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Ferroelectric tunnel barriers in between two ferromagnetic electrodes (multiferroic tunnel junctions, or

MFTJs) hold great promise for future microelectronic devices. Here, we utilize Hf0.5Zr0.5O2 (HZO) tun-

nel barriers with an ultralow thickness of only 2 nm, epitaxially grown on La0.7Sr0.3MnO3 ferromagnetic

bottom electrodes and with cobalt top electrodes. Both tunneling electroresistance and tunneling magne-

toresistance effects are observed, demonstrating four nonvolatile resistance states in HZO-based junctions.

The large band gap and excellent homogeneity of the HZO tunnel barriers enable a high yield of working

devices, as well as devices with sizes of tens of micrometers. This allows working with fixed electrodes,

as opposed to the use of scanning probes, bringing MFTJs closer to applications.

DOI: 10.1103/PhysRevApplied.12.031001

The concept of ferroelectric memory is by now

mature [1]. The achievement of switchable ferroelectric

polarization in ultrathin films has opened up possibili-

ties for ferroelectric tunnel junctions (FTJs) [2–5]. Polar-

ization switching of the ferroelectric barrier in a FTJ

results in a change of the tunneling conductance, which

is known as the tunnel electroresistance (TER) effect.

This phenomenon has been observed in several systems,

such as BaTiO3 [6–8], Pb(Zr0.2Ti0.8)O3 [9], PbTiO3 [10],

and BiFeO3 [11,12]. Its origin has been mainly ascribed

to three possible mechanisms [5]: (a) incomplete charge

screening at ferroelectric-electrode interfaces affecting the

potential barrier profile; (b) the change in the positions

of ions at the interfaces after polarization reversal; and/or

(c) the strain differences induced by the electric field in the

ferroelectric barrier.

Nevertheless, the achievement of sufficiently thin fer-

roelectric films remains very challenging due to several

issues, such as the difficulty of fully screening the surface

polarization charges [13], the tendency of the films to form

domain walls or other topological defects that cancel the

net spontaneous polarization, the increase of the electric

fields needed for polarization switching, or the increase

in the leakage currents. In the past few years, intensive

research has been conducted on hafnia- (hafnium-dioxide-)

based thin films due to their unexpected ferroelec-

tricity [14,15] and their complementary metal-oxide

*sylvia.matzen@u-psud.fr
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semiconductor (CMOS) compatibility [16]. Unlike all

other known ferroelectrics, in hafnia-based thin films,

the ferroelectricity becomes more robust as the size is

decreased and it disappears above a certain thickness,

in the range of 10–30 nm [17]. Thus, hafnia-based thin

films are highly promising as tunnel barriers for ferro-

electric tunnel junctions. Moreover, amorphous hafnia is

a high-k material that has been widely used as a gate

insulator in the microelectronics industry [18], so these

thin films have great potential for applications in the

next generation of memories and logic devices, show-

ing great advantages compared to conventional perovskite

ferroelectrics.

Multiferroic tunnel junctions (MFTJs), with a ferro-

electric tunnel barrier integrated between two magnetic

electrodes, instead of a linear-dielectric barrier (as in mag-

netic tunnel junctions, MTJs), were proposed a decade

ago [19] and have become a promising approach to the

development of low-power, high-density, multifunctional,

and nonvolatile memory devices [20,21]. A MFTJ exhibits

four nonvolatile resistance states that can be achieved

by external electric and magnetic field switching and are

generated by the combination of the TER and tunnel-

ing magnetoresistance (TMR) effects. The TER originates

from the partial screening of polarization charges, leading

to a switchable electrostatic field across the ferroelectric,

whereas the TMR originates in the dependence of the

tunneling current on the parallel or antiparallel magneti-

zation states between the two ferromagnetic electrode lay-

ers [22]. Previous studies on MFTJs have used ferroelectric

tunnel barriers of BaTiO3 or PbTiO3/Pb(Zr, Ti)O3 (PZT),
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sandwiched between La0.7Sr0.3MnO3 (LSMO) and Co

magnetic electrodes [23–25].

Recently, several works on FTJs with hafnia barriers

have been reported [26–31]. However, the hafnia-based

barriers reported in MTJs are amorphous, undoped, and

nonpolar [32,33]. In our recent work, crystalline rhombo-

hedral Hf0.5Zr0.5O2 (HZO) films have been grown epitaxi-

ally on (001)-LSMO (bottom electrode)/SrTiO3 substrates

and have shown ferroelectric switching with increas-

ingly large remanent polarization values as the thickness

decreases from 9 nm (Pr = 18 µC/cm2) down to 5 nm

(Pr = 34 µC/cm2) [34]. Here, we report the integration of

ferroelectric HZO tunnel barriers in MFTJs, showing four

nonvolatile resistance states, as a combination of both TER

and TMR effects.

Thin layers of ferroelectric HZO with a thickness of

2 nm are grown on LSMO-buffered STO substrates by

pulsed-laser deposition [34]. On top of HZO films, 50-nm

top Co ferromagnetic (FM) electrodes with a protec-

tive layer of Au (50 nm) are deposited by sputtering.

MFTJs are created from the LSMO (FM)/HZO (FE)/Co

(FM) stack. Junctions of different sizes (10 × 10 µm2,

20 × 20 µm2, and 30 × 30 µm2) are fabricated by pho-

tolithography, chemically assisted ion-beam etching (IBE)

controlled by a secondary-ion mass spectrometer (SIMS),

and sputtering of metallic-top electrodes and a Si3N4 insu-

lating layer in different steps. The cross-section scanning

transmission electron microscopy (HAADF-STEM) image

presented in Fig. 1(a) shows sharp interfaces between

LSMO/rhombohedral (111)-oriented HZO layers [34] and

polycrystalline Co [for an energy-dispersive x-ray spec-

troscopy (EDS) image, see Fig. S1 in the Supplemental

Material [35] ]. From the TEM images across different

regions and atomic force microscopy (AFM) topography

shown in Fig. S2 (see the Supplemental Material [35]),

the roughness of the HZO film is estimated to be approx-

imately 0.2 nm. A schematic view of a complete MFTJ

device is shown in Fig. 1(b). The junctions are connected

by wire bonding to chip carrier. The low temperature and

magnetic field are applied using the Physical Properties

Measurement System (PPMS) from Quantum Design. The

electrical measurements are performed using a Keithley

237 source measurement unit and the electrical pulses are

done with a Keithley 4200A-SCS parameter analyzer.

(a) (b)

FIG. 1. (a) A HAADF-STEM cross-section image of a

LMSO/HZO/Co stack. (b) A schematic drawing of the tunnel-

junction devices used in this work.

(a) (b)

FIG. 2. (a) I -V curves at 300 K of 20 × 20 µm2 junctions with

2-nm- and 3-nm-thick barriers. The inset shows the derivative of

the I -V curve for the 2-nm barrier, with the parabolic Brinkman

fit. (b) The TMR at 50 K and the resistance-area product (RA)

for different device sizes (10 × 10 µm2, 20 × 20 µm2, and 30 ×

30 µm2) on the same sample with a 2-nm-thick HZO barrier.

The current-voltage (I -V) characteristics of 2-nm- and 3-

nm-thick films with the same junction area (20 × 20 µm2)

are shown in Fig. 2(a). The current through the 3-nm-thick

HZO film is too low (below 1 nA) to be reliably measured

with our experimental setup and a thinner film is required

for a tunneling junction. Indeed, the parabolic dependence

of the differential conductance of the 2-nm film fitted by

the Brinkman model [36] leads to a barrier height of 1.2 ±

0.1 eV with an asymmetry of 0.2 ± 0.1 eV (thus giving a

height of approximately 1.3 eV on the Co side and approxi-

mately 1.1 eV on the LSMO side) and a barrier thicknesses

of 1.5 ± 0.1 nm, indicating that the transport mechanism is

direct tunneling through the HZO barrier. Due to the large

band gap (5–6 eV) of HZO, the junction is very resistive

even for ultrathin films, thus preventing leakage problems

and improving the stability of the devices. All further mea-

surements are performed on different devices with the same

ultrathin 2-nm-thick barrier.

Junctions with different sizes are fabricated and six of

them with a STO/LSMO/HZO (2-nm)/Co stack are con-

nected to a chip carrier and measured. They all show TMR

ratios between 5% and 7% under −0.2 V bias at a temper-

ature of 50 K [Fig. 2(b)]. In addition, the resistance-area

product (RA) is also quite constant for various device

sizes, as shown in Fig. 2(b). This high reproducibility in

the properties of the junctions proves the excellent qual-

ity of the HZO tunnel barrier, despite the domainlike

nanostructure of the films [34].

The magnetic hysteresis loop M -H of a similar (but

unpatterned) sample at 50 K is shown in Fig. 3(a), with

the magnetic field applied along the in-plane [110] easy-

axis direction of the LSMO. The magnetic switching of

both LSMO and Co layers is clearly observed, show-

ing coercive fields of around ±50 Oe for LSMO and

±250 Oe for Co. This difference allows for an antiparallel

magnetic alignment between the two magnetic electrodes

for intermediate magnetic fields. The resistance of such

devices is measured as a function of the magnetic field

under a bias of −0.2 V (applied to the top Co electrode)
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(a) (b)

FIG. 3. (a) The M -H loop of an unpatterned sample mea-

sured at 50 K by superconducting-quantum-interference-device

(SQUID) magnetometry along the in-plane [110] direction of

the LSMO. (b) The TMR loop measured in a junction of size

10 × 10 µm2 under a bias of −0.2 V at 50 K, with high (low)

resistance in the antiparallel (parallel) state.

at a temperature of 50 K in a 10 × 10 µm2 junction, for

magnetic field cycling from 2000 Oe to −2000 Oe and

back, along the [110] axis [Fig. 3(b)]. A higher-resistance

state is measured in the antiparallel magnetic configuration

when sweeping the field, displaying a positive TMR value

of 5.4%, where the TMR is defined as (RAP − RP)/RP,

with RAP and RP the resistance values in the antiparallel

and parallel states, respectively. This value is lower than

the TMR reported for MTJs with perovskite barriers, such

as SrTiO3 [37,38], LaAlO3 [39], or PbTiO3 [40], probably

due to the higher structural and chemical mismatch at the

interface between the LSMO spin-polarized electrode and

the HZO barrier.

The TMR effect decreases with increasing temperature

and disappears above 250 K (Fig. 4), in agreement with

most studies performed on other MFTJs with LSMO and

Co electrodes [25], which could be a result of either the

decrease of the spin polarization of LSMO at the interface

with HZO and/or the spin-independent tunneling through

impurity levels in the barrier activated upon increasing the

temperature [41–45].

In the present case of a HZO barrier, we observe a

resistance switching behavior as shown in Fig. 5(a). The

resistance hysteresis loop indicates a memristive behavior,

(a) (b)

(c)

on
off

FIG. 5. Combined TMR and TER. (a) A resistance hystere-

sis loop (read by a voltage of 100 mV) as a function of write

pulses with different amplitudes from −6 V to +6 V and a width

of 500 µs on a junction of size 30 × 30 µm2. The blue arrows

indicate the orientation of the ferroelectric polarization as up

(P↑, toward the Co electrode) and down (P↓, toward the LSMO

electrode). (b) The resistance as a function of the magnetic

field (upper panel) and the corresponding TMR loops (lower

panel) under a bias of −0.2 V at 50 K. (c) The bias-dependent

TMR ratio after +6 V and −6 V pulses on a junction of size

20 × 20 µm2.

such as has been reported for conventional perovskite fer-

roelectric barriers [6–9,46]. The junction resistance mea-

sured under a bias of 0.1 V is plotted as a function of

the amplitude of the successive write pulses (500 µs pulse

width). A clear hysteresis cycle between a low- (Ron) and

a high- (Roff) resistance state is achieved, with an on/off

ratio of 440%, defined as Roff/Ron. The switching volt-

age between the two states is around 2 V when the write

pulse is swept from −6 V to 6 V and around −2 V when

going back to −6 V. This is consistent with previous

reports, which ascribe the TER effect to the ferroelectric

polarization switching [7,20,26,28,30].

We have demonstrated ferroelectric switching in lay-

ers of the same materials with thicknesses down to 5 nm

(a)

(e) (f)

(b) (c)

(d)

FIG. 4. The TMR ratios of a

junction with a size of 10 ×

10 µm2 under a bias of −0.2 V

at different temperatures: (a) 20 K,

(b) 50 K, (c) 100 K, (d) 150 K, (e)

200 K, and (f) 250 K, respectively.
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in previous work [34]. However, macroscopic polariza-

tion switching was not possible in 2-nm-thick layers, like

the ones shown here, because of the steep increase of the

switching field with decreasing thickness. Therefore, we

use piezoelectric force microscopy (PFM) with an applied

voltage to the AFM tip similar to that used for the TER

measurements to test the local ferroelectric switching. A

reversal of the PFM contrast is, indeed, observed in Fig. S3

(see the Supplemental Material [35]) at voltages similar to

those required for resistive switching. Nevertheless, in this

geometry, electrostatic effects and ionic migration cannot

be excluded as the origin of the observed contrast [47,48].

The as-grown state of the HZO films corresponds to the

low-resistance state (Ron) with the ferroelectric polariza-

tion up (P↑), as indicated in Fig. S3 (see the Supplemental

Material [35]).

In Fig. 5(b), TMR loops are obtained after +6 V (Roff)

and −6 V (Ron) pulses and show both a TMR ratio of

around 5.2%, corresponding to TER = 190%. Four resis-

tance states can thus be obtained and switched reversibly

using both electrical and magnetic inputs. One can observe

that the TMR does not change significantly between the

on and off states. The spin polarization of the tunneling

electrons thus appears to be unaffected by the ferroelectric

switching, which is different from junctions with per-

ovskite ferroelectric tunnel barriers, such as PbZr0.2Ti0.8O3

(PZT) [25] and BaTiO3 (BTO) [24]. In these systems, it

has been reported that, upon switching of the polariza-

tion, the induced magnetic moment of the interfacial Ti ion

changes significantly due to the hybridization effect at the

interface between the tunnel barrier and the FM electrode,

thus inducing strong magnetoelectric coupling [25,49,50]

In our case, the polarization of the HZO layer is due to

the displacement of the oxygen atoms and this hybridiza-

tion effect cannot be invoked. Furthermore, to study the

dependence of the TMR on the bias, I -V curves are mea-

sured in both the parallel and antiparallel states. From these

measurements, the TMR ratio can be extracted at different

bias values, since TMR = (IP − IAP)/IAP, where IAP and

IP are the currents in the antiparallel and parallel states,

respectively. Figure 5(c) shows that the bias dependence

of the TMR ratio is barely affected by the ferroelectric

polarization state. This once again proves the stability of

the resistance states and also the absence of measurable

magnetoelectric coupling [24,25] in this system.

As shown in Fig. 6(a), when a positive bias of 0.2 V

is applied on the top electrode Co, an inverse TMR (of

around −2.6%) is observed at 50 K, corresponding to a

smaller resistance measured in the antiparallel state com-

pared to the parallel one. From the resulting TMR-V curve

(red) in Fig. 6(b) at the same temperature, the largest TMR

(approximately 6%) is measured at a bias of about −0.3 V.

The inverse TMR can be observed above a threshold bias

value of around 0.1 V at this temperature. According

to Julliere’s model [51], the amplitude and sign of the

(a)

(b) (c)

FIG. 6. Inverse TMR. (a) The TMR loop obtained in a junction

of size 10 × 10 µm2 under a bias of 0.2 V at 50 K with high

(low) resistance in the parallel (antiparallel) state. (b) The bias-

dependent TMR from −0.5 V to 0.5 V at different temperatures

from 20 K to 200 K. (c) The temperature dependence of both

TMR (black, circles) and VTMRsign, the voltage needed for TMR

sign reversal (blue, squares) in the same junction.

TMR are related to the spin polarization of the density

of states (DOS) of the two ferromagnetic layers. In par-

ticular, for the case of tunneling between LSMO and Co

electrodes, the application of different bias changes the rel-

ative position of the DOS of Co and LSMO, as depicted

by De Teresa et al. [37] for a SrTiO3 barrier. The inverse

TMR could also be attributed to the resonant tunneling

via localized states in the barrier, which is reported in the

Ni/NiO/Co system by Tsymbal et al. [52]. By changing the

bias on the junction, the position and the width of the res-

onant states can be tuned. When the energy of localized

states in the barrier matches the Fermi energy of the FM

electrodes, the TMR is inverted.

Moreover, in the case of the HZO barrier, TMR-V curves

are also plotted in Fig. 6(b) at different temperatures. The

bias at which the TMR sign changes is defined as VTMRsign.

Interestingly, we observe that VTMRsign increases with the

temperature, from approximately 0.1 V at 20 K to approx-

imately 0.35 V at 200 K, as shown in Fig. 6(c) (in blue

line). This could be due to the decreasing spin polariza-

tion of LSMO at the interface with HZO with increasing

temperature, as the decrease of TMR shows a similar trend

[plotted in black in Fig. 6(c) with values extracted from

Fig. 4]. It could also be due to the energy of impurity states

in the barrier changing with increasing temperature, with

the corresponding change of the voltage (VTMRsign) needed

to align the impurity states with the Fermi energy of the

FM electrodes.

We successfully build MFTJs with an ultrathin ferro-

electric hafnia-based barrier. The junctions display sev-

eral appealing characteristics, such as (1) four nonvolatile

resistive-memory driven by electric and magnetic fields,
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(2) bias-dependent inverse TMR, and (3) memristive

behavior. The large band gap and high quality of the

HZO tunnel barriers give rise to a remarkable homogene-

ity in the RA product over all of the measured junctions

with different surface areas. This allows us to utilize these

ultrathin barriers in standard devices, which is a clear

advantage with respect to similarly thin barriers of other

materials, which can only be investigated using scanning

probes [24,25]. All of the above shows the great potential

of this material for multifunctional devices and adaptable

electronics.
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