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Strong enhancement of direct magnetoelectric effect in strained ferroelectric-ferromagnetic thin-film heterostructures

N. A. Pertsev, 1,2 H. Kohlstedt, 2 The direct magnetoelectric (ME) effect resulting from the polarization changes induced in a ferroelectric film by the application of a magnetic field to a ferromagnetic substrate is described using the nonlinear thermodynamic theory. It is shown that the ME response strongly depends on the initial strain state of the film. The ME polarization coefficient of the heterostructures involving Terfenol-D substrates and compressively strained Pb(Zr 1-

x Ti x )O 3 (PZT) films, which stabilize in the out-of-plane polarization state, is found to be comparable to that of bulk PZT/Terfenol-D laminate composites (~5 10 -8 s/m). At the same time, the ME voltage coefficient reaches a giant value of 50 V cm -1 Oe -1 , which greatly exceeds the maximum observed static ME coefficients of bulk composites. This remarkable feature is explained by a favorable combination of considerable strain sensitivity of polarization and a low electric permittivity in compressively strained PZT films.

The theory also predicts a further dramatic increase of ME coefficients at the straininduced transitions between different ferroelectric phases.

The direct magnetoelectric (ME) effect is potentially useful for the magnetic field sensing, novel magnetic recording read heads, current measurement probes for high-power electric transmission systems, and for energy harvesting. The theoretical studies of ME effects in multiferroic composites and heterostructures were predominantly based on linear constitutive equations. In this paper, the direct magnetoelectric effect in hybrid ferroelectric-ferromagnetic heterostructures is described using a nonlinear thermodynamic theory. We focus on material systems with the 2-2 connectivity, which combine a thin ferroelectric film with a thick ferromagnetic substrate in order to maximize this effect. The influence of lattice strains on the polarization and electric permittivity of a ferroelectric film is explicitly taken into account in the calculations. It is shown that the strain state of the ferroelectric film has a strong impact on the ME response of the studied multiferroic heterostructure.

Consider a single-crystalline ferroelectric film sandwiched between two continuous electrodes.

The film is assumed to be epitaxially grown on a 

where i P are the mean values of the polarization components P i (i = 1,2,3) in the ferroelectric film.

In the symmetric case ( 1122
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where the derivatives / neous polarization state will remain stable after switching off the poling field. 18 Therefore, we shall assume that the film acquires a single-domain state so that the magnitude of / i m P u becomes equal to the strain sensitivity i S . 19 The latter can be calculated using the nonlinear thermodynamic theory of epitaxial ferroelectric films through the dependences of polarization components on the misfit strain u m . 20 For the tetragonal c phase (P 1 = P 2 = 0, P 3 0) formed in compressively strained films (u m < 0), the out-of-plane polarization P 3 can be calculated analytically. In the P 6 approximation valid for PbTiO 3 and PZT films, for example, the calculation gives the following relation: Using Eq. ( 3), we obtain the strain sensitivity where 33 is the relative out-of-plane permittivity of the ferroelectric film, and 0 is the permittivity of the vacuum. For epitaxial PZT films, the dielectric response was calculated as a function of the misfit strain in our earlier paper. 22 At u m = 16 10 -3 , the permittivity 33 is about 60 in the PZT 20/80 film and about 80 in the PZT40/60 one, which gives E33 50 V cm -1 Oe -1 for both compositions. Since the film dielectric response increases significantly as u m tends to * m u , the ME voltage coefficient decreases down to about 40 V cm -1 Oe -1 near * m u (see Fig. 3). E33 is large only near the r c phase transition (see Fig. 3), because enormous increase of the permittivity 33 at the second-order r aa phase transition 22 makes the output voltage negligible.

It should be emphasized that the ME responses described above correspond to weak magnetic fields which do not change the phase state of a ferroelectric film during the ME measurement. If the applied magnetic field H is high enough to induce a phase transition in the film, the measured ME coefficient becomes strongly dependent on the magnitude of H. In particular, when the r c transformation takes place, the polarization change P 3 (H 3 ) becomes mainly defined by a jump of P 3 at this first-order phase transition. Hence P 3 only weakly depends on H 3 so that 33 decreases rapidly with increasing field magnitude. Nevertheless, the calculation shows that the strain sensitivity S 3 of the PZT 20/80 and 40/60 films may exceed 100 C/m 2 (Fig. 2), which results in the ME polarization coefficient 33 > 5 10 -7 s/m and the ME voltage coefficient E33 > 100 V cm -1 Oe -1 , as indicated in Fig. 3.

In summary, we studied theoretically the direct magnetoelectric effect in hybrid ferroelectricferromagnetic heterostructures. To that end, the strain sensitivity of polarization in PZT thin films was calculated as a function of the misfit strain in the epitaxial system. Taking into account the effective piezomagnetic coefficient of ferromagnetic substrate, we evaluated ME coefficients of PZT/Terfenol-D heterostructures. The ME voltage coefficient, which represents the figure of merit characterizing the performance of material system for magnetic-field sensors, was found to be enormously high for hybrids involving compressively strained ferroelectric films. In similarity with the converse ME effect in ferromagnetic-ferroelectric heterostructures, [START_REF] Pertsev | [END_REF] the direct ME response may further increase dramatically at the strain-induced phase transitions in a thin film.
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 13 Since the ME response of single-phase magnetoelectric materials is too small for device applications, 4 intensive experimental and theoretical studies were focused on multiferroic composites combining ferroelectric and ferromagnetic materials. 5 It was found, in particular, that laminate composites involving piezoelectric Pb(Zr 1-x Ti x )O 3 (PZT) and magnetostrictive Terfenol-D layers display very high ME voltage coefficients exceeding 1 V cm -1 Oe -1 . 1 The replace-ment of a ceramic PZT layer in such composite by the 001 -oriented Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) single crystal increases the ME coefficient up to 10 V cm -1 Oe -1 .

  bottom electrode ensuring the (001) crystallographic orientation of the film lattice, as it happens in many ferroelectric heterostructures. The electrodeferroelectric-electrode trilayer should be fabricated on a thick ferromagnetic substrate, which may require the deposition of additional buffer layer (Fig.1). The initial strain state of an epitaxial film is defined by the lattice matching to the bottom electrode, which may be strained itself due to the mechanical interaction with the substrate. Restricting our analysis by the films of perovskite ferroelectrics grown on the (001)-oriented cubic or tetragonal bottom electrodes, we can introduce the relations u 11 = u 22 = u m and u 12 = 0 for the in-plane strains imposed on the prototypic cubic state of a ferroelectric material. The misfit strain u m is given by the formula u m = (b* a 0 )/a 0 , where b* is the effective in-plane lattice parameter of the bottom electrode, and a 0 is the lattice constant of a stress-free prototypic phase.

u

  the dependence of mean polarization components on the isotropic biaxial strain u m = u 11 = u 22 . Equation (2) describes the situation, where the magnetic field H is applied along the x 3 axis orthogonal to the interface. In addition, to ensure the equality and the absence of field-induced shear deformation 12 s u , this axis should represent a symmetry axis of the substrate at least of the fourthorder. This condition is satisfied, in particular, for polycrystalline Terfenol-D, a highly magnetostrictive alloy of iron and terbium and dysprosium, which represents a suitable substrate material strongly enhancing the direct ME effect. The fieldinduced deformations s ii u of Terfenol-D vary nonlinearly with the magnetic field intensity, with the intensities the quadratic field dependence characteristic of magnetostriction and eventually saturates at high magnetic fields, it shows a quasi-linear variation in the range of intermediate field intensities. For our purposes, it is sufficient to characterize Terfenol-D by an effective Eq. (2). Proceed now to the calculation of the derivatives / i m P u defining the first factor in Eq. (2). These derivatives depend on the strain sensitivities P and on the domain structure existing in an epitaxial ferroelectric film. In order to maximize the discussed ME effect, the film should be poled prior to the measurements by an electric field sufficient to remove antiparallel 180 domains. Owing to the screening effect of metallic electrodes, thus formed homoge-
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 422 FIG. 2.Magnitude of the strain sensitivity S 3 of the out-of-plane polarization P 3 calculated for singledomain epitaxial PZT 20/80 (a) and 40/60 (b) films subjected to isotropic biaxial in-plane strain u m . The arrow indicates drastic increase of the sensitivity at strain changes inducing the r c phase transition.
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 3 FIG. 3. Magnetoelectric voltage coefficient E33 calculated for a hybrid heterostructure involving the Terfenol-D substrate and the single-domain epitaxial PZT 20/80 (a) or 40/60 (b) film subjected to isotropic biaxial in-plane strain u m . The effective piezomagnetic coefficient 11 3 /

  Schematic representation of a hybrid material system involving a thin ferroelectric film deposited on a thick ferromagnetic substrate. The film is sandwiched between two continuous electrodes enabling the measurements of magnetoelectric coefficients.
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13 FIG. 1. s u u H . Then the ME polarization coefficients ij can be calculated from the relation