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Supplementary material description 

Supplementary Figure S1 includes magnetization retention measurements. 

Supplementary Figure S2 includes complementary magnetoelectric 

characterization. Supplementary Appendix 1 includes a description of the 

calculation of the energy invested in the minor loop in Figure 2b. Supplementary 

Table 1 summarizes the significant parameters of the studied system.  

Supplementary Video 1 shows the evolution of magnetic domains in the region 

shown in Figure 4(a). (top panel) XMCD-PEEM images collected at -100, 10, 20, 

40, 60, -20, -60, and -80V in the same region as that in Figure 4(a). (Middle 

panel) Evolution of the Vbias with time. Each frame indicates the Vbias applied. 

(Bottom panel) The evolution of the intensity normalized to its maximum value 

for each frame for the indicated regions BLUE for predominant blue/white, and red 

for predominant red/white. In the video the sequence is repeated (with the same 

data) for increasing and decreasing time three times to better visualize time 

evolution. It shows the expansion of both the red and blue regions at high positive 

Vbias. 

Supplementary Video 2 shows the evolution of the magnetic domains in the region 

shown in Figure 4(c). (Top panel) XMCD-PEEM images collected at -100, 10, 20, 

40, 60, -20, -60, and -80V in the same region as that in Figure 4(a). (Middle 

panel) Evolution of the Vbias with time. Each frame indicates the Vbias applied. 

(Bottom panel) Evolution of the intensity normalized to its maximum value for the 

indicated region. The area delineated by the inclined dashed lines is a zone were 

most of magnetization reverses its sign. The yellow arrow indicates the presence 

of topographic deformation and its evolution inferred from Supplementary Video 

3. In the video the sequence is repeated (with the same data) for increasing and 

decreasing time three times to better visualize time evolution. It shows the 

inversion of the blue region (at high negative Vbias) into red (at high positive Vbias). 

Supplementary Video 3 shows the topographic evolution of the same region as 

that shown in Figure 4(c). (Top panel) Topographic PEEM images collected at -

100, 10, 20, 40, 60, -20, -60, and -80V in the same region as that in Figure 4(a). 

The yellow arrow indicates the presence of topographic deformation and its 

evolution. The area delineated by the inclined dashed lines is a zone were most of 

magnetization reverses its sign. (Middle panel) Evolution of the Vbias with time. 

Each frame indicates the Vbias applied. 
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XMCD–PEEM experiments description 

X-ray magnetic circular dichroism in combination with photoemission electron 

microscopy (XMCD–PEEM) experiments were performed at the CIRCE beamline of 

the ALBA Synchrotron1 using circularly polarized x-rays with an energy resolution 

of E/E ≈ 5000 on a sample grown under the same conditions but additionally 

capped by a thin AlOx layer in order to minimize oxide formation on the FeRh 

surface when exposed to the air. All XMCD–PEEM images were recorded at the Fe 

L3 edge at ≈707 eV. 
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Figure S1. M/Mini value read after indicated delay time after Vpol application. At 

0 delay time, the initial state value is included. 

 

 

Figure S2. (a) Absolut difference of the saturated magnetization (Msat) curves 

recorded at 1000 Oe (safely above HC) under 0 and 100 V. It can be observed that 

a minimum (maximum magnetoelectric effect) is reached at near 80 oC. Solid lines 

indicate the 75 oC at which data shown in (b) is collected. Dashed line indicates 

110 ºC at which the measurements displayed in the main text are performed. It 

can be inferred that the maximum Msat is only two times that shown in the 

experiment performed at remanence at 110 ºC. (b) Comparison of the relative 

magnetic moment increase for measurements performed at 110 oC and various 

Mini, and at 75oC for different voltage pulses. It can be observed that at 75oC the 

effect is always lower. 
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Table S1. Summary of geometrical dimensions and relevant parameters 

(piezoelectric coefficients (dij) and Young modulus) of FeRh in thin film form and 

PMN-PT single-crystal with (001) orientation. The given parameters of 

magnetization (MS) and in-plane magnetic anisotropy constant (Ku) of FeRh, 

correspond to those of the ferromagnetic (high temperature) phase. Further 

details can be found in the indicated references.  accounts for the damping 

coefficient. Y is the Young modulus 

 

Appendix S1. In the minor M-V loop displayed in Figure 2b, the input energy is 

the one necessary to produce the switching of the ferroelectric polarization. In our 

case ≈ 50% of P (because we are performing a minor loop) is switched (15 

C/cm2), the coercive voltage is 60V, and the ferroelectric thickness 500 m. 

Therefore, the electrostatic energy invested in this switching process and to 

produce the obtained magnetization variation is E=4·P·Ec=15C/cm2 ·60V/500 m 

= 72 kJ/m3. In a 50 per 50 nm2 cell with a thickness equal to the one of our sample 

(500 m) the energy consumption would be 22 fJ. However, our device thickness 

can be in principle easily reduced to 500 nm in the worst case, which corresponds 

to 0.022fJ per unit cell. State of the art Spin Torque Transfer Magnetic memory 

with 5k needs approx. 10 A,8 which is 0.5 fJ for each cell. 
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PMN-PT single crystal FeRh film 

Parameter Value Ref Parameter Value Ref 

thickness 500 m  thickness 50 nm  

area 2 by 3 mm  area 2 by 3 mm  

d33 1766 pC/N 2 Ms 1120 emu/cm3 3 

d31 723 pC/N 2 Ku -0.36 meV/cell 4 

d31 -1761 pC/N 2  0.02-0.03 5 

Y 18-20 GPa 6,7 
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