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E-field control of magnetization and susceptibility of AFE-based YIG/PLZST heterostructure

The magnetoelectric properties of a laminated heterostructure consisting of ferromagnetic yttrium iron garnet (YIG) film and antiferroelectric (Pb0.97La0.02) (Zr0.6Sn0.3Ti0.1)O3 (PLZST) ceramic is, for the first time, reported in this work. The electric-field-controlled susceptibility, a shift of the coercive magnetic field and magnetization variations are demonstrated in YIG/PLZST multiferroic heterostructure. A large variation of the relative magnetic susceptibility is observed, practically 33% at a low magnetic field of 10 Oe. A sharp reduction of magnetization occurs at the antiferroelectric-ferroelectric phase transition field of PLZST ceramic. Thus the converse magnetoelectric coefficient peaks at the switching field and the maximum can reach 11.6 × 10 -8 s/m without bias magnetic field. These features indicate that antiferroelectric materials can also be alternative candidates to combine with ferromagnetic materials for magnetoelectric tunable devices.

Introduction

Multiferroic composite materials, with two or more ferroic (ferro-electric, ferro/ferrimagnetic, ferroelastic) phases [START_REF] Fusil | Magnetoelectric devices for spintronics[END_REF][START_REF] Staruch | Reversible strain control of magnetic anisotropy in magnetoelectric heterostructures at room temperature[END_REF][START_REF] Atif | Structural, magnetic and impedance spectroscopy analysis of (0.7)CoFe2O4+(0.3)BaTiO3 magnetoelectric composite[END_REF], have offered a great potential and opportunities in developing novel multifunctional devices, such as memory devices, sensors, phase shifters, transducers, filters, oscillators, etc. [START_REF] Ustinov | Ferrite-ferroelectric hybrid wave phase shifters[END_REF][START_REF] Fetisov | Electrically tunable ferrite-ferroelectric microwave delay lines[END_REF][START_REF] Vopson | Fundamentals of multiferroic materials and their possible applications[END_REF][START_REF] Priya | Recent advancements in magnetoelectric particulate and laminate composites[END_REF]. Nevertheless, investigations for a better understanding of fundamental physics and engineering potential of these materials and structures are still on the way.

Previous researchers have studied a variety of layered magneto-electric (ME) heterostructures of ferromagnetic (FM) and ferroelectric (FE) components [START_REF] Liu | Voltage tuning of ferromagnetic resonance with bistable magnetization switching in energy-efficient magnetoelectric composites[END_REF][START_REF] Sheikh | Composition dependent phase connectivity, dielectric and magnetoelectric properties of magnetoelectric composites with Pb(Mg1/3Nb2/3) 0.67Ti0.33O3 as piezoelectric phase[END_REF][START_REF] Tatarenko | Microwave magnetoelectric effects in ferrite-piezoelectric composites and dual electric and magnetic field tunable filters[END_REF]. Actually, the main interest has been focused on FM/FE heterostructures and in particular the electric-field tuning of the magnetic response resulting from the strain of FE component transferred to FM component, the so-called converse ME effect (CME). As antiferroelectric (AFE) materials enjoy a large strain change during the electric-field induced AFE-FE transition and display zero polarization and strain in a relaxed state [START_REF] Lepadatu | Heat-assisted multiferroic solid-state memory[END_REF][START_REF] Hao | A comprehensive review on the progress of lead zirconatebased antiferroelectric materials[END_REF], there are potential benefits for their use. The high electric-field induced phase transition strain makes that AFEbased ME composites are also interesting and can yield a good tuning of the magnetic response with electric field. Another advantage is that the non-remnant state results in no pre-poling process, which is a very important point from an application point of view [START_REF] Zhou | Antiferroelectric materials, applications and recent progress on multiferroic heterostructures[END_REF]. The electric-field control of magnetism in AFE-based composites has been rarely demonstrated, and the reported works are mainly focused on microwave frequency ME coupling effect [START_REF] Zhou | Strong non-volatile voltage control of magnetism in magnetic/antiferroelectric magnetoelectric heterostructures[END_REF][START_REF] Zhou | Magnetoelectric coupling in antiferro-electric and magnetic laminate composites[END_REF]. A comprehensive research on E-field controlled magnetism at static magnetic state is necessary in AFE-based ME heterostructure.

Yttrium iron garnet (YIG) is considered to be a good choice for the magnetic material when targeting tunable multiferroic microwave de-vices thanks to its outstanding advantages including small magnetocrystalline anisotropy, narrow ferromagnetic resonance line width, high resistivity, and low microwave losses. Therefore, most of the works are focused on ME interactions of YIG/FE at microwave frequencies (mainly X-band). The voltage tuning of ferromagnetic resonance (FMR) field in composites made of a YIG film and different FE layers has been widely reported, while the electric field tuning of magnetism at static state is rarely investigated. To understand the CME coupling effect, it is necessary to study the electric-field tuning of magnetism of YIG at static state [START_REF] Lian | Electric field tuning of magnetism in heterostructure of yttrium iron garnet film/lead magnesium niobate-lead zirconate titanate ceramic[END_REF]. Lian et al. have firstly reported the voltage-controlled magnetization of YIG/FE multiferroic heterostructure with DC magnetic field [START_REF] Lian | Influence of the magnetic state on the voltage-controlled magnetoelectric effect in a multiferroic artificial heterostructure YIG/ PMN-PZT[END_REF]. The study of E-field tuning of magnetism, not at microwave frequency but at static state, in YIG/AFE heterostructure has not been reported yet, to the best of the authors' knowledge.

This work is dedicated to the study of a layered multiferroic structure consisting of the ferromagnetic YIG film and an AFE ceramic inserted between platinum (Pt) electrodes. The Pb0.97La0.02Zr0.6Sn0.3Ti0.1O3 (PLZST) ceramic, a typical AFE material [START_REF] Chen | Preparation of (Pb, La)(Zr, Sn, Ti)O3 antiferroelectric ceramics using colloidal processing and the field induced strain properties[END_REF], is selected to be the AFE substrate for its sharp E-field induced phase transition strain change. A significant tuning of the magnetic response has been achieved at static state (DC electric field and bias DC magnetic field) in this unique FM-AFE heterostructure. The voltage control of the magnetic susceptibility and the magnetization has been demonstrated and the CME coefficient has been evaluated. The results indicate the AFE ceramics can also be potential candidates as the strain-offer layer in the ME coupling composites.

Experimental

The multiferroic composites are designed to be layered structures of YIG film and PLZST AFE ceramics with Pt electrodes. The PLZST ceramics were fabricated by the conventional solid state reaction, and the sintered ceramics were machined and fine polished into 10 × 10 × 0.5 mm 3 substrates, as given in Ref. [START_REF] Han | Electric field tuning of magnetization in an antiferroelectric-based heterostructure: example of NMG/PLZST/NMG[END_REF]. Then the Pt electrodes were deposited on the two sides of the PLZST ceramic by magnetron sputtering with a thickness of 80 nm. The YIG film was deposited on one side of Pt/PLZST/Pt structure by radio-frequency magnetron sputtering in a thickness of 400 nm. The deposition conditions and annealing process of YIG film have been presented in Ref. [START_REF] Lian | Influence of the magnetic state on the voltage-controlled magnetoelectric effect in a multiferroic artificial heterostructure YIG/ PMN-PZT[END_REF]. The dimensions of the ceramic substrate and Pt electrodes are respectively 10 × 10 mm 2 and 6 × 6 mm 2 , while the YIG film is 5 × 3 mm 2 . The X-ray diffraction (XRD) of YIG/Pt/PLZST/Pt was performed using a Rigaku D x-ray diffractometer and the scanning electron microscopy (SEM) was employed to characterize the interface of the heterostructure. The electric hysteresis loop (P-E) and the field-induced strain curve (S-E) of the PLZST were obtained with a standard ferro-electric tester (TF analyzer 2000, aixACCT, Germany). The magnetic hysteresis loops ((M-H)) with different electric fields and the electric field tuning of magnetization (M-E) were measured at room temperature by a Vibration Sample Magnetometer (VSM, ADE model EV9) combined with an external DC voltage supply (SPS Model PS350), as described in Ref. [START_REF] Han | Electric field tuning of magnetization in an antiferroelectric-based heterostructure: example of NMG/PLZST/NMG[END_REF]. The sample was placed in the VSM system with two copper wires soldered with electrodes. Thus, it was possible to apply a magnetic field as well as an electric field to the sample simultaneously. To ensure the measurements accuracy a calibration of the measurements was performed by taking into account the influence of the PLZST, Pt electrodes, wires and so on (deembedding technique).

Results and discussion

The Fig. 1(a) shows the P-E loop and the I-E curve while the Fig. 1(b) describes the S-E curve of PLZST ceramic. The AFE characteristics of double P-E loop, four current peaks and horn-like S-E curve are clearly observed in PLZST. The polarization and strain are nearly zero when the electric field is lower than the switching field. The zero-remnant state makes AFE materials free from the influence of the electric load history and eliminates the pre-poling process that is necessary for FE materials. The switching fields of AFE-FE phase transition are 50 kV/cm and 25 kV/cm, and the maximum strain can reach 0.2%. The sharp strain change generated by the electric-field-induced structure phase transition gives us possibilities to obtain in-plane strain-mediated magnetism transformation via the electric field application.

The schematic of YIG/Pt/PLZST/Pt ME heterostructure with electric and magnetic fields together with the cross-sectional SEM picture are given in Fig. 1(c). The PLZST ceramic substrate is polycrystalline, it exhibits isotropic in-plane strain when the electric field is perpendicular to the plane. The YIG film being polycrystalline it demonstrates iso-tropic in-plane magnetic properties, thus the magnetic field direction is parallel to the substrate plane. The interface is clear, indicating no significant diffusion between the film and the ceramic substrate. The XRD pattern of YIG/Pt/PLZST/Pt heterostructure is illustrated in Fig. 1(d). The peaks of YIG film, Pt electrode and PLZST ceramic are well observed on the XRD pattern. The peak intensity of YIG film is much weaker than PLZST ceramic because of its low thickness. All of these peaks belong to cubic Y3Fe5O12 phase, and there are no other phases that appear up to the detection limit.

We have measured the magnetization variations M ( M = ME-M0) while applying an electric field across the PLZST ceramic in order to investigate the ME coupling in a static magnetic state. The initial magnetization (M0) is defined as the magnetization without electric field and ME is the magnetization for E. The relative magnetization change (M/M0) is generated in response to the application of an electric field, and the M/M0-E curve at 0 Oe is given as a representative in Fig. 2(a). The horn-like shape M/M0-E curve was found to be similar to the strain-field curve in Fig. 1(b), suggesting a strong strain-driven magnetization change in YIG/Pt/PLZST/Pt heterostructure. The CME coefficient (αCME) at 0 Oe, calculated from the equation: αCME = μ0δM/δE (μ0 = 4π×10 -7 H/m), is also given in Fig. 2(a). It is observed that, because of the sharp strain change at the forward and backward switching fields of PLZST ceramic, the αCME peaks at four switching fields. The maximum value recorded is 11.6 × 10 -8 s/m.

To explore the influence of the bias magnetic field on the CME effect, the maximums of M/M0 and αCME for three different bias magnetic fields (0, 15, 30 Oe) are reported in Fig. 2(b). It is worth noting that the maxima for both, Mmax/M0 and αmax, are obtained with a bias magnetic field of 0 Oe. The fact that the best performance of CME coupling can be obtained without magnetic field is an important asset in terms of design when targeting ME devices conception.

We have measured (M-H) loops of the heterostructure while an electric field is applied across the PLZST ceramic in order to investigate the ME coupling in a static electric state. The (M-H) loops with different electric fields and the HC-E curve are given in Fig. 3(a) and (b), respectively. When the external electric field is lower than the AFE-FE switching field of PLZST, the (M-H) loops coincide with the one obtained without electric field. Once the electric field is higher than AFE-FE switching field, the remnant magnetization decreases sharply, and the (M-H) loops become difficult to be saturated. In this case, an induced magnetic coercive field shift is generated in response to the electric field application. The strain generated from the electric-field-induced AFE-FE phase transition is transferred through the Pt electrodes to the YIG film, which leads to magnetocrystalline anisotropy transformation in the YIG film.

The magnetic susceptibility (χ) versus magnetic field, (χ-H) curve, is shown in Fig. 4(a).The χ reaches a maximum at 20 Oe, near HC. To observe the influence of the electric field strength on the YIG film susceptibility at a given magnetic field, the χ-E curve for a magnetic field of 10 Oe is presented in Fig. 4(b). It is noteworthy that the electric field facilitates a reduction in the susceptibility, which yields a maximum variation, as a function of the electric field, of χ = 13.5 at 10 Oe. The maximum relative χ change reaches χ/χ0 = 33% at 10 Oe. This change of χ gives rise to the tunability of the permeability and thus opens pathway towards the design of voltage tunable inductors.

Additionally, the HC-E and χ-E curves clearly display the similar horn-like shape but the horns are in opposite directions, which is attributed to the correlation between the strain and the electric field. The shape of HC-E and χ-E curves demonstrates the effective control of magnetocrystalline anisotropy transformation by E-field via strain mediated mechanism.

For comparison purposes, Table 1 summarizes important results measured at static magnetic state for different layered structures recently reported. It is found that this work is the first to demonstrate the relative magnetic susceptibility change in an AFE-based ME hetero-structure. Further, the CME coefficient is obtained without the application of bias magnetic field, which is a strong asset in terms of cost and ease of procedures. The high relative magnetic susceptibility change reveals a good opportunity for the development of ME tunable devices based on AFE materials

Conclusions

In summary, the E-field controlled magnetism in an AFE-based ME heterostructure of YIG/PLZST is reported for the first time. A comprehensive study of magnetization, magnetic coercive field, magnetic susceptibility and CME coefficient responses to an electric field is achieved in this work. The electric field induced phase transition strain in an AFE substrate plays the key role in ME coupling and its unique zero-remnant state gives us the possibility to avoid pre-poling process. The maximum αCME is 11.6 × 10 -8 s/m without magnetic field, and the χ/χ0 can reach 33% with a low magnetic field of 10 Oe. The large magnetic susceptibility variation capability given by this composite, YIG/Pt/PLZST/Pt, shows great potential for ME tunable devices. 
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 1 Fig. 1. (a) P-E loop, I-E curve and (b) S-E curve of PLZST ceramic substrate, (c) schematic and inset the cross-sectional SEM picture of YIG/Pt/PLZST/Pt ME heterostructure, (d) XRD pattern of YIG/Pt/PLZST/Pt heterostructure.
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 2 Fig. 2. (a) M/M0-E and αCME-E curves at 0 Oe and (b) Mmax/M0-H and αmax-H bar charts of YIG/Pt/PLZST/Pt heterostructure
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 4 Fig. 4. (a) χ-H curves with different electric fields and (b) χ-E curve at 10 Oe of YIG/Pt/PLZST/Pt heterostructure
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