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Abstract The magnetoelectric (ME) characterization of

bilayers of lead zirconate titanate (PZT) and single crystal

or hot-pressed polycrystalline lanthanum strontium man-

ganite (LSMO) are discussed. Data on ME voltage coeffi-

cient have been obtained as a function of strength and

orientation of bias magnetic field H, temperature, and fre-

quency. The bilayers exhibit superior ME coupling com-

pared to thick film multilayer composites and the strongest

ME interactions are measured for samples with single

crystal LSMO. Bilayers with single crystal LSMO show

strong dependence of ME coefficient on H orientation and

temperature, with a maximum value of 190 mV/cm Oe at

86 K. The frequency dependence of ME coefficient reveals

a resonance enhancement due to radial acoustic modes.

There is excellent agreement between theory and data for

the H variation of ME coefficients.

Introduction

Magnetoelectric (ME) multiferroics have attracted con-

siderable attention in recent years for studies on the physics

of ME interactions and for useful technologies [1].

Although the strength of ME interactions in single-phase

multiferroics is generally weak at room temperature,

composites of ferromagnetic and piezoelectric phases show

very strong interactions [2]. In such systems, the electro-

magnetic coupling occurs via mechanical stress. A layered

configuration for ME composites has several advantages,

such as reduction in leakage currents, over bulk sintered

composites. An ideal ferromagnet for a layered composite

must have negligible resistance so that there is no loss of

piezoelectric voltage. Several such systems, including fer-

rite, terfenol-D, or transition metals or alloys for the

magnetic phase, and lead zirconate titanate (PZT) or lead

magnesium niobate–lead titanate (PMN-PT) for the

piezoelectric phase, have been investigated in recent years

[1–10].

Investigations on the nature of magnetoelectric interac-

tion in a bilayer of ferromagnetic lanthanum strontium

manganite and piezoelectric lead zirconate titanate are

discussed. Ferromagnetic manganites have metallic con-

ductivity and structural and thermal property compatibility

with PZT, key ingredients for obtaining defect free com-

posites with good interface coupling [11]. There have been

very few studies on magnanite-piezoelectric systems

[12–15]. Our earlier study on manganite-PZT resulted in

the first report on magnetoelectric (ME) coupling in the

system [12]. Bilayers and multilayers of La0.7Sr0.3MnO3

(LSMO)-PZT and La0.7Ca0.3MnO3 (LCMO)-PZT were

synthesized. The strength of the ME coupling was mea-

sured as a function of bias magnetic field, frequency, and

temperature. The coupling was found to be stronger in

LSMO-PZT than in LCMO-PZT, and was weaker in

multilayers compared to bilayers. The measured ME volt-

age coefficient aE, however, was an order of magnitude

smaller than theoretical values. Although XRD shows no

impurity phases, the ME parameters were found to be very

sensitive to sintering temperature, an observation that

pointed to the interface diffusion as the possible cause of

poor ME effects [12].
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Here we report on significantly enhanced ME interac-

tions in LSMO-PZT bilayers of single crystal or

polycrystalline LSMO and polycrystalline PZT. For poly-

crystalline samples, sol–gel derived powders of LSMO

were processed by hot-pressing at 1300 K, followed by

final sintering at 1500–1650 K to obtain dense samples

with best magnetic parameters. Single crystals of LSMO

were grown by floating zone techniques. Bilayers were

made by bonding disks of the two phases. We measured in

the bilayers a substantial enhancement in the strength of

low-frequency ME coupling, by a factor of 3–8 compared

to sintered multilayers. The strongest ME coupling occurs

in samples with single crystal LSMO and the coupling is

found to be dependent sensitively on the orientation of bias

magnetic field H. A resonance enhancement in ME cou-

pling occurs when the frequency of the ac magnetic field is

tuned to acoustic modes in the samples. Details on these

results are provided in the following sections.

Synthesis of manganite and structural and magnetic

characterization

The manganite perovskites La1-xMxMnO3 where M is a

divalent alkaline-earth (e.g. Ca, Ba, Sr) have shown several

important phenomena including colossal magnetoresis-

tance, charge ordering, magnetic field induced structural

transitions, and giant magnetostriction [11]. The parent

oxide without M-ions is an antiferromagnetic insulator. For

specific compositions, the divalent substitution leads to

ferromagnetic order and metallic conductivity due to the

double exchange between Mn3? and Mn4? ions. Strontium

substituted manganite is ferromagnetic for x [ 0.1. The

Curie temperature Tc varies from a minimum of 150 K for

x = 0.1 to a maximum of 375 K for x = 0.35–0.45 [11].

Polycrystalline samples of La0.7Sr0.3MnO3 (LSMO)

were prepared from nanoparticles obtained by sol–gel

techniques as described below [13]. Stoichiometric

amounts of La2O3, Sr(NO3)2, and Mn2O3 were added to

citric acid and dissolved in dilute nitric acid. The solution

was then heated at 400–500 K for 2 h to obtain a homo-

geneous liquid free of any suspensions. Further heating for

several hours at 370 K was carried out until the solution

was transformed into a dry gel. The gel was ground into

fine powder and heated at 500–700 K for 12 h. The powder

was pressed into pellets of 10 mm in diameter and 5–6 mm

in thickness and hot-pressed at 7 MPa and 1300 K for 1 h.

An applied test systems hot-press and dies made of alumina

were used. Further sintering of the hot-pressed samples at

1500–1650 K was necessary for dense, stoichiometric

LSMO samples with best magnetic parameters.

Single-crystal (001) LSMO were grown by the floating

zone melting method. Single-crystal seeds having a length

of 10 mm and in-plane size of 2 9 1 mm2 were used. The

crystals were grown under oxygen pressure of approxi-

mately 55 atm and the crystal rotation velocity of 40 rpm.

The crystallization speed was 10 mm/h. The crystals were

then annealed in oxygen flow at the temperature of

1300 �C.

Detailed structural studies were carried out on our

samples. X-ray diffraction data on polycrystalline LSMO

showed the absence of any impurities. Single crystal

LSMO rods had the [001] [or the c-axis] orientation along

the axis and were cut to 0.5 mm thick slabs for use in

bilayers.

Techniques for magnetic characterization included

magnetization, ferromagnetic resonance (FMR) at 9.4 GHz,

and magnetostriction. We refrain from a detailed discussion

on the magnetic properties, but provide here important data

relevant to this study on ME interactions. For polycrystalline

LSMO Fig. 1 shows room temperature saturation magneti-

zation Ms measured with a Faraday balance and FMR line-

width DH estimated from derivative of the absorption using

a Varian ESR spectrometer and a TE102 reflection type

cavity. The data are for LSMO sintered at 1300–1650 K.

Samples sintered at or above 1580 K show expected Ms

values. The lowest DH is measured for samples sintered at

the same temperature range. Since DH is a sensitive indi-

cator of phase homogeneity, porosity, and any defects, one

can conclude from the data in Fig. 1 that sintering at or

above 1580 K results in samples with best magnetic

parameters for use in layered ME composites. Similar FMR

measurements on single crystal LSMO showed evidence for

in-plane anisotropy in the (001) plane.

The magnetic parameter of importance for ME coupling

is the magnetostriction k. The dynamic ME coupling is

directly proportional to the piezomagnetic coefficient

defined by q = dk/dH. Figure 2 shows representative data

Fig. 1 Room temperature saturation magnetization and ferromag-

netic resonance line-width at 9.4 GHz for La0.7Sr0.3MnO3 (LSMO)
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on the bias magnetic field H dependence of magnetostric-

tion k in polycrystalline LSMO sintered at 1580 K. The

data were obtained by the standard strain gage technique.

The measurements were made for H parallel or perpen-

dicular to the plane of a disk shaped sample in (1,2) plane.

The magnetostriction was measured along direction-1 for

H directed along the primary axes (k11, k12, or k13). The

parallel magnetostriction k11 is positive. For most materials

k11 is expected to be a factor of two larger than k12 or k13,

as is the case for LSMO [12]. Saturation of k occurs for

fields above 1.5 kOe.

Magnetoelectric characterization

Bilayers of polycrystalline LSMO and PZT were made by

bonding 9 mm diameter and 0.5 mm thick disks of man-

ganite and commercial PZT [16]. Single crystal LSMO of

dimensions 4 9 4 9 0.5 mm3 was bonded to PZT of the

same dimensions were also used for ME studies. PZT was

first poled by heating to 425 K and cooling back to room

temperature in an electric field of 30–50 kV/cm perpen-

dicular to the sample plane. It was then bonded to LSMO.

For bonding we used the following procedures: (i) a quick-

dry epoxy, (ii) silver epoxy with hardener, and (iii) slow-

dry epoxy resin with hardener. The best results reported

here were obtained for quick dry epoxy bonded samples.

For ME characterization, we measured the electric field

produced by an alternating magnetic field applied to the

composite. The samples were positioned in a measurement

cell and subjected to a bias magnetic field H and an ac

magnetic field dH. The voltage dV across the sample was

amplified and measured with an oscilloscope or a lock-in-

amplifier. The ME voltage coefficient was estimated from

aE = dE/dH = dV/tdH where t is the thickness of PZT.

The measurements were done for two different field ori-

entations as shown in Fig. 3. The transverse coefficient

aE,31 was measured for the magnetic fields H and dH along

direction-1 (parallel to the sample plane) and perpendicular

to dE (direction-3). The ME coefficients were measured as

a function of H, frequency, and temperature. A liquid-

helium glass dewar and a nonmetallic sample insert were

used for studies on temperature dependence of ME effects.

Polycrystalline LSMO-PZT

We carried out a systematic investigation on the depen-

dence of the strength of ME interactions on (i) the bias

magnetic field, (ii) temperature, and (iii) frequency of ac

magnetic field. Figure 4 shows the H dependence of the

transverse coefficient aE,31 and the longitudinal coefficient

aE,33. The data are for 300 K and a frequency of 100 Hz for

the ac magnetic field. Consider the transverse coupling first.

As H is increased aE,31 increases in magnitude and peaks at

150 Oe. With further increase in H, aE,31 shows a rapid

decline and then a gradual decrease to zero. The longitu-

dinal coefficient aE,33 shows a similar rise-and-fall as H is

increased with a peak at 1800 Oe. But the magnitude of the

longitudinal coupling is quite small compared to aE,31.

The aE values in Fig. 4 are of the same order of magnitude

as in similar layered composites. For comparison, aE,31 is

400 mV/cm Oe for nickel ferrite-PZT, 4680 mV/cm Oe for

Terfenol-PZT, and 50–600 mV/cm Oe for samples with Ni,

Co, or Ni and PZT [1, 17]. Now we compare the results in

Fig. 4 with the strength of ME interactions in thick film

multilayers of manganite-PZT [12]. We synthesized bilayers

and multilayers of La0.7Sr0.3MnO3-PZT by sintering

Fig. 2 Magnetostriction k versus H data at room temperature for

LSMO sintered at 1580 K. With the disk sample in (1,2) plane,

measurements of k were made for (i) H along axis of the strain gage:

k11, H in-plane and perpendicular to strain gage: k12 and (iii)

H- perpendicular to the sample plane :k13. The lines are guides to the

eye

Fig. 3 Schematic showing a piezoelectric-magnetostrictive bilayer in

the (1,2)-plane. The poling field E is along the sample thickness

(direction-3). For the transverse magnetoelectric voltage coefficient

measurements, the bias field H and the ac magnetic field dH are

parallel to each other and to the sample plane and the induced electric

field dE is measured perpendicular to the sample plane. For the

longitudinal case, all the fields are along the direction-3
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20–40 lm thick films and studied ME effects at low fre-

quencies showed aE that were a factor of two smaller than

the data in Fig. 4. Further weakening of ME coupling

occurred in multilayers processed at high temperatures and

was accompanied by deterioration of magnetic and electrical

parameters for the samples. These observations were evi-

dence for diffusion of metal ions from manganite and PZT

across the interface. It is quite clear from the data in Fig. 4

that a bonded LSMO-PZT is free of such problems, leading

to a strong ME coupling.

The temperature dependence of the strength of ME

interactions is considered next. The variation with tem-

perature of the ME coefficients at 100 Hz are shown in

Fig. 5. The data correspond to peak values in aE vs. H as in

Fig. 4 at each temperature. The longitudinal effect remains

temperature independent, but the transverse coefficient

shows an initial increase with temperature as the sample is

warmed up from 80 K. The maximum in the coupling

strength occurs at 225 K. Further increase in temperature

results in a decrease in aE,31. We attribute these changes to

temperature dependence of material parameters, in partic-

ular the magnetostriction.

Finally, the frequency dependence of aE was studied.

The bias field was first set at the field corresponding to

maximum in aE. For examples, these correspond to 150 Oe

and 1.8 kOe for the data on transverse and longitudinal

coupling in Fig. 4. The voltage coefficients were then

measured as the frequency f of the ac field dH was varied.

Typical aE vs. f profiles at room temperature for transverse

fields are shown in Fig. 6. Upon increasing f, aE,31 increase

gradually with minor peaks at 80 kHz and 170 kHz. At

higher f, we observe a rapid increase in aE,31 to a maximum

of 1300 mV/cm Oe at 268 kHz. The profile thus shows

resonance with fr = 268 kHz and a width Df = 3 kHz,

corresponding to a quality factor Q = 90. A similar reso-

nance occurred for longitudinal fields. The resonance

occurs at the same frequency as for the transverse fields, but

with a much smaller maximum aE (=350 mV/cm) Oe and a

lower Q (=50) compared to the transverse fields. The origin

of these resonances is discussed in section ‘‘Discussion’’.

Fig. 4 Static field dependence of room temperature transverse and

longitudinal ME voltage coefficients for polycrystalline LSMO-PZT

bilayer. The lines are guides to the eye

Fig. 5 Temperature dependence of the peak transverse and longitu-

dinal coefficients, aE,31 and aE,33 respectively, for the polycrystalline

LSMO-PZT bilayer. Values of aE are for the bias field H

corresponding to maximum value in the ME effect. The temperature

dependence is for a frequency of 100 Hz

Fig. 6 Frequency dependence of transverse ME voltage coefficients

for polycrystalline LSMO-PZT. The bias field H was set for

maximum ME coupling (Fig. 3). The lines are guide to the eye.

The resonance frequency corresponds to the electromechanical

(EMR) for PZT in the composite
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Single crystal LSMO-PZT

Measurements on single crystal LSMO-PZT showed a

substantial strengthening of ME interactions compared to

polycrystalline bilayers. The longitudinal ME coupling was

quite weak and not discussed here. The transverse coupling

strength was measured as a function of H, the orientation in

the bilayer plane, i.e. (001) of LSMO, and temperature.

Consider first the data on aE,31 vs. H at room temperature

and f = 100 Hz in Fig. 7. One observes a rapid increase in

aE,31 with H to a peak value of 135 mV/cm Oe, followed by

a sharp drop to zero for H = 300 Oe. This maximum value

for aE,31 is a factor of 2.7 higher than for polycrystalline

bilayers and an order of magnitude higher than for thick film

multilayers [12]. We also measured a substantial anisotropy

in aE,31 with the orientation of H in the bilayer plane.

Figure 7 shows the peak value of aE,31 as a function of the

in-plane h. We define h = 0 as the field angle correspond-

ing to maximum in aE,31. The data show a decrease in the

ME coefficient with increasing h and reaches a minimum at

90�. For h = 90–180�, the variation in aE,31 was a mirror

image of the data in Fig. 7 with a 180� symmetry in aE,31 vs.

h.

We then obtained data on aE,31 vs. H for h = 0 as the

sample was cooled down to 86 K and results on aE,31 vs. H

are shown in Fig. 8 for a series of temperatures. A general

decrease in aE,31 with a decrease in temperature is observed

with aE,31 reaching a value of 58 mV/cm Oe at 86 K. Fur-

ther investigations were then carried out on the dependence

of aE,31 on h at the lowest temperature and the results are

shown in Fig. 9. With increasing h a substantial broadening

of aE,31 vs. H is obvious in Fig. 9. The peak value of

aE,31 initially increases with h and shows a maximum of

190 mV/cm Oe at h = 45�. Further increase in h is

accompanied by a decrease in the ME coefficient to a min-

imum value for h = 90. With increasing h one also observes

an up-shift in the bias field corresponding to maximum ME

coefficient. Thus the strongest ME coupling in single crystal

bilayer is measured at the lowest temperature of 86 K for

h = 45�.

Discussion

The magnitude and the field dependence in Figs. 4, 5, 6, 7,

8, and 9 are related to magnetostriction and piezomagnetic

effects in LSMO. We developed a model for ME effects in
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layered samples for an understanding of the ME effects

[12]. The composite was considered as a homogeneous

medium with piezoelectric and magnetostrictive subsys-

tems. An interface parameter k was introduced to define the

interface coupling of mechanical deformation. Expressions

for longitudinal and transverse ME coefficients were

obtained using the solutions of elastostatic and electrostatic

equations [12]. According to the model, aE,33 is expected to

be quite small due to weak k13 and demagnetizing fields.

Such a prediction is in agreement with the data in Fig. 4.

We estimated aE,31 vs. H for the polycrystalline LSMO-

PZT using bulk values for material parameters [12] and

q = dk/dH = q11 ? q12 obtained from k vs. H data in

Fig. 2. Theoretical estimates of transverse ME coefficients

are shown in Fig. 10 and compared with the data (of

Fig. 4). The estimates are for an interface coupling

k = 0.2. There is good between theory and data, for both

the magnitude of aE,31 and its H dependence.

The most important observation in Figs. 4, 5, 6, 7, 8 is

the strongest ME coupling measured for samples with

single crystal LSMO and could be attributed to several

magnetic and material parameters. The most appropriate

magnetic parameter for ME coupling is the magneto-

mechanical coupling km that is given by km = (4pk0lr/Y)1/2

where k0 is the dynamic magnetostrictive constant that is

analogous to q, lr is the reversible (or ac) permeability, and

Y is the Young’s modulus. Thus additional measurements

of elastic and magnetic parameters are necessary on single

crystal LSMO for a full understanding of the origin of

strong magneto-mechanical coupling.

The data in Figs. 7 and 9 on aE,31 versus in-plane ori-

entation of H could very well be due to variations in

magnetostriction and permeability. There are two types of

magnetostriction in a ferromagnet: (i) Joule magnetostric-

tion associated with domain movements and (ii) volume

magnetostriction associated with magnetic phase change.

The volume magnetostriction is not important in the pres-

ent situation since it is significant only at temperatures

close to the Curie temperature and for high fields. In fer-

romagnets, domains are spontaneously deformed in the

magnetization direction. Under the influence of a bias field

H and ac field dH, wall motion and rotation contribute to

the Joule magnetostriction. Since the ME coupling involves

dynamic magnetomechanical coupling, key parameters for

strong ME coupling are high permeability due to unim-

peded domain wall motion, domain rotation, and a large k.

Magneto-optical imaging and X-ray topography studies on

LSMO single crystals reveal a strong correlation between

magnetic domain structure and twin domains formed due to

rhombohedral deformation of the cubic cell of LSMO [18].

Such twin domains and their influence on magnetic

domains, permeability, and magnetostriction are the likely

cause of observed variations in the ME coefficient with

in-plane orientation of the bias magnetic field.

Finally, we consider the frequency variation of the ME

coefficient as in Fig. 6. We identified the resonance

enhancement in the ME coupling at fr with electromechnical

resonance (EMR) in PZT. The resonance is characterized

by a discontinuity in impedance versus f data [19–21]. It is

obvious from Fig. 6 that EMR leads to a very significant

enhancement in the strength of ME coupling, by a factor of

25 compared to the low frequency value (Fig. 4). The res-

onance in ME coefficient occurs when the ac field is tuned

to EMR. We developed a model for magnetoelectric inter-

actions at EMR [22]. In a bilayer in the form of thin disk of

radius R the ac magnetic field induces harmonic waves in

the radial or thickness modes. The model considers radial

modes for transverse or longitudinal fields. An averaging

procedure was employed to obtain the composite parame-

ters and the ME voltage coefficient aE. The frequency

dependence of aE shows a resonance character at the elec-

tromechanical resonance for PZT in the bilayer. The reso-

nance frequency depends on R, mechanical compliances,

density, and the coefficient of electromechanical coupling

for radial mode. The peak value of aE and the width of

resonance are determined by effective composite parame-

ters. Theoretical estimates of aE vs. f (not shown here) are in

agreement with the data in Fig. 6.

Conclusion

The nature of magnetoelectric interactions have been inves-

tigated in bilayers consisting of sol–gel prepared ferro-

magnetic lanthanum strontium manganite and piezoelectric

Fig. 10 Comparison of theoretical estimates and data for transverse

ME voltage coefficient in polycrystalline LSMO-PZT bilayers. The

lines are theoretical values for an interface coupling parameter

k = 0.2
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PZT and in single crystal LSMO-PZT. In polycrystalline

bilayers, maximum ME coupling is measured when (i)

bilayers contained manganites processed by hot-pressing and

sintered at 1580–1630 K and (ii) a slow-dry epoxy was used to

bond LSMO and PZT. The bonding techniques are necessary

to overcome problems, such as impurities at the interface,

encountered in sintered bilayers that led to weakening of the

ME coupling. We measured a factor of 2–10 improvement

in ME coupling compared to sintered bilayers and multilayer

of LSMO-PZT [7]. The strongest ME effects are measured for

single crystal LSMO-PZT. Data on ME coefficients have

been obtained as a function of bias magnetic field, tempera-

ture, and frequency. Theoretical estimates of aE vs. H are in

very good agreement with the data. The bilayer shows a res-

onant ME coupling at frequencies corresponding to radial

acoustic modes in the bilayer. A significant increase in the

strength of ME coupling has been measured at EMR.
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