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Abstract

Uniform magnetic behavior within arrays of magnetoelectric heterostructures is important for the development of reliable strain-mediated microdevices. Multiple mechanisms may contribute to observed nonuniform magnetization reversal including surface roughness, non-uniform strain, and fabrication induced imperfections. Here, Co/Ni microdisks of 7 µm diameter were produced on both [Pb(Mg1/3Nb2/3)O3]1-x–[PbTiO3]x with x = 0.3 nominal composition (PMN-30PT) (011) and Si substrates, and the out-of-plane magnetization reversal was characterized using magneto-optical Kerr effect (MOKE). Coercivity variation across the microdisks within the arrays was observed on both the PMN-30PT and Si specimens with zero electric field applied.  Co/Ni microdisks on a PMN-30PT substrate displayed relatively larger coercivity than those on a Si substrate due to the surface roughness effect. Quasistatic electric fields of varying magnitude were applied to the PMN-30PT substrate to assess the dependence of the coercivity on electric field induced strain. Our results indicate that while coercivity decreases with the increase of electric field induced strain, interfacial and edge roughness combine to realize a prohibitively large coercivity to overcome within the Co/Ni microdisks as well as a broad distribution of coercive field across a patterned microdisk array.


Introduction

Strain-mediated magnetoelectric (ME) heterostructures consisting of ferromagnetic (FM) and ferroelectric (FE) constituent layers are being explored as an advantageous device structure for local control of polarization, strain and magnetization at micron and sub-micron length scales1–3. Small-scale magnetic structures have certain applications, such as cell-sorting4, cancer-cell destruction5, bacteria isolation6, and microsurgery7, that would realize advances in overall size, energy efficiency and precision by migrating from traditional coil-based techniques to strain-modulated magnetization in such coupled FM-FE heterostructures8. Uniform magnetic behavior among these ME heterostructures is critical to the large-scale manufacturability of reliable strain-mediated devices 9,10. 

In ME heterostructures, the magnetization of an overlaid thin film can be manipulated using strain from a FE substrate via magneto-elastic coupling. Single-crystal, relaxor ferroelectric (011)-oriented [Pb(Mg1/3Nb2/3)O3]1-x–[PbTiO3]x (PMN-PT) has been investigated in prior studies for its in-plane anisotropic strain, i.e. compressive strain in the [100] direction and tensile strain along the [01-1] direction. One recent study pointed to micrometer-scale variation in the strain generated from the FE PMN-PT substrate limiting the degree of uniform remagnetization behavior in an overlaid FM11. However, this inhomogeneous strain distribution may not be the only contribution to non-uniform behavior. Other possible contributors include interfacial and edge roughness12–16. Prototype ME heterostructures were desgined and fabricated to better quantify these alternative contributors to non-uniform magnetization reversal behavior. Co/Ni microdisk heterostructures were patterned on PMN-30PT  (011) and Si substrates to evaluate the magnetic coercive field and its variation across substrates and under strains from applied electric fields to the FE susbtrate.

Co/Ni multilayers exhibit strong perpendicular magnetic anisotropy (PMA)17–19 energy that arises from the surfaces and interfaces of ultrathin Co and Ni layers, with each alternating layer spanning less than 1 nm20. As interfacial effects predominate the magnetic anisotropy energy in Co/Ni, the magneto-elastic coupling in Co/Ni is also predominantly originating from surfaces and interfaces. Co/Ni films on PMN-30PT substrates have been shown to display a larger interfacial magnetostriction than the volume contribution21. This work was designed to explore the distribution of magnetic behavior across arrays of Co/Ni microdisks on a given substrate and to clarify the relative contributions of surface roughness, strain, and processing-induced lateral inhomogeneity that arises in the fabrication process. The coercivity of each Co/Ni microdisk was measured using magneto-optical Kerr effect (MOKE) magnetometry. Atomic force microscopy (AFM) was used to characterize the surface roughness of the Co/Ni multilayers on PMN-30PT and Si substrates. Scanning electron microscopy (SEM) was used to investigate the lateral inhomogeneity of patterned Co/Ni microdisks. The coercive field distribution was measured in an unstrained (zero electric field) Co/Ni microdisk array grown on PMN-30PT and compared to an identical array grown on a smooth Si wafer to observe how the surface roughness affected the coercive field and the coercive field distribution across each array. The distribution of the coercive field among the heterostructures fabricated on the smooth Si is attributed to variations introduced in the fabrication process. The difference in the median coercive field between the smoother Si and rougher PMN-30PT specimens was attributed to surface roughness. Application of an electric field was used to study the influence of strain on the coercive field response in the magnetostrictive Co/Ni heterostructures. 
Experimental Section

Fabrication of Co/Ni heterostructures. Co/Ni microdisks were patterned on a 500 µm thick PMN-30PT substrate (011) single crystal (TRS Technologies, Inc., United States) as shown in Figure 122. As depicted from the coordinate axes of Fig. 1, the Co/Ni disks were deposited over the (011)-cut PMN-PT substrate, for which applied electric fields generate substantial expansion along the 01-1 axis with a more modest compression along the 100 axis. Electric-field induced strains are transferred to the films clamped to the substrate to induce changes in the Co/Ni magnetization.

Electron beam evaporation was used for the deposition of Ti, Pt, Co, Ni, and Au at room temperature at a base pressure 3 x 10-4 Pa (2 x 10-6 Torr). The top and bottom surfaces of the PMN-30PT substrate were coated with 30 nm thick Au and Pt electrodes, respectively. The PMN-30PT with the electrodes was poled along the [011] direction with an electric field of 0.8 MV/m across the substrate for approximately one minute.
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[bookmark: _Ref78313455]Figure 1. The structure of Co/Ni microdisks on the PMN-30PT substrate

The poled PMN-30PT substrate was cleaned using acetone, methanol, isopropanol, and a one-minute oxygen plasma treatment (80 W radio frequency power, 500 Pa, 50 °C) prior to the deposition of the Co/Ni films. A 2 nm thick Ti film was evaporated on the Pt electrode. Using a known recipe that consistently delivers high perpendicular magnetic anisotropy, we employ here three repeated Co(0.2 nm)/Ni(0.4 nm) bilayers followed by a Co(0.1 nm)/Ni(0.5 nm) bilayer were grown on the Pt(2 nm) film. Pt was selected as a seed layer to enhance the PMA by promoting face-centered-cubic (111)-textured growth of the Co/Ni films23,24. Although certain layers have attributed thicknesses below a single lattice spacing, it is understood that this refers to a fractional monolayer coverage by that particular layer. The nominal layer thickness of Co and Ni were obtained using a 6 MHz quartz crystal thickness monitor (Inficon, Inc., Switzerland). A Co(0.2 nm) layer was added for symmetry and capped with 3 nm thick Pt layer to prevent metal oxidation. The films were patterned into microdisks of 7 µm diameter by a lift-off technique using nLof2020 photoresist (MicroChemicals GmbH, Wiesbaden, Germany). Following the same procedure, microdisks with identical 7 µm diameter were patterned on the 500 µm thick single crystalline Si (001) substrate without the electrodes to assess possible effects of the substrate roughness. 

Characterization methods.  Surface roughness.  A BRUKER ICON (Bruker, Goleta, CA) atomic force microscope (AFM) was used to measure the surface roughness of the Pt film on the PMN-30PT and Si substrates by scanning regions of lateral extent 20 μm x 20 μm and 10 μm x 10 μm respectively at 1 Hz in tapping mode. A CoCr-coated AFM tip with a resonance frequency of 75 kHz was used for imaging. The average arithmetic roughness (Ra) was calculated from 2.5 μm x 2.5 μm area at five different locations on the flattened image.

Shape variations in Co/Ni microdisks.  A FEI Nova 230 scanning electron microscope was used to visualize the shape variation in Co/Ni microdisks. Images were collected using an acceleration voltage of 3 kV following a working distance of 5.7 mm. The ImageJ25 software was used to determine the perimeter and area of 63 microdisks. The microdisk’s circularity (C) was calculated by the following Eq. (1),
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In-plane strain.     Two axial strain gauges with a gauge factor of 1.51 and gauge resistance of 120 Ω (Omega Engineering Inc.) were used to measure electric field-induced strain in the PMN-PT substrate. The change in the strain gauge resistance was monitored using an amplified signal from a Wheatstone bridge and recorded by an analog to digital converter (NI DAQ with NI-9237 module in a quarter bridge configuration). The strain gauges were bonded to the PMN-30PT substrates with top and bottom electrodes and excited with a voltage of 375 V to generate an electric field of 0.75 MV/m. 

Magnetization and magnetic anisotropy.      A superconducting quantum interference device (SQUID) magnetometer was used to determine the in-plane and out-of-plane magnetization of the films on PMN-PT. SQUID magnetometry was performed using a Quantum Design MPMS©3 SQUID magnetometer at 298 K. The in-plane and out-of-plane magnetizations were determined by sweeping the magnetic field from -1 T to 1 T.

Magnetic coercive field.       A magneto-optic Kerr effect (MOKE) system was used to visualize the magnetization reversal process in the Co/Ni microdisk arrays on both the PMN-30PT and Si substrates. The magnetic field was applied perpendicular to the heterostructures while monitoring the real-time magnetization reversal process. Magnetic domain imaging was carried out using a Leitz Orthoplan polarizing microscope in reflection mode, monitored by a 4 Megapixel CCD camera (Thorlabs 4070M-USB). One full cycle of the recorded video was 100 seconds. The frame rate for video recording was 12 frames per second with sweeping rate 1.85 mT/sec for the PMN-30PT samples. Three frames were taken per second for the Si samples with sweeping rate 1.99 mT/s. The range of the applied magnetic field was -46.20 mT to 46.20 mT with an interval 0.16 mT for the microdisks on the PMN-30PT substrate, and from -49.79 mT to 49.79 mT with the interval of 0.67 mT for the microdisks on the Si substrate, respectively. The measurement was performed with five values of electric field, {0, 0.2, 0.4, 0.6, 0.8} MV/m, applied to the substrate. 

Figure 2(a) and Figure 2(b) show the MOKE images of the magnetization reversal under a time varying magnetic field used to obtain the coercive field value of the individual microdisks. The μ0HC of the individual Co/Ni microdisks were obtained from images extracted from the video with the applied magnetic field at different magnitudes. A curve of the contrast intensity (i.e. Kerr intensity) as a function of the applied magnetic field was generated for each microdisk. The magnetization reversal was often accompanied by more than one discrete remagnetization jump, indicating significant domain wall pinning during reversal. When the hysteresis loop of a microdisk displayed more than one magnetization jump during reversal, the final jump in the magnetization within a transition (e.g. from up-to-down) was attributed to the coercive field (μ0HC) value for the microdisk as depicted in Figure 3(a) and Figure 3(b). The slope observed in the hysteresis loop is due to the Faraday effect and does not affect the coercive field measurement. The median of μ0HC was calculated from the measured μ0HC values of the microdisks on the PMN-30PT and the Si substrates.
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[bookmark: _Ref78313622][bookmark: _Ref78313662]Figure 2. MOKE imaging of the microdisks on the PMN-30PT substrate under the magnetic fields (a) 0 mT (b) 37.8 mT. The light and dark contrast corresponds to the magnetization pointing up and down with respect to the substrate surface.
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[bookmark: _Ref78313756]Figure 3. Illustration of a MOKE hysteresis loop with (a) multiple jumps (b) single jump. 

Results and discussion

Contributors to non-uniform magnetization switching behaviors on PMN-30PT. A contour map was created to visualize the average coercive field of each disk to understand the variation in the coercive field among the microdisks. The results are shown in Figure 4(a) and Figure 4(b) for the eighty microdisks on the PMN-30PT substrates, respectively. The data on PMN-30PT were acquired in the absence of an electric field. Lateral inhomogeneity in the coercivity of Co/Ni microdisks is observed in both cases. The μ0HC median for the Co/Ni microdisks on the PMN-30PT substrate was found to be 37.31 mT, whereas the μ0HC median for the Co/Ni on the Si substrate was 29.95 mT, more than twenty percent lower in magnitude. 
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[bookmark: _Ref78313863]Figure 4. The coercive field distribution of an 8 by 10 array of microdisks on (a) Si and (b) PMN-30PT substrates.  Each circle represents a microdisk.

In prior work, the laterally non-uniform behavior of the magnetization reorientation of heterostructures on a PMN-30PT substrate was attributed to local strain variations arising from the domain structure in the PMN-30PT substrate11. However, here we have additionally demonstrated μ0HC variations across the arrays of the Co/Ni microdisks on both PMN-30PT and Si substrates, where the Si substrate does not possess local variations in strain and has significantly lower surface roughness. This indicates that there are additional contributions to the variations in the coercive field across the microdisk arrays. Surface roughness of the substrate and lateral inhomogeneity of the Co/Ni microdisks appear to be the most significant contributors to the non-uniform μ0HC distribution. 

Recent studies have shown that the coercivity of deposited films is affected by the surface roughness of the substrate 14,15,26. The average Ra of Co/Ni microdisks on PMN-30PT substrate was (2.8 ± 0.4) nm and that of Pt film on PMN-30PT was (2.2 ± 0.3) nm. Both are significantly larger than that of Co/Ni film on Si, which was measured as (0.6 ± 0.1) nm. Uncertainties reflect the one sigma variance of the estimated arithmetic roughness. The higher roughness of the PMN-30PT surface produces a higher local depinning field15, defined as the external magnetic field required to move domain walls from pinning sites. The nearly 25% increase in coercivity for Co/Ni microdisks on PMN-30PT likely implies a larger depinning field for domain walls than for microdisks grown directly on a Si substrate. 

Lateral inhomogeneity in the coercivity of Co/Ni microdisks and roughness due to substrate choice were addressed in the previous paragraph. In order to understand the inhomogeneity caused by micromanufacturing, the dimensions of the 63 Co/Ni microdisks were measured by SEM. The average circularity of the microdisks was (0.18 ± 0.05), which is particularly low and is a strong deviation from the nominal circular disk shape that was intended for the patterned disks. Uncertainty reflects the one sigma variance of the estimated circularity across over 63 microdisks. The nearly 30 % uncertainty of average circularity implies that variations and imperfections in the microfabrication process aids to the non-uniform μ0HC distribution observed in the Co/Ni microdisks. 

Strain effect on the coercivity of the Co/Ni microdisks. Now that the underlying factors contributing to the non-uniform variation in the coercive field of the microdisks on PMN-30PT have been articulated, the magnetoelectric performance of the microdisks is examined. Figure 5(a) and Figure 5(b) show the change of μ0HC correlated to the initial μ0HC at zero applied electric field for the entire family of 80 microdisks under electric fields of 0.2 MV/m and 0.8 MV/m respectively. The corresponding strain values of the applied field to the PMN-30PT substrate can be found in the Supplementary Information. The red data points represent microdisks that exhibited multiple jumps during the magnetization reversal process as seen in Figure 3(a). Figure 5(c) and Figure 5(d) shows the microdisks with single-jump magnetization reversal processes denoted by blue dots to distinguish the coercive field distribution under the application of increasing electric fields. After removing the red data points, it remains evident that the coercive field distribution across the microdisks is shifted towards lower μ0HC values as the magnitude of the applied electric field was increased from 0.2 MV/m to 0.8 MV/m, signifying the magnetoelectric effect on microdisk reversal.
[image: Graphical user interface, diagram, application

Description automatically generated]
[bookmark: _Ref78313938]Figure 5. Scatter plots of μ0HC at zero applied E-field versus the μ0HC difference under the applied  electric fields (a) between 0 MV/m and 0.2 MV/m (b) between 0 MV/m and 0.8 MV/m. (c) and (d) represent the microdisks with a single μ0HC value in (a) and (b), respectively. 

Figure 6 shows the calculated μ0HC median for the microdisks with single jump magnetization reversal versus the external applied electric field on the PMN-30PT substrate. The trend in Figure 6 reflects the magnetoelectric coupling between the PMN-30PT substrate and the magnetostrictive Co/Ni microdisks. As the electric field-induced strain increases, the average coercive field of the Co/Ni microdisk array decreases due to the change in magnetoelastic energy. This corresponds to a reduction in the energy barrier for magnetization reversal, and a reduction in the perpendicular anisotropy energy. The weakened PMA is consistent with the strain-induced change in the magnetoelastic energy, and interfacial anisotropy modulation via strain has been observed in other Co-based multilayers27. However, the largest change in μ0HC under an electric field is less than the difference between the coercive fields of the magnetic structures on the Si substrate and the PMN-30PT substrate at zero applied electric field. The μ0HC median of Co/Ni microdisks on the Si substrate shows smaller coercivity than that of Co/Ni microdisks on the PMN-30PT substrate under each applied electric field. This implies the surface roughness effect is larger than the magnetoelastic effect on the coercivity of the patterned microdisks. 
The standard deviations (SDs) of μ0HC at a zero field were used as a comparison of the coercive field dispersion across the arrays on both PMN-30PT and Si substrates. The μ0HC standard deviations of the microdisks on PMN-30PT substrate were [3.34, 3.15, 3.31, 3.29, 3.19] mT for the applied field [0, 0.2, 0.4, 0.6, 0.8] MV/m respectively, and that on Si substrate was found to be 3.46 mT. The coercivity standard deviation values of 3.34 mT and 3.46 mT were found for Co/Ni microdisks on the PMN-30PT under zero applied field and Si respectively. The difference among the standard deviations for each of the applied fields were less than 0.2 mT.  The values of μ0HC dispersions do not show strong correlation with either the substrate roughness or the strain. The difference of the μ0HC dispersions are more likely a consequence of edge roughness/circularity variation. The results indicate that surface roughness and strain shift the coercivity but do not affect the μ0HC dispersions significantly. 
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[bookmark: _Ref78314127]Figure 6. Median coercive field as a function of the applied electric field to the PMN-30PT and Si substrates. Line drawn to aid reader’s eyes.



Magnetoelastic energy discussion. In this section, magnitude of magnetoelastic energy density is compared with anisotropy energy density to understand the strain-induced coercivity. The broken symmetry at the Pt/Co and Co/Ni interfaces leads to strong spin-orbit coupling preferring an out-of-plane magnetization28. SQUID measurements were performed to obtain anisotropy field (μ0Hk) and saturation magnetization (Ms). Figure 7 shows the hysteresis loop of Co/Ni films of both in-plane (IP) and out-of-plane (OOP) directions from the SQUID measurements. The results indicate easy axis out-of-plane. The μ0Hk was measured to be 0.4 T and the Ms was found to be 910 kA/m. 
                    [image: ]
[bookmark: _Ref78314407]Figure 7. Hysteresis loop of Co/Ni films for both in-plane (IP) and out-of-plane (OOP) directions.


PMA Co/Ni films exhibit uniaxial anisotropy. The effective anisotropy energy density for the Co/Ni films can be expressed by Eq. (2)
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where  is permeability of free space;  is the polar angle relative the orientation normal to the sample. Ms and Hk were estimated as 910 kA/m and 0.4 T from Figure 7.

The magnetoelastic energy density change was determined using the following equations27:

	
	(3)




where  and  are in-plane strains in [100] and [01-1] directions.  =-1500 µ and = 500 µ  under the field 0.8 MV/m can be found in supplementary information. Poisson’s ratio  = 0.3.  and  are expressed as a function of magnetostriction (, ) and elastic constants (, , ) by Eq. (4) and Eq. (5)
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Experimental reports on the nanoscale mechanical properties of Ni nor Co have been reported. Therefore, bulk values of Ni (c11 = 250 GPa, c12 = 160 GPa, c44 = 118.5 GPa) were chosen in the approximation of B1 and B2, given that Co and Ni have comparable values in their elastic constants, and the multilayer films behave structurally pseudomorphic29. Magnetostriction in Co/X multilayers30, where X=Pt, Cu, Ag, Au has been observed with the order of magnitude . This value was used for the estimated value of  and .  was estimated to be on the order of 100 kJ/m3, which is significantly larger than the contribution of magnetoelastic energy density (less than 10 kJ/m3) induced by the applied electric field. This limited the total effect of magnetoelectric modulation on the Co/Ni microdisks, particularly with respect to engineering any significant rotation of the Co/Ni magnetization away from its out-of-plane easy axis. This is also consistent with the modest strain-induced 2.9% reduction of coercive field at 0.8 MV/m electric field in the PMN-30PT substrate.

Conclusion

In this study, Co/Ni microdisks were fabricated on PMN-30PT (011) and Si substrates and the effect of surface roughness, in-plane strain, and manufacturing defects were assessed. μ0HC variations across the Co/Ni microdisk arrays were observed on both the Si and PMN-30PT substrates with zero applied field, and the standard deviations of the μ0HC distribution were comparable for both arrays showing that surface roughness was not primary cause of the observed dispersion in μ0HC. This suggests that the μ0HC variation was more likely the result of variations introduced in the fabrication process. The μ0HC of Co/Ni microdisks on the PMN-30PT substrate was larger than that on the Si substrate by nearly 25%. The larger μ0HC observed for the Co/Ni microdisks on the PMN-30PT specimen was attributed to an increase in the depinning field. Coercivity was measured with different applied electric field to the PMN-30PT. The results indicate that strain induced by the electric field lowers the μ0HC of Co/Ni. The strain induced modulation of the coercivity is modest when compared to the contributions from surface roughness and patterning-induced disorder. The estimated anisotropy energy density was larger than the strain-induced energy density change with an order of magnitude difference. This also explains the limited strain effect on the modulation of coercivity. Design of strain modulated PMA based devices will require selection of material systems and processing technique that lead to lower interfacial roughness, and improved edge/sidewall uniformity of microstructures, in order to realize a smaller coercivity for strain induced coercive field modulation.
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Supplemental Information

The in-plane strain components produced in the PMN-30PT as a function of out-of-plane electric field in both [01-1] and [100] directions are shown in Figure 1. 
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Figure S1. In-plane microstrain along the directions [01-1] and [100] as a function of the applied electric field.

References

1.	Hu, J.-M., Chen, L.-Q. & Nan, C.-W. Multiferroic Heterostructures Integrating Ferroelectric and Magnetic Materials. Adv. Mater. 28, 15–39 (2016).
2.	Li, X. et al. Strain-mediated 180° perpendicular magnetization switching of a single domain multiferroic structure. J. Appl. Phys. 118, 014101 (2015).
3.	Wang, Q. et al. Strain-mediated 180° switching in CoFeB and Terfenol-D nanodots with perpendicular magnetic anisotropy. Appl. Phys. Lett. 110, 102903 (2017).
4.	Xiao, Z. et al. Cytocompatible magnetostrictive microstructures for nano- and microparticle manipulation on linear strain response piezoelectrics. Multifunct. Mater. 1, 014004 (2018).
5.	Kim, D. et al. Biofunctionalized magnetic-vortex microdiscs for targeted cancer-cell destruction. nature.com
6.	Castillo-Torres, K. Y., Arnold, D. P. & McLamore, E. S. Rapid isolation of Escherichia coli from water samples using magnetic microdiscs. Sensors Actuators, B Chem. 291, 58–66 (2019).
7.	Zamay, T. N. et al. Noninvasive Microsurgery Using Aptamer-Functionalized Magnetic Microdisks for Tumor Cell Eradication. Nucleic Acid Ther. 27, 105–114 (2017).
8.	Hsiao, Y. C. et al. Capturing magnetic bead-based arrays using perpendicular magnetic anisotropy. Appl. Phys. Lett. 115, 082402 (2019).
9.	Lenz, J. E. A Review of Magnetic Sensors. Proc. IEEE 78, 973–989 (1990).
10.	Hu, J.-M. & Nan, C.-W. Opportunities and challenges for magnetoelectric devices. APL Mater. 7, 080905 (2019).
11.	Lo Conte, R. et al. Influence of Nonuniform Micron-Scale Strain Distributions on the Electrical Reorientation of Magnetic Microstructures in a Composite Multiferroic Heterostructure. (2018). doi:10.1021/acs.nanolett.7b05342
12.	Zhao, G. P. & Wang, X. L. Nucleation, pinning, and coercivity in magnetic nanosystems: An analytical micromagnetic approach. Phys. Rev. B - Condens. Matter Mater. Phys. 74, 012409 (2006).
13.	Bryan, M. T., Atkinson, D. & Cowburn, R. P. Edge roughness and coercivity in magnetic nanostructures. J. Phys. Conf. Ser. 17, 006 (2005).
14.	Qiu, J. et al. Effect of roughness on perpendicular magnetic anisotropy in (Co90Fe10/Pt)n superlattices. AIP Adv. 6, 056123 (2016).
15.	Shaw, J. M., Nembach, H. T. & Silva, T. J. Roughness induced magnetic inhomogeneity in Co/Ni multilayers: Ferromagnetic resonance and switching properties in nanostructures. Cit. J. Appl. Phys. 108, 93922 (2010).
16.	Kim, J. & Shin, S. Interface roughness effects on the surface anisotropy in Co/Pt multilayer films. J. Appl. Phys. 80, 3121–3123 (1996).
17.	Gopman, D. B. et al. Strain-assisted magnetization reversal in Co/Ni multilayers with perpendicular magnetic anisotropy. Nat. Publ. Gr. 6, 27774 (2016).
18.	Arora, M., Hübner, R., Suess, D., Heinrich, B. & Girt, E. Origin of perpendicular magnetic anisotropy in Co/Ni multilayers. Phys. Rev. B 96, 24401 (2017).
19.	You, L., Sousa, R. C., Bandiera, S., Rodmacq, B. & Dieny, B. Co/Ni multilayers with perpendicular anisotropy for spintronic device applications. Cit. Appl. Phys. Lett 100, 172411 (2012).
20.	Den Broeder, F. J. A. J. A., Hoving, W. & Bloemen, P. J. H. J. H. Magnetic anisotropy of multilayers. Journal of Magnetism and Magnetic Materials 93, (1991).
21.	Gopman, D. B. et al. Large Interfacial Magnetostriction in (Co/Ni) 4 /Pb(Mg 1/3 Nb 2/3 )O 3 − PbTiO 3 Multiferroic Heterostructures. (2018). doi:10.1021/acsami.8b06249
22.	Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by NIST, nor is it intended to imply.
23.	Kurt, H., Venkatesan, M. & Coey, J. M. D. Enhanced perpendicular magnetic anisotropy in Co/Ni multilayers with a thin seed layer. J. Appl. Phys. 108, 073916 (2010).
24.	Elshocht, V., Furnemont, A., De Boeck, J. & Kar, G. Seed layer impact on structural and magnetic properties of [Co/Ni] multilayers with perpendicular magnetic anisotropy. J. Appl. Phys 121, 43905 (2017).
25.	Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012 97 9, 671–675 (2012).
26.	Palasantzas, G., Zhao, Y. P., De Hosson, J. T. M. & Wang, G. C. Roughness effects on magnetic properties of thin films. Phys. B Condens. Matter 283, 199–202 (2000).
27.	Sun, Y. et al. Electric-Field Modulation of Interface Magnetic Anisotropy and Spin Reorientation Transition in (Co/Pt) 3 /PMN–PT Heterostructure. ACS Appl. Mater. Interfaces 9, 10855–10864 (2017).
28.	Andrieu, S. et al. Co/Ni multilayers for spintronics: High spin polarization and tunable magnetic anisotropy. Phys. Rev. Mater. 2, 064410 (2018).
29.	Gottwald, M. et al. Co/Ni(111) superlattices studied by microscopy, x-ray absorption, and ab initio calculations. Phys. Rev. B 86, 014425 (2012).
30.	Kyuno, K., Ha, J. ‐G., Yamamoto, R. & Asano, S. Theoretical study on the strain dependence of the magnetic anisotropy of X/Co(X=Pt, Cu, Ag, and Au) metallic multilayers. J. Appl. Phys. 79, 7084–7089 (1996).



1

image2.png
(a)

Gpeecseaed
’»@@@‘%ﬂ%%@k‘?
GEPRGETSH
RS RE
GEREFISRE
B Preeed
RegoEaes
HeERBEHFFQ

20 pm

(b)
CedUBLOS
OEETILDY U@
uﬂ%gaw@'
&S T Y ‘
SLBOLEDE
LA A A





image3.png
~
S

Kerr Signal (a.u.)

~

b)

Kerr Signal (a.u.)

Magnetic Field (mT)

a0 20 ] 20 a0

Magnetic Field (mT)





image4.png
555555

A uonisod

(Lw) piald dAPI20D

A uonisod

Position x

Position x




image5.png
UHoHc Difference (mT)

~—~

UHoHc Difference (mT)

E=0.2MV/m e E=0.8 MV/m
. E
[
o
c
5
£
(=}
@ Microdisk with single jump magnetization| ) @ Microdisk with single jump magnetization
@ Microdisk with multi-jump magnetization = . {-ZD @ Microdisk with multi-jump magnetization .
I
20 25 30 s “0 o 20 25 30 35 40
HoHc at Zero Applied Field (mT) MoHc at Zero Applied Field (mT)
(d)
8
E=0.2 MV/m E = 0.8 MV/m

-

HoHc Difference (mT)

°

!
i

!
&

Microdisk with single jump magnetization

2 30 ES 40

HoHc at Zero Applied Field (mT)

I
&

8

25 30 35 40

HoHe at Zero Applied Field (mT)




image6.png
p 37.0

£

D 365

[

K

v

2> 36.0

5

v

o

O 3001 o PMN-PT

1

295

0.0 0.2 0.4 0.6 0.8
Applied Electric Field (MV/m)




image7.emf



IP
OOP










IP

OOP


image8.png
Strain (p)

1000

500

—500 1

—1000 -

—1500

—e— [01-1]
—e— [100]

0.0

0.2

04
Electric Field (MV/m)

0.6

0.8




image1.png
Pt (3 nm)

Co (0.2 nm)
o111

[Co(0.2 nm)/Ni(0.4 nm)x3]
Pt (3 nm)
{1007 [o1-1]

{
\ /

|5t(36 nm)

Au(30 nm)





