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Heterostructures were fabricated by growing Pr0.6Ca0.4MnO3 �PCMO� films on
Pb�Mg1/3Nb2/3�0.7Ti0.3O3 substrates. It was shown that the magnetizations of the samples can be
tuned dramatically by electric fields via piezostrain and the effect is dominated by the change in
phase separation. More interestingly, the electric-field control of magnetization is nonvolatile,
manifesting a memory effect of strain. The results were discussed by considering the effect of
electric-field-induced strain on the energy landscape of PCMO and the resultant change in phase
separation. This work is helpful for exploring the evolution of phase separation with well-controlled
strains and the magnetoelectric coupling effect. © 2011 American Institute of Physics.
�doi:10.1063/1.3584025�

Heterostructures composed of magnetic �M� and ferro-
electric �FE� materials have attracted much attention due to
their importance in exploring the magnetoelectric �ME� cou-
pling effect.1–9 One of the key issues in the study of M/FE
heterostructures is the electric-field control of magnetization.
There have been some reports on this topic in various M/FE
heterostructures,1–3,5–7 however, the electric-field control of
magnetization in the M/FE heterostructures is still limited for
the phase separated manganites,8,9 which exhibit a variety of
exotic behaviors.10 It was assumed that the electric-field con-
trol of magnetization in the M/FE heterostructures composed
of the phase separated manganites is due to the change in
phase separation,8,9 however, it is not conclusive since only
the in-plane magnetization was measured. It has been shown
through the measurement of magnetizations along both the
in-plane and out-of-plane directions that the electric-field-
induced change in magnetic anisotropy plays an important
role in the electric-field control of magnetization in the M/FE
heterostructures.6 More importantly, there has been no report
on the memory effect of the electric-field control of magne-
tization in the M/FE heterostructures composed of the phase
separated manganites. Pr0.6Ca0.4MnO3 �PCMO� is an inter-
esting phase separated manganite with a coexistence of
ferromagnetic �FM� and charge-ordered antiferromagnetic
�COAFM� phases in a wide temperature range11 while
Pb�Mg1/3Nb2/3�0.7Ti0.3O3 �PMN-PT� is a well-known FE ma-
terial with an excellent piezoelectric property. In the PCMO/
PMN-PT heterostructures, the strain transferred to the
PCMO films can be modulated continuously and reversibly.
This continuity and reversibility with moderate strains,
which cannot be realized in the previous studies of strain
effect on the phase separation of manganites via different
substrates,12–14 provides a good opportunity to study the ef-

fect of strain on the evolution of phase separation of manga-
nites with well-controlled strains. So far there is no report on
the electric-field control of magnetization in the PCMO/FE
heterostructures. In this letter, we report on the fabrication of
the PCMO/PMN-PT heterostructures, dramatic change in
magnetization induced by electric fields and memory effect
of ME coupling or strain. We demonstrated that the electric-
field control of magnetization is dominated by the change in
phase separation in PCMO. The results were discussed in
terms of the strain induced change in phase separation with
the energy landscape scenario.

PCMO thin films were deposited on one-side-polished
�001�-oriented PMN-PT single-crystal substrates by pulsed
laser deposition. During deposition, the temperature of the
substrate was kept at 700 °C with a 40 Pa oxygen pressure.
The film thickness is about 300 nm. X-ray diffraction �XRD�
patterns of the samples were obtained using a Rigaku
D/max-RB x-ray diffractometer with a Cu K� radiation. A
JEM-2010F �200 kV� transmission electron microscope
�TEM� was used for the microstructure analysis. The mor-
phology of the films was measured using a Nanoscope IIIa
Dimension 3100 atomic force microscope. Au was deposited
on the full area of the film and the back of PMN-PT as
electrodes. Au on PCMO is defined as the positive electrode.
The voltage was applied in situ across the PCMO/PMN-PT
heterostructure by a Keithley 6517A electrometer and the
current is below 5 nA. The magnetic property of the samples
was measured with a magnetic property measurement system
�MPMS 7 T, Quantum Design�. The strain-electric-field mea-
surement was carried out using an optical probe system
�SIOS NT-04 Sensor�.

The XRD pattern of the PCMO/PMN-PT heterostructure
shown in Fig. 1�a� indicates that PCMO is single phase with
a c-axis orientation. The c-axis lattice constant of the PCMO
film is calculated to be 0.3807 nm, which is smaller than
0.3832 nm of the PCMO bulk.14 So the substrate-induceda�Electronic mail: ygzhao@tsinghua.edu.cn.
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strain is compressive along the out-of-plane direction
��0.65%� and tensile along the in-plane direction. Figure
1�b� is the � scan result for the PCMO film and PMN-PT
substrate, which indicates an epitaxial growth of PCMO on
PMN-PT. The epitaxial growth of PCMO is also demon-
strated by the TEM cross-sectional image of PCMO/
PMN-PT shown in the lower panel of Fig. 1�c�. The upper
panel of Fig. 1�c� shows the surface morphology of the
PCMO film and the calculated root-mean-square roughness
of the film is 0.525 nm. Figure 1�d� is the variation in the
out-of-plane strain with applied electric field for PMN-PT,
which shows a butterfly behavior with a coercive field of 1.6
kV/cm.

Figure 2�a� is the magnetic hysteresis of PCMO mea-
sured at 30 K between �7.0 and 7.0 T after a zero magnetic
field cooling �ZFC�. Unlike the conventional FM, the initial
magnetization curve of PCMO does not lie between the field
descending and ascending curves of the hysteresis loop but
below the hysteresis loop. This result is consistent with a
metamagnetic transition from COAFM to FM and its
memory effect which has also been observed in other phased
separated manganites.15 The lower inset of Fig. 2�a� shows a
divergence between the ZFC and the magnetic field cooling
�FC, 500 Oe� curves, which is consistent with the previous
report.16

The PMN-PT substrate was first poled with an electric
field of 8.0 kV/cm at 400 K and then the temperature depen-
dence of magnetizations �M�T�� were measured in a FC �500
Oe� process under different electric fields. The upper inset of
Fig. 2�a� is the scheme of the sample. The results for the
in-plane M�T� are shown in Fig. 2�b�, which reveals dramatic
increase in magnetization with increasing electric field below
the FM transition temperature �120 K�. The increase in the
in-plane magnetization can reach 60% for �M /M�0� at 8.0
kV/cm �400 V� ��M=M�E�−M�0�, where M�E� and M�0�
are the magnetizations with and without an electric field,
respectively�. In order to understand the mechanism of the
electric-field control of magnetization, the magnetic hyster-

esis loops of the sample were measured for both the in-plane
and out-of-plane directions and the results are shown in Figs.
2�c� and 2�d�. The sample was first cooled to 30 K in a ZFC
process under different electric fields and the magnetic hys-
teresis loops of the sample were measured with the applied
cooling electric fields. It can be seen that both the out-of-
plane and in-plane magnetizations increase with applied
electric field. The magnetizations for different in-plane direc-
tions also increase with applied electric field �not shown
here�. The results suggest that the electric-field control of
magnetization in PCMO/PMN-PT is dominated by the
change in phase separation in PCMO rather than the change
in magnetic anisotropy for which opposite changes for the
in-plane and out-of-plane directions are expected.6

It is well-known that phase separation in manganites can
be tuned by various factors with a memory effect.10 How-
ever, so far there is no report on the memory effect of strain
in the phase separated manganites. Figure 3�a� is the mag-

FIG. 1. �Color online� �a� XRD pattern for PCMO/PMN-PT. �b� � scan for
PCMO and PMN-PT, respectively. �c� The upper panel is the surface mor-
phology of PCMO film. The lower panel is the TEM cross-sectional image
of PCMO/PMN-PT. �d� Out-of-plane piezostrain vs electric field E � �001�.
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FIG. 2. �Color online� �a� Magnetic hysteresis of PCMO at 10 K. The upper
inset is the scheme of the sample. The lower inset is the FC and ZFC curves.
�b� Temperature dependence of the in-plane magnetization under different
electric fields. ��c� and �d�� Magnetic hysteresis loops under different elec-
tric fields for the �c� in-plane and �d� out-of-plane directions.
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M�T� with 500 Oe and 300 V cooling and warming after the removal of the
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black curve is 300 V cooling and 300 V warming and the green curve is 300
V cooling and 0 V warming.
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netic hysteresis loops of the sample measured at 10 K after
ZFC with �red curve� and without �black curve� an electric
field. After the measurement of the magnetic hysteresis loop
at an electric field of 6.0 kV/cm �300 V, red curve�, the
electric field was removed in situ and then the magnetic
hysteresis loop �green curve� was measured after about
500 s. It can be seen that the magnetization remains nearly
unchanged after the removal of the electric field �strain�,
manifesting a memory effect of strain in PCMO. Similar
measurements were also carried out at other temperatures.
The temperature dependence of the recovery ratio, defined as
�ME−ME0� / �ME−M0�, where M0, ME, and ME0 are the mag-
netizations of the black, red, and green curves, respectively,
was calculated from these magnetic hysteresis loops at H
=20 kOe and the result is shown in the inset of Fig. 3�a�. It
shows that the recovery ratio starts to increase rapidly at
about 50 K with increasing temperature. This indicates that
the memory effect is robust below 50 K and becomes weak
with increasing temperature. We also studied the memory
effect by measuring the M�T� curves and the results are
shown in the inset of Fig. 3�b�. The cooling curves were first
measured in a FC �500 Oe� process at an electric field of 6.0
kV/cm �300 V�. The warming curves were measured in a
magnetic field warming �FCW, 500 Oe� process with �black
curve� and without �green curve� the electric field, respec-
tively. It can be seen that the two curves of FCW process
coincide, manifesting a memory effect. The FC curve and
FCW curve exhibit a thermal hysteresis behavior, consistent
with a first-order phase transition. It is also interesting to
compare the effects of the magnetic and electric fields by
measuring the temperature dependence of the magnetization
and the results are shown in Fig. 3�b�. The curve with solid
triangles was obtained in a FC �500 Oe� process at 6.0
kV/cm while the curve with open triangles was obtained in a
FC �1550 Oe� process without an electric field. These two
curves are almost overlapped indicating that the increase in
the magnetization induced by an electric field of 6.0 kV/cm
approximately equals to the effect of a magnetic field of
1050 Oe. However, after removing both the magnetic and
electric fields at 10 K and measure the magnetization with
increasing temperature, the curve with solid squares is above
the curve with open squares. This difference can be under-
stood by considering that the electric field changes the phase
separation in PCMO with a memory effect while the mag-
netic field changes the orientation of magnetic domains be-
sides the phase separation in PCMO and the magnetic do-
mains tend to change the orientation after the removal of the
magnetic field.

The electric-field control of magnetization in the PCMO/
PMN-PT heterostructures can be understood in terms of
the electric-field-induced strain in the PCMO films. The
out-of-plane and in-plane strains in PMN-PT satisfy
�zz=−2� / �1−���xx,

17 where �zz, �xx, and � are the out-of-
plane strain, in-plane strain, and Poisson coefficient, respec-
tively. In a first-order approximation, one can assume volume
conservation corresponding to �=0.5, which results in �xx
=�yy =−1 /2�zz. Using the data of �zz in Fig. 1�d�, the in-plane
strains can be calculated. For example, the values of �xx are
about 0 �0 V�, �0.05% �200 V�, and �0.10% �400 V�. Ahn
et al.18 proposed a model to account for the phase separation

in manganites by considering the elastic energy that gives
rise to an energy landscape with multiple energy minima. In
this scenario, the strain in manganites determines the energy
landscape. This model can explain our results. The PCMO/
PMN-PT heterostructure was cooled down under different
strains, which lead to the different energy landscapes with
hierarchical energy barriers. The in-plane strains are negative
as shown above and tend to weaken the tensile strain in the
as-grown PCMO, which favors the FM phase due to the
weakening of Jahn–Teller distortion. This leads to the dra-
matic increase in magnetization. Since the FM and COAFM
phases correspond to two local minima in the free energy
with a potential barrier separating them,19 at low tempera-
tures, the magnetization of the sample does not change after
the removal of the electric field �strain� because the thermal
energy is too small to overcome the barrier to drive the
sample to the strain-free state, manifesting a memory effect
of strain.
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