antiferromagnetic to weak
ferromagnetic transition, occurs at 253 K, so that c-axis oriented a-Fe,Os thin films have the in-plane spin configuration
and show weak ferromagnetism at room temperature. Recently, Shimomura et al. reported that the Morin transition
temperature (Tw) can be enhanced above 400 K in c-axis oriented a-Fe,Os thin films by doping 1% Ir Y. The Morin
transition can be explained by the competition between magnetic dipolar anisotropy Kmp and single ion anisotropy Kes.
The enhancement of Twm is caused by the increase of Kes. In this study, we report the heavy-metal-doping effect for
Morin transition of c-axis oriented a-Fe,Os3 thin films.

Heavy metal (Ru, Ir and W) doped a-Fe,O; films of about 80 nm in thickness were deposited on Al>O3(0001)
substrates by pulsed laser deposition method at various substrate temperatures in background oxygen pressure of 10 Pa.
X-ray diffraction (XRD) measurement and conversion electron Mdssbauer spectroscopy were performed for these
samples at room temperature.

XRD measurement clarified that the growth direction of the heavy-metal-doped a-Fe;Os3 films on Al,03(0001)
substrates was along c-axis. Figure 1 shows the Mdssbauer spectra of 5% Ru doped a-Fe,Os films deposited at the
substrate temperature of 300°C, 400°C and 500°C. The angle g between the average spin direction and the vertical axis
of film plane can be estimated by the intensity ratio of the six peaks of the Mdsshauer spectra. When the spin direction
is perpendicular to the film plane (g = 0°), the peaks indicated by the arrows disappear. The results show the peaks
indicated by red arrows decrease with increasing growth temperature. The Mdssbauer spectra indicated that the spin
direction of 5% Ru doped a-Fe;Os; films deposited at the
substrate temperature of 300°C is nearly in-plane (g = 76°) and 0
that the Tw is below room temperature, while the spin direction o %{aw dé}?ﬂ ;‘Avemge spin direction
of the 5% Ru doped a-Fe;Os films deposited at the substrate iting line
temperature of 500°C is almost perpendicular (g = 16°) and the T .
Twm is higher than room temperature. The spin direction angle of f 500°C
5% Ru doped a-Fe,O; films deposited at the substrate
temperature of 300°C is 31° indicating that the Tm of this
sample is near room temperature. These results imply that the
lattice location of Ru ions in a-Fe,Os3 films varies with changing
deposition temperature and that the difference of spin-orbit

E
interaction of Ru ions affects the enhancement of Kes. 3 % 8 g%
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1)  N. Shimomura et al., J. Appl. Phys., 117, 17C736 (2015). Fig. 1 Mossbauer spectra of 5% Ru doped
a-Fe;O3; films deposited at the substrate
temperature of 300°C, 400°C, and 500°C
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Challenges toward voltage-torque MRAM

Shinji Yuasa
(AIST, Spintronics Research Center)

A magnetic tunnel junction (MTJ) consisting of a thin insulating layer (a tunnel barrier) sandwiched between two
ferromagnetic electrodes exhibits the tunnel magnetoresistance (TMR) effect due to spin-dependent electron tunneling.
Since the discovery of room-temperature TMR,%? MTJs with an amorphous aluminum oxide (Al-O) tunnel barrier,
which exhibit magnetoresistance (MR) ratios of several tens percent, have been studied extensively. In 2004, MR ratios
of about 200% were obtained for fully epitaxial MTJs with single-crystal MgO(001) tunnel barrier® and textured MTJs
with (001)-oriented MgO tunnel barrierY. MTJs with a CoFeB/MgO/CoFeB structure were also developed for practical
application.” In the CoFeB/MgO/CoFeB MT]J, a highly textured MgO(001) barrier layer is grown on an amorphous
CoFeB bottom electrode layer. By post-annealing the MTJs, the amorphous CoFeB layers are crystallized in bcc(001)
structure due to the solid-phase epitaxial growth from the MgO interfaces®. Then, the (001)-textured
CoFeB/MgO/CoFeB MTJ exhibit giant MR ratios as well as other practical properties such as low resistance-area (RA)
product ® and/or interfacial perpendicular magnetic anisotropy (PMA).® Because of the high manufacturability and
practical magneto-transport properties, the CoFeB/MgO/CoFeB MTJs are widely used as the read heads of hard disk
drives (HDDs), memory cell of non-volatile memory (STT-MRAM) especially with perpendicular magnetization,
spin-torque oscillator (STO), and physical random number generator (Spin Dice). 0tV

Although the textured CoFeB/MgO/CoFeB MTJs have been very successful, the properties are not sufficient for
future device applications. Novel voltage-driven MRAM or voltage-torque MRAM based on voltage-induced dynamic
switching ¥ requires not only very high MR ratio (>>300%) but also very large voltage-control of magnetic anisotropy
(VCMA) effect and PMA at the same time.'? For satisfying these requirements, we need to develop novel MTJs with
new materials for barrier and magnetic layers by using epitaxial growth on Si substrate as well as the wafer bonding and
three-dimensional integration technologies to integrate the epitaxial MTJs in practical LSI. This paper summarizes
challenges toward the voltage-torque MRAM.

This work was supported by the IMPACT Program of the Council for Science, Technology and Innovation.
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Large voltage-controlled magnetic anisotropy change in epitaxial
Cr/ultrathin Fe/MgO/Fe magnetic tunnel junctions

Takayuki Nozaki', Anna Koziot-Rachwat'?, Witold Skowronski®?, Vadym Zayets?, Yoichi Shiota?,
Shingo Tamaru?, Hitoshi Kubota!, Akio Fukushima?, Shinji Yuasa?, and Yoshishige Suzuki®?
(1 AIST, Spintronics Research Center, 2 AGH Univ., 3 Osaka Univ.)

Technological development in electric-field control of magnetic properties is strongly demanded to realize novel
spintronic devices with ultralow operating power. Voltage-controlled magnetic anisotropy (VCMA) effect in an ultrathin
ferromagnetic metal layer?- 2 is the most promising approach, because it can be applied in MgO based magnetic tunnel
junction (MTJ). We have demonstrated fast speed response of VCMA effect through the voltage-induced ferromagnetic
resonance® and pulse-voltage induced dynamic magnetization switching® so far. One of the outstanding technical issues
in the VCMA effect is the demonstration of scalability. For example, for the development of G-bit class memory
applications, high VCMA coefficient of more than 1000 fJ/Vm is required with sufficiently high thermal stability.
However, the VCMA effect with high speed response is limited to be about 100 fJ/\Vm at present.

In this study, we investigated the VCMA effect in an ultrathin Fe layer sandwiched between epitaxial Cr(001) buffer
and MgO(001) barrier layers.®) High interface anisotropy energy, Kio of about 2 mJ/m? was recently demonstrated in
Cr/ultrathin Fe/MgO structure,” probably due to the atomically flat interfaces and suppression of surface segregation
from the buffer material. We applied this structure in the voltage-driven MTJ and performed systematic investigations
on perpendicular magnetic anisotropy (PMA) and VCMA effect through the tunnel magnetoresistance (TMR) properties.
Fully epitaxial MTJ of MgO seed (3 nm)/Cr buffer (30 nm)/ultrathin Fe (tr)/MgO (tmgo)/Fe (10 nm)/Ta/Ru were
deposited on MgO (001) substrates by molecular beam epitaxy. Here, the ultrathin Fe layer is the voltage-controlled free
layer with perpendicular magnetic easy axis and top thick Fe layer is the reference layer with in-plane magnetic easy
axis. The PMA energy, Kema and VCMA properties were evaluated from the normalized TMR curves measured under
in-plane magnetic fields with various bias voltage applications. Saturation magnetization value was obtained by SQUID
measurement.

High interface anisotropy energy, Kio of 2.1 mJ/m? was confirmed in

our sample. Figure 1 shows an example of applied electric field 02 ' ' ' ' '

dependene of surface anisotropy energy, Kematre for the MTJ with tee 048 Fe |

= 0.45 nm and tugo = 2.8 nm. We observed large VCMA coefficient of -

about 400 fJ/Vm under the negative electric field application, while £ omft Ultrathin Fe| |

non-linear behavior appeared under the positive direction. In the é Cr

presentation, we’ll discuss the possible origin of the enhanced VCMA “g 040} i

effect and non-linearity including the evaluation results of structural X

analysis at the Cr/ultrathin Fe/MgO interfaces. 036} -
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Write error rate of voltage-driven dynamic magnetization switching

Yoichi Shiota!, Takayuki Nozaki!, Shingo Tamaru?, Tomohiro Taniguchi?, Kay Yakushiji*, Hitoshi Kubota!,
Akio Fukushima?, Shinji Yuasa!, and Yoshishige Suzuki®?
(1 AIST, Spintronics Research Center, 2 Osaka Univ.)

\Woltage-control of magnetic anisotropy [1,2] is a promising technique for ultimate spintronic devices with ultra-low
power consumption. To apply the voltage-induced magnetic anisotropy change to the writing process, the dynamic
magnetization switching triggered by the sub-ns pulse voltage has been demonstrated. [3,4] One of the important issues
for the practical application is the evaluation and improvement of the write error rate (WER). However precise control
of the magnetization dynamics is not easy because the proper pulse duration is about 1ns or shorter. In this study, we
investigated the WER of voltage-induced dynamic magnetization switching in perpendicularly magnetized magnetic
tunnel junctions (p-MTJs). [5]

A film for p-MT]J, consisting of buffer layer / [Co (0.24 nm)/Pt (0.16 nm)]” / Co (0.24 nm) / Ru (0.46 nm) / [Co (0.24
nm)/Pt (0.16 nm)]° / CoB (0.4 nm) / W (0.15 nm) / Co1zFeesB2o (1.0 nm) / MgO barrier / FeB (1.8 nm) / W (2.0 nm) /
cap layer, was prepared by using ultra-high vacuum sputtering machine (Canon-Anelva C-7100). The film was annealed
at 350°C for 1 hour and micro-fabricated into a 120-nm-diameter p-MTJ. The magnetoresistance ratio and
resistance-area product are 101% and 370 Q-um?, respectively. We investigated the WER from the 10° repeated events
at various conditions of pulse duration and pulse amplitude and external magnetic field.

First, we observed the bidirectional switching and oscillatory behavior of switching probability. These results clearly
indicate that the observed switching originates from the voltage-induced magnetic anisotropy change. Figures 1 (a) — (c)
show the WER as a function of pulse duration under different conditions of the in-plane magnetic field strength. The
minimum of WER, (WER)min, was obtained at the half period of the magnetization precession, which becomes shorter
as increasing the in-plane magnetic field. Increase of switching time results in low (WER)min because the effect of
thermal agitation becomes negligible. However further increase of an in-plane magnetic field increases the (WER)min
due to the reduction of thermal stability factor. Under the optimized condition, the lowest (WER)min of 4 x 10 was
obtained as shown in Fig. 1 (b). The comparison between the results of the experiment and simulation based on a
macro-spin model shows a possibility of ultralow WER (< 10°9).

This work was partly supported by ImPACT Program of Council for Science, Technology and Innovation, and a
Grand-in-Aid for Scientific Research (No. 26886017).
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Magnetization switching property in a free layer having higher-order magnetic anisotropy

R. Matsumoto*, H. Arai***, S. Yuasa®*, and H. Imamura*
(*AIST, *JST-PRESTO)
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Deep etching microfabrication of perpendicularly magnetized MTJ

Akio Fukushima, Kay Yakushiji, Hitoshi Kubota, Shinji Yuasa
(AIST, Spintronics Research Center)

Low damage microfabrication is one of the most importance issue to fabricate higher density magnetic memory
devices. Etching process of the pillar part of magnetic tunnel junction (MTJ) is thought to be the main origin of the
processing damage. Argon ion beam etching has been used widely to fabricate the pillar part of MTJs because its
etching rate is not much sensitive to film materials. Reduction of the beam voltage of Ar ion beam etching is a straight
way to decrease the processing damage. Here, we report the deep etching microfabrication using low voltage Ar ion
beam etching, and some of the deep etched MTJs show enhancement of coercive field (Hc) and keep thermal activated
energy (A).

We introduced new fabrication machine which is combining one etching chamber and two deposition chambers. This
machine makes possible to etch the pillar of MTJs and then to transfer the deposition chamber without breaking the
vacuum. The beam voltage and current of Ar ion beam is set to 150V and 45 mA, respectively. Low resistance
perpendicularly-magnetized MTJs [1] were used to estimate the process damage. We prepared a film of
perpendicularly-magnetized MTJ, which is consisting of buffer layer / [Co (0.24 nm)/Pt (0.16 nm)]°/ Co (0.24 nm) / Ru
(0.52 nm) / [Co (0.24 nm)/Pt (0.16 nm)]*/ W (0.1 nm) / CoB (0.4 nm) / W (0.1 nm) / FeB (1.1 nm) / MgO barrier / FeB
(~2 nm) / MgO cap / cap layer by ultra-high vacuum sputtering machine (Canon-Anelva C-7100). The top of the buffer
layer is about 50 nm-thick Ta layer. The film was annealed at 330°C for 1 hour, and then microfabricated into circular
MTJs with etching masks of 85, 75, 65 nm diameters. The resistance-area (RA) product of the film was 2.0 Q-um?.

Two etching processes are tested; the first is standard etching where the MTJ film was etched down to just top of the
buffer layer; and the second is deep etching where the film was over etched into the middle of the buffer layer. The
etching depth was monitored by secondary ion mass spectrometer, but we need to care that the etching depth near the
pillar tends to be smaller than that of the plane part. The typical etching time for the standard etching is 30 min. and that
for the deep etching is about 50 min. After that, the pillar was covered by SiO, layer without breaking the vacuum, and
then lift-offed the etching mask and made the top electrode.

For both cases, the magnetoresistance (MR) ratios of the MTJs were 110~120% and well coincident. Diameters of the
MTJs were estimated from the resistance of parallel state and the RA value. Reduction of the diameter was about 15nm
for standard etching and that was about 25 nm for deep etching. We found the deep etched MTJs tend to have larger
coercive field (Hc) that standard etched one and those MTJs have relative large thermal activation energy (A) where A
was evaluated from the current dependence to the switching probability [2].

This work was supported by ImPACT Program of Council for Science, Technology and Innovation.

Reference
[1] K. Yakushiji et al., Appl. Phys. Express 6 (2013) 113006, [2] Edited by T. Shinjo, "Nanomagnetims and Spintronics"
(1st edition, Elsevier), Authors: Y. Suzuki, A. A. Tulapurkar, and C. Chappert, Chap. 3 (2009).
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Spintronics devices for nonvolatile VLSI
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Here | review two- and three-terminal nano-spintronics nonvolatile devices for VLSI integration. VLSIs can
be made high performance and yet standby-power free by using nonvolatile spintronics devices V. The most commonly
employed device is magnetic tunnel junction (MTJ), a two-terminal spintronic device that can scale beyond 20 nm with
perpendicular CoFeB-MgO 23, | will describe the development of such devices and its performance together with
associated materials and physics issues. While two-terminal configuration is suitable for high density applications,
three-terminal configuration allows high speed and relaxed VLSI design constraints compared to the two-terminal
counterpart. Of particular interest are three-terminal devices that utilize spin-orbit torque (SOT) switching, which does
not require an antiferromagnetically aligned pair of magnetic electrodes as in current-induced domain wall motion
devices 4. On this front, I will discuss high speed operation of an SOT switching device with a target ferromagnetic
pillar having an out-of-plane easy axis ® or an in-plane magnetic easy axis collinear with the current flow direction in
the underneath heavy-metal ®. The magnetization switching is achieved with 500-ps pulses, which is not readily
available in two-terminal devices utilizing spin-transfer torque (STT) switching, because STT requires switching current
inversely proportional to the switching speed in this speed range. | then report the use of an antiferromagnetic material
as a source of spin flow as well as the exchange field. Before, structures for fast SOT switching required a small
constant external magnetic field to induce switching, which was an obstacle for application. It has been shown in a
(Co/Ni)-multilayer/PtMn structure that one can switch magnetization in the absence of external magnetic field using
PtMn as a source of spin 7, removing this obstacle. | summarize my talk by comparing two- and three-terminal device
performance.

This work has been carried out with S. Fukami, H. Sato, F. Matsukura, S. Ikeda, and the CSIS team, and has
been supported by the IMPACT Program of CSTI (PM Dr. Masashi Sahashi) and in part by the R&D Project for ICT
Key Technology of MEXT.
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Low Power NV-Working Memory and NV-Logic with
Spintronics/CMOS Hybrid ULSI Technology
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In information and communication technology (ICT) equipment indispensable for modern society,
semiconductor memories occupy the main position of silicon storage, working memories, and logic blocks.
Semiconductor memories in ICT equipment normally constitute a pyramid-like structure from cache memory (SRAM),
main memory (DRAM) to storage memory (NAND). In such current semiconductor memories, there are two key
issues: (1) speed gap between different levels of the memory hierarchy and (2) rapid increase in the power consumption
because of the increased density. In order for ICT technology to keep contributing for the world society under the
situation, where the more energy-saving is strongly required, it is essential to develop and commercialize LSIs which
achieve both reduction of power dissipation and enhancement of speed performance.

In this invited talk, it is reviewed material and STT-MRAM device technology including the basics of MTJ
device. Especially, our recent development results of spintronics LSIs are reviewed. We discuss STT-MRAM including
the fast differential type STT-MRAM and the high-density 1T1IMTJ type STT-MRAM, and then move onto MTJ based
Nonvolatile (NV-) Logic LSls. From these results, it is shown that STT-MRAM will solve both issues of speed gap and
power consumption simultaneously. Next, from the background mentioned above, the directionality of the revolution in
the semiconductor memory hierarchy structure is discussed. The realization of this revolution with STT-MRAMs is
introduced. It is shown that our developed 1Mbit STT-MRAM fabricated with 90 nm CMOS and 70nm MTJ process,
achieves Read/Write performance of 1.5nsec / 2.1nsec which is sufficient for cache memory application. Next, we show
ultra-high speed 1Mbit STT-MRAM with developed differential type STT-MRAM cell (twin 1T-1MT]J cell technology),
which achieves the read latency of 500 psec. Finally, NV-logic as one of application technology of leading edge
memory technology is shown. It is discussed that power of MPU and Associative Processor for Image Pattern
Recognition is extremely suppressed with spintronics based NV-logic technique

This work was supported in part by CIES's Industrial Affiliation on STT -MRAM Program, R&D Project for
ICT Technology of MEXT, IMPACT Program of CSTI, and ACCEL Program under JST.
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Three-terminal spintronics devices with spin-orbit torque induced
switching for ultra-low power and high-performance integrated circuits
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Spintronics memory devices with three-terminal configuration are suitable for high-speed and high-reliability
applications compared with the devices with two-terminal configuration, owing to their separated current paths between
the read and write operations V. Spin-orbit torque (SOT)-induced magnetization switching 2% is a promising scheme for
the write operation of the three-terminal devices. Here we show our recent studies on the SOT-induced switching which
open new possibilities of the devices and integrated circuit technologies.

The previous studies on the SOT switching build on either of two structures, both of which have the magnetic
easy axis of the free layer directing orthogonal to the current: perpendicular to the plane 2 or in-plane and orthogonal to
the channel current ®. We have recently shown the third switching scheme with the easy axis collinear with the current
4, The current-induced switching originating from the SOT with Slonczewski-like symmetry has been observed in a
three-terminal device with the new structure, where a Ta/CoFeB/MgO-based stack is used. Importantly, this scheme can
serve as a useful tool to investigate the physics of SOT-induced switching # as well as an attractive option for the
application to the integrated circuits ®. In the presentation, we show that the new scheme allows us to unambiguously
discuss the factors that determine the SOT switching current density and the difference in the dynamics between the
SOT and conventional spin-transfer-torque induced magnetization switching. We also show reliable switching achieved
by current pulses with the duration of 500 ps and amplitude of 1.9 X 10 A/m?; this feature is highly promising for
high-performance integrated circuits.

This work is partly supported by IMPACT Program of CSTI, R&D Project for ICT Key Technology of MEXT,
and JSPS KAKENHI 15K13964 and 15J04691.
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Room temperature growth of ultrathin ordered Mn-Ga films

oK. Z. Suzuki, R. Ranjbar, A. Sugihara, T. Miyazaki, and S. Mizukami
WPI Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

L1o-MnGa alloy films have a large perpendicular magnetic anisotropy and small damping constant? and it is
potentially attractive for Spin-transfer-torque magnetoresistive random access memory (STT-MRAM)
applications. Growth of ultrathin Mn-Ga films, whose thickness is usually less than 3 nm, is required for
STT-switching, whereas it has been difficult.>® Here we demonstrate the growth of ultrathin MnGa films with
thickness down to 1 nm by using paramagnetic CoGa
buffer layer having CsCl-type crystal structure. All the

samples were prepared by a ultrahigh vacuum (UHV) 0018 ' '5

magnetron sputtering system. = oowof 3 ~|
The sample stacking structure is MgO(001) ﬁ 2 —‘:

substrate/Cr (40 nm)/CoGa (30 nm)/MnGa L 0005 T 7

(twnca=1-5)/Mg (0.4) /MgO (5). The Cr and CoGa S 0

buffer layers were deposited at room temperature and § 0000 ==

subsequently annealed at 700 and 500°C, respectively. g 00051 tnca (nm)_

The MnGa layer was deposited on the CoGa buffer £ -

layer at room temperature and not annealed. The X 00101 -

out-of-plane polar Kerr loops for these films are shown

in Fig. 1. The loops with squareness close to unity are 0.015 2 or o 0 20

observed even at twnca= 1 nm.® Figure 2 shows a H (kOe)
cross-sectional image of CoGa/MnGa/MgO layers
measured by a high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM).
The atomically flat interfaces and well-ordered
crystalline structure of the MnGa layer was observed.”
These results indicate that the CoGa buffer layer is a
promising candidate for growth of ultrathin film of
Mn-based alloys. We will also discuss the
spin-dependent transport properties.

This work was supported in part by NEDO,
ImPACT program “Achieving ultimate Green IT

Fig. 1 Out-of-plane hysteresis curves for the ultrathin
MnGa films with different thickness measured by
polar magneto-optical Kerr effect.
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