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Abstract

:

Magnetic heterojunction structures with a suppressed interfacial Dzyaloshinskii–Moriya interaction and a sustainable long-range interlayer exchange coupling are achieved with an ultrathin platinum insertion layer. The systematic inelastic light scattering spectroscopy measurements indicate that the insertion layer restores the symmetry of the system and, then, the interfacial Dzyaloshinskii–Moriya interaction, which can prevent the identical magnetic domain wall motions, is obviously minimized. Nevertheless, the strong interlayer exchange coupling of the system is maintained. Consequently, synthetic ferromagnetic and antiferromagnetic exchange couplings as a function of the ruthenium layer thickness are observed as well. Therefore, these optimized magnetic multilayer stacks can avoid crucial issues, such as domain wall tilting and position problems, for next-generation spintronic logic applications. Moreover, the synthetic antiferromagnetic coupling can open a new path to develop a radically different NOT gate via current-induced magnetic domain wall motions and inversions.
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1. Introduction


At the interface between ferromagnets and heavy metals in heterojunction structures, strong spin–orbit coupling (SOC) gives rise to various intriguing phenomena, such as surface anisotropy, the Dzyaloshinskii–Moriya interaction (DMI), and proximity-induced magnetic moments [1,2,3]. These magnetic properties, which exist at the well-defined interfaces created by state-of-the-art nanoscale thin-film growth technologies, offer numerous applications [4,5]. For instance, they can be utilized in the development of next-generation non-volatile memory devices based on chiral magnetic domain walls (DWs) or magnetic skyrmions [6,7,8,9]. In recent times, there has been significant research focus on the development of logic circuits or logic devices which operate at ultra-high speeds and ultra-low power consumption, utilizing chiral magnetic DWs and skyrmions [10,11,12,13,14]. These novel magnetic structures have attracted great interest due to their potential to revolutionize information processing technologies.



However, it is extremely challenging to achieve an ultrathin magnetic heterojunction structure that simultaneously satisfies diverse requirements for various magnetic properties due to the conflicting nature of the device characteristics. For instance, interlayer exchange coupling (IEC) enables the easiest creation of domain wall reversal devices. However, the occurrence of DMI during the formation of magnetic heterojunction structures compromises the reliability of DW reversal devices. Therefore, the systematic study of the strong correlation between IEC and DMI with various heterojunction structures is crucial for the development of chiral DW motion-based logic applications.



Here, we study the optimal conditions of the magnetic multilayer structures for the next-generation logic devices, which are so-called “spin torque majority gates [12,15,16] (STMGs)” based on current-induced magnetic DW motions. Figure 1a presents a schematic figure of the STMG device. The STMG device consists of three individual components: the DW input, that generates DWs by a strong SOC from the heavy metal; the majority gate, that is responsible for logic operations based on DW motions; and the DW inverter, which is one of the key components for realizing a NOT gate. Realizing a NOT gate based on the magnetic DW motion poses significant challenges, as the magnetizations of the DWs need to be reversed when passing through the inverter. To address this issue, we employ either the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction or interlayer exchange coupling (IEC) to successfully implement a DW inverter in our study.



The majority gate is a logic gate that outputs the value of the majority among three individual inputs. For the case of the STMG, the three inputs are the chiral magnetic DWs. The crucial factor of the STMG device is that all three input values participate in the operation with equal probability and opportunity. This requirement emphasizes the necessity for equal weighting and consideration of each input, allowing for fair and unbiased decision making within the majority gate. Figure 1b shows the majority gate truth table. When the DW input at each input represent “1”, the DW does not output represents “0”. The main advantage of the majority gate is that a single majority gate can realize AND gate and OR gate due to three individual inputs.



For optimizing the magnetic heterostructure for the next-generation STMG devices, several key issues should be considered: (i) the successful DW nucleation via the field-free SOT switching mechanism; the system needs to have a certain DMI energy density at the DW input part. (ii) The magnetic DWs should be displaced and stopped at identical positions for the STMG operation. On the other hand, it is well known that the interfacial DMI energy occurs the tilting angle of the DW, which can prevent to stop the DWs at the cross area of the STMG device depicted in Figure 1a. Therefore, a reduction of the DMI energy is necessary for the STMG operation. (iii) For the DW inverter, a strong IEC is required and the upper and lower magnetic layers should have similar magnetic properties, such as surface anisotropy energy density and saturation magnetization, since the input and output DWs after the NOT gate operation should be identical.



Here, we successfully modulate the DMI energy densities by inserting an ultrathin Pt layer between Co and Ru layers in a Ta/Pt/Co/Ru/Pt/Co/Pt structure. Both the upper and lower magnetic layers have a strong perpendicular magnetic anisotropy (PMA) energy and the interfacial DMI energy is sufficiently reduced due to the Pt layer insertion. Moreover, periodic synthetic ferromagnetic and antiferromagnetic coupling behaviors as a function of the Ru layer thickness via a strong IEC are observed as well.




2. Materials and Methods


The magnetic multilayers Ta (5.0)/Pt (4.0)/Co (tCo)/Pt (tPt = 0.0, 0.2, and 0.4)/Ru (3.0) (thickness in nm) were deposited by employing a wedge-type DC magnetron sputtering system, and the working conditions were carefully controlled for all thin films, with an argon pressure of 2 mTorr. The width and length of the substrates were 10 mm and 20 mm, respectively. As the linear shadow mask was moved along the length direction of the substrate with a certain velocity, cobalt layers grew to form a wedge-type layer. The thickness of the cobalt layer (tCo) was varied from 0.5 nm to 2.5 nm, and the thicknesses of the Pt insertion layers (tPt) were selected as 0 nm, 0.2 nm, and 0.4 nm to reduce the iDMI energy densities. All samples were grown on 100 nm SiO2 substrates.



Micromagnetic simulations using “Mumax3” were performed to investigate the magnetic DW motions. Two perpendicularly magnetized nanowires with dimensions of 5000 nm (length) × 100 nm (width) × 0.6 nm (thickness) were chosen, and they overlapped at the center of the cross. The cell size was fixed at 1 nm × 1 nm × 0.6 nm. For the micromagnetic simulations, the material parameters used were a saturation magnetization (Ms) of 1090 kA/m, an exchange stiffness constant of 10 pJ/m, a gyromagnetic ratio of 1.90 × 1011 Hz/T, a PMA energy density of 1.25 MJ/m3, and a Gilbert damping constant of 0.5. The values of the simulation parameters were taken from Reference [17].



Polar magneto-optical Kerr effect (MOKE) spectroscopy was used to measure the magnetic hysteresis as a function of the external magnetic fields. A SQUID-VSM was also employed to measure the saturation magnetization, which can be directly compared with the results from the BLS measurements. To determine the iDMI energy density, an inelastic light scattering technique, known as Brillouin light scattering (BLS) measurements, was systematically performed with a multi-pass tandem Fabry–Perot (FP) interferometer [18]. The wavelength and power of the p-polarized single longitudinal mode laser were 532 nm and 170 mW, respectively. The back-scattered photons were collected via a camera lens and passed through the FP interferometer.




3. Results and Discussion


3.1. Micromagnetic Simulations


It is noted that all magnetic DWs should meet at the edges of the cross-shape junction area, which is the main assumption of the STMG device for the equal opportunities of the logic operation. Figure 2 shows the micromagnetic simulation results of the STMG device with or without the contribution of the iDMI energy density, performed using Mumax3 [19]. As an initial spin configuration, two individual Néel type DWs are nucleated at a certain distance (150 nm) from the center of the junction, as shown in Figure 2a. In order to DW tilting behavior at the border of the junction caused by iDMI, we choose values of the iDMI of 0 and 2 mJ/m2, depicted in Figure 2b,c, respectively. To simplify observation of the spin-torque effect, spin-transfer torque-driven DW motions are performed. DWs start to move along the nanowire when a current density of 5 × 1011 A/m along the z-direction is applied to the system. Consequently, DWs approach the center of the junction area without a tilting angle due to a negligible iDMI energy density, and two DWs can meet at the edges of the junction. This state is read to the equivalent logic operation. On the other hand, for the case of the system with D = 2 mJ/m2, DWs are moved to the center with a certain DW tilting angle, which depends on the strength of the iDMI energy density. In this case, DWs do not reach the border of the junction area due to a chirality-induced magnetic DW tilting. Therefore, a reduction in the iDMI energy density should be needed for the STMG operation.




3.2. Magnetic Properties


Figure 3a shows a schematic picture of the Co wedge sample structure with an inserted Pt layer to investigate the magnetic properties. Back-scattering geometry was used to observe the spinwave (SW) frequency, as shown in Figure 3a. We used an applied magnetic field along the y-direction with a fixed kx = 0.0167 nm−1. When the magnetizations of the systems are saturated to the film surface and perpendicular to the scattering plane with the wavevector of incident lights, a surface mode (the so-called “Damon–Eshbach (DE) mode”) of SWs is propagated in this geometry. A BLS is a versatile piece of equipment to determine various magnetic properties by fitting the measured SW resonance frequencies as a function of the applied magnetic field via Kittel’s equation. The typical spectrum of a Ta/Pt/Co (2.3 nm)/Pt (0.2 nm)/Ru sample is shown Figure 3b, with an applied magnetic field of 420 mT along the y-direction. Figure 3c indicates the propagating SW frequencies when increasing the applied fields as a function of tCo, with tPt fixed at 0.2 nm. Since there are frequency differences (Δf) between Stokes and anti-Stokes SW frequencies due to the iDMI energy density, the averaged SW frequencies are used. The SW frequencies (fSW) as a function of the magnetic fields for various cobalt thicknesses (tCo) are the following [20]:


    f   S W   =   γ   2 π      H   H +   2   K   e f f         μ   0   · M   S          ,  



(1)




where γ is the gyromagnetic ratio (=1.90   ×   1011 Hz/T), H is the applied magnetic field, and Keff is the effective PMA. In a DE mode of SW frequency in a Co thin film, however, the contribution of exchange energy is below 0.2 GHz. This result is below the uncertainty of our experimental system (~0.3 GHz). Therefore, the exchange stiffness energy is negligible in this study. In Figure 3c, all opened circles and lines are the measured data and lines are fit using Equation (1). It is seen that the SW frequencies increase with increasing tCo and the fitting curves and the experimental data are in good agreement with each other.



The first main purpose of this study is to suppress the iDMI energy density while enhancing the PMA energy (or surface anisotropy energy) by introducing Pt insertion layers. To determine the surface anisotropy energy density (Ks),     K   e f f   ×   t   C o     versus     t   C o     for each structure is plotted with linear fit lines in Figure 4a. The correlation between     K   e f f   ×   t   C o     and     K   s     is expressed as:


    K   e f f   ×   t   C o   = 2   K   s   −     1   2     μ   0     M   S   2     ·   t   C o   ,  



(2)




where Ks is the averaged surface magnetic anisotropy energy density of the top and bottom interfaces. To determine a precise value of Ms, Ta (5.0 nm)/Pt (4.0 nm)/Co (1.7, 1.9, 2.1, and 2.3 nm)/Pt (tPt = 0.0, 0.2, and 0.4 nm)/Ru (3.0 nm) structured thin films are fabricated and a superconducting quantum interference device vibration sample magnetometer (SQUID-VSM) is used. The Ks can be determined from the y-intercept of the linear fitting lines using the obtained Ms values. The Ks values are increased by the insertion of a Pt layer, from 0.84 ± 0.01 (tPt = 0.0 nm) to 0.99 ± 0.03 mJ/m2 (tPt = 0.2 nm). The Ms values for the whole sample are slightly increased by the insertion of a Pt layer, from 982 ± 47 (tPt = 0.0 nm) to 1049 ± 33 kA/m (tPt = 0.2 nm). The increase in Ms values can be explained as the proximity-induced magnetic moment due to a strong spin–orbit coupling at the Co/inserted Pt interface. The determined Ms and Ks values are summarized in Table 1.



We now discuss the iDMI. The non-reciprocal SW dispersion relations is a consequence of the iDMI. The iDMI energy density is given by the measured SW frequency difference (Δf) between SW creation (Stokes) and annihilation (anti-Stokes) processes, as shown below [21,22].


    Δ f   =   2 γ   D     π   M   s       k   x    



(3)







Here,     D     is the absolute iDMI energy density, and kx the wavevector of SW. We used the Ms value determined from the SQUID-VSM results. From the external magnetic field dependence measurements, we investigated the iDMI energy density as a function of     t   C o   − 1    , as shown in Figure 4b with error bars. The result from the sample with no Pt insertion (tPt = 0.0 nm) shows inverse proportionality, which is similar to our previous results [20,21,22]. However, the values of iDMI of the Pt insertion samples are much smaller than for the no Pt insertion sample. This value decreased under technical limit of     D     (~0.16 mJ/m2) measured by BLS [21] at tCo = 1.5 nm and 1.7 nm with the 0.2 nm Pt insertion samples. In Table 1, the averaged Ds (=D × tCo) is also listed with standard deviations. The value of Ds is similar to in our previous works [20,21,22,23,24]. However, the Ds value of the Pt insertion samples are significantly suppressed. We propose a possible scenario that the     D     with the Pt insertion layer is reduced by the presence of Pt atoms at the top and bottom layers. It is well known that the iDMI is caused by the effect of structural inversion asymmetry. There is a chance that the existence of the iDMI from the different interfaces and thicknesses of the Pt/Co and Co/Pt insertion layers [25,26]; however, a reduction in the iDMI is expected due to its symmetric structure, when Co and Pt at the Pt insertion layer undergo intermixing in the case of ultrathin Pt insertion. Without detailed interface analysis, it is hard to conclude the physical origin of the decrease in the     D     for the Pt insertion layer samples.




3.3. Interlayer Exchange Coupling


A radically different approach to fabricating a DW inverter is schematically depicted in Figure 5a. Since the system with a suppressed iDMI energy density is hard to make a DW inverter using the chiral coupling between adjacent magnetic domains, an SAF structure is considered in this study. As shown, two magnetic multilayers are vertically located and connected by the insertion layer in a certain area. In the overlapping area (SAF area), two perpendicular magnetizations are antiferromagnetically coupled with each other due to a strong IEC. The current-induced DW motions occur along the nanowire and the magnetic DWs are inverted via the combinations of the spin torques and the IEC. Consequently, the inverted DW can pass from the lower nanowire to the upper PMA nanowire due to its geometry. Due to the strong spin torques, the magnetization along the -z-direction is propagated along the +x-direction. Because of the strong IEC, the magnetization of the upper layer is automatically inverted to maintain the antiferromagnetic coupling. This is the basic scheme of the SAF-based magnetic inverter. The existence of IEC with the Pt insertion layers deposited at the bottom and top interface of the Ru insertion layer to minimize the contribution of the iDMI energy density should be clearly proven at an early stage of the SAF-type DW inverter development. To verify this issue, magnetic multilayers such as Ta (3.0 nm)/Pt (5.0 nm)/Co (1.0 nm)/Pt (0.2 nm)/Ru (0.9 nm or 1.5 nm)/Pt (0.4 nm)/Co (0.8 nm)/Pt (3.0 nm) are grown by using the DC magnetron sputtering system (see Figure 5b). Polar magneto-optical Kerr effect (MOKE) measurements are performed for the two systems. Synthetic antiferromagnetic (SAF, blue circles) and ferromagnetic (SF, red circles) coupling are observed with two different Ru thicknesses of 0.9 nm and 1.5 nm. We believe that these magnetic multilayer systems with IEC and without the iDMI contribution can provide improved functionalities for the next-generation spin-torque-based logic gates and other related devices.





4. Conclusions


In summary, the malfunction mechanism of the magnetic DW-based STMG devices due to the iDMI energy densities is numerically demonstrated. For optimizing the magnetic heterostructure for the next-generation STMG devices, we develop perpendicularly magnetized multilayers with the suppression of the iDMI via a Pt insertion layer. The Ds is dramatically suppressed by the Pt insertion layer, from 1.23 ± 0.04 to 0.43 ± 0.19 (tPt = 0.2 nm) and 0.48 ± 0.06 (tPt = 0.4 nm) pJ/m. While Ks is slightly increased, from 0.84 ± 0.01 to 0.97 ± 0.02 (tPt = 0.2 nm) and 0.99 ± 0.03 (tPt = 0.4 nm) mJ/m2. Furthermore, we investigate the synthetic antiferromagnetic and ferromagnetic coupling controlled by the Ru thickness in the Pt/Co/Pt multilayer structure. Finally, a different method to demonstrate a magnetic DW inverter by using an SAF structure is proposed.







Author Contributions


J.C.: conceptualization (equal); data curation (equal), formal analysis (lead); investigation (lead); writing—original draft (lead); writing review and editing (lead). J.J.: data curation (equal), formal analysis (lead); investigation (lead). S.B.K.: investigation (supporting); methodology (supporting). W.R.J.: investigation (supporting); methodology (supporting). D.H.K.: investigation (supporting); methodology (supporting). M.B.: conceptualization (equal); writing—review and editing (equal). J.-S.K.: conceptualization (lead); formal analysis (equal); project administration (lead); funding acquisition (lead); supervision (lead); writing—review and editing (equal). All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation of Korea: 2021M3F3A2A0103752613; National Research Foundation of Korea: NRF-2021R1F1A1061143; DGIST R&D Programs: 23-IT-01; DGIST R&D Programs: 23-SENS-01; DGIST R&D Programs: 23-CoE-NT-02.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Johnson, M.T.; Bloemen, P.J.H.; den Broeder, F.J.A.; de Vries, J.J. Magnetic anisotropy in metallic multilayers. Rep. Prog. Phys. 1996, 59, 1409. [Google Scholar] [CrossRef]

	



Yang, H.; Thiaville, A.; Rohart, S.; Fert, A.; Chshiev, M. Anatomy of Dzyaloshinskii-Moriya Interaction at Co/Pt Interfaces. Phys. Rev. Lett. 2015, 115, 267210. [Google Scholar] [CrossRef]

	



Kim, D.-O.; Song, K.M.; Choi, Y.; Min, B.-C.; Kim, J.-S.; Choi, J.-W.; Lee, D.R. Asymmetric magnetic proximity effect in a Pd/Co/Pd trilayer system. Sci. Rep. 2016, 6, 25391. [Google Scholar] [CrossRef] [PubMed]

	



Jungwirth, T.; Marti, X.; Wadley, P.; Wunderlich, J. Antiferromagnetic spintronics. Nat. Nanotechnol. 2016, 11, 231–241. [Google Scholar] [CrossRef] [PubMed]

	



Dieny, B.; Prejbeanu, I.L.; Garello, K.; Gambardella, P.; Freitas, P.; Lehndorff, R.; Raberg, W.; Ebels, U.; Demokritov, S.O.; Akerman, J.; et al. Opportunities and challenges for spintronics in the microelectronics industry. Nat. Electron. 2020, 3, 446–459. [Google Scholar] [CrossRef]

	



Finocchio, G.; Büttner, F.; Tomasello, R.; Carpentieri, M.; Kläui, M. Magnetic Skyrmions: From Fundamental to Applications. J. Phys. D Appl. Phys. 2016, 49, 423001. [Google Scholar] [CrossRef]

	



Fert, A.; Cros, V.; Sampaio, J. Skyrmions on the Track. Nat. Nanotechnol. 2013, 8, 152–156. [Google Scholar] [CrossRef]

	



Büttner, F.; Lemesh, I.; Beach, G.S.D. Theory of isolated magnetic skyrmions: From fundamentals to room temperature applications. Sci. Rep. 2018, 8, 4464. [Google Scholar] [CrossRef]

	



Gnoli, L.; Riente, F.; Vacca, M.; Roch, M.R.; Graziano, M. Skyrmion Logic-In-Memory Architecture for Maximum/Minimum Search. Electronics 2021, 10, 155. [Google Scholar] [CrossRef]

	



Romming, N.; Hanneken, C.; Menzel, M.; Bickel, J.E.; Wolter, B.; von Bergmann, K.; Kubetzka, A.; Wiesendanger, R. Writing and Deleting Single Magnetic Skyrmions. Science 2013, 341, 636–639. [Google Scholar] [CrossRef]

	



Liu, S.; Wang, G.; Bai, T.; Mo, K.; Chen, J.; Mao, W.; Wang, W.; Yuan, Z.; Pan, B. Magnetic Skyrmion-Based Spiking Neural Network for Pattern Recognition. Appl. Sci. 2022, 12, 9698. [Google Scholar] [CrossRef]

	



Luo, Z.; Hrabec, A.; Dao, T.P.; Sala, G.; Finizio, S.; Feng, J.; Mayr, S.; Raabe, J.; Gambardella, P.; Heyderman, L.J. Current-driven magnetic domain-wall logic. Nature 2020, 579, 214–218. [Google Scholar] [CrossRef] [PubMed]

	



Grollier, J.; Querlioz, D.; Stiles, M.D. Spintronic nanodevices for bioinspired computing. Proc. IEEE 2016, 104, 2024–2039. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.Q.; Chen, J.P.; Tan, Z.Y.; Chen, Y.; Chen, Z.F.; Li, W.A.; Gao, X.S.; Liu, J.M. Manipulation of Skyrmion Motion Dynamics for Logical Device Application Mediated by Inhomogeneous Magnetic Anisotropy. Nanomaterials 2022, 12, 278. [Google Scholar] [CrossRef]

	



Nikonov, D.E.; Bourianoff, G.I.; Ghani, T. Proposal of a Spin Torque Majority Gate Logic. IEEE Electron Device Lett. 2011, 32, 1128–1130. [Google Scholar] [CrossRef]

	



Lee, G.-H.; Kim, K.-J. Optimizing the Geometry of Chiral Magnetic Logic Devices. J. Magn. 2020, 25, 150–156. [Google Scholar] [CrossRef]

	



Boulle, O.; Rohart, S.; Buda-Prejbeanu, L.D.; Jue, E.; Miron, I.M.; Pizzini, S.; Vogel, J.; Gaudin, G.; Thiaville, A. Domain Wall Tilting in the Presence of the Dzyaloshinskii-Moriya Interaction in Out-of-Plane Magnetized Magnetic Nanotracks. Phys. Rev. Lett. 2013, 111, 217203. [Google Scholar] [CrossRef]

	



Sandercock, J.R. Light Scattering in Solids III; Cardona, M., Guntherodt, G., Eds.; Springer: Berlin/Heidelberg, Germany, 1982; p. 173. [Google Scholar]

	



Vansteenkiste, A.; Leliaert, J.; Dvornik, M.; Helsen, M.; Garcia-Sanchez, F.; VanWaeyenberge, B. The design and verification of MuMax3. AIP Adv. 2014, 4, 107133. [Google Scholar] [CrossRef]

	



Jung, J.; Cho, J.; Choi, H.-C.; Lee, K.; You, C.-Y.; Choe, S.-B.; Kim, J.-S. Modulations of interfacial magnetic properties using structurally inverted magnetic tri-layer systems: Toward skyrmion formation. Appl. Phys. Lett. 2021, 118, 262408. [Google Scholar] [CrossRef]

	



Cho, J.; Kim, N.-H.; Lee, S.; Kim, J.-S.; Lavrijsen, R.; Solignac, A.; Yin, Y.; Han, D.-S.; van Hoof, N.J.J.; Swagten, H.J.M.; et al. Thickness dependence of the interfacial Dzyaloshinskii–Moriya interaction in inversion symmetry broken systems. Nat. Commun. 2015, 6, 7635. [Google Scholar] [CrossRef]

	



Kim, N.-H.; Han, D.-S.; Jung, D.; Park, K.; Swagten, H.J.M.; Kim, J.-S.; You, C.-Y. Dependence of interfacial Dzyaloshinskii–Moriya interaction and perpendicular magnetic anisotropy on the thickness of the heavy-metal layer. Appl. Phys. Express 2017, 10, 103003. [Google Scholar] [CrossRef]

	



Cho, J.; Lee, C.-K.; Kim, J.; Kim, J.-S.; You, C.-Y. The sign of the interfacial Dzyaloshinskii–Moriya interaction in ultrathin amorphous and polycrystalline magnetic films. J. Phys. D Appl. Phys. 2022, 55, 435008. [Google Scholar] [CrossRef]

	



Jung, J.; Kim, J.-S.; Kim, J.; Cho, J.; You, C.-Y. Enhancement of Brillouin light scattering signal with anti-reflection layers on magnetic thin films. J. Magn. Magn. Mater. 2020, 502, 1666565. [Google Scholar] [CrossRef]

	



Je, S.G.; Kim, D.H.; Yoo, S.C.; Min, B.C.; Lee, K.J.; Choe, S.B. Asymmetric magnetic domain-wall motion by the Dzyaloshinskii-Moriya interaction. Phys. Rev. B 2013, 88, 214401. [Google Scholar] [CrossRef]

	



Park, Y.-K.; Kim, D.-Y.; Kim, J.-S.; Nam, Y.-S.; Park, M.-H.; Choi, H.-C.; Min, B.-C.; Choe, S.-B. Experimental observation of the correlation between the interfacial Dzyaloshinskii–Moriya interaction and work function in metallic magnetic trilayers. NPG Asia Mater. 2018, 10, 995–1001. [Google Scholar] [CrossRef]








[image: Materials 16 06418 g001] 





Figure 1. (a) Schematic of the spin configuration and the operation mechanism of the STMG device. There are three input and one output terminals. The arrows show the directions of the electrical current. Red and blue magnetic domains indicate the perpendicularly magnetized nanowires, with the magnetizations pointing up and down, respectively. The magnetic DWs are located between two magnetic domains. (b) The truth table of the STMG. 
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Figure 2. (a) Two individual DWs are nucleated 150 nm away from the center of the junction area. (b,c) The field-induced magnetic DW motions without (b) and with (c) the iDMI contribution. 
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Figure 3. (a) Back-scattering geometry for Brillouin scattering measurement with coordinates and axes. Also, schematic picture of the Co wedge sample structure with an inserted Pt layer. (b) The BLS spectrum with a magnetic field = 420 mT along the y-direction. (c) The applied magnetic field dependence of the spin wave frequencies for various Co thicknesses with a 0.2 nm thick Pt insertion layer. The open symbols are experimental results, and the solid lines represent the least squares fitting curve using Equation (1). 






Figure 3. (a) Back-scattering geometry for Brillouin scattering measurement with coordinates and axes. Also, schematic picture of the Co wedge sample structure with an inserted Pt layer. (b) The BLS spectrum with a magnetic field = 420 mT along the y-direction. (c) The applied magnetic field dependence of the spin wave frequencies for various Co thicknesses with a 0.2 nm thick Pt insertion layer. The open symbols are experimental results, and the solid lines represent the least squares fitting curve using Equation (1).



[image: Materials 16 06418 g003]







[image: Materials 16 06418 g004] 





Figure 4. (a)     K   e f f   ×   t   C o     vs.     t   C o     plot for the Pt inserted layer with a linear fitting line using Equation (2). The black open rectangles, red open circles, and blue open triangles represent tPt = 0, 0.2, and 0.4 nm, respectively. The positive     K   e f f   ×   t   C o     region means the easy axis is perpendicular to the plane. (b) The iDMI energy density as a function of     t   C o   − 1     for the Pt insertion layer with error. The black open rectangles, red open circles, and blue open triangles represent tPt = 0, 0.2, and 0.4 nm, respectively. The black solid line represents the experimental limit (=0.16 mJ/m2). 
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Figure 5. (a) Schematic of the IEC-based magnetic DW inverter. The arrows show the directions of the magnetizations. (b) Polar MOKE spectroscopy results. Blue and red circles indicate the synthetic antiferromagnetic (SAF) coupling (Ru = 0.9 nm) and the synthetic ferromagnetic (SF) coupling (Ru = 1.5 nm), respectively. 
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Table 1. Experimentally obtained values of Ms, Ks, and Ds.
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	Pt = 0.0 nm
	Pt = 0.2 nm
	Pt = 0.4 nm





	Ms (k/Am)
	982 ± 47
	1029 ± 28
	1049 ± 33



	Ks (m/Jm2)
	0.84 ± 0.01
	0.97 ± 0.02
	0.99 ± 0.03



	Ds (p/Jm)
	1.23 ± 0.04
	0.43 ± 0.19
	0.48 ± 0.06
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