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The morphology, crystalline structure of epitaxial heterostructures of Pb(Zr0.52Ti0.48)

O3/La0.7Sr0.3MnO3 (PZT/LSMO) grown on single crystalline SrTiO3 substrates by pulse laser

deposition (PLD), have been investigated. The morphology results show that the LSMO layers

and PZT layers are smooth and homogenous. The crystalline structure measurements indicate

that good epitaxial relationships between LSMO and PZT and STO were obtained. The effects

of applied electric and magnetic fields on the physical properties of epitaxial perovskite

ferroelectric/ferromagnetic heterostructures were investigated. The results show that the

polarized electric field has a very significant influence on the transport properties of LSMO

layers while has little influence on the magnetization, and the magnetic field has an obvious

influence on the ferroelectric behavior of the PZT layer. VC 2012 American Institute of Physics.

[doi:10.1063/1.3677866]

INTRODUCTION

Recently, magnetoelectric effects (ME) are attracting

much attention in multiferroic materials as either single phase1

or as heterostructures.2 In view of applications as well as basic

research, epitaxial ferroelectric/ferromagnetic (FE/FM) heter-

ostructures are interesting, since it has been shown that cou-

pling between the magnetic and electric phases can offer

control of the magnetic/electric responses under electric and

magnetic field.3,4 Magnetoelectric coupling effect in multifer-

roic epitaxial heterostructures was first reported by Zheng

et al.5 Due to the high remnant polarization, low coercive

field, and high Curie temperature, perovskite PbZrxTi1-xO3 is

a good ferroelectric candidate for the FE/FM heterostruc-

tures.6 Perovskite LaxSr1-xMnO3 is another interesting candi-

date to fabricate perovskite FE/FM heterostructures because it

is not only a ferromagnetic-layer element in the heterostruc-

tures but also as the bottom electrode for ferroelectric films. In

addition, it has high Curie temperature and a close lattice

constant and similar crystalline structure matching with

perovskite ferroelectric PbZrxTi1-xO3. Moreover, LaxSr1-

xMnO3 is a half-metallic material and exhibits colossal

magnetoresistance.7

There are some reports that the magnetoelectric effect of

perovskite PbZrxTi1-xO3/LaxSr1-xMnO3 heterostructures has

been investigated. The ME voltage of epitaxial PbZr0.3Ti0.7O3

on La1.2Sr1.8Mn2O7 single-crystal substrates is �87% of the

theoretical value predicted by a phenomenological thermody-

namic model.8 Recently, a large change in magnetization was

reported for the La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 bilayers in

response to polarization reversal.9 The interfacial strain

effects in epitaxial multiferroic heterostructures of PbZrx

Ti1-xO3/La0.7Sr0.3MnO3 have been investigated.10 However, the

morphology and structure of epitaxial PbZrxTi1-xO3/LaxSr1-x

MnO3 heterostructures, and the effects of applied electric and

magnetic fields on the physical properties of PbZrxTi1-x

O3/LaxSr1-xMnO3 heterostructures are still not systematically

reported yet. Here, in this article, we focus on the morphology,

structure, and the physical properties of Pb(Zr0.52Ti0.48)O3

/La0.7Sr0.3MnO3 (PZT/LSMO) heterostructures under applied

electric and magnetic fields. The results show that the polarized

electric field has a very significant influence on the transport

properties of LSMO layers while has little influence on the

magnetization, and the magnetic field has obvious influence on

the ferroelectric behavior of the PZT layer.

EXPERIMENTAL

The epitaxial Pb(Zr0.52Ti0.48)O3/La0.7Sr0.3MnO3 hetero-

structures were grown by pulse laser deposition. Firstly,

100-nm ferromagnetic LSMO was deposited on (001)

SrTiO3 substrates at a substrate temperature of 800 �C and

an oxygen partial pressure of 0.4 mbar. Then, the LSMO

film with a thickness of 100 nm was ex situ annealed for 1 h

at 850 �C in air. Subsequently, 200-nm thick ferroelectric

PZT film was deposited on LSMO film using a shadow

mask. Finally, circular Cr/Au top metal electrodes with a di-

ameter of 100 lm were e-beam evaporated on PZT by using

a shadow mask. The morphology of the epitaxial layers was

measured by atomic force microscopy (AFM), the magnetic

domains and ferroelectric domains were characterized by

magnetic force microscopy (MFM), and piezoelectric force

microscopy (PFM), respectively. The crystalline structure

a)Author to whom correspondence should be addressed. Electronic mail:

yfchen@uestc.edu.cn.
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was characterized by high-resolution x-ray diffraction

(HRXRD). The transport properties of the PZT/LSMO heter-

ostructures were performed by Keithley 2000, and Keithley

2400. The voltage source for PZT polarization was applied

by Keithley 2400. The P�E hysteretic loops were measured

by a standard ferroelectric analyzer (Radiant Technologies,

Precision LC) by using a conventional two-point technique

with two Cr/Au metal electrodes on the PZT and LSMO

layer, respectively. The magnetic property was performed by

a VSM system at room temperature.

RESULTS AND DISCUSSION

The morphology of the LSMO layer deposited on STO

were characterized by MFM, as shown in Fig. 1(a) respec-

tively. From the morphology image shown in Fig. 1(a), one

can find that the crystal grains of the LSMO layer are ho-

mogenous with an average size of 120 nm. The root-mean-

square (RMS) roughness is 13.1 nm, which means the

LSMO layer is high quality and very smooth.

The morphology and ferroelectric domains of the PZT

layer deposited on the LSMO/STO substrate were character-

ized by PFM, as shown in Figs. 1(b), and 1(c), respectively.

From Fig. 1(b), one can also observe that the crystal grains

of the PZT layer are homogenous although the image is not

so clear. From Fig. 1(c), one can observe that the ferroelec-

tric domains are very clear and nice, which indicates the

high quality of the PZT layer deposited on the LSMO/STO

substrate.

In order to characterize the crystalline structure of PZT/

LSMO heterostructures, HRXRD patterns of the h–2h scan,

and x scan were measured, respectively. Fig. 2(a) presents

the h–2h scan XRD pattern for a 200-nm thick PZT film

grown on 100-nm-thick LSMO on the STO substrate. XRD

results show that only the (00l) peaks are observed for both

LSMO and PZT layers which are single crystalline and have

an epitaxial relationship with Nb:SrTiO3 substrates. Figs.

2(b) and 2(c) show the (001) omega-rocking curves of the

LSMO and PZT films, respectively. The FWHM values of

the (001) omega-rocking curve of the LSMO and PZT film

were 0.349o and 1.428o, respectively, suggesting good epi-

taxial crystalline quality of LSMO and PZT layers.

The temperature dependence of the resistance of the

LSMO layer is shown in the left top inset of Fig. 3(a). One

can find that an obvious metal-insulator (or paramagnetic-

ferromagnetic) transition occurs for the LSMO layer, and

one can simply determine the metal-insulator transition tem-

perature or ferromagnetic Curie temperature as high as 315

K by taking the maximal differential value. Sharp transition

and high Curie temperature indicate that the epitaxial LSMO

layer has high quality. In order to investigate the effect of

polarized PZT on the transport properties of the underneath

LSMO layer, the temperature dependence of resistance of

the LSMO under various electric fields of 0, 0.4, and 0.8 V

was measured, as shown in Fig. 3(a). One can find that the

resistance change is strongly temperature dependent, as

shown in the right bottom inset of Fig. 3(a). The resistance

change is defined as 100*[R(V, T)-R(V¼ 0, T))/ R(V¼ 0, T)],

where R(V, T) is the resistance of LSMO at T K under an

polarized voltage V applied between the LSMO (as bottom

electrode) and the silver-paste electrode (as top electrode)

onto PZT layer, R(V¼ 0, T) the resistance of LSMO under an

polarized voltage of 0 V. One can find that even under a very

small polarized voltage of 0.4 V, the maximal resistance

change of LSMO at �90 K is about 45.5%. When the polar-

ized voltage reaches 0.8 V, it seems that the resistance

change tends to be saturated. It is interesting that the minimal

resistance change takes place at the Curie temperature of

315 K. For the (RV-R0)/R0 � T curve, the reason why the

peak happens at 90-100 K, and the trough happens at Curie

temperature is still unclear.

In order to investigate the effect of polarized electric

field on the magnetic property of the LSMO layer, the room-

temperature in-plane M�H hysteretic loops under various

polarized electric fields were performed. Figure 3(b) shows

the PZT polarized electric field dependence of in-plane M-H

hysteretic loops. One can find that under various applied

FIG. 1. (Color online) Surface morphol-

ogy of the LSMO layer on the STO sub-

strate (a). Surface morphology (b) and

ferroelectric domain images (c) of PZT

film on the LSMO/STO substrate.

FIG. 2. (Color online) (a) h–2h scan XRD pattern for a 30-nm-thick PZT

film grown on 100 nm LSMO on the STO substrate. The omega-rocking

curves of the LSMO (b) and (c) PZT films.
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electric fields of 0, 0.4, 0.8, 1.5, and 3 V, there is little

change in the M-H loops. Similar results have also observed

for out-of-plane M-H loops. This can be simply understood

as follows. Firstly, the LSMO layer is sandwiched between

the substrate and the PZT layer, which means that the sub-

strate clamping effect will be dominant and the magnetoelec-

tric effect will be limited. This is far different from that of

La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 bilayers in Ref. 7, where

LSMO is a freedom top layer and a large change in magnet-

ization in response to polarization reversal was reported.

Secondly, as shown in Fig. 3(a), the resistance change of

LSMO is very small near around room temperature. This

suggests that the property (including magnetization) of the

LSMO layer is not so sensitive to the polarized electric field

at room temperature. The magnetization of the LSMO layer

might be more sensitive to the polarized electric field at low

temperature around 90-100 K according to the right bottom

inset of Fig. 3(a).

The effect of magnetic field on the ferroelectric proper-

ties of the PZT top layer was investigated. From the R�T
curve of LSMO shown in the left top inset of Fig. 3(a), the

Curie temperature of LSMO is 315 K. So, the LSMO is fer-

romagnetic state at room temperature. From the M�H curve

of Fig. 3(b), one can find that the LSMO cannot be fully

magnetized under 0.5 T. So, an in-plane magnetic field of

0.9 T was applied. Figure 4 shows the P�E hysteretic loops

with and without an in-plane magnetic field of 0.9 T. From

Fig. 4, one can observe that an obvious increase in remnant

and saturation polarization of PZT layer after a magnetic

field of 0.9 T was applied. This obvious change in ferroelec-

tric property of the PZT layer can be attributed to the change

in the magnetized state of the underneath LSMO layer under

an external magnetic field.

CONCLUSIONS

Epitaxial Pb(Zr0.52Ti0.48)O3/La0.7Sr0.3MnO3 heterostruc-

tures were prepared on single crystalline SrTiO3 substrates

by pulse laser deposition (PLD). Morphology, crystalline

structure, and the effects of electric and magnetic fields on

the physical properties of Pb(Zr0.52Ti0.48)O3/La0.7Sr0.3MnO3

heterostructures were investigated. The AFM morphology

characterization shows that both the LSMO layer and PZT

top layer are smooth and homogenous. The crystalline struc-

ture measurements indicate that good epitaxial relationships

between LSMO and PZT and STO were obtained. The polar-

ized electric field has very significant effect on the transport

properties of LSMO layers while has little influence on the

magnetization, and the magnetic field has an obvious influ-

ence on the ferroelectric behavior of the PZT layer.
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FIG. 3. (Color online) (a) Polarized electric field de-

pendence of the transport property of the LSMO layer.

The left top inset is the R�T curve without polarization

electric field and the right bottom inset is the [R(V, T)-

R(V¼ 0, T))/ R(V¼ 0, T)]�T curve. (b) Polarized electric

field dependence of the magnetization hysteretic loops of

the LSMO layer.

FIG. 4. (Color online) Magnetic field dependence of P�E hysteretic loops

of the PZT layer.
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