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As semiconductor devices reach ever smaller dimensions, the challenge of power dissipation and

quantum effect place a serious limit on the future device scaling. Recently, a multiferroic tunnel

junction (MFTJ) with a ferroelectric barrier sandwiched between two ferromagnetic electrodes has

drawn enormous interest due to its potential applications not only in multi-level data storage but

also in electric field controlled spintronics and nanoferronics. Here, we present our investigations

on four-level resistance states, giant tunneling electroresistance (TER) due to interfacial magneto-

electric coupling, and ferroelectric control of spin polarized tunneling in MFTJs. Coexistence of

large tunneling magnetoresistance and TER has been observed in manganite/(Ba, Sr)TiO3/manga-

nite MFTJs at low temperatures and room temperature four-resistance state devices were also

obtained. To enhance the TER for potential logic operation with a magnetic memory,

La0.7Sr0.3MnO3/BaTiO3/La0.5Ca0.5MnO3 /La0.7Sr0.3MnO3 MFTJs were designed by utilizing a

bilayer tunneling barrier in which BaTiO3 is ferroelectric and La0.5Ca0.5MnO3 is close to ferromag-

netic metal to antiferromagnetic insulator phase transition. The phase transition occurs when the

ferroelectric polarization is reversed, resulting in an increase of TER by two orders of magnitude.

Tunneling magnetoresistance can also be controlled by the ferroelectric polarization reversal, indi-

cating strong magnetoelectric coupling at the interface. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913753]

I. INTRODUCTION

As the demands for faster, smaller, and non-volatile elec-

tronics increase, traditional silicon based semiconductor devi-

ces have been pushed to ever smaller dimensions. However,

power dissipation and finite size effect have posted constraint

on device miniaturization. Several new concepts for the next

generation devices for information processing and storage

have been proposed and studied recently.1–3 Multiferroic tun-

nel junctions (MFTJs), employing a ferroelectric tunnel barrier

layer in a magnetic tunnel junction (MTJ), have become one

of the very promising approaches to the new generation of

multifunctional devices.4,5 From the MFTJ constituents, it is

an MTJ6–8 with a ferroelectric barrier or a ferroelectric tunnel

junction (FTJ)9–12 with two ferromagnetic (FM) electrodes

(see Fig. 1(a) for the schematic views of MTJ, FTJ, and

MFTJ). As an MTJ, the tunneling current of an MFTJ depends

on the relative orientation of the magnetization of the two fer-

romagnetic electrodes, which can be changed between parallel

and antiparallel magnetic states by an applied magnetic

field.6–8 This is known as tunneling magnetoresistance (TMR)

effect. While as an FTJ, an applied electric field can reverse

the ferroelectric polarization of the barrier in an MFTJ, which

will affect the junction resistance by changing the electrostatic

potential or interface bonding strength (thus the density of

states).4,5,9–12 For instance, if the two electrodes of an FTJ

have different screening lengths, the electrostatic effect result-

ing from incomplete screening of the polarization charges at

the interface will make the potential energy profile unsymmet-

rical. This will lead to different average energy barriers for

different barrier polarization directions (shown in Fig. 1(b)).12

From the quantum tunneling model, this will result in different

currents and therefore a tunneling electroresistance (TER)

effect. It should be noted that the TER effect in an FTJ is

a)Author to whom correspondence should be addressed. Electronic mail:
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linked to the ferroelectric polarization direction and hence is

distinguished from other resistive switching mechanisms such

as the interfacial electrochemical modification or conducting

filament formation which can also be observed in oxide mate-

rials.13,14 One of the key properties of an MFTJ is the coexis-

tence of the TMR and TER effects. Since both have two

resistance states, an MFTJ will be a four-state resistance de-

vice, in which resistance can be switched among these states

by external electric and magnetic fields. This provides a new

approach to achieve high density memories. Furthermore, the

information coded in an MFTJ through the different magnet-

ization configurations in the electrodes and ferroelectricity ori-

entations in the barrier are non-volatile. Due to these

advantages, experimental efforts have been made and eviden-

ces of the four states have been demonstrated by several

groups in MFTJs with (Ba, Sr)TiO3, BiFeO3, or

PbZr0.2Ti0.8O3 ferroelectric tunnel barriers.15–20 Very recently,

the realization of an epitaxial perovskite BaTiO3 (BTO) based

FTJ on silicon suggests the possibility of integrating FTJs/

MFTJs on silicon wafers, thus the integration with semicon-

ductor electronics.21

In addition to the capability to control electron and spin

tunneling via ferromagnetic and ferroelectric polarizations in

the electrode and barrier layers, the MFTJs have also been

predicted to have other advantages beyond the simple addi-

tion of an MTJ with an FTJ. In an MFTJ, the carrier concen-

tration and/or chemical bonding strength manipulations at the

ferroelectric/ferromagnetic interfaces may give rise to an

interfacial magnetoelectric effect, which can change the mag-

netic anisotropy, coercivity, or even the interfacial magnetic

structure by an electric field through switchable ferroelectric

polarization.22–25 This strong interfacial magnetoelectric cou-

pling in MFTJs provides an alternative energy-efficient route

to manipulate spins by an electric field besides the spin trans-

fer torque26 and electric field assisted switching effects27 in

MTJs. Meanwhile, the interrelationship between ferroelec-

tricity of the barrier layer and ferromagnetism of the

electrodes through an interface magnetoelectric effect also

affects the functional properties of TMR and TER in

MFTJs.17,28 Hence the interface magnetoelectric coupling

effect provides a playground to design MFTJs with better

performance.29,30

Since large TER effect is very desirable for utilizing the

device as a resistance switch or for signal processing, several

methods have been proposed or tested to improve the TER
ratio in an FTJ or MFTJ.9 For example, special barrier/elec-

trode interfacial designs have been used to improve TER,

such as inserting a thin nonpolar dielectric layer at the inter-

face between the ferroelectric barrier and the metal elec-

trode,31 inserting a thin magnetic phase transition layer at the

interface,29 using Nb-doped SrTiO3 substrate as a semicon-

ducting bottom electrode,32 or changing the La1�xAxMnO3

(A¼ Sr, Ca) electrode composition to the phase boundary at

x¼ 0.2 and 0.5.30 In addition, in thick barrier case when the

thermionic injection transport dominates, an increase of TER
has also been predicted.33

In this paper, we present the four resistance state effect,

enhancement of TER using interfacial magnetoelectric cou-

pling, and ferroelectric control of the TMR in MFTJs. After

the Introduction section, Sec. II describes the large TMR and

TER effects in La0.7Ca0.3MnO3 (LCMO)/Ba0.5Sr0.5TiO3/

LCMO MFTJs at low temperatures, and the room tempera-

ture four-state effect obtained in La0.7Sr0.3MnO3 (LSMO)/

Ba0.95Sr0.05TiO3/LSMO MFTJs. In Sec. III, we have designed

and fabricated LSMO/BTO/La0.5Ca0.5MnO3/LSMO MFTJs

with an ultrathin La0.5Ca0.5MnO3 film inserted between the

LSMO ferromagnetic electrode and the BTO ferroelectric

barrier, in which a giant and reproducible TER effect was

obtained with a reversal of ferroelectric polarization. In Sec.

IV, we show the control of TMR, thus the spin polarization,

with the ferroelectric polarization reversal.

II. FOUR RESISTANCE STATES IN MFTJs

Thin insulating barriers with persistent ferroelectricity,

asymmetric interfaces, and high spin polarization are critical

for four-state effect in MFTJs. We chose (Ba, Sr)TiO3 as fer-

roelectric barrier layer in which the ferroelectricity can be

persistent down to one unit cell (uc) under proper strain con-

dition34 and half-metallic LCMO and LSMO as ferromag-

netic electrodes for the proper lattice match with the barrier.

Fig. 2(a) shows a schematic diagram of the planner junction,

and Fig. 2(b) depicts the optical microscope image of a com-

pleted LCMO/Ba0.5Sr0.5TiO3/LCMO MFTJ at the junction

area. The junctions were made using a standard planar tri-

layer tunnel junction structure, compatible with the standard

processing procedure for semiconductor devices. Epitaxial

LCMO/Ba0.5Sr0.5TiO3/LCMO trilayers were made by pulsed-

laser deposition followed by photolithography and ion mill-

ing. MgO or SiO2 layer was sputtered in between the top gold

and bottom LCMO leads to isolate the contacts.29

Figure 2(c) shows the four-resistance-state for an LCMO/

Ba0.5Sr0.5TiO3/LCMO MFTJ with an area of 8� 8 lm2 and

the nominal barrier thickness of �1.2 nm (3 uc). In Fig. 2(c),

the R-H loops for both polarization states show high-quality

standard MTJ behaviors, and the TMR ratio is about 180%

FIG. 1. (a) Schematic view of the MTJ, FTJ, and MFTJ. (b) Schematic rep-

resentation of the potential energy profile in a junction with a normal dielec-

tric insulator barrier (I) and ferroelectric (FE) barriers for polarization

pointing to the left and right, assuming screening length at left side is larger

than right side. FM, FE, normal metal (NM), and insulating (I) layers are

indicated in the proper positions. Green and red arrows indicate orientations

of magnetization and ferroelectric polarization, respectively.

172601-2 Yin et al. J. Appl. Phys. 117, 172601 (2015)



and 100% for the down and up polarization states. At lower

temperatures, the TMR can reach 300% at 4.2 K. By applying

a pulse voltage to switch the ferroelectric orientation between

the down and up polarization states, the R-H loop switches

between the two R-H curves. At zero magnetic and electric

fields, the device has four distinct resistance states, corre-

sponding to the combination of magnetic parallel and antipar-

allel states and ferroelectric polarization down and up states.

Since the same electrode materials are used, the TER effect is

related to the differences in the atomic arrangement between

the top and bottom interfaces of the barrier, similar to the the-

oretical calculation on all-oxide SrRuO3/BTO/SrRuO3

MFTJ.28 The TER ratios are �90% and �30% for the antipar-

allel and parallel magnetic states, respectively. These values

are comparable to the currently used TMR memories and

therefore can potentially be used as a combination memory

with doubling the memory states of a MTJ.

As we know, both the ferromagnetic transition tempera-

tures of the LCMO bottom layer and the ferroelectric Curie

temperature of the Ba0.5Sr0.5TiO3 barrier layer are below

room temperature (250–270 K). Therefore, the LCMO/

Ba0.5Sr0.5TiO3/LCMO MFTJ cannot work at room tempera-

ture. To overcome this problem, LSMO/Ba0.95Sr0.05TiO3/

LSMO MFTJs were fabricated. The LSMO layers have a

magnetic Curie temperature �350 K and Ba0.95Sr0.05TiO3 has

a ferroelectric Curie point �390 K.15 Fig. 2(d) shows the R-H
curves at room temperature for an LSMO/Ba0.95Sr0.05TiO3/

LSMO MFTJ with the size of 10� 20 lm2 and the nominal

barrier thickness of �3.5 nm. The four resistance states are

observed at room temperature. Note although room tempera-

ture four resistance states can be observed in LSMO/

Ba0.95Sr0.05TiO3/LSMO MFTJs, the TER and TMR ratios are

fairly small in comparison with the previous devices. Further

studies and selection of higher Tc materials to improve the

performance of MFTJ at room temperature are needed for

potential applications.

III. ENHANCEMENT OF TER THROUGH AN
INTERFACIAL FERROELECTRIC INDUCED PHASE
TRANSITION

Recently, using first-principles density-functional calcu-

lations, it was predicted that in an La1�xSrxMnO3/BTO/

La1�xSrxMnO3 MFTJ, the magnetic order of the interface

layer in La1�xSrxMnO3 adjacent to BaTiO3 would be changed

across the phase boundary x� 0.5 between a ferromagnetic

metallic phase (x< 0.5) and A-type antiferromagnetic insulat-

ing phase (x> 0.5) by the ferroelectric switching. The tunnel-

ing current will then be changed significantly due to a spin

valve effect, resulting in a much larger TER than that of a nor-

mal FTJ.25 Experimentally, we have designed a bilayer tun-

neling barrier in LSMO/BTO/La0.5Ca0.5MnO3/LSMO MFTJs,

in which one layer is a ferroelectric BTO and the other

La0.5Ca0.5MnO3 is close to ferromagnetic metal to antiferro-

magnetic insulator phase transition.29 The mechanism of the

TER enhancement in this structure is schematically shown in

Figs. 3(a) and 3(b). For the polarization to the upward direc-

tion, pointing to the thin La0.5Ca0.5MnO3 layer (see Fig. 3(a)),

the screening electron accumulation or hole depletion will

reduce the doping level x of La0.5Ca0.5MnO3 to x< 0.5 side,

which is in ferromagnetic metallic phase.35 While at the other

side of BTO barrier, because the stoichiometry of LSMO is

far enough away from the phase boundary, the theoretical cal-

culation demonstrated that the magnetic reconstruction will

not occur.36 On the other hand, for the polarization to the

FIG. 3. (a) and (b) Schematic demonstration of the screening charge accu-

mulation in the electrodes for the LSMO/BTO/La0.5Ca0.5MnO3/LSMO

MFTJ with ferroelectric polarization (a) upwards and (b) downwards. (c)

The cross-sectional HRTEM image of an as-grown LSMO/BTO/

La0.5Ca0.5MnO3/LSMO multilayer at the interfacial region. The arrows indi-

cate the magnetic moments on the Mn sites.

FIG. 2. (a) Schematic drawing of the MFTJ sample structure. (b) Picture of

a completed LCMO/Ba0.5Sr0.5TiO3/LCMO MFTJ at the junction area. (c)

Junction resistance vs. magnetic field loop at a bias of 0.1 V and temperature

of 40 K for an LCMO/Ba0.5Sr0.5TiO3/LCMO MFTJ with the ferroelectric

polarization poled downward and upward. The arrows indicate the direction

of field sweeping sequence. (b) Resistance vs. magnetic field curves for an

LSMO/Ba0.95Sr0.05TiO3/LSMO MFTJ for the two ferroelectric polarization

directions at room temperature.

172601-3 Yin et al. J. Appl. Phys. 117, 172601 (2015)



downward direction, pointing away from the La0.5Ca0.5MnO3

film (see Fig. 3(b)), the electron depletion or hole accumula-

tion will change the La0.5Ca0.5MnO3 to x> 0.5 side and push

it into antiferromagnetic insulating phase.35 The change of

conductance in La0.5Ca0.5MnO3 along [001] direction will

effectively increase the barrier thickness and reduce the tun-

neling current. More importantly, a few unit-cells of antiferro-

magnetic La0.5Ca0.5MnO3 will act as an atomic-scale spin

valve by filtering spin-dependent current. Thus, a much larger

TER effect can be expected.

Similar to the normal trilayer MFTJs discussed in Part

II, the LSMO/BTO/La0.5Ca0.5MnO3/LSMO MFTJs were

also grown epitaxially on SrTiO3 (001) substrates by pulsed-

laser deposition, and the structural characterization of dupli-

cate heterostructures fabricated under identical conditions

were performed by HRTEM, as shown in Fig. 3(c). Fig. 4(a)

shows the resistance memory loops as a function of pulsed

poling voltage at 40 K for an MFTJ with an area of

15� 15 lm2 and with 2 uc La0.5Ca0.5MnO3 inserted between

the 3 nm BaTiO3 barrier and top LSMO electrode (sample

ID: J1-2uc, 2uc denotes the thickness of La0.5Ca0.5MnO3

layer). Each data point in the hysteresis curve was measured

at a fixed voltage bias 10 mV after applying a �20 ms volt-

age pulse. As expected, the resistance is higher when large

enough positive voltage was applied to polarize the ferroe-

lectricity downward, and will switch to a lower resistance

state when the ferroelectric polarization is reversed by a

large enough negative voltage. The negative voltage will

switch the ferroelectric polarization upward, pointing to the

La0.5Ca0.5MnO3, which will absorb the hole depletion. This

will push the La0.5Ca0.5MnO3 into a more ferromagnetic me-

tallic phase, reduce the barrier width with no spin filter effect

at the interface, and thus lead to a huge resistance drop. The

TER ratio reaches �5,000% at 40 K.

For comparison, the R-Vpulse loop of a normal LSMO/

BTO/LSMO trilayer MFTJ without the inserted La0.5Ca0.5MnO3

layer (area 12� 12 lm2 and barrier 4 nm) prepared with the

same condition (sample n: J2), was also measured and shown

in Fig. 4(b). The TER ratio for this junction is only �30%,

two orders of magnitudes smaller than that of J1-2uc in Fig.

4(a). This clearly indicates the decisive role of the

La0.5Ca0.5MnO3 interlayer on the TER magnitude. Besides

the large magnitude of TER, the reproducibility and the

robustness of the two states are other decisive characteristics

of an MFTJ for potential applications. Fig. 5 shows the re-

sistance switching measurement at 80 K for J1-2uc. By a se-

ries of consecutive switching of the barrier polarization

(voltage pulses 6 1.4 V), the resistance switches back and

forth between two resistance states up to 100 times with no

indication of deterioration.

To exclude other resistance switching mechanisms,13,14

piezoresponse force microscopy (PFM) has been carried out

to show that the ferroelectric polarization reversal is the

underlying mechanism for the TER resistive switching in the

samples.29 Fig. 6 shows the PFM phase and amplitude hyster-

esis loops for an LSMO/BTO(3 nm)/La0.5Ca0.5MnO3/LSMO

MFTJ. It is clearly shown that when the polarization direction

of the ferroelectric BTO layer reverses, the phase alters

nearly by 180�. As shown in the inset of Fig. 6, the coercive

voltages obtained from PFM measurements are consistent

with the threshold switching voltages obtained from the TER
measurement in a wide range of temperatures, indicating that

the ferroelectric polarization reversal is the underlying mech-

anism for the resistive switching of our junctions.14,29

FIG. 4. The resistance memory loops as a function of pulsed poling voltage

at 40 K for (a) junction J1-2uc and (b) J2. The solid lines are guide to the

eyes. The arrows indicate the direction of pulse sequence.

FIG. 5. Resistance switching between positive and negative polarization states

at 80 K (bottom panel) in response to applied voltage pulses (top panel).

FIG. 6. Main panel: PFM phase (red curve) and amplitude (blue) hysteresis

loops for a LSMO/BTO(3 nm)/La0.5Ca0.5MnO3/LSMO MFTJ. The inset

shows the coercive voltage as a function of temperature determined from the

PFM amplitude (blue symbols) and the threshold switching voltage obtained

from the TER measurements (red symbols).

172601-4 Yin et al. J. Appl. Phys. 117, 172601 (2015)



To obtain the barrier information of the MFTJ, the I-V
curves for J1-2uc and J2 at different temperatures were plot-

ted and fitted by the trapezoidal barrier tunneling model.37

Figs. 7(a) and 7(b) show the representative I-V curves of

J1-2uc and J2 measured at 80 K after the ferroelectricity

poled upwards (blue) and downwards (red). The fitted aver-

age barrier height/width at 80 K in upward and downward

states are 0.20 eV/3.5 nm and 0.12 eV/5.2 nm for J1-2uc, and

0.24 eV/2.7 nm and 0.22 eV/2.9 nm for J2, which fitting

errors are <1%. The significant difference between the I-V
curves measured at different polarization states for J1-2uc
and J2 suggests the strong role of La0.5Ca0.5MnO3 interface

layer in improving the TER effect. For junction J1-2uc, the

fitting results indicate that when the resistance is changed

from the low to high resistance state upon the ferroelectric

polarization reversal, the effective barrier width is increased

by about 1.5 nm. This change in the barrier width for the two

resistance states is consistent with the phase transition model

for La0.5Ca0.5MnO3 with ferroelectric reversal.

We can calculate the TER ratio from the I-V curves, as

shown in Fig. 8(a). The TER ratio increases with decreasing

bias and reaches up to �10 000% for J1-2uc at 5 K, while

only �30% for J2. The TER ratio increases with decreasing

temperature, especially for J1-2uc.29 To compare the bias de-

pendent trend for the TER, the normalized TER/TER(0 V) for

J1-2uc and J2 at 5 K and 80 K was plotted in Fig. 8(b). It can

be seen that the bias dependence is more significant for sample

J1-2uc at lower temperatures. This can be explained by a ther-

mally activated inelastic conductance channel through chains

of localized states in the barrier, which has been found for tun-

nel junctions with SrTiO3 and MgO barriers.38,39 The fitting

of the temperature dependence of the junction resistance also

agrees with this model.29 This conduction mechanism is

strongly temperature, bias, and barrier thickness dependent

and contributes more to the transport with increasing tempera-

ture and bias.40 Unlike direct tunneling, the defect-mediated

inelastic tunneling is less sensitive to polarization orientation

and will reduce TER. This explains why the TER reduces with

increasing bias and temperature. In addition, the enhanced

conductance at higher temperatures prevents poling the polar-

ization state at a given voltage because the junction becomes

kind of leaky, and therefore the saturated ferroelectric state is

not achieved before the high current burns the junction. The

reason why J1-2uc shows more significant bias and tempera-

ture dependence than J2 is related to the La0.5Ca0.5MnO3 layer

which is not very insulating in its insulating state in compari-

son with that of the BTO layer. Therefore, junction J1-2uc is

likely to have more defect-mediated inelastic tunneling when

the LCMO is at the insulating phase and more sensitive to the

bias/temperature than J2.

The magnetoelectric origin of the observed TER effect is

supported by our measurement in high magnetic field. As

shown in Fig. 9, the high magnetic field remarkably reduces

the junction resistance for the high resistance state of J1-1uc
(12� 12 lm2), in which the La0.5Ca0.5MnO3 layer should be

in antiferromagnetic state when polarization is pointing down.

This should originate from the canting of spins in

La0.5Ca0.5MnO3. On the contrary, R-H curves for J2 at differ-

ent polarization states show nearly unchanged curvature

because the doping effect from screening the ferroelectric

polarization is not sufficient to change the magnetic state in

the LSMO electrode.

FIG. 8. (a) Bias dependence of TER for J1-2uc at 5 K. (b) normalized TER
for J1-2uc and J2 at 80 K and 5 K.

FIG. 9. Resistance vs. magnetic field up to 9 T at 80 K for J1-1uc at different

polarization states.

FIG. 7. I-V curves for (a) J1-2uc and (b) J2 at 80 K for opposite polarization

directions. Black solid lines are the fitting results.
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IV. FERROELECTRIC CONTROL OF SPIN
POLARIZATION

Changes of the magnetic properties at the ferroelectric/

metal interface can come from the interfacial magnetoelectric

coupling due to charge screening,36,41 interface bonding,22,42

or interfacial magnetocrystalline anisotropy.43 One of the sig-

nificant effects predicted for MFTJ is the possible electric con-

trol of spin polarization, which is highly desirable for

spintronics. We measured transport spin polarization through

the TMR effect. Fig. 10 shows the TMR effect for three differ-

ent samples. In J1-1uc with a TER effect �4400%, we found

that the TMR values are much larger in the low resistance state

(�90%) than in the high resistance state. The TMR effect is

barely noticeable for the high resistance state with no sign of

TMR in the negative magnetic field side and �20% on the pos-

itive field side. The irregular R-H shape and the much lower

TMR value is also consistent with that the La0.5Ca0.5MnO3

layer becomes antiferromagnetic and therefore scatters the

polarized spins (spin filter effect) in the high resistance state.

The tunnel electromagnetoresistance (TEMR), the percentage

ratio between the TMR values for the two polarization states as

defined by Garcia et al.,17 is >450% for J1-1uc. Shown in Fig.

10(b) is sample J1-5uc (20� 20 lm2) with the TER of

�550%, smaller than that of J1-1uc. The TMR value is

�180% at the low resistance state and �95% at high resist-

ance state. The corresponding TEMR value is �90%, five

times smaller than J1-1uc. In comparison, the TEMR of J2

(4� 4 lm2 with nominally 3 nm BTO) without the inserted

La0.5Ca0.5MnO3 layer is �35%, much smaller than the MFTJs

with an La0.5Ca0.5MnO3 interface layer. Since the TMR value

is directly proportional to the spin injection efficiency, the

TEMR is directly proportional to the change of spin polariza-

tion. The percentage change of spin polarization appears to be

directly related to the TER value. The samples with the largest

TER provide the largest change. This effect will be studied fur-

ther to quantify the relationship between TER and TEMR so

that the spin injection can be controlled electrically using a fer-

roelectric/magnetic interface.

V. CONCLUSION

To summarize, we have observed the four resistance state

in MFTJs with sizable differences among the resistance states.

Large TMR and TER effects and the resistance switching

among states have been discussed in the LCMO/

Ba0.5Sr0.5TiO3/LCMO MFTJs. By selecting suitable materials,

an MFTJ with four states at room temperature was achieved in

LSMO/Ba0.95Sr0.05TiO3/LSMO MFTJs. In order to achieve

large on-off ratio of the resistance switching, we have designed

a new LSMO/BTO/La0.5Ca0.5MnO3/LSMO MFTJ structure

with a La0.5Ca0.5MnO3 layer close to ferromagnetic metal to

antiferromagnetic insulator phase transition inserted in

between the ferroelectric barrier and the ferromagnetic elec-

trode. The TER effect can be enhanced by two orders of mag-

nitude. This improvement is likely to be related to the

ferroelectrically controlled ferromagnetic metallic–antiferro-

magnetic insulating phase transition in La0.5Ca0.5MnO3. This

demonstrates the potential of MFTJ to be used in memory-on-

logic applications. We have also observed that the TMR can be

controlled by the ferroelectric polarization reversal, suggesting

a strong electric control of spin polarization using a designed

structure with proper interfaces.
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