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Abstract

A magnetoelectric (ME) heterostructure was fabricated by depositing a Ni-Mn-Ga (NMG)
magnetic film on an antiferroelectric (AFE) PLZST-(Pb, La)(Zr, Sn, Ti)Os-ceramic substrate.
Significant and reversible electric field-induced relative magnetization changes (AM/Mo) were
firstly observed in this magnetic/AFE heterostructure, and the AM/M, vs electric field loops
have been found to correspond well with the strain-electric field curve of PLZST ceramic. The
maximum AM/Mo variation can reach 15%, indicating an obvious strain-mediated converse
magnetoelectric (CME) effect. A maximum CME coefficient of 1.14 x 10 s/m was obtained
at the switching electric fields of PLZST. The collected results suggest that AFE materials with
a large electric-field-induced phase transition strain could be alternative candidates in ME
coupling heterostructures.

1. Introduction

The coexistence of ferroelectricity and ferromagnetism in magnetoelectric (ME) materials has
given rise to advanced multifunctional properties for the development of novel devices in a
large range of applications [1-3]. Particularly, the electric field tuning of magnetism, known as
converse magnetoelectric (CME) effect, has drawn ever-increasing interest for potential
applications in information storage, tunable microwave devices, and spintronic devices [4-6].
Since single phase ME materials (or intrinsic multiferroic compounds, such as BiFeO3 and
BiMnQ:s) are rare and their ME effect is weak and usually far below room temperature [7, 8],
multiferroic composites with combined ferromagnetic (FM) and ferroelectric (FE) phases have
been exploited to electrically control magnetic order [9, 10].

Among all the coupling mechanisms, the strain-mediated CME coupling, where the transfer of
strain from a FE material to a FM material is the origin of the CME effect, has been mostly
used. Much advancement has recently been achieved, but most of previous works are focused
on FM/FE heterostructures, such as CoFe204/BaTiO3, NigsZno2Fe204/Pb(Zr, T1)Os, Terfenol-
D/Pb(Mn,Nb)O3-PbTiO3, FeBSiC/PVDF and so on [11-14]. AFE materials, with novel
properties of electric-field-induced AFE/FE phase transition, exhibit a large and sharp strain
change during the phase transition for atomic rearrangements and zero polarization and strain
in relaxed state. On the one hand, the significant strain of AFEs, which can reach 0.4% in some
AFE ceramics, make them extremely attractive for strain-mediated ME coupling[15]. On the
other hand, the strain of FEs always peaks at Ec, where the peak is so sharpened that only a
very small and limited voltage range is available to obtain a large strain[16] Concerning AFEs,
a large strain can be obtained once the electric field is higher than the switching field, which



provides large practical operating voltage range for strains. So, the distinct characteristics of
AFE materials give an additional opportunity to the electric field tuning of magnetism.
However, very few works are dedicated to ME coupling of FM/AFE heterostructures, which
seems to be interesting and promising in multiferroic composites.

In this work, the PLZST ceramic in a composition of Pbg.97L.a0.02Zr0.60Sno.30T10.1003 was chosen
as the AFE substrate for its high electric-field-induced strain. The Ni-Mn-Ga (NMG) film was
considered for the FM phase as well as the electrode because of its strong combination of
magnetic and elastic orderings and good conductivity[17]. The NMG/PLZST/NMG
multiferroic heterostructure was fabricated to demonstrate electric field control of
magnetization of FM/AFE/FM laminates at room temperature. By introducing electric field-
induced AFE-FE phase transition of PLZST substrate into the magnetoelectric system, an
obvious converse ME effect has been obtained. The relative magnetization changes in the
heterostructure vs the electric field, (AM/Mo)-Ecurves, show comparable evolutions to those of
strain-electric field (S-E) curves of AFE substrate, indicating that FM/AFE multiferroic
heterostructures can be a good design for strain-mediated ME coupling effect.

2. Experiments

The PLZST ceramics were prepared by a conventional solid-state reaction process. Pb3Os,
LaxO3, ZrO, SnO», and TiO, powders (chemical purities >99.0%), with 0.5 wt.% excess PbzO4
to compensate Pb volatilization during sintering were used. The sintered PLZST ceramic was
machined and fine polished into 10 x 10 x 0.5 mm? substrates. Then the NMG films (700 nm
thick) were deposited on the two sides of PLZST substrates by radio-frequency magnetron
sputtering at room temperature with a nominal alloy-composition target of Nio.sMno33Gao.17.
The details are given in the reference [18]. The samples X-ray diffraction (XRD) patterns were
performed using a Rigaku D X-ray diffractometer with a Cu Ka radiation. The scanning
electron microscopy (SEM) was employed to characterize the interface of NMG film and
PLZST ceramic. The electric hysteresis loop (P-E) and field-induced strain curve (S-E) of the
PLZST are obtained with a standard ferroelectric tester (TF analyzer 2000, AixACCT,
Germany). The in-plane magnetic hysteresis loops (M-H) are measured at room temperature
using a Vibration Sample Magnetometer (VSM, ADE model EV9) with a vibration frequency
of 75 Hz[19]. The NMG film is isotropic so the direction of the magnetic field does not matter
and can be indifferently along the x or y axis (Figure 1D).
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Figure 1: A, XRD pattern and inset AFM image of PLZST; B, P-E and S-E loops of PLZST; C, XRD
patterns of PLZST, NMG/PLZST samples, inset the cross-sectional SEM picture of NMG/PLZST and
D, (M-H) loops, inset the schematic and magnified (M-H) loops of NMG/PLZST/NMG sample.

The electric field tuning of magnetization (M-E) is performed by means of the VSM with an
external DC electric field (High voltage supply, SRS Model PS350) applied to the sample via
two coppers attached to the upper and lower conductive NMG films. For one specific electric
field applied to the sample, the dwell time is three minutes for the stabilization of magnetic
response and recording of averaged data.

3. Results and discussion

The XRD pattern of PLSZT ceramic is given in Figure 1A, and the atomic force microscopy
(AFM) image of the PLZST substrate surface is inset. The PLZST substrate is well-crystallized
into tetragonal AFE phase with small traces of lead oxide phase, which is due to the lead excess
in the ceramic preparation process. Since the substrate roughness plays an important role in
film growth and coupling effect, the PLZST ceramic is well polished with a resulting average
roughness of ~10 nm. The P-E loop and S-E curve given in Figure 1B show a typical AFE
characteristic. The forward and backward switching fields of PLZST are 5 kV/mm and
2.5 kV/mm, respectively. Once the electric field-induced phase transition between tetragonal
AFE phase and rhombohedral FE phase happens, a large strain change is generated
simultaneously. The maximum strain value along out-of-plane direction can reach 0.2%,
whereas a large strain along in-plane can also be expected which provides opportunities for
strain-mediated CME coupling effect.



As the multiferroic composite interface quality plays a key role on the magnetoelectric coupling
[20] the PLZST/NMG interface has been checked. The interface is clear, indicating no
significant diffusion between the film and the ceramic substrate. The XRD patterns of NMG
films on well-polished PLZST ceramic and Si/SiO; substrates are given in Figure 1C. The
presence of Bragg peak (20~43°) in NMG/PLZST which can be indexed as (220) cubic setting
corresponds to the austenitic phase of Ni2Mno.ssGao.gs, as we have reported before[18]. A
typical magnetic hysteresis (M-H) loop is observed for NMG/PLZST/NMG, and the Hc is
around 65 Oe, as shown in Figure 1D.

The magnetization changes vs electric field (M-E) were carried out. In order to characterize it,
the magnetization difference (AM) is defined as AM = Me—M,, where Mgis the magnetization
for £ and Mo is the magnetization without electric field. Thus, several relative magnetization
changes (AM/Mo) vs E curves are illustrated in Figure 2A as representatives. The (AM/My)-E
loops are symmetric with positive and negative £ (as confirmed by Figure 3A), thus only the
(AM/Mo)-E curves under positive voltages are given. All the curves show a similar horn-like
shape, and sharp reductions of AM/Mo happening at the switching field of PLZST. It is
necessary to note that the maximum of AM/Mo (15%) is reached at 0 Oe, which is a very
important asset in terms of design simplification and cost reduction, thus suggesting significant
potential for future magnetoelectric devices. To better reveal the relationship between strain
and magnetization change, the absolute value of AM/M, vs E (|JAM/Mo|-E) curve and (S-E) loop
of PLZST are given together in Figure 2B for 500 Oe. The |AM/My|-E curve is in good
agreement with the (S-E) loop of PLZST. Once a large strain is generated in the PLZST
substrate upon application of the electric field, the magnetization of NMG films greatly
decreases, indicating a strong converse ME coupling effect. In theory, the field-induced strain
originating from the field-induced AFE-FE phase transition deformation of the PLZST ceramic
leads to anisotropy change in NMG films. In this case, the PLZST strain changes the magnetic
domain configuration, which leads to a magnetization reduction and the sign of AM/M, is
negative. The strain destroys the alignment of well-ordered magnetic domains and favors to
rotate magnetic moments toward opposite direction. The high agreement of S-E and |[AM/Mo|-
E evolution demonstrates that AFE materials with strong electric field-induced phase transition
strain show great potential in ME coupling effect and can be promising candidates for
multiferroic heterostructures.
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Figure 2: A, (AM/M,y)-E curves under bias magnetic field of 0, 100, and 500 Oe and B, (S-E) loop and
|AM/Mo|-E loop measured at 500 Oe of NMG/PLZST/NMG sample.
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Figure 3: A, AM/M, and CME coefficient vs £ under a bias magnetic field of 500 Oe; B, the maximum
of CME coefficient vs bias H under positive and negative voltages of NMG/PLZST/NMG sample.



The converse ME coupling coefficient can be calculated using the equation: acme = podM/OE
(no=4m x 107" H/m). In Figure 3A, the relationship between electric field tuning magnetization
change and CME coefficient is illustrated. Since the sharp magnetization change occurs at the
forward and backward switching fields of PLZST ceramic, four peaks of CME coefficient
happen correspondingly to the four switching fields. The peak values of CME coefficient vs
bias H curves are given in Figure 3B. The (AM/My)-E loop is symmetric with £, so the omax
shows similar trend under positive and negative fields but different signs according to its
definition. A maximum CME coefficient of 1.14 x 10" s/m is achieved at 500 Oe. Even if the
CME coefficient value is not very high, these results clearly demonstrate the practicability of
strain-mediated CME coupling effect in ferromagnetic antiferroelectric heterostructure.

4. Conclusions

In summary, the converse magnetoelectric effect and the electric field tuning of magnetization
based on a composite consisting of NMG films and PLZST antiferroelectric ceramic is
investigated in this work. Experimental results show that the AFE-FE phase transition strain
induces a strong magnetic anisotropy change in NMG films. It is remarkable that first, the
evolution of (AM/Mo) as a function of E is in good agreement with the ceramic strain evolution
and secondly that the maximum AM/M, variation, which attains a maximum value of 15%, is
reached at 0 Oe (without bias magnetic field). This work which investigates the magnetization
evolution with electric field of a FM/AFE composite clearly demonstrates the potentiality of
this kind of structure where, at the best of the authors’ knowledge, AFE material is used for the
first time.
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