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Abstract: General drawbacks of current electronic/spintronic devices are high power 

consumption and low density storage. A multiferroic tunnel junction (MFTJ), employing a 

ferroelectric barrier layer sandwiched between two ferromagnetic layers, presents four 

resistance states in a single device and therefore provides an alternative way to achieve high 

density memories. Here, we demonstrate an MFTJ device with eight nonvolatile resistance 

states by further integrating the design of non-collinear magnetization alignments between the 
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ferromagnetic layers. Through the angle-resolved tunneling magnetoresistance investigations 

on La0.7Sr0.3MnO3/BaTiO3/La0.7Sr0.3MnO3 junctions, it was found that, besides collinear 

parallel/antiparallel magnetic configurations, the MFTJ shows at least two other stable non-

collinear (45° and 90°) magnetic configurations. Combining the tunneling electroresistance 

effect caused by the ferroelectricity reversal of the BaTiO3 barrier, an octonary memory 

device is obtained, representing potential applications in high density nonvolatile storage in 

future. 

 

1. Introduction 

Owing to the potential applications in non-volatile memories and field sensors, a 

tunneling magnetoresistance (TMR) effect has received enormous attention since it was first 

observed in a magnetic tunnel junction (MTJ) consisting of two ferromagnetic layers 

separated by a thin insulating barrier.[1-3] Generally, the TMR effect is associated with the 

change of relative orientation Δθ (0° ≤ Δθ ≤ 180°) between the magnetizations Mtop


 and 

Mbottom


 of the top and bottom ferromagnetic layers. Most studies about TMR effect are 

focused on the collinear magnetization configurations, i.e. parallel (Δθ = 0°) and antiparallel 

(Δθ = 180°) magnetic states. The bi-stable collinear state design is commonly used in MTJs 

due to the easily obtained uniaxial magnetic anisotropy in ferromagnetic layers, typically by 

pinning one of them through an additional antiferromagnetic layer.[4] However, the principle 

of MTJ allows more magnetic states with different TMR values by selecting ferromagnetic 

layers with more easy-axes. Magnetic multi-state memory devices have been demonstrated 

using in-plane Hall effect in GaMnAs and Fe systems with fourfold anisotropy[5-7] and spin 

valves[8]. As for MTJs, taking advantages of the cubic magnetocrystalline anisotropy of (Ga, 

Mn)As with four in-plane magnetic easy axes in <100> directions, the non-collinear 

alignment of magnetizations (Δθ ~ 90°) with different junction resistances were obtained in 
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(Ga, Mn)As based MTJs,[9, 10] demonstrating a possible mechanism of multi-state memory 

devices. Recently Cuellar et al have observed the non-collinear magnetization configurations 

in a 10×10 mm2 La0.7Ca0.3MnO3 (bottom ferromagnetic layer, easy axes along [100] 

and [100] )/PrBa2Cu3O7/La0.7Ca0.3MnO3 (top ferromagnetic layer, easy axes along <110> 

directions) trilayer sample by using depth sensitive polarized neutron reflectometry.[11] 

Furthermore, the number of magnetic states can be further increased, even to continuum by 

forming stable magnetic multi-domain structures.[12-14] 

Recently, another mechanism to increase the number of memory states in an MTJ was 

proposed by using a ferroelectric material as tunnel barrier, making the device into a 

multiferroic tunnel junction (MFTJ).[15, 16] The ferroelectric polarization reversal of the 

ultrathin barrier will change the tunneling current by changing the asymmetry of the 

electrostatic potential or interface bonding strength of the two interfaces, leading to a change 

in junction resistance, known as the tunneling electroresistance (TER) effect.[15-17] Similar to 

the multi ferromagnetic domain related multi-states in MTJs,[12-14] multilevel memristor type 

behavior can be obtained in ferroelectric tunnel junctions (tunnel junctions with ferroelectric 

barrier) as well by a partial switching of the ferroelectric domains in ferroelectric barrier.[18-20] 

While for a single domain MFTJ, it will exhibit four resistance states in a single memory unit 

cell owing to the coexistence of TMR and TER effects. The experimental evidences have been 

demonstrated in MFTJs with (Ba, Sr)TiO3, BiFeO3, or PbZr0.2Ti0.8O3 ferroelectric tunnel 

barriers.[21-27] Combining these two mechanisms of increasing storage states, the multinary 

memory devices with an enhanced capacity of information storage may be achieved through 

integrating the features of non-collinear magnetization alignment with the ferroelectric 

polarization switching. 

Magnetocrystalline anisotropy of (001) oriented La0.7Sr0.3MnO3 thin films under in-

plane tensile substrate constraint is of cubic anisotropy with four easy axes along <110> or 
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<100> directions,[28-31] which depends on the defects and oxygen vacancies.[29] Meanwhile, its 

easy axes and magneto-anisotropies can be further designed by the shape[29] and substrate 

steps,[31] resulting in different preferred directions for magnetization and allowing multiple 

stable or metastable magnetization states. Up till now, the studies on the effect of magnetic 

anisotropy and the non-collinear magnetic states in manganite based MTJs were limited,[11, 32, 

33] and the multinary MFTJ memory devices with more than four states haven’t been obtained 

experimentally. 

In this paper, we studied the junction resistances versus magnetic fields of 

La0.7Sr0.3MnO3/BaTiO3/La0.7Sr0.3MnO3 MFTJs at different in-plane field angles φ. Because of 

the different magnetic shape anisotropies, the square top and rectangular bottom 

La0.7Sr0.3MnO3 layers show fourfold and twofold magnetic anisotropies respectively. An 

octonary memory device with eight non-volatile resistance states is achieved by manipulating 

the magnetic configurations of Mtop


 and Mbottom


 as well as reversing the ferroelectric 

polarization of the BaTiO3 barrier.  

 

2. Results and Discussion 

The MFTJs were fabricated from epitaxial La0.7Sr0.3MnO3 (50 nm, bottom 

ferromagnetic layer)/BaTiO3 (3 nm, ferroelectric barrier layer)/La0.7Sr0.3MnO3 (30 nm, top 

ferromagnetic layer) heterostructures grown on SrTiO3 (001) substrates by a pulsed laser 

deposition technique. The schematic drawing of the MFTJ structure is illustrated in Figure 

1(a). The shapes and thicknesses of the top and bottom ferromagnetic layers were designed to 

make their magnetic anisotropies different from each other. The magnetic anisotropy of the 

square La0.7Sr0.3MnO3 top layer (15μm×15μm×30nm) was dominated by the magnetic 

crystalline anisotropy with its easy axes pointing toward <110> directions and hard axes 

along <100> directions. The rectangular La0.7Sr0.3MnO3 bottom layer (750μm×30μm×50nm) 

shows easy axes along <110> directions as well but was designed with longitudinal direction 
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along [100] axis, making its [010] and [0 10]  hard directions relatively harder and the 

[100]/ [100] hard directions easier.[29] The magnetic anisotropy of the La0.7Sr0.3MnO3 

electrodes is consistent with previous reports[28-30] and our angular dependent magnetization 

measurements by magneto-optical Kerr effect (Supplementary Figure S1).  

Structural and chemical characterizations of an as-grown multilayer fabricated under 

identical conditions as our MFTJ were performed by cross-sectional energy-dispersive X-ray 

(EDX) spectroscopy and high resolution transmission electron microscopy (HRTEM). Figure 

1(b) shows the EDX map of Ti element (colored red) of an as-grown multilayer from the 

SrTiO3 substrate (left) to the coated Au (right) on top of the trilayer, which confirms the 

position of BaTiO3 barrier, as indicated by the arrow shown in Figure 1(b). Figure 1(c) is an 

HRTEM image at the interface region which shows a continuous barrier layer, and the single 

crystalline quality is indicated by the selected area diffraction pattern shown in the inset of 

Figure 1(c). Piezoresponse force microscopy measurements have been carried out in our 

previous work to confirm the ferroelectric nature of BaTiO3 barrier.[26, 34] 

To investigate whether different magnetic states exist in this MFTJ device, the magnetic 

field H dependences of resistance R at various field orientations were measured at 80 K 

because the junction resistance will track the relative orientation of the magnetic moments of 

top and bottom layers due to the spin-conserving nature of tunneling (Supplementary Figure 

S2).[9, 11, 35] Figure 2 shows the representative R(H) curves with the magnetic fields applied 

along [110] easy axis and [010] hard axis, respectively, with the ferroelectric polarizations of 

barrier poled upward and downward. Different magneto-electric resistance states are observed 

and their corresponding magnetization configurations and ferroelectric directions are 

schematically shown in Figure 3.  

Figure 2(a) shows R(H) curve at upward polarization state of BaTiO3 with the magnetic 

fields sweeping from -600 Oe to +600 Oe and then back to -600 Oe. Both sweeps are 
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symmetric to each other and we will only discuss the R(H) sweeping from -600 Oe to +600 

Oe. Because the magnetic field is along [110] easy axis of both ferromagnetic layers, 

therefore, the Mtop


 and Mbottom


 can be flipped between [110] and [110]  directions to form 

parallel and antiparallel states. At -600 Oe, the magnetic field aligns both Mtop


 and Mbottom


 to 

[110] direction (see Figure 3 for illustration) and forms a parallel magnetic state 1 (~8.2 kΩ, 

Δθ = 0°), which is stable and nonvolatile at zero magnetic field. When the reversing magnetic 

field only overcomes the switching fields of Mbottom


 but is still smaller than that of Mtop


, 

Mbottom


 will be flipped to be antiparallel to Mtop


 (Δθ = 180°, as illustrated in Figure 3), 

corresponding to the resistance state 3 in Figure 2(a) (~13.4-14.9 kΩ, Δθ = 180°). To support 

the process mentioned above, namely, Mbottom


 flips first, the magnetic field dependence of 

resistance for the La0.7Sr0.3MnO3 bottom lead has been measured by four probe method.[32] 

The peak of the resistance vs. magnetic field curve (data not shown), denoting the average 

coercive field of the bottom ferromagnetic layer (~50 Oe), appears at a magnetic field close to 

the switching field from parallel to antiparallel state in Figure 2(a). Therefore, we can ascribe 

the resistance switching from parallel to antiparallel state to the bottom ferromagnetic layer, 

and the switching at higher field from antiparallel to parallel state to top ferromagnetic layer. 

This is consistent with the report on La0.7Ca0.3MnO3 based MTJs,[11, 32] and is supported by the 

following results.  

The highest TMR ratio in this MFTJ structure, defined as ( ) /= −AP P PTMR R R R , is 

about 82%, where PR  and APR  are the resistances in the parallel state 1 and antiparallel state 

3, respectively. According to Slonczewski’s model,[36] the Δθ dependent resistance R of an 

MTJ is given by 

2( )
1 cos

θ
θ

∆ =
+ ∆

bRR
P

                                                        (1) 
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where Rb is a constant related to the insulating barrier and P is the effective spin polarization 

of the ferromagnetic-barrier couple. Based on the values of parallel state resistance RP = 8.2 

kΩ with Δθ = 0° and antiparallel state resistance RAP =14.9 kΩ with Δθ = 180°, it can be 

derived that Rb = 10.6 kΩ and P = 0.54 for the MFTJ at 80 K with upward polarization of 

BaTiO3. 

From Figure 2(a) together with Figure 3, it is also noted that in the middle of the 

resistance switching from parallel state 1 to antiparallel state 3, the MFTJ experiences an 

intermediate resistance state 2 (~10.4-10.7 kΩ), for which the Δθ is ~86.6°-92.2°, as 

calculated using Equation (1), suggesting that the state 2 is of a perpendicular magnetization 

configuration, corresponding to the rotation of Mbottom


 to an intermediate easy axis ([110]  

direction, as illustrated in Figure 3) before its 180° switching from [110] to [110]. This may 

be related to the shape anisotropy of the La0.7Sr0.3MnO3 bottom layer with longitudinal 

direction along [100]/[100] , which can reduce the energy barrier between [110] and [110]  

easy axes and increase the energy barrier between [110]  and [110] easy axes, therefore the 

Zeeman energy at state 2 can be sufficient to flip Mbottom


 from [110]to [110]  but not large 

enough to keep switching Mbottom


 from [110]  to [110]. 

In Figure 2(b), the blue curve displays the minor R(H) loop with magnetic fields 

sweeping from -600 Oe to +90 Oe and then back to -600 Oe, before the flip of Mtop


. In this 

case, only the 180° switching field of Mbottom


 is realized, and the MFTJ stays in the 

antiparallel state 3 (~ 13.7 kΩ) even when the magnetic field is reduced to zero. Furthermore, 

if we set the turning field to +60 Oe (green curve in Figure 2(b)), the resistance state 2 with 

Mtop


 and Mbottom


 along different easy axes ( M Mbottom top⊥

 
) stays stable at zero magnetic field. 

The junction resistance of the MFTJ could be further manipulated by ferroelectric 

polarization of barrier, displaying TER effect.[21-26] For the MFTJ, the ferroelectric 
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polarization of the BaTiO3 barrier can be aligned downward or upward by a poling voltage of 

+1.5 V or -1.5 V. As shown in Figure 4, by a series of consecutive switching of the barrier 

polarization, the parallel resistances between the two polarization states 1 and 4 can be 

switched each other directly. To exclude other resistance switching mechanisms such as the 

interfacial electrochemical modification or conducting filament formation and rupture[37, 38], 

piezoresponse force microscopy has been carried out to demonstrate that the ferroelectric 

polarization reversal is the underlying mechanism for the TER resistive switching in our 

system (Supplementary Figure S3).[34] As shown in Figure 2(c) and 2(d), the R(H) curves and 

corresponding minor loops with H//[110] are displayed after reversing the ferroelectric 

polarization of barrier from upward to downward direction, which are similar to those 

observed with ferroelectric polarization pointing upward. However, owing to the TER effect, 

the parallel state 4, perpendicular state 5, and antiparallel state 6 with BaTiO3 polarized 

downward show larger resistances than the corresponding magnetic states 1, 2, and 3 at 

upward state. 

When the magnetic field is applied along the hard axis, the magnetization flipping 

between two hard axes will pass through its easy axes, therefore other non-collinear magnetic 

states will appear, as shown in Figure 2(e) for H//[010] which is the hard axis of both top and 

bottom La0.7Sr0.3MnO3 layers. The most curious behavior is that, besides the two parallel 

states at -600 Oe and +600 Oe, the MFTJ experiences another parallel state 1'' between two 

high resistance states 7 and 7'. This is very different from ordinary MTJs with only one 

parallel and one antiparallel states between 0 Oe and 600 Oe, which could happen only when 

the Mtop


 and Mbottom


 both show multi steps flipping and rotate one by one to the same easy 

axis before their complete magnetization reversals. We can take the field scan from -600 Oe 

to +600 Oe as an example. At first, the field of -600 Oe forces Mtop


// Mbottom


//[0 10]  forming 

parallel state 1′ (see Figure 3), and this parallel state 1′ survives at zero field with stable 
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resistance. However, the MFTJ leaves parallel state 1′ at 10 Oe which is much smaller than 

that for state 1 in Figure 2(a) (~30 Oe). This is because [0 10]  is a hard axis for the 

La0.7Sr0.3MnO3 bottom layer in which the elongated direction is perpendicular to [0 10]  and 

therefore a smaller field is needed to flip Mbottom


 away from [0 10]  axis. A resistance state 7 

of 8.8-8.9 kΩ is reached at 32 Oe, with Δθ ~ 46-49° as calculated by using Equation (1), 

indicating that the Mbottom


 may point to [110]  or [110] easy axis (which axis is preferred may 

be related to the very small misalignment of magnetic field to[0 10] ) with Mtop


 staying in 

[0 10]  direction. Here, the switching of Mbottom


 to [110] is used in Figure 3. And due to the 

energy barrier between [110]  and [110] , Mbottom


 switches to [110]  but not [110]  at 10 Oe, 

forming the 45° state shown as state 7 in Figure 3. 

With further increasing magnetic fields, the magnetization of top layer switches away 

from the [0 10]  hard axis as well. At 110 Oe, both Mbottom


 and Mtop


 are switched to [110]  

easy axis, leading to another parallel state 1′′ (illustrated in Figure 3). After then, Mbottom


 and 

Mtop


 rotate away from the [110]  easy axis to be close to external field direction (H//[010]). 

As we know, the magnetization of a magnetic material will rotate a small angle away from 

easy axis toward magnetic field direction, and the rotation angle depends on the anisotropic 

energy and Zeeman energy.[9, 39, 40] Therefore, Mbottom


 rotates earlier than Mtop


, and another 

high resistance state 7′ (~8.8 kΩ, Δθ ~ 45°) is observed at ~195 Oe. With further increasing 

field, Mbottom


 and Mtop


 will be aligned to [010] hard axis smoothly and reach parallel state 

above 420 Oe with Mtop


// Mbottom


//[010]. It is also noted that there are several kinks in the 

R(H) of Figure 2(e), which should be related to the multi-step jumps of Mbottom


 or Mtop


 

toward [010] field direction through <110> easy axes at different magnetic fields. 
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Figure 2(f) shows the minor loop by setting the turning field at 65 Oe, which confirms 

the non-volatility of magnetic state 7 with Δθ ~ 45°. Figure 2(g) and 2(h) shows the R(H) 

curves and corresponding minor loop with the ferroelectric polarization of barrier pointing 

downward. The nonvolatile 45° magnetic state 8 at downward polarization state show larger 

resistance than that of upward. The minor hysteresis loop scans by setting different turning 

fields to reach resistance states 1′′ and 7′ were also measured. Figure 2(i) shows the R(H) 

minor loop with turning field at 130 Oe at which the MFTJ is in parallel state 1′′, which shows 

a similar shape to normal MTJ device (Figure 1(a)). Figure 2(j) shows the minor loop by 

setting the turning field at 230 Oe at magnetic state 7′. As the field is reduced, the resistance 

for this state gradually increases to state 2′, due to the relaxation of the two magnetizations 

toward their respective easy axes, which increases the angle between them. At zero magnetic 

field, the non-volatile state 2′ with resistance of ~10 kΩ, Δθ ~ 78° close to perpendicular 

configuration is obtained. Although with similar resistance and Δθ, the perpendicular 

configuration 2′ (see Figure 3) is different from the state 2 obtained in Figure 2(a). The not 

ideally perpendicular of state 2′ may due to two aspects: 1) the magnetization may be pinned 

between the easy axes and original position; 2) the magnetizations rotate to more than one 

easy axis during the magnetization relax back.[11] Similar R(H) minor loops with downward 

ferroelectricity are shown in Figure 2(k) and 2(l), which show larger resistance than upward. 

The Supplementary Figure S4 summarizes the switching fields at different field orientations φ 

by intervals of 5°. 

The magnetization configurations discussed above are all determined from the 

resistance, rotation direction and magnetization reversal mechanism, and there may exist other 

possible magnetization configurations to explain the data. Although the exact magnetization 

configurations still need to be confirmed by further experimental studies including real time 

local magnetic measurement,[11] at least four stable nonvolatile magnetic states and 

corresponding resistance states with Δθ ~ 0°, ~ 45°, ~ 90° and ~ 180° can be obtained. With 
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ferroelectric pointing upward and downward, we can realize two sets of four nonvolatile 

magnetic states. We summarized these eight nonvolatile resistance states in Figure 5 which 

shows distinct resistance differences from each other. From Figure 5, the switching 

procedures between these states can also be realized by magnetic and electric fields. Data 

retention up to 30 min is shown in Supplementary Figure S5. It should be pointed out that the 

octonary resistance states in our MFTJs is related to the non-collinear magnetization 

alignments and the ferroelectric polarization switching of the barrier. While the multi-states in 

the MTJ/FTJ memristors[12-14, 18-20] are related to the ferromagnetic/ferroelectric domain 

nucleation and growth by varying the reversing magnetic/electric fields amplitude. It is 

obviously different between these two kinds of memory devices, and our design shows 

potential applications in reliable high-density memory. 

For designing a memory cell in our MFTJ, a reading wire can be used for electric 

polarization writing, while the drawback is that two writing wires are needed to apply 

magnetic fields along different directions ([110] and [010]). In this case, our MFTJ prototype 

octonary memory unit (0, 1, 2, 3, 4, 5, 6, 7) can be designed to display the eight 

magnetoelectric storage states in binary memory (000, 001, 010, 011, 100, 101, 110, and 111), 

as shown in Table 1. One octonary memory unit can be used to replace three normal binary 

memory units and the space in between, which significantly increases the memory density and 

reduces the dimension of memory device. The switching procedures for any state by a 

combination of electric and magnetic fields are also shown in Table 1. For example, a 

procedure of -1.5V, -600 Oe[110], +90 Oe[110] is needed to reach state 3 (3), from any arbitrary 

state. Only a -1.5V is needed to switch state 6 (7) to state 3 (3). Representative switchings of 

the junction resistances among different states by different combinations of electric and 

magnetic fields are shown in the supplementary Figure S6. Furthermore, it should be 

mentioned that the TMR and TER ratios reduce with increasing temperature and the TMR 

effect disappears above ~200 K. Although further studies on material selection and interface 
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engineering are needed to optimize the device characteristics and obtain room temperature 

effect, our results provide a concept for alternating way to achieve high density non-volatile 

memory devices.  

 

3. Conclusions 

To summarize, we have studied the angle dependent TMR effect of the 

La0.7Sr0.3MnO3/BaTiO3/La0.7Sr0.3MnO3 MFTJ with square top layer and rectangular bottom 

layer. Besides parallel (Δθ ~ 0°) and antiparallel (Δθ ~ 180°) states, the nonvolatile non-

collinear magnetic configurations with Δθ ~ 45° and 90° between the magnetic layers were 

also realized and their spin alignments were carefully identified through the angular 

dependent magnetoresistance data obtained at different field orientations. More significantly, 

the eight nonvolatile magneto-electric states are obtained in a single device, which offers a 

new approach for multi-stable resistive devices with promising applications in 

nanoelectronics and data storage. 

 

4. Experimental Section 

Sample Preparation: The La0.7Sr0.3MnO3 (50 nm, bottom layer)/BaTiO3 (3 

nm)/La0.7Sr0.3MnO3 (30 nm, top layer) multilayer heterostructures were epitaxially grown by 

pulsed laser deposition (KrF laser 248 nm) onto (001)-oriented SrTiO3 substrates at a 

deposition temperature of 750 °C in a flowing oxygen atmosphere of 300 mTorr. After 

cooling down to room temperature, Cr/Au layer was grown by dc magnetron sputtering on the 

top of the multilayer for making electrical contacts later on. The micron-scale junction in the 

cross-strip geometry was patterned by a three-step photolithography and Ar ion milling to 

define the La0.7Sr0.3MnO3 bottom lead, junction area, and the top Au lead, respectively. SiO2 

deposited by RF sputtering was used to isolate the bottom La0.7Sr0.3MnO3 layer from the top 

gold lead contacting with the top layer. 
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Measurements: The electrical transport properties performed in a Quantum Design 

PPMS system were characterized by a four-probe method, and the positive bias is defined 

such that the current flows from the top to the bottom layer. Constant voltage bias (10 mV) 

was used with an automatic feedback loop turned on to ensure a constant voltage drop across 

the junction through the voltage leads. The magnetic field H was applied in the plane of the 

film, with the angle φ between the applied magnetic field H and the longitudinal direction of 

the bottom La0.7Sr0.3MnO3 lead, i.e., [100] direction (see Figure 1(a) for illustration). The 

electrical measurement results shown in the paper were from a junction with the size of top 

layer of 15×15 μm2, the size of bottom layer of 750×30 μm2 and the nominal barrier thickness 

of 3 nm. High resolution transmission electron microscopy (HRTEM) and energy-dispersive 

X-ray (EDX) spectroscopy have been conducted for structural and chemical characterization 

of the selected multilayer by using an abberation-corrected JEOL ARM microscope (200 kV) 

at Brookhaven National Laboratory (BNL). HRTEM images and EDX elemental mapping 

results were obtained from a cross-sectional multilayer sample. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library. 
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Figure 1. Device geometry, EDX and HRTEM of the MFTJ. (a) The schematic diagram of 

the MFTJ geometry. (b) the EDX map of Ti element of an as-grown multilayer from the 

SrTiO3 substrate (left), bottom La0.7Sr0.3MnO3 (LSMO), BaTiO3 barrier, top LSMO, to the 

coated Au (right) on the top of the trilayer. Yellow dotted lines denotes the positions of 

interface. (c) The cross-sectional HRTEM image at the interface region of an as-grown 

multilayer, and the inset is the corresponding diffraction pattern.  
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Figure 2. Magnetic field dependence of tunneling resistance of the MFTJ at 80 K. (a)-(d), 

H//[110]; (e)-(l), H//[010]. The Arabic numerals 1, 1′, 1′′, 2, 2′, 3, 4, 4′, 4′′, 5, 5′, 6, 7, 7′, 8, 

and 8′ denotes different magnetoelectric states. The red arrows illustrate the ferroelectric 

polarization direction of BaTiO3 barrier. 
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Figure 3. Magnetic configuration and ferroelectric polarization of the different 

magnetoelectric states observed in Figure 2. The green arrows indicate schematically the 

directions of the magnetizations of the top and bottom La0.7Sr0.3MnO3 electrodes in plane. The 

red arrows illustrate the ferroelectric polarization direction of BaTiO3 barrier. 

 
 

 

Figure 4. Switching of the junction resistance between states 1 and 4 in response to the 

applied voltage pulses at a parallel state at 80 K. (a) The applied voltage pulses. (b) Response 

of the MFTJ resistance. The red arrows indicate the directions of the ferroelectricity poled 

downward and upward. 
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Figure 5. Resistance memory loops as a function of magnetic field showing eight nonvolatile 

resistance states at 80 K. The Arabic numerals 1, 2, 3, 4, 5, 6, 7, and 8 denotes different 

resistance states which magnetoelectric configurations are discussed in Figure 2 and 3. 

 
Table 1. Schematic illustrations of the encoding states (binary and octonary) for the MFTJ at 

different magnetoelectric states with ferroelectric polarization upward (PUp) or downward 

(PDown) and relative orientation between topM


 and bottomM


 Δθ ~ 0°, 45°, 90° or 180°. The 

combination of electric and magnetic fields to achieve any state from an arbitrary state is also 

displayed. 

Δθ~ 0° 45° 90° 180° 

PUp 

(-1.5V) 

Binary 000 001 010 011 

Octonary 0 1 2 3 

Magnetic 

Field (Oe) 
-600[110] 

-600[010] 

+65[010] 

-600[110] 

+60Oe[110] 

-600[110] 

+90[110] 

PDown 

(+1.5V) 

Binary 100 101 110 111 

Octonary 4 5 6 7 

Magnetic 

Field (Oe) 
-600[110] 

-600[010] 

+65[010] 

-600[110] 

+60[110] 

-600[110] 

+90[110] 
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