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In this paper, the converse magnetoelectric (CME) effect by electric field tuning of magnetization

in an original heterostructure composed of a polycrystalline yttrium iron garnet (YIG) film and a

lead magnesium niobate-lead zirconate titanate (PMN-PZT) ceramic is presented. The magnetic

performances of the YIG films with different thicknesses under a DC electric field applied to the

PMN-PZT ceramics and a bias magnetic field are investigated. All the magnetization-electric field

curves are found to be in good agreement with the butterfly like strain curve of the PMN-PZT

ceramic. Both the sharp deformation of about 2.5& of PMN-PZT and the easy magnetization

switching of YIG are proposed to be the reasons for the strongest CME interaction in the composite

at the small electric coercive field of PMN-PZT (4.1 kV/cm) and the small magnetic coercive field

of YIG (20 Oe) where the magnetic susceptibility reaches its maximum value. A remarkable CME

coefficient of 3.1� 10�7 s/m is obtained in the system with a 600 nm-thick YIG film. This hetero-

structure combining multiferroics and partially magnetized ferrite concepts is able to operate under

a small or even in the absence of an external bias magnetic field and is more compact and power

efficient than the traditional magnetoelectric devices. Published by AIP Publishing.
https://doi.org/10.1063/1.5023885

The ME composites with an advanced functionality of

independent optimization of both ferroic phases and the

allowance of room temperature operation have attracted con-

siderable interest for diverse potential applications in ME

memory, spintronic, and microwave signal processing devi-

ces.1–5 As a product-property of layered ME composites, the

ME effect is defined as the electric field control of magne-

tism or vice versa and facilitated by interface mechanical

deformation arising from the magnetostrictive or inverse pie-

zoelectric effect.4 In particular, achieving the same degree of

magnetic controllability using an electric field is potentially

a faster process and involves lower energy consumption.3,6

Until now, strain-mediated, voltage-controlled magnetic

performances (magnetocrystalline anisotropy, magnetic

domains, and magnetoresistance) in ME composites have been

widely studied and in particular through the ferromagnetic res-

onance (FMR) effect.3–8 Most of the studies tended to choose

an Yttrium iron garnet (Y3Fe5O12, YIG) as the ferromagnetic

phase due to its outstanding advantages including small mag-

netocrystalline anisotropy, narrow ferromagnetic resonance

linewidth, high resistivity, and low microwave loss.9–12

Therefore, many efforts have been devoted to the voltage tun-

ing of FMR on composites of YIG/BST and YIG/PZT. These

YIGs were always more than 4 lm thick and mechanically

coupled with ferroelectric materials using epoxy which greatly

weaken the ME effect.1,11,12 Most importantly, it is an indirect

method to understand the converse magnetoelectric (CME)

effect based on the FMR shift. In recent years, special attention

has been paid on another piezoelectric material, the PMN-PT

in single crystal form, for its extraordinary piezoelectric coeffi-

cient (d33 ¼ 1500 pm/V).13 However, the related investigations

have mainly focused on the voltage tunable FMR effect for

microwave device applications. Shastry et al. established a

model for the microwave CME interaction through FMR in the

case of a bilayer of the (111) YIG film-(001) PMN-PT single

crystal and observed that the CME coefficient range

(2.3–5.4 Oe kV/cm) depends on the YIG film thickness and the

magnetic field orientation.13 An electric field tunable resonator

was realized with E¼ 0–8 kV/cm applied to a similar structure,

and a maximum frequency shift of 22 MHz was obtained for

the tangential magnetization.14 A voltage tunable phase shifter

on the same structure exhibited a phase shift of 119� under an

electric field of 11 kV/cm.15 The research on strain-modulated,

electric field-controlled magnetization, which is actually the

most direct manifestation of the CME effect, has not been

reported on the composite of YIG/PMN-PZT.

In this work, we use the 0.25Pb(Mg1/3Nb2/3)O3–0.75Pb

(Zr0.48Ti0.52)O3 (0.25PMN-0.75PZT) ceramic as the piezo-

electric phase to be coupled with the YIG film because the

0.25PMN-0.75PZT ceramic has superior electrical properties

than the single-phase PMN and PZT materials since its com-

position is close to the morphotropic phase boundary

(MPB)16 and the large field-induced strain of 2.2& is an

important factor to obtain a high CME effect.17 This work
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constitutes the direct investigation on the CME effect by

voltage tuning of magnetization for this composite structure,

and the enhanced CME coefficient is achieved by compre-

hensive consideration of the electric field, magnetic field,

and film thickness.

The schematic describing the YIG/PMN-PZT composite

is shown in Fig. 1. The YIG films with three different thick-

nesses (200, 400, and 600 nm) were grown on 0.5 mm-thick

0.25PMN-0.75PZT metallized ceramics by magnetron sput-

tering without any gluing between them. Before YIG film

deposition, an important step of ceramic polishing was

made, and Pt electrodes were deposited on both faces of the

ceramics by magnetron sputtering. The ceramic dimension is

8� 8 mm2, while Pt electrodes and YIG films are limited to

6� 6 mm2 and 5� 3 mm2, respectively, by using metallic

masks. The Pt electrodes are 100 nm thick.

Each step that leads to the fabrication of the heterostruc-

tures (ceramic polishing, deposition, etc.) and their charac-

terizations (structure, microstructure, interface, etc.) has

been checked and validated. The sputtering conditions and

ceramic fabrication details are given in Refs. 16 and 18. In

this letter, we focus only on the electric, magnetic, and mag-

netoelectric properties of the structure. The electric hystere-

sis loop (P-E) and field-induced strain behavior (S-E) of the

PMN-PZT ceramic are obtained with a standard ferroelectric

tester (TF analyzer 2000, aixACCT, Germany). The mag-

netic hysteresis loops (M-H) are measured at room tempera-

ture by using a Vibration Sample Magnetometer (VSM)

(ADE model EV9). The voltage tuning of magnetization is

performed by combining the VSM with an external high

voltage source (0–12 kV) via two coppers attached to the

upper and lower electrodes of the sample in a VSM test

chamber. Then, it is possible for our homemade system to

polarize the sample by applying a high DC voltage to the

ceramic and to modify the magnetic state of YIG under a

magnetic field simultaneously. The heterostructures with the

same initial magnetized state are subjected to an electric field

E changing as the following cycle: 0 kV/cm, �12 kV/cm,

12 kV/cm, �12 kV/cm, and finally 0 kV/cm across PMN-

PZT and different bias in-plane magnetic fields H (80, 20,

and 10 Oe) along the width of the YIG film.

In theory, the field-induced strain originated from the pie-

zoelectric ceramic can be transferred into the ferrite film, lead-

ing to the internal magnetic field variation due to the

piezomagnetic effect, which is equivalent to a magnetizing field

and controls the ferrite magnetization. Namely, the CME effect

to be presented here is based on the fact that magnetization

modification is strain dependent and its magnitude is deter-

mined by the mechanical deformation.14 We first focus on the

electric hysteresis loop and strain curve of the 0.25PMN-

0.75PZT ceramic (without YIG film). As shown in Fig. 2,

when an ac electric field of 12 kV/cm with a frequency of

0.01 Hz is applied to the ceramic, there is a sharp strain peak

(2.5&) at its small electric coercive field (4.3 kV/cm), while

the 0.72PMN-0.28PT (001) single crystal can only reach a

strain of 0.5& at its coercive field.17 Therefore, it is promising

to obtain a large magnetization shift with a small electric field

using this ceramic. After fabricating the complete heterostruc-

ture, the characterization of X-ray diffraction is examined, and

the results show that all the YIG films present a good crystalli-

zation in the desired phase of cubic Y3Fe5O12 without any sec-

ond phase. When the YIG film thickness increases, we observe

an enhancement of the peak intensity, indicating a better film

crystallization.

The magnetic hysteresis loops of YIG films with the

applied in-plane magnetic field along the film width, after

removing the effect of Pt/PMN-PZT/Pt and electric contact

wires,19 are shown in Fig. 3(a) and its inset for different

thicknesses (t). The corresponding saturation magnetization

(Ms), residual magnetization (Mr), and coercive field (HC)

are listed in Table I. It is observed that with the increase in

the YIG film thickness, Ms increases and Hc drops slightly

since the thicker film has better crystallinity and less rough-

ness. All Hc values, close to 20 Oe, are lower than those of

YIG films fabricated on silicon,18 and 4pMs¼ 1843 Gs for

the 600 nm-thick YIG is a little higher than the value (1800

Gs) for the epitaxial YIG films on a gadolinium gallium gar-

net single crystal,1 denoting that YIG films grown on PMN-

PZT ceramics can also exhibit good magnetic properties and

good crystallization. The magnetic field dependency of mag-

netic susceptibility (v) of YIG films extracted from the first

derivative of their M-H loops is shown in Fig. 3(b). The max-

imum values of v (vmax) for every thickness are listed in

Table I. The highest vmax is obtained for the 400 nm-thick

YIG film, and a similar value is measured for 600 nm, but for

the thinner film of 200 nm, we observe a lower value. It is

worth mentioning that all the vmax values are obtained at a

magnetic field of 20 Oe which corresponds to Hc [Fig. 3(b)].

That is to say, when the magnetic domains of YIG films are

FIG. 1. The schematic of the YIG/Pt/PMN-PZT/Pt heterostructure with the

direction of E and H.

FIG. 2. The electric hysteresis loop and field-induced strain of the

0.25PMN-0.75PZT ceramic, the applied voltage is 600 V, and the frequency

is 0.01 Hz.

162904-2 Lian et al. Appl. Phys. Lett. 112, 162904 (2018)



completely disordered, they can be arranged easily along the

external magnetic field.

In order to understand the CME effect and calculate the

CME coefficients for this system, we investigate the influ-

ence of the electric field applied to the ceramics on the mag-

netization in YIG films of different thicknesses under a

series of bias magnetic fields (80, 20, and 10 Oe). As an illus-

tration, Fig. 4(a) presents the magnetization as a function of

the electric field (M-E) under 80 Oe. All samples are suffi-

ciently magnetized before making each M-E curve to ensure

the same initial magnetic state, and the electric field changes

as follows: 0 kV/cm, �12 kV/cm, 12 kV/cm, �12 kV/cm,

and 0 kV/cm. Obviously, all the M-E curves are consistent

with the butterfly like strain curve of PMN-PZT. The peaks

in M-E and S-E curves, 4.1 kV/cm and 4.3 kV/cm, respec-

tively, are close but not exactly the same. This is mainly due

to the fact that the applied electric field in the case of M-E is

DC, while in the other case, it is ac.17 Nonetheless, we can

confirm the efficiency of strain-mediated ME coupling in

this ferrite-piezoelectric structure. The magnitude of magne-

tization corresponds to the data in M-H curves at 80 Oe [inset

of Fig. 3(a)]. In addition, the peak depth (DM) marked in

Fig. 4(a) increases with the increase in the film thickness at a

given bias magnetic field. For the sake of comparison, we

represent DM as a function of the bias magnetic field (80, 20,

and 10 Oe) with respect to the film thickness, as shown in

Fig. 4(b). It is noteworthy that the maximum DM for a cer-

tain thickness always appears at the coercive field of YIG

(20 Oe) for the reason that the magnetic domains can be eas-

ily reversed here, and the thicker film has the potential to

gain a larger magnetization shift. Figure 4(c) gives an exam-

ple of the relationship between the Mr of the 200 nm-thick

film and the external electric field. The variation cycle

illustrated by the arrows implies an obvious change in the

magnetic anisotropic field and so the efficient control of

magnetization by the electric field. The CME coefficient (a)

determined by the expression a ¼ l0dM/dE (l0 ¼ 4p � 10�7

H/m)3,17 is given in Fig. 4(d). The magnetic field for the

maximum a in each a-E curve is near the peak position in

the corresponding M-E curve, and the maximum a increases

with the increasing thickness. The situation under 20 and

10 Oe is similar to the one observed under 80 Oe.

Analogously, the calculated maximum CME coefficient

as a function of the bias magnetic field under different YIG

thicknesses is presented in Fig. 5. Two similar phenomena to

those already observed in the case of DM-H are noticed: (i)

the maximum a appears at 20 Oe for all YIG thicknesses,

which is probably ascribed to the easy magnetization switch-

ing at this point as all the Hc values are around it [inset of

Fig. 3(a)] and the magnetic susceptibilities reach the maxi-

mum also around 20 Oe [Fig. 3(b)]; and (ii) the thicker film

exhibits the stronger CME coupling due to the lower rough-

ness, the better crystallization and magnetic properties, and

maybe the less strain relaxation in the film. As a result, a

remarkable CME coefficient of 3� 10�7 s/m can be

achieved on the sample with a 600 nm-thick YIG film at

20 Oe, which is 5-fold greater than the a value obtained for

LSMO/PMN-PT(001)17 but lower than CoFeB/PMN-PT

(011).20 The magnetostrictive and the piezo strain perform-

ances of the materials which compose the heterostructure

have obviously a strong influence on the CME coefficient. A

larger comparative study involving different kinds of multi-

ferroic systems has been proposed recently.21

Finally, we extrapolate the a-H curves to predict the values

at 0 Oe to see whether it is possible to get significant CME

effects in this system with a magnetized YIG film in

the absence of a bias magnetic field. The predicted results and

the values at 20 Oe are listed in Table I. Representatively, the

600 nm-thick magnetized film would possess a CME coefficient

of 2.2� 10�7 s/m without an external magnetic field. These

results not only demonstrate the validity of strain-mediated

CME coupling in this ferrite-piezoelectric heterostructure but

FIG. 3. The magnetic hysteresis loops (a) and enlarged loops [inset of (a)] and the magnetic susceptibility curves (b) of YIG films with different thicknesses

excluding the effect of Pt/PMN-PZT/Pt and wires.

TABLE I. The values of saturation magnetization (Ms), residual magnetization (Mr), coercive field (HC), magnetic susceptibility (v), and CME coefficient (a)

at 20 and 0 Oe (predicted) of YIG films with different thicknesses.

t of YIG (nm) Ms (emu/cm3) Mr (emu/cm3) Hc (Oe) vmax at 20 Oe a at 20 Oe (10�7 s/m) a at 0 Oe (10�7 s/m)

200 110.4 46.9 23.4 36.4 1.2 0.9

400 129.3 56.6 20.1 45.4 1.3 1.0

600 146.7 50.6 17.2 42.2 3.1 2.2

162904-3 Lian et al. Appl. Phys. Lett. 112, 162904 (2018)



also promote the realization of more compact and power effi-

cient ME devices that can achieve a strong ME effect under a

small electric field and a small or even zero magnetic field.

In summary, the converse magnetoelectric effect is

investigated through the electric field tuning of magnetiza-

tion based on the composite consisting of YIG films with dif-

ferent thicknesses and a 0.25PMN-0.75PZT ceramic. The

experimental results show that every magnetization-electric

field curve is in good agreement with the ceramic strain evo-

lution. The enhancement of the CME interaction at the small

electric coercive field of PMN-PZT (4.1 kV/cm) and the

small magnetic coercive field of YIG (20 Oe) is attributed to

the combined effect of the sharp deformation of about 2.5&

of PMN-PZT and the easier magnetization change in YIG. A

remarkable CME coefficient of 3.1� 10�7 s/m is observed

on the composite comprising a 600 nm-thick YIG. This het-

erostructure of YIG/PMN-PZT with partially magnetized

YIG is promising to obtain a strong CME effect under a

small electric field and a small or even in the absence of a

magnetic field, which open the doors to compact and power

efficient devices.
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