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This research fulfilled the lack of investigation of the SOT-induced magnetization switching under
the spin-split origin _in Ru02/FM bilayer by a well-controlled crystallinity of Ru02 and a thoughtful
combination of experiment and calculation. This also open a new switching mechanism for SOT
devices.

In this study, spin-orbit torque (SOT) induced magnetization switching in

Functional oxide/ ferromagnetic (FO/FM) stack films has been investigated with the realization of
new functionality towards the novel spintronic devices application.

The Ru02 thin film was fabricated with well-controlled crystallinity, surface, and resistivity. The
spin current was generated in the Ru02 thin film with well-understood polarity, which was then used
to induce the magnetization switching of the FM layer placing adjacent to the Ru02 layer. The
effective SOT fields in Ru02/FM stack film have been investigated using harmonic Hall measurement
and the origin for these SOT fields was attributed mainly to the spin-split effect by considering
the spin Hall conductivity tensor under the symmetry analysis for the Ru02 crystal structure. This
research is important for the further research on the current-induced magnetization switching using
functional oxides.
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Having been regarded as a typical metal with conventional electrical transport properties for
a long time, however, RuO: recently revealed its specific band structure with the Dirac nodal
lines which induce a strong spin Hall effect for spintronic applications [1]. In addition, RuO:2
is an antiferromagnetic material up to at least room temperature when the lattice is distorted
from the rutile symmetry (P42/mnm), and the Neél vector aligns along [001] axis [2]. A recent
theoretical paper has shown that in the collinear antiferromagnetic RuOz2, the corner and the
center Ru atoms with opposite spins are surrounded by the different crystal fields of the
oxygen octahedrons (90° rotation). Thanks to this difference, the anisotropic spin-split band
in momentum space was supposed to exist when an electric field was applied in a certain
direction in the RuO:2 crystal, and thus, a spin current would be generated with a high
efficiency as a result of the spin-split effect [3]. With these new functionalities, RuO: has
drawn considerable attention and is potential for application as a spintronic material.
Utilizing RuOz, some reports have shown the current-induced magnetization switching in
RuO2/FM bilayers thanks to the spin-split effect in RuO2, which is potential for application
in SOT-MRAM with new functionality [4-6]. However, a detailed investigation of the effective
spin-orbit torque (SOT) fields is lacking and the clear explanation of the spin-split effect in
RuO: is insufficient. Therefore, it is needed to carefully investigate the effective SOT fields
in RuO2/FM bilayer and explain the origin of these fields under the support of a symmetry
calculation in the RuO2 with a well-controlled crystallinity.

In this research, we aim at the investigation of the effective SOT fields in RuO2/FM bilayer
and explain the origin of these fields. The following investigations have been conducted for
this research:

(1) Fabrication of the RuO: thin film with well-controlled crystallinity, surface, resistivity.
(2) Investigation of the SOT fields in RuO2/FM bilayers.

(3) Explain the origin of the generation of the SOT fields in RuO2/FM bilayers.

To achieve the mentioned-above purposes, the following methods have been conducted:

(1) Fabrication of the RuO: thin film with well-controlled crystallinity, surface, resistivity.
RuO:2 thin film and RuO2/FM bilayers were fabricated using sputtering method. Formation
of RuO: film on a-Al203(0001) substrate was confirmed by XAS, Raman. Crystallinity of RuO2
film was investigated using XRD. Surface quality was confirmed by RHEED.

(2) Investigation of the SOT fields in RuO2/FM bilayers.

SOT devices based on RuO2/FM bilayers were prepared by photolithography followed by an
etching process. SOT fields was evaluated by harmonic Hall measurement with other
physical parameters evaluated by anomalous Hall measurement, four-probe measurement,
VSM measurement.

(3) Explanation of the origin of the SOT (a)
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Fig. 1: (a) XRD patterns of RuO, film. XRD ¢ scans for
(b) 11-26 peaks of Al203 substrates and (c) 220
peaks of RuO,(100) epitaxial thin films.
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relationships of RuO2[010]// a-Al203 [11-20], [1-210], [-2110], as previously reported.

The RuO2/Co-Fe-B bilayer with an in-plane magnetic anisotropy was prepared (Fig. 2 (a))
and the SOT device was fabricated using this bilayer. Fig. 2 (b) shows the schematic image
of a Hall device for harmonic Hall measurement under a rotated magnetization field Hext,
and Fig. 2 (c) shows the typical experimental data of Hall resistance (Ry,;) versus out-of-
plane field H, for the SOT device. The symmetry analysis of the spin Hall conductivity in
RuO:2 (100) was also conducted where the main origin was attributed to the spin-split effect.
The analysis results showed that the application of current to both [1-100] and [11-20]
directions of a-Al2O3 substrate will result in the similar value of spin current along z direction,
i.e., the normal direction of the sample surface. Figures 3 (a), and 3 (b) show the in-plane
magnetic field angle € dependence of the first (Rw,) and second (R2») harmonic Hall resistances
for different Hext where I/ [1-100]sub. Based on these results, the effective SOT fields, including
the Slonzewski-like field HsL and the field-like field HrL were evaluated. Figure 3 (c) shows the
current density (J) dependence of Hs., HrL for the case //[1-100]sub (Squares), in comparison
with those for the case I/ [11-20]sub (dots). Both | Hsi] and | H:L] increase with J, implying a
current-induced origin for the observed behavior. The close values of | HsL| and | HrL] for both
cases at the corresponding values of current density were observed, which is consistent with the
suggestion from the symmetry analysis. This research is important for the further research on
the current-induced magnetization switching using functional oxides.
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Fig. 3: The first (a) and second harmonic Hall resistance curves (b) for SOT device. (c) Current density
(/) dependence of Hg, Hg, for SOT devices under the different direction of current applied to device.
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