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Supplementary Text 

S1. m-H loop of the MTJ multilayer stack and R-H curve of the MTJ pillar 

Magnetic moments in the MTJ can be divided into three sections as shown in the inset of Fig. 

S1A including the FL composed of two ferromagnetically coupled CoFeB layers through a 0.3 

nm W spacer (red), the RL CoFeB with compensatory layer Co and one part of SAF structure 

(green), the other part of SAF structure (blue). Figure S1A is the m-H loop of the MTJ 

multilayer stack and the magnetic moment directions of the three sections are shown for the 

different stages. In principle, the magnetic moments in the RL (green and blue sections) should 

be cancelled out (51). And the magnitudes of the magnetic moments in CoFeB/W/Co and 

(Co/Pt)3 should be comparable. The Co/Pt multilayer structures possess strong PMA, so the 

reversal of magnetic moment at about ±3100 Oe reflects the complete switching of (Co/Pt)6 

(1.78×10-4 emu). Owing to the easy-cone state of the FL, the magnetic moment changes slowly 

at low magnetic fields and the coercive field should be very small. The obvious coercive field 

and residual magnetic moment (about 2×10-5 emu) result from the nonideal magnetic moment 

alignment of the CoFeB/W/Co as discussed later.  

Figure S1B is the R-H curve of the MTJ pillar (10 μm diameter). The TMR ratio is about 74% 

according to the maximum and minimum resistance values. The R-H curve shows some fine 

structures (peaks and dips) within ±1000 Oe and can be understood by considering the 

variations of the FL and the nonideal RL with magnetic field. 

S2. Variation of the magnetic properties of the RL with the magnetic field 

In order to investigate the switching behavior of the RL with magnetic field, a multilayer stack 



without the FL section was deposited and characterized. In principle, the magnetic moment of 

the RL should remain almost unchanged during the measurement of the minor m-H loop (±2000 

Oe) because of its large switching field (beyond 2000 Oe) as shown in Fig. S1A. However, the 

variation of magnetic moment is 1.82×10-5 emu between +2000 and -2000 Oe (Fig. S2A), 

accounting for about 17% of the total magnetic moment of the RL. It’s worth noting that only 

the ferromagnetically coupled layers CoFeB/W/Co contribute to this variation as shown in the 

bottom inset of Fig. S2A, while the magnetic moments of Co/Pt multilayers remain almost 

unchanged because of the strong PMA. The alignments of magnetic moments of CoFeB/W/Co 

may become nonideal for some regions of the junctions and this nonideality may be related to 

the growth quality of the multilayer stacks in the Co/Ta/(Co/Pt)3 ferromagnetically coupled 

structures, where some defects may exist owing to the very thin Ta spacer layer resulting in 

decoupling between Co and (Co/Pt)3, as illustrated by the thick blue (normal magnetic moment 

alignment in RL) and thin orange (nonideal magnetic moment alignment in RL) arrows in the 

bottom inset of Fig. S2A. This can account for the angular dependence of TMR (S3). 

As shown in the top inset of Fig. S2A, when the magnetic field decreases from +20000 Oe, the 

magnetic moments of the ferromagnetically coupled CoFeB/W/Co/Ta/(Co/Pt)3 layers switch 

downward firstly at about +2500 Oe, because the magnetic field is not strong enough to 

overcome the antiferromagnetic coupling between the (Co/Pt)6 and the coupled layers. The 

magnetic moment of (Co/Pt)6 switches downward at about -4000 Oe (top inset of Fig. S2A). 

While for the nonideal regions, because of the decoupling between Co and (Co/Pt)3, the 

magnetic moments of CoFeB/W/Co do not change with the variation of (Co/Pt)3, and change 

with magnetic field instead. The nonideal regions gradually decrease with magnetic field 



sweeping from +20000 to -20000 Oe, which means that the relative portions of the regions 

with magnetic moments upward (nonideal) or downward (normal) change with magnetic field 

and induce some fine structures in the R-H curve. Besides, the minor m-H loop is not symmetric 

with respect to the origin of m because the reversal of magnetic moments of CoFeB+Co is 

incomplete. In fact, the RL possesses perpendicular magnetic moment without in-plane 

magnetic component. 

As we can see from the out-of-plane m-H curve of the MTJ multilayer stack (Fig. S1A), the m 

related to the (Co/Pt)6 layer (blue arrows in the inset of Fig. S1A) switches sharply above 3 

kOe with the out-of-plane magnetic field sweeping from -7 to +7 kOe. Meanwhile, the (Co/Pt)6 

layer has strong antiferromagnetic exchange interaction on the CoFeB+Co+(Co/Pt)3 layer 

(green arrows in the inset of Fig. S1A), which switches downward above 2 kOe with the out-

of-plane magnetic field decreasing from +7 kOe. However, from the in-plane m-H curve of the 

RL sample (Fig. S2B), the remanent m is close to zero, and the m changes slowly under in-

plane magnetic fields, which shows the hard axis property. The results indicate that our RL 

corresponds to PMA. 

S3. Angular dependence of TMR 

For MTJ, the Slonczewski model gives an expression of the tunnel conductance as follows (56, 

73):  
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where G0 is a coefficient; P is the spin polarization at Fermi level EF relying on the FM layers; 

φ is the angle between the magnetic moment directions in the two FM electrodes. From formula 



(1), the resistance is then given by 
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where R0 is a coefficient. Particularly, considering two conditions where the magnetization 

configurations of two CoFeB layers are parallel (P) and antiparallel (AP) states corresponding 

to φ with 0° and 180°, respectively, one can get the following:  
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From Fig. 3B, RP = 75.07 ohm, RAP = 140.67 ohm; then we can get 
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At the same time, the easy-cone angle θ can be calculated as θ = 180° – φ. Thus, the change of 

θ can be deduced form the change of φ. 

According to the angular dependence of TMR, we can calculate the tunnel resistance at 0 Oe 

(presetting at +2000 Oe) by analyzing the residual magnetic moment of the m-H loop (Fig. 

S1A) that results from the nonideal regions in the RL (1×10-5 emu at 0 Oe). The magnetic 

moment of (Co/Pt)6 is deduced from Fig. S1A about 8.9×10-5 emu, so the ratio of the nonideal 

regions accounts for about 22.5% of the total magnetic moments of CoFeB/W/Co. The easy-

cone angle of the FL in an unpoled state is about 40° (Fig. 1B). When the angle between the 

FL and RL is 40° (corresponding to the nonideal regions in the RL), the tunneling resistance is 

about 352.9 ohm. When the angle between the FL and RL is 140° (corresponding to the normal

regions in the RL), the tunneling resistance is about 164.7 ohm. The total resistance should be 



the parallel value of the two resistance channels corresponding to 112.3 ohm, which is 

consistent with the experimental value (about 109 ohm at 0 Oe in Fig. 2A). 

S4. Larger modulation in another MTJ pillar and MTJ device damage by the electrostatic effect 

In our experiment, one MTJ pillar shows a larger modulation as shown in Fig. S3A. The overall 

R-H behavior is similar to that in Fig. 3B. The R-E curve at +600 Oe after presetting at +2000

Oe is shown in Fig. S3B. A larger modulation of resistance (33%) is realized at +0 and -0 

kV/cm (red and blue squares), which means that the performance can be improved if the design 

and processing of MTJ are optimized. Similar to the calculation method for Fig. 3D, the change 

of the easy-cone angle Δθ derived from the R-E curve (Fig. S3B) is shown in Fig. S3C by 

selecting Δθ = 0° for -0 kV/cm (blue square). The change of nonvolatile easy-cone angle is 

calculated to be about 50° at +0 kV/cm (red square in Fig. S3C). Schematic illustration (Fig. 

S3D) also shows the modulation of easy-cone state of the FL under ±0 kV/cm (red and blue 

circular conical surfaces and arrows). However, the MTJ device is damaged due to the electrode 

broken induced by the electrostatic effect, which can induce the open circuit or poor connection 

during the electrical transport measurement. In this case, the MTJ resistance can become very 

large. The corresponding experimental result is shown in Fig. S3, E and F. 

The electrostatic effect can also exist during the electrical transport measurement or the process 

of sample transfer. Thus, electric breakdown of the MgO barrier of the MTJ device may occur 

occasionally and the MTJ resistance can be much smaller than the normal tunneling resistance 

(70 ~ 140 Ω), the experimental results of some typical devices are as shown in Fig. S3, G and 

H.



The electrostatic effect can be effectively avoided by wearing an electrostatic bracelet, keeping 

ground connection of the electrodes, and increasing air humidity during the electrical 

measurement, etc. 

S5. P-E loop of PMN-PT 

The P-E loop of PMN-PT is shown in Fig. S5. The coercive field is about 2 kV/cm, which is 

consistent with the previous report (74) and the switching field of the R-E curves (Fig. 3C). 

S6. LRSM for the (222) reflection with in situ electric fields 

The LRSM for the (222) reflection of PMN-PT beneath the MTJ pillar was performed with in 

situ electric fields (+10 → -10 → +10 kV/cm) through X-ray microdiffraction, and the results 

are shown in Fig. S6. From +10 to +0 kV/cm (A to D), there only exists one diffraction spot. 

After -1 kV/cm, two spots appear near the coercive field of PMN-PT (E to G) and remain 

almost unchanged (H to M) even at -0 kV/cm (L). After +1.5 kV/cm, two spots gradually 

change to one spot near the coercive field of PMN-PT (N to P) and this spot keeps almost 

unchanged (Q and R). The variation of the diffraction spots means that there exists FE phase 

transition under different electric fields and the transition is nonvolatile, which induces the 

nonvolatile modulation behavior of the resistance. 

S7. Interplanar spacings of the (222) reflection under different electric fields 

The interplanar spacings deduced from the X-ray microdiffraction results (Fig. S6) under 

different electric fields are shown in Fig. S7A. There exists one diffraction spot (black circle) 



at positive polarization, while two spots named big spot (red circle) and small spot (blue circle) 

according to the diffraction intensity at negative polarization. The splitting of the spots reflects 

different FE phases in PMN-PT.  

Spontaneous polarizations of PMN-PT with the R and O phases in the (011)-cut case and the 

position of (222) crystal face are shown in Fig. S7B. The in-plane main axes are the [100] and 

[01-1] directions corresponding to x and y, respectively. The cubic lattice axes [100], [010], 

[001] are also shown.

S8. Local strain along the [111] crystal orientation 

According to the lattice parameters of R phase of PMN-PT (lattice structure in Fig. S7B), the 

interplanar spacing for the (hkl) reflection can be calculated by the following formula (75) 
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where dhkl is the interplanar spacing with the Miller indices hkl; a and α are the lattice 

parameters of R phase of PMN-PT. For the (222) crystal face, h = k = l = 2. And using a = 

0.4017 nm, α = 89.89° (63), d222 can be calculated to be 0.11618 nm.  

Considering the big spot (Fig. S7A) reflects the R-O phase transition, the local strain along the 

[111] crystal orientation was calculated using the big spot
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where dE is the interplanar spacing of the (222) reflection corresponding to the big spot under 

different electric fields (Fig. S7A); d222 with 0.11618 nm is selected as the reference point. And 

the result is shown in Fig. 4E. 



S9. Evolution of PMN-PT (022) diffraction peak with in situ electric field 

To characterize the evolution of the (022) diffraction peak (lattice change along the OOP 

direction) of PMN-PT, XRD with in situ electric field was performed. And the result is shown 

in Fig. S8. The electric field sweeps with +10 → -10 → +10 kV/cm as indicated by the pink 

arrows. The dashed grey lines pass the larger peak (reflecting the trend of lattice change) under 

different electric fields in order to calculate the (022) interplanar spacing. According to the 

Bragg diffraction formula 2 sind n   and the lattice parameters of R phase of PMN-PT 

(details in S8), the macroscopic strain along the [011] crystal orientation with in situ electric 

field was obtained as shown in Fig. 4F. 

S10. Strain properties of PMN-PT along the in-plane [100] and [01-1] crystal orientations 

The strain versus electric field curve measured by strain gauges along the in-plane [100] crystal 

orientation is shown in Fig. S10A. It is different from the butterfly-like strain behavior 

generally observed (44, 66), and shows large compressive strains for negative electric fields. 

The strain curve along the in-plane [01-1] crystal orientation is shown in Fig. S10B. There exist 

two peaks near the coercive field of PMN-PT. It is also different from the strain behavior for 

the general case (44, 66). And more importantly, there exist nonvolatile residual strains at ±0 

kV/cm, which can be the origin of the nonvolatile modulation of the resistance state. 



Fig. S1. m-H loop of the MTJ multilayer stack and R-H curve of the MTJ pillar. (A) m-H 

loop and magnetic moment directions of the three sections in the MTJ multilayer stack. The 

black arrows represent the sweeping direction of magnetic field. (B) R-H curve of the MTJ 

pillar. The blue and red arrows represent the sweeping directions of magnetic field. 
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Fig. S2. Out-of-plane and in-plane m-H loop of the multilayer stack without the FL section. 

(A) Out-of-plane m-H loop. Minor m-H loop between +2000 and -2000 Oe after presetting at

+20000 Oe. The top and bottom insets correspond to the m-H loop between +20000 and -20000

Oe and the structure of the multilayer stack, respectively. The magnetic moment alignments of 

the normal and nonideal regions are illustrated by the blue and orange arrows, respectively. 

The magnetic moment alignments of the Co/Pt multilayers are also shown. (B) In-plane m-H 

loop. 
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Fig. S3. Larger modulation in another MTJ pillar and MTJ device damage by the 

electrostatic effect. (A) R-H curves under different electric fields after presetting at +7000 Oe. 

The black arrows represent the sweeping direction of magnetic field. (B) R-E curve at +600 Oe 

after presetting at +2000 Oe. The black arrows represent the sweeping direction of electric field. 
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The nonvolatile modulation of resistance about 33% is realized at ±0 kV/cm. (C) Variation of 

the easy-cone angle Δθ versus electric field. The values of Δθ at -0 and +0 kV/cm are indicated 

by the blue and red squares, respectively. The black arrows represent the sweeping direction of 

electric field. (D) Schematic illustrating the modulation of easy-cone state of the FL under ±0 

kV/cm, respectively. (E) Repeatable bistable resistance states switched by the pulsed electric 

fields and the damage related to the electrode broken. (F) Enlarged portion in (E) marked by 

dashed green box. Nonvolatile resistance induced by electric-field pulses before the device 

damaged. (G), (H) Device damage related to the electric breakdown of MgO. 



Fig. S4. Out-of-plane m-H loops and magnetic moment directions of different functional 

layers for the MTJ multilayer stack under ±10 kV/cm. The magnetic moment of the RL 

shows negligible changes with electric fields as indicated by the red and blue squares 

corresponding to the switching of CoFeB+Co+(Co/Pt)3 and (Co/Pt)6 layer, respectively. 
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Fig. S5. P-E loop of PMN-PT. The coercive field is about 2 kV/cm. 9
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Fig. S6. LRSM for the (222) reflection of PMN-PT beneath the MTJ pillar. Intensity scale 

runs from blue (low) to white (high) in (A)-(R). The white area in the center of the spots is 

caused by over exposure of the synchrotron radiation X-ray source. 
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Fig. S7. Interplanar spacings of the (222) reflection and polarizations of PMN-PT. (A) 

Interplanar spacings of the (222) reflection under different electric fields. The red and blue 

arrows represent the sweeping directions of electric field. (B) Spontaneous polarizations and 

(222) crystal face of PMN-PT.
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Fig. S8. Evolution of the PMN-PT (022) diffraction peaks with in situ electric field. The 

pink arrows represent the sweeping direction of the electric field.  
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Fig. S9. SEM images of the MTJ multilayer stack for the -0 kV/cm state with different 

magnifications. (A) and (B) show no evident microcracks. White dots are dusts adhered to the 

surface. 
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Fig. S10. In-plane strain properties of PMN-PT. Strain properties along the (A) in-plane 

[100] and (B) [01-1] crystal orientations, respectively. Black and red arrows represent the

sweeping direction of electric field. 
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