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1. Building up the magnetic abacus (MA) stack

The embodiment of the MA concept is essentially the process of stacking up the binary unit materials, which ideally carry identical anomalous Hall effect (AHE) and evenly-spaced perpendicular magnetic anisotropy. The Co/Pt stack ([Co/Pt]n) is selected as the elementary bit due to its large AHE (S1) and the recipe-sensitive magnetic anisotropy (S2), which allows for flexible adjustment of the magnetic response of the device. Therefore, the experimental realization is focused on the engineering of the material structure.
1. Optimization of the N=1 (trivial) unit
Figure S1 shows the optimization process for the single bit of [Co/Pt]n stack (N=1 trivial abacus). The optimized structure is required to have large AHE signal, which is available for the CMOS integration; as well as large perpendicular anisotropy, which suggests for low-field switching. Figure S1A shows the out-of-plane magnetization hysteresis loop as a function of the stack’s periodicity. The system shows a crossover of the total anisotropy from in-plane to out-of-plane as the periodicity increases, indicating the modification of magnetic properties by the interfaces. Moreover, both the total magnetic moment and saturation Hall resistivity show nonlinear relationship with the thickness, suggesting the approximation effect of Co/Pt bilayers (S1,S3), as shown in Fig. S1A and S1B. By selecting the material recipe with large AHE and low saturation field, the optimized unit bit is: Pt(0.6)/[Co(0.4)/Pt(1.2)]3 (in nm), with the relatively large AHE resistivity (~0.6  cm) and lowest saturation field (~20 Oe), which is ideal for a memory cell, as shown in Fig. S1D.

1. Stacking up – The N=2 magnetic abacus
The N=2 MA shares the similar structure as an extraordinary Hall balance (S4). Therefore, a separating layer is required to insulate two identical bits both magnetically and electrically. Moreover, the spacer material should generate a difference of the saturation fields. Figure S2A shows the exchange bias field and coercive field dependence of the NiO thickness for the NiO/[Co/Pt]n structure. For the purpose of MA, no exchange bias effect is needed, thus the NiO thickness is controlled below 30 nm. On the other hand, the coercive field is significantly modified by the magnetic anisotropy introduced by the NiO/[Co/Pt] interfaces. Consequently, the two bits will have different switching field under different NiO environments. Figure S2B shows the Hall loop for the N=2 structure. By further finely tuning the inside recipe of each [Co/Pt] unit, the N=2 MA is achieved. The Hall loop evolution by the recipe is shown in Fig. S2B-S2D.
1. Engineering of the N=4 magnetic abacus
More bits can be built up during one growth by properly varying the interlayer NiO thicknesses. However, as the multilayer is stacking high, more complex interface-induced phenomena emerge. As a result, neither AHE nor magnetic anisotropy follow a linear relation with the structure. As shown in Fig. S3A, bits can become ‘entangled’, despite the separated structure recipe. This can be explained by either ferromagnetic coupling across NiO spacer with a certain thickness, or that the NiO/[Co/Pt]-interface-induced anisotropy does not vary within certain range of thickness. Therefore, the individual bits are not magnetically distinguishable. Figure S3B illustrates a ‘double-layer-entanglement’ Hall readout, in which two of the four units cannot be separated by AHE. By further finely tuning the structure, the N=4 MA is realized.
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Figure S1: Optimization process for the core magnetic memory bit. (A) Magnetic hysteresis loop (measured by VSM) of various [Co/Pt] periodicity n for the Pt(0.6)/[Co(0.3)/Pt(1.2)]n (in nm) sample series. The external field is applied out-of-plane, while the total magnetization along film-normal direction is measured on the uniform 22x22 mm2 samples. (B) The saturation anomalous Hall resistivity as a function of the [Co/Pt] periodicity number for the Pt(0.6)/[Co(0.4)/Pt(1.2)]n (in nm) series. The ordinary Hall effect due to the Lorentz force is subtracted based the linear contribution in the larger field away from magnetic saturation. (C) The saturation field as a function of the Co thickness tCo for the Pt(0.6)/[Co(tCo)/Pt(1.2)]3 and Pt(0.6)/[Co(tCo)/Pt(1.2)]5 (in nm) series respectively. (D) The saturation resistivity dependence of the inside Co thickness tCo for the Pt(0.6)/[Co(tCo)/Pt(1.2)]3 samples. (E) Hall loop for the optimized unit bit structure Pt(0.6)/[Co(0.4)/Pt(1.2)]3 (in nm).



Figure S2: Optimization for N=2 MA. (a) Exchange bias field and coercive field dependence of the NiO thickness tNiO for the sample series NiO(tNiO)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3 (in nm). (B-D) Hall loop for the structure recipes: (B) NiO(2)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(1)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3; (C) NiO(2)/[Co(0.3)/Pt(1.2)]3/NiO(1)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3; (D) NiO(2)/Pt(0.6)/[Co(0.3)/Pt(1.2)]3 /NiO(1)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(1).
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Figure S3: (A) Hall loop for Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(1)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(2)/ Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(3)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3; (B) Hall loop for Pt(0.6)/ [Co(0.4)/Pt(1.2)]3/NiO(2)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(3)/Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(4)/ Pt(0.6)/[Co(0.4)/Pt(1.2)]3; (C) Hall loop for Pt(0.6)/[Co(0.3)/Pt(1.2)]3/NiO(2)/Pt(0.6)/ [Co(0.4)/Pt(1.2)]3/NiO(4)/ Pt(0.6)/[Co(0.4)/Pt(1.2)]3/NiO(6)/[Co(0.4)/Pt(1.2)]3.
Details on the materials growth, device fabrication, and optimization process for the stackable magnetic abacus device are given. First, the choice of materials for the extraordinary Hall balance is discussed. Secondly, we introduce the recipes and results for the magnetic abacus stacks.
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