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Abstract
Ba0.85Ca0.15Zr0.1Ti0.9O3/La0.7Sr0.3MnO3 (BCZT/LSMO) bilayer multiferroic heterostructures with different
BCZT layer thickness are fabricated by pulsed laser deposition technique. Structural characterization of
XRD and TEM reveals the epitaxial growth of the bilayer heterostructures, whose residual strain reduces
with increasing thickness. The room temperature multiferroic characteristics of the bilayer
heterostructures are demonstrated by the simultaneously observed ferroelectric and ferromagnetic
properties as well as the magnetoelectric effect. Due to the varying residual strain, the multiferroic
properties of the bilayer heterostructures show strong dependence of the BCZT layer thickness, which
signi�cantly improves with increasing thickness. The largest magnetoelectric coe�cient with αE31 value
of 355.2 mV/cm·Oe is achieved in BCZT/LSMO bilayer heterostructures with BCZT layer thickness of 150
nm.

1. Introduction
Multiferroics are functional materials containing two or more basic ferro orderings (such as ferroelectric,
ferromagnetic and so on), which can not only achieve the coexistence of multiple ferro orderings, but also
produce a series of new physical effects stemming from the cross coupling between them [1–3]. Among
them, the coupling effect between the ferroelectric ordering and ferromagnetic ordering that is known as
the magnetoelectric (ME) coupling effect can realize the mutual regulation between electric �eld and
magnetic �eld, which provides a new design freedom for the development and utilization of next
generation multifunctional magnetoelectric devices based on charge order and spin order, and shows an
attractive application prospect [4–6].

So far, very few single-phase multiferroics have been discovered, and it is di�cult to obtain signi�cant ME
coupling effect at room temperature, which limits its practical application prospect [7, 8]. In contrast,
most of the multi-phase composite multiferroics can achieve the strong ME coupling effect far greater
than single-phase multiferroics at room temperature, which simultaneously display better design and
preparation �exibility, and therefore have become one of the research hotspots in the �eld of multiferroic
materials [9–11]. Initially, researches on multiferroic ME composites have mainly focused on the bulk
materials. However, with the deepening of the study, researchers found that the interface cracks or
interdiffusion during the fabrication process of bulk ME composites is very di�cult to overcome, which
signi�cantly degrades the interface bonding quality and thereby results in the weak ME coe�cient far
lower than the theoretical value [12–14]. As a result, more and more ME composite thin �lms have been
developed due to the rapid development of advanced thin �lm growth techniques and theoretical
computing science. Compared to the bulk ME composites, ME composite thin �lms display many
inherent advantages such as more freedom and �exibility in design, more effective interface coupling at
nanoscale and more compatible with modern microelectronic integrated circuit technology [15–17].

The ME composite thin �lms with alternating layer structure show more prospect due to their low leakage
current and su�cient polarization [18]. In general, strain-mediated ME coupling mechanism is the most
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widely recognized in layered ME thin �lms, which means that strong ME effect is easier to achieve in
layered ME thin �lms composed of ferroelectric phase with large piezoelectric effect and ferromagnetic
phase with high magnetostriction. Otherwise, lead-based piezoelectric materials are currently the most
commonly used ferroelectric phase due to their excellent piezoelectric properties. A series of layered ME
thin �lms based on lead-based piezoelectric materials as the ferroelectric phase have been developed,
such as Pb(Zr0.52Ti0.48)O3/La0.7Sr0.3MnO3 [19] and ZnFe2O4/0.67Pb(Mg1/3Nb2/3)O3-0.33PbTiO3 [20],
which showed good multiferroic performances. However, pursuing lead-free multiferroic ME materials is
the future development direction because of the damages of lead-based materials to the environment.

Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT) is regarded as one of the most promising lead-free piezoelectric materials
due to its equivalent piezoelectric properties to lead-based piezoelectric materials and environmentally-
friendly nature [21], and thereby is chosen as the ferroelectric phase in this paper. Furthermore, perovskite
lanthanum manganite La0.7Sr0.3MnO3 (LSMO) has attracted ever increasing attention as a ferromagnetic
phase material because of its double exchange mediated ferromagnetism metallic conductivity with
ferromagnetic Curie temperature (~ 370K) well above room temperature, which is thus selected as the
ferromagnetic phase [22, 23]. And the LSMO thin �lm was deposited not only as a ferromagnetic layer but
also as a bottom electrode. As far as we know, few works have been conducted on ME heterostructure
consists of BCZT ferroelectric layer and LSMO ferromagnetic layer. Besides, extensive reports found that
the �lm thickness shows great in�uence on the residual strain and multiferroic properties of the ME
heterostructures [24, 25]. As a consequence, we present a detail study on the effect of thickness on
residual strain and multiferroic properties in Ba0.85Ca0.15Zr0.1Ti0.9O3/La0.7Sr0.3MnO3 (BCZT/LSMO)
bilayer multiferroic heterostructures.

2. Experimental
LSMO thin �lms with thickness of 100 nm and then BCZT thin �lms with thickness of 50 nm, 100 nm and
150 nm were grown on (100)-oriented SrTiO3 (STO) single crystal substrates by pulsed laser deposition
(PLD, PLVD-362, EOR), to form the BCZT/LSMO bilayer multiferroic heterostructures. A KrF excimer laser
with a 248 nm wavelength and 10 Hz pulse rate was used during the deposition process. The growth
temperature and laser energy of the LSMO and BCZT thin �lms were both �xed at 650°C and 300 mJ,
while the oxygen pressure were 20 Pa and 10 Pa, respectively.

Structure characterization of the BCZT/LSMO bilayer heterostructures was performed on a four-circle
high resolution x-ray diffraction (HRXRD, Empyrean, PANalytical). Transmission electron microscopy
(TEM, Titan Themis 200, FEI) was adopted to characterize the cross-sectional microstructure and element
distribution. The piezoelectric response was recorded by piezoresponse force microscope (PFM,
Dimension Icon Atomic Force Microscope, Bruker). The ferroelectric hysteresis loops and leakage current
curves were measured by ferroelectric tester (Premier II, Radiant). An Agilent E4980A impedance analyzer
was used to measure the room temperature dielectric constant. Room temperature ferromagnetic
properties were measured using a physical property measurement system (PPMS, LakeShore7404,



Page 4/17

Quantum Design). A Quantum Design ME measurement system was employed to test the room
temperature transverse ME coe�cient (αE31) of the bilayer heterostructures with the applied magnetic
�eld parallel to the �lm surface at 1 kHz.

3. Results And Discussion
3.1. Structure analysis

Figure 1 (a) shows the HRXRD patterns of the BCZT/LSMO bilayer heterostructures with different
thickness. It can be seen that the diffraction peaks of all bilayer heterostructures grow preferentially along
the (l00) diffraction peaks of the STO substrate without any impurity phases, which are highly consistent
with the orientation of the STO substrate. In order to obtain the variation of lattice constant and residual
strain of the bilayer heterostructures with thickness, the reciprocal space mapping (RSM) around the
asymmetric (103) re�ections are recorded as shown in Fig. 1 (b). The overall features of the asymmetric
RSM (103) re�ections for bilayer heterostructures with different thickness suggest that the fully strained
LSMO layer is under an in-plane tensile strain and the partially relaxed BCZT layer is subjected to an in-
plane compressive strain [26]. Besides, the enhanced intensity of the BCZT (103) re�ections indicates the
improving crystallinity of the BCZT layer thin �lm with increasing thickness. The lattice constants of the
BCZT layer thin �lms for all bilayer heterostructures along with the corresponding residual strain are
determined from the asymmetric RSM (103) re�ections. The horizontal RSM peak position determines the
in-plane lattice constant a while the vertical one corresponds to the out-of plane lattice constant c.
Table 1 summarizes the a and c of the BCZT layers for BCZT/LSMO bilayer heterostructures with
different thickness. When the thickness of the BCZT layer increases from 50 nm to 150 nm, its lattice
constant a increases from 4.0010 to 4.0057 and c reduces from 4.0485 to 4.0366. In addition, the
equations εa = (a − a0)/a0 and εc = (c − c0)/c0 were used to calculate the in-plane (εa) and out-of-plane
(εc) residual strains of the BCZT layers, respectively. Where a0 and c0 are lattice constant of the BCZT
ceramic (a0 = 4.007 and c0 = 4.025) [21]. The calculated values of residual strain are listed in Table 1. It
can be seen that both the in-plane and out-of-plane residual strain of the bilayer heterostructures
gradually decrease with increasing BCZT layer thickness.

Table 1
Structure parameters and residual strains of the

BCZT/LSMO bilayer heterostructures with different
thickness.

Thickness/nm a/Å c/Å εa/% εc/%

50 4.0010 4.0485 -0.15 0.58

100 4.0025 4.0418 -0.11 0.42

150 4.0051 4.0366 -0.05% 0.29
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In order to further characterize the crystallinity and micro-area structure of the BCZT/LSMO bilayer
heterostructures, the sample with BCZT layer thickness of 150 nm is selected for TEM characterization.
As can be seen from the cross-sectional TEM image in Fig. 2, the uniform thickness of the bottom LSMO
layer and the top BCZT layer presents a clear and distinct interface. The energy dispersive spectrometer
(EDS) element mapping of the bilayer heterostructure based on white square displays the evident
boundaries across the BCZT-LSMO and LSMO-STO interfaces, demonstrating the evenly distributed
chemical elements without any interface element diffusion phenomenon. The high-resolution TEM
(HRTEM) and corresponding selected area electron diffraction (SAED) images of the BCZT-LSMO and
LSMO-STO interfaces are also shown in Fig. 2. We can observe that both the two interfaces are very clear
and sharp with almost no defects, and the corresponding SAED spots are orderly arranged. Furthermore,
the diffraction spots at the BCZT-LSMO interface are almost coincided, while those at the LSMO-STO
interface are completely overlapped. Above all, the BCZT/LSMO bilayer heterostructure epitaxially grow
on STO substrate and show excellent crystallinity.
3.2. Electrical properties

Figures 3 (a) and (b) show the local piezoresponse hysteresis loops of phase and amplitude for the
BCZT/LSMO bilayer heterostructures with different thickness, respectively. The approximately 180°
reversible switching of the piezoresponse phase and well-de�ned butter�y loops of the piezoresponse
amplitude indicate the good switching behavior of the BCZT/LSMO bilayer heterostructures with different
thickness. It should be noted that the common asymmetry behavior in the amplitude-voltage butter�y
loops of all samples should be stemmed from the electrode self-poling effect [27]. Meanwhile, the
effective piezoelectric constants (d33) of the bilayer heterostructures with different thickness are
displayed in Fig. 3 (c), which were determined from the amplitude-voltage loops. The calculated values of
d33 are 31.4 pm/V, 38.7 pm/V and 47.2 pm/V for BCZT/LSMO bilayer heterostructures with 50 nm, 100
nm and 150 nm BCZT layer thickness, respectively. The piezoresponse of the bilayer heterostructures
enhances with the increase of BCZT layer thickness mainly because of the decreased residual strain. It
has been reported that the ferroelectric domain pinning would be more severe under larger residual strain,
and in turn weakens the polarization switching [28]. Therefore, the BCZT/LSMO bilayer heterostructure
with 150 nm BCZT layer exhibits the strongest piezoresponse due to its smallest residual strain.

Figure 4 (a) presents the room temperature ferroelectric hysteresis loops of the BCZT/LSMO bilayer
heterostructures with different thickness at 1 kHz. The well-shaped ferroelectric hysteresis loops indicate
the ferroelectric nature of all bilayer heterostructures. Besides, the determined remanent polarizations (Pr)

are 7.5 µC/cm2, 12.3 µC/cm2 and 18.6 µC/cm2 for BCZT/LSMO bilayer heterostructures with 50 nm, 100
nm and 150 nm BCZT layer, respectively, while their corresponding coercive electric �elds (EC) are 199.2
kV/cm, 193.7 kV/cm and 181.5 kV/cm. The leakage curves in Fig. 4 (b) suggest that the increase in BCZT
layer thickness is bene�cial to reduce the leakage current of the bilayer heterostructures. Therefore, the
enhancement in Pr of the bilayer heterostructures with increasing BCZT layer thickness should be
ascribed to the improved crystallinity of the BCZT layer and the reduced leakage current of the bilayer
heterostructures, which could lead to more su�cient polarization. Furthermore, the decrease in EC with
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increasing BCZT layer thickness may be explained by the passive interfacial layer effect. This seems to
be a very common phenomenon in ME bilayer thin �lms, which has also been found in many similar
works [24, 29–31]. The passive interfacial layer, exists at the BCZT/LSMO interface stemming from the
mis�t dislocation, could hamper ferroelectric domain switching [32, 33]. The increase in BCZT layer
thickness would reduce the portion of the passive interfacial layer in the bilayer heterostructures, and
therefore the BCZT/LSMO bilayer heterostructures with thicker BCZT layer display the smaller EC.

The frequency dependence of dielectric constant (εr) for the BCZT/LSMO bilayer heterostructure with
different thickness measured at room temperature is displayed in Fig. 5. It can be clearly observed that
the εr of the BCZT/LSMO bilayer heterostructures reduces as the frequency increases, which is attributed
to the lack of ability of dipoles to follow the rapidly changing electric �eld at higher frequency [34].
Moreover, the εr values at 1 kHz are 452.1, 608.2 and 746.4 for the BCZT/LSMO bilayer heterostructures
with 50 nm, 100 nm and 150 nm BCZT layer thickness, respectively. The decrease in εr with increasing
BCZT layer thickness should be due to the reducd in-plane compressive strain in the BCZT layer. Some
previous works have noted that the in-plane two-dimensional compression in the ferroelectric thin �lms
could alter the ionic positions and vibrations that coupled to the polarization mechanism, and �nally
weaken the dielectric constant of the ferroelectric materials [35, 36].

3.3. Ferromagnetic and magnetoelectric properties
Figure 6 shows the temperature dependence on magnetization for the BCZT/LSMO bilayer
heterostructures with different thickness, which are measured at 1000 Oe with a magnetic �eld applied
perpendicular to the polarization direction. An evident ferromagnetic-paramagnetic phase transition can
be observed in all bilayer heterostructures. Furthermore, the maximum magnetization of the bilayer
heterostructures increases with increasing thickness. The phase transition temperature, also known as
the Curie temperature (TC), is de�ned as the peak temperature of dM/dT. The inset presents the
temperature dependent derivative of magnetization (dM/dT). The TC of the bilayer heterostructures with
50 nm, 100nm and 150 nm BCZT layer is around 310.5K, 320.1K and 326.3K, respectively, suggesting
that the increases in BCZT layer thickness would enhance the Curie temperature of the bilayer
heterostructures.

In order to further study the ferromagnetic properties of the BCZT/LSMO bilayer heterostructures, the
room temperature magnetic �eld dependence of magnetization for the bilayer heterostructures with
different thickness are measured, as shown in Fig. 7. The well-behaved ferromagnetic hysteresis loops
demonstrate the ferromagnetic nature of the bilayer heterostructures with different thickness. At the same
time, it can be seen that the saturated magnetization of the bilayer heterostructures improves with
increasing BCZT layer thickness. According to the partially enlarged loops shown in the inset, the increase
in BCZT layer thickness causes the coercive magnetic �eld of the bilayer heterostructures increases. The
ferromagnetic properties study reveals that the increase in BCZT layer thickness could lead to a larger
magnetization of the bilayer heterostructures. Similar phenomena have also been found in
PbZr0.52Ti0.48O3/La0.67Sr0.33MnO3 [30] and CoFe2O4/PbZr0.52Ti0.48O3 [37] bilayer thin �lms in which
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improved magnetization was obtained in thicker ferroelectric layer that grown on the top of ferromagnetic
layer with �xed thickness. And the enhancement in magnetization may be related to the interface
coupling effect between the BCZT and LSMO layers. Nevertheless, it needs further study to �gure out the
BCZT layer thickness effect on the oxidation states of Mn in LSMO layer [24].

Figure 8 shows the magnetic �eld dependence of the transverse ME coe�cient (αE31) for BCZT/LSMO
bilayer heterostructures with different thickness, and the magnetic �eld is applied parallel to the �lm
surface at room temperature. It can be clearly observed that the values of αE31 for all samples gradually
increase with increasing magnetic �eld, and then reaches the maximum values at a certain magnetic �eld
where the magnetostriction of the LSMO layer get saturated. The certain magnetic �eld of all bilayer
heterostructures are both around 1500 Oe and have nothing to do with the change of BCZT layer
thickness. Furthermore, the maximum values of αE31 for BCZT/LSMO bilayer heterostructures with 50
nm, 100 nm and 150 nm BCZT layer thickness are 183.2 mV/cm·Oe, 283.7 mV/cm·Oe and 355.2
mV/cm·Oe, respectively.

In the stress/strain modulated multiferroic heterostructures, the ferromagnetic phase produces and
transfers stress/strain to the adjacent ferroelectric phase through the elastic coupling at the interface,
inducing the positive piezoelectric effect, which can be depicted as a product of piezoelectric effect and
magnetostrictive effect:

 

The αE31 could be affected by the ratio of ferroelectric phase to ferromagnetic phase, the direction of the
ferroelectric polarization, as well as the resistivity of ferromagnetic phase (which determines the
maximum applied electric �eld intensity). In addition, the residual stress, grain boundary, dislocation and
substrate clamping can hinder the elastic coupling. Thus, the smaller the residual strain of the BCZT layer
is, the larger the αE31 of the bilayer heterostructures becomes, since only the residual stress is tailored in
terms of BCZT thickness in all epitaxially grown interfaces.

Moreover, the ME coe�cient of the BCZT/LSMO bilayer heterostructures is larger than that of the
BaTiO3/La0.7Sr0.3MnO3 (BTO/LSMO) bilayer heterostructures (140-213 mV/cm·Oe) [38, 39]. The
enhancement in ME coupling effect should be resulted from the stronger piezoelectric effect of the BCZT
than BTO ferroelectric phase according to equation (1).

4. Conclusions
In summary, BCZT/LSMO bilayer multiferroic heterostructures with different BCZT layer thickness were
deposited on STO single crystal substrates by pulsed laser deposition, so as to investigate the thickness
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effect on residual strain and multiferroic properties. XRD and TEM analysis con�rm the epitaxial growth
of the bilayer heterostructures and the decreased residual strain with increasing BCZT thickness. The
simultaneously observation of ferroelectric and ferromagnetic properties as well as magnetoelectric
effect at room temperature veri�es the multiferroic nature of the bilayer heterostructures. The residual
strain in terms of BCZT layer thickness has a great in�uence on multiferroic properties of the bilayer
heterostructures. Results show that the multiferroic properties enhance with increasing BCZT thickness.
BCZT/LSMO bilayer heterostructure with BCZT layer thickness of 150 nm exhibits the strongest
magnetoelectric effect with αE31 value of 355.2 mV/cm·Oe.
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Figure 1

(a) HRXRD and (b) RSM results of the BCZT/LSMO bilayer heterostructures with different thickness.

Figure 2

Cross-sectional TEM, EDS element mapping, HRTEM and SAED images of the BCZT/LSMO bilayer
heterostructure with BCZT layer thickness of 150 nm.
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Figure 3

Local piezoresponse (a) phase, (b) amplitude and (c) effective d33 hysteresis loops of the BCZT/LSMO
bilayer heterostructures with different thickness.
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Figure 4

(a) Ferroelectric hysteresis loops and (b) leakage current density of the BCZT/LSMO bilayer
heterostructures with different thickness.

Figure 5

Frequency dependence of dielectric constant for BCZT/LSMO bilayer heterostructures with different
thickness.
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Figure 6

Temperature dependent magnetization of the BCZT/LSMO bilayer heterostructures with different
thickness. The inset presents the temperature dependent derivative of magnetization (dM/dT).
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Figure 7

Ferromagnetic hysteresis loops of the BCZT/LSMO bilayer heterostructures with different thickness. The
inset shows the partially enlarged loops.
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Figure 8

Magnetic �eld as a function of the ME coe�cients for BCZT/LSMO bilayer heterostructures with different
thickness.


