
S1 
 

Supporting Information 

Electronically Driven Magnetoelectric Coupling in Co/La:Hf0.5Zr0.5O2 Heterostructures for 

Energy Efficient Neuromorphic Computing 

Alberto Quintana, 1,*  Cesar Magen,2,3 Mehrdad Ghiasabadi Farahani, 1 Wenjing Dong,1 Jingye Zou,1 Nico 

Dix,1 Zheng Ma,4 Enric Menéndez, 4 Michael Foerster,5 Miguel Angel Niño,5 Claudio Cazorla, 6, 7,8  Jordi 

Sort,4, 8,9 Florencio Sánchez, 1,*  Ignasi Fina1,*  

1Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus UAB, Bellaterra 08193, Barcelona, Spain 
2Instituto de Nanociencia y Materiales de Aragón (INMA), CSIC-Universidad de Zaragoza, 50009 Zaragoza, Spain 

3Departamento de Física de la Materia Condensada, Universidad de Zaragoza, 50018 Zaragoza, Spain 
4Departament de Física, Universitat Autònoma de Barcelona, 08193 Cerdanyola del Vallès, Spain 

5Consorci per a la Construcció, Equipament i Explotació del Laboratori de Llum Sincrotró, Divisió Experiments, Physics 
Section. 

6Group of Characterization of Materials, Departament de Física, Universitat Politècnica de Catalunya, Campus 
Diagonal Besòs, Av. Eduard Maristany 10–14, 08019 Barcelona, Spain 

7Research Center in Multiscale Science and Engineering, Universitat Politècnica de Catalunya, Campus Diagonal-
Besòs, Av. Eduard Maristany 10–14, 08019 Barcelona, Spain 

8Institució Catalana de Recerca i Estudis Avançats (ICREA), Pg. Lluís Companys 23, E-08010 Barcelona, Spain.  
9Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST, E-08193 Barcelona, Spain.  

*Corresponding authors’ e-mail: alberto.quintana@uab.cat, fsanchez@icmab.es, ifina@icmab.es. 
 

 
Figure S1. XRD –2  scan of the deposited films. Lines correspond to simulation of Laue fringes. The peak visible near 

30° corresponds to the position of the (111) reflection of o-phase. The peak visible near 34° corresponds to the 
position of the (002) reflection of the monoclinic phase. The less significative presence of non-ferroelectric monoclinic 

phase is confirmed by the TEM characterization.  
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Figure S2. Leakage current obtained using 1s integration time. Low leakage current can be inferred from this 
experiment. 

 

 
Figure S3. Polarization integrated during the application of the pulse shown in Figure 1a of the main text.  

 



S3 
 

 
Figure S4. a,b. Kerr magnetic loops after saturation and subsequent Vw = +8, -8 V voltage pulses of w = 2.5 s, 

respectively. The data were collected using the same procedure as for Figure 1c,d. The close resemblance of the 
results indicates their good reproducibility. 

 

 

 
Figure S5. PFM a, amplitude and b, phase image of the La:HZO surface after poling with indicated voltage and in the 

as-grown state. It can be observed that the contrast of the as grown state is similar that after application of +8 V, 
indicating that the as-grown state is mainly downwards.  
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Figure S6. XMCD-PEEM images in after application of a. Vw = -8 V and b. Vw = +8 V with w = 2.5 s in devices different 

to those shown in Figure 2 of the main text. 
 

 

Figure S7. a,c. XAS spectra of the regions shown in the panels b,d, respectively, and b,d. XAS images at 531 eV . e. 
Contrast profile along the arrows shown in panels b,d after indicated polarity. The similar contrast of images b,d, as 

clearly shown in panel e, indicates absence of important change of oxygen state/amount. 
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Figure S8. a,b. XAS spectra near Co L3 edge for indicated voltage polarity and as grown (AG). The absence of any 

important variation at the right of the peak (near 777 eV) for different polarity indicate that Co has not been 
significantly oxidized/reduced upon the application of the different voltages.  

 

 
Figure S9. XAS spectra near Co L3 edge for as grown (AG) and after electrical cycling of 103 cycles at 8 V. The absence 
of any important variation at the right of the peak (near 777 eV) for different polarity indicate that Co has not been 

significantly oxidized/reduced upon the application of the electrical cycling.  
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Figure S10. Representative high magnification image STEM image of Figure 3e together with simulations of the 
expected contrast for the indicated phases and orientations, which served for phase identification in each grain.  

 

Figure S11. STEM-EDS analysis of the HZO-Co interface. a. HAADF-STEM image with an inset of the EDS chemical map 
in color (Hf+Zr in yellow, oxygen in red, cobalt in blue, platinum in green). b. Cross sectional chemical line profile 

obtained by integrating approximately 10 nm of the region mapped in a, with the same color code.  
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Figure S12. Dependence of M on Polarization extracted from data in Figure 4c,d. The good correlation between 

magnetization and polarization indicates the coupling between these two magnitudes. 
 

 

 
Figure S13. a,b. Polarization and coercive electric field retention data, respectively, at room temperature and 85°C. 
c,d. Polarization (P) and current (I) during the PUND reading in the retention experiments at room temperature. e,f. 
Polarization (P) and current (I) during the PUND reading in the retention experiments at 85°C. The similarity of the 

reading P and I indicates the good retention of the films. Data in panels c-f is obtained after electric poling and delay 
time indicated in the legend.  
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Figure S14. a. Endurance data for indicated cycling voltage at cycling frequency of 1 MHz. b,c,d. Polarization (P) and 
e,f,g current (I) loops after leakage compensation for 6, 7 and 8 V cycling voltage amplitude, respectively. Note that 
polarization values in the pristine loops are slightly lower to those shown in Figure 3,4 due to leakage compensation. 

The data indicates sizable polarization even after the application of 107 cycles.  
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Figure S15. Simulated structure. 
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Table S1. Summary of representative results of the literature. TMR: Tunnel magnetoresistance. Hc: Coercive Magnetic Field. EB: Exchange Bias. VSM: Vibrating-sample 
magnetometer. BTO: BaTiO3. HZO: Hf0.5Z0.5rO2. BFO: BiFeO3. Empty cells indicate that information is not provided. Reference number corresponds to the reference list of the 

main text. It can be inferred that representative examples of systems where changes in magnetization are mediated by magnetoionic effects, the sign of the change of 
magnetization is always negative. In the case of systems based on ferroelectric materials, the sign of the change of magnetization, if defined, show dispersive results, which 

indicates the coexistence of several mechanism. The positive sign, regarding the change of magnetization with voltage, and the fast response time found in our systems, 
indicate the absence of ionic migration effects in the results of the present work. ND: Not defined. NR: Not reported. 
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Video S1. In-plane projection of polarization vector of the La:HZO taking considering the different in-plane variants of 

the orthorhombic (111) oriented crystallites. In the video the vectors of the 4 in-plane crystalline variants with the 
three possible polarization orientation are plotted. Time resolved it is plotted the projection of these 12 possible in-

plane polarization directions at the given angle. The angular dependence of the projected polarization is also plotted. 
It can be observed that the in-plane anisotropy is small, and therefore no in-plane preferential directions should exist.  
 

 


