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Thin films of La0.75Ca0.25MnO3 共LCMO兲 have been grown on ferroelectric 共1 − x兲Pb共Mg1/3Nb2/3兲O3xPbTiO3 共x ⬃ 0.33兲 single-crystal substrates. The ferroelectric polarization in the PMN-PT substrates gives rise
to a decrease in resistance and an upward shift in Curie temperature of the LCMO films, which was interpreted
in terms of the ferroelectric polarization induced lattice strain effect. The resistance of the LCMO films can be
modulated by applying dc/ac electric fields across the polarized PMN-PT substrates. The electric field induces
lattice strains in the PMN-PT substrates via the converse piezoelectric effect, which subsequently changes the
strain state and resistance of the LCMO films. A quantitative relation between the resistance in the LCMO films
and the induced lattice strains in the PMN-PT substrates has been established. Moreover, we identified that the
ferroelectric polarization and converse piezoelectric effect induced lattice strain effects dominate over the field
effect in the LCMO/PMN-PT systems.
DOI: 10.1103/PhysRevB.74.094427

PACS number共s兲: 77.84.⫺s, 75.47.Lx, 73.50.⫺h, 77.65.⫺j

I. INTRODUCTION

The perovskite-type R1−xAxMnO3 共R and A are trivalent
rare-earth and divalent alkaline-earth ions, respectively兲
manganites have received a great deal of interest in recent
years because of a variety of interesting properties such as
colossal magnetoresistance 共CMR兲 and charge, spin, and orbital orderings.1 Stimulated by the potential applications of
CMR materials, a considerable amount of earlier work has
focused on growing thin films in order to achieve a large
low-field CMR effect. Accumulated theoretical and experimental studies have shown that the lattice strain due to the
lattice mismatch between substrates and thin films plays a
very important role in determining the properties of thin
films, e.g., Curie temperature, resistivity, magnetic anisotropy, magnitude of CMR, and electronic phase
separation.2–10 The lattice strain effect has been interpreted
qualitatively within the double-exchange model in which the
hopping matrix element t could be modified by lattice strain
through changing Mn-O bond length and/or Mn-O-Mn bond
angle. Compressive strain usually reduces resistivity and
shifts Curie temperature TC upward while tensile strain gives
rise to opposite effects on resistivity and TC. However, recent
studies showed that compressive strain does not always lead
to enhancement of TC. In contrast, tensile strain enhances
TC.10–13 Moreover, it is believed that compressive 共tensile兲
strain could lead to a decrease 共increase兲 in the Mn-O bond
length. The experimental measurements in La0.67Sr0.33MnO3
共Ref. 14兲 and La1−xCaxMnO3 共x = 0.31, 0.39兲 共Ref. 15兲 thin
films, however, showed that Mn-O bond lengths remain the
same as that of bulk materials, no matter whether the thin
films are under compressive or tensile strain. In addition, a
mechanism involving the orbital degree of freedom has also
been proposed to explain the anomalous lattice strain effect
in La1−xBaxMnO3 thin films.10,16 All these features demonstrate that the detailed effects of lattice strain on electrical
and magnetic properties of manganite thin films are far from
1098-0121/2006/74共9兲/094427共8兲

being fully understood and would require further investigation and discussion.
Strained thin films are usually obtained by growing thin
films of various thickness on substrates with different lattice
parameters.8–14 However, other negative variables, e.g., oxygen nonstoichiometry, crystalline quality, lattice relaxation,
grain size, and variation in chemical composition, also have
a significant impact on the properties of thin films.17–19
Therefore, it becomes relatively difficult to isolate property
changes due to lattice strain effect from those resulting from
these negative variables. In this regard, it would be of value
to examine the effects of lattice strain on thin-film properties
with the same thin-film sample in which the strain state of
thin films could be in situ varied while the negative variables
could be kept fixed. A realization of such control over the
strain state of thin films would help one gain further insight
into the substrate-induced lattice strain effect.
The relaxor-based 共1 − x兲Pb共Mg1/3Nb2/3兲O3-xPbTiO3
共PMN− xPT兲 single crystals with compositions near the morphotropic phase boundary are ferroelectric materials that exhibit outstanding piezoelectric activity.20,21 PMN− xPT single
crystals have perovskite structure and are lattice-matched to
R1−xAxMnO3 manganites, which makes them good substrates
for the growth of manganite thin films. Moreover, the
PMN− xPT have large remnant ferroelectric polarization and
low coercive field and may be good materials for use as gate
insulators in manganite-based ferroelectric-field effect transistors. Furthermore, if ferroelectric PMN− xPT is used as a
substrate, the lattice strain in PMN− xPT substrate and the
subsequent strain state of thin films grown on it can be controlled by ferroelectric polarization and converse piezoelectric effect of PMN− xPT.
In this paper, we report the electrical properties of
La0.75Ca0.25MnO3 共LCMO兲 thin films grown on ferroelectric
PMN-PT single-crystal substrates. We tuned the strain state
and resistance of the LCMO films by ferroelectric polarization and the converse piezoelectric effect of PMN-PT. These
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FIG. 1. Schematic diagram showing the LCMO/PMN-PT
structure in FET configuration and the circuit for electrical
measurements.

approaches for changing the strain state of thin films via
ferroelectric polarization and converse piezoelectric effect
provide new routes to tune the properties of manganite thin
films.

II. EXPERIMENTAL PROCEDURES

PMN-PT single crystals of dimensions ⌽40 mm
⫻ 80 mm were grown by a modified Bridgman technique at
the Shanghai Institute of Ceramics. The experimental details
for the growth of the PMN-PT single crystals have been
described elsewhere.22 The single crystals were cut into
plates of dimensions 10 mm⫻ 3.5 mm⫻ 0.4–0.5 mm and
with the plate normal in the 具001典 crystal direction, and polished until the average surface roughness was less than
1 nm. The LCMO films were deposited on the 共001兲-oriented
PMN-PT substrates by dc magnetron sputtering in an argonoxygen flow at a pressure of 4.35 Pa and at a substrate temperature of 680 ° C. After deposition, the LCMO films were
slowly cooled to room temperature in situ and postannealed
in air at 700 ° C for 30 min.
Resistance of the LCMO films was examined in the
ferroelectric–field-effect-transistor 共FET兲 configuration as
shown in Fig. 1. Electric voltages were applied to the
PMN-PT layer through the gate and the drain. A resistor of
20 M⍀ was connected in series with the gate in order to
protect the current source and voltage meters in case a dielectric breakdown took place in the PMN-PT layer.
X-ray diffraction 共XRD兲 measurements were made using
a Bruker D8 Discover x-ray diffractometer equipped with Cu
K␣ radiation. Thickness of the LCMO films was examined
using a field-emission scanning electron microscope 共JEOL
JSM-6335F兲. A room-temperature ferroelectric hysteresis
loop of the PMN-PT substrate was measured using a standard Sawyer-Tower circuit at 10 Hz. The strain hysteresis
loop of the PMN-PT substrate caused by the converse piezoelectric effect was measured by a piezoresponse force microscopy using a scanning probe microscope 共Nanoscope IV,
Digital Instruments兲 equipped with a conductive tip coated
with Pt.
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FIG. 2. A typical -2 XRD pattern of LCMO/PMN-PT structure. Inset 共a兲 shows the room-temperature ferroelectric hysteresis
loop of the PMN-PT substrate. Inset 共b兲 shows the expanded view
of the -2 XRD pattern of the PMN-PT and LCMO 共002兲 reflections. Inset 共c兲 shows the rocking curve of the LCMO 共002兲
reflection.
III. RESULTS AND DISCUSSION

Figure 2 shows a typical -2 XRD pattern of the LCMO/
PMN-PT structure. There appear strong 共00l兲 共l = 1 , 2 , 3兲 reflections resulting from the PMN-PT substrate. This, together
with the square ferroelectric hysteresis loop 关inset 共a兲 of Fig.
2兴, indicates that the PMN-PT substrate is of good quality. It
is noted that the reflections from the LCMO film have been
covered up by the strong reflections from the PMN-PT substrate. The inset 共b兲 of Fig. 2 shows the expanded view of the
PMN-PT and LCMO 共002兲 reflections for the LCMO/
PMN-PT structure. It can be seen that there appears a weak
LCMO共002兲 reflection on the right-hand side of the PMNPT共002兲 reflection, indicating that the LCMO film grows
preferentially c-axis oriented. The rocking curve taken
around the LCMO共002兲 reflection has a full width at half
maximum of ⬃0.29°, as shown in the inset 共c兲 of Fig. 2.
Figure 3共a兲 shows the temperature dependence of the resistance for the LCMO film with a thickness of ⬃25 nm
when the PMN-PT substrate is in different polarization
states. When the PMN-PT is in an unpolarized state 共referred
to as Pr0兲, the resistance of the LCMO film increases with
decreasing temperature from 335 K to a lower temperature
and reaches a maximum near the insulator to metal transition
temperature T P. With further decrease in temperature, the
LCMO goes into a ferromagnetic state and the resistance
decreases rapidly. To examine the effects of ferroelectric polarization and the ferroelectric-field effect on the resistance
of the LCMO film, we applied a positive poling voltage
of +500 V 共corresponding to an electric field of E
⬃ + 1.2 kV/ mm, much larger than the coercive field of the
PMN-PT兲 to the gate so that the PMN-PT substrate was positively polarized 共referred to as Pr+兲. The resistance of the
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FIG. 3. Temperature dependence of the resistance for the LCMO
films when the PMN-PT substrate is in different polarization states.
Pr0, Pr+, and Pr− represent unpolarized, positively polarized, and
negatively polarized states, respectively.

LCMO film between the source and the drain was measured
after the +1.2 kV/ mm poling electric field was turned off. As
seen in Fig. 3共a兲, the resistance of the LCMO film decreases
over a wide temperature range after the PMN-PT substrate
has been positively polarized. The decrease in the resistance
is particularly pronounced near T P where the resistance decreases by ⬃83%. Moreover, T P shifts upward by ⬃13 K.
It is known that the LCMO is a p-type material; the majority of the charge carriers in the LCMO film are holes. The
application of a positive 共or negative兲 voltage to the gate will
polarize the PMN-PT layer such that the electric dipole moments in the PMN-PT point upward 共or downward兲 into the
LCMO film, thereby leading to a depletion 共or accumulation兲
of holes in the LCMO film.23 Thus, if only the ferroelectricfield effect is considered, the resistance of the LCMO film
should increase when the PMN-PT layer is positively polarized. Indeed, the resistance of the manganite films in similar
manganite-based ferroelectric FET, e.g., La1−xCaxMnO3
共x = 0.2, 0.3兲 / Pb共Zr0.2Ti0.8兲O3, La1−xBaxMnO3共x = 0.1, 0.15兲 /
Pb共Zr0.2Ti0.8兲O3, La0.8Sr0.2MnO3 / Pb共ZrxTi1−x兲O3, increases
when the Pb共ZrxTi1−x兲O3 layer is positively polarized.23–27 It
is clear that the ferroelectric-field effect cannot account for

the decrease in the resistance in the LCMO film for Pr+. To
clarify this problem, we measured the resistance of the
LCMO film as a function of temperature when the PMN-PT
layer is in a negatively polarized state 共referred to as Pr−兲.
Once again, the resistance of the LCMO film for Pr− was
measured after the poling electric field was turned off. As
presented in Fig. 3共a兲, the resistance for Pr− also decreases
over a wide temperature range and T P shifts upward by
⬃24 K after the PMN-PT has been negatively polarized.
It should be noted that the ferroelectric polarization in the
PMN-PT layer not only results in a depletion or accumulation of holes in the LCMO film, but also an expansion of the
lattice of the PMN-PT layer along the direction of the electric field. If the latter is considered, the decrease in resistance
induced by the ferroelectric polarization and the upward shift
of T P in the LCMO film can be understood on the basis of
lattice strain effect. After the PMN-PT has been polarized
along the 具001典 direction, the lattice parameter c of the
PMN-PT increases because the electric field causes the rotation of polarization in the ferroelectric domains toward the
field direction. It has been found that the PMN-PT共002兲 reflection shifts to a lower 2 angle after the PMN-PT has been
positively polarized. This implies that the ferroelectric polarization has resulted in an increase of the lattice parameter c
of the PMN-PT. Such a change in the lattice parameter c will
cause decreases in the in-plane lattice parameters a and b as
a result of the Poisson effect,28 which can subsequently impose in-plane compressive strains on the LCMO film and
thus a decrease of the Jahn-Teller electron-lattice interaction
in the LCMO film, thereby favoring delocalizing of the
charge carriers.4–6 Meanwhile, the substrate-imposed compressive strain can also give rise to a decrease in the in-plane
Mn-O bond length in the film and thus an enhancement of
the double-exchange interaction, which leads to an increase
in the hopping of charge carriers. This also results in a decrease in the resistance of the LCMO film.
Although the decrease in the resistance for Pr+ and Pr− can
be qualitatively understood, it is noted that the magnitudes of
the decrease in resistance and increase in T P for Pr− are much
larger than that for Pr+, as seen in Fig. 3共a兲. We have plotted
the resistance difference 共⌬R兲 between Pr+ and Pr− 关⌬R
= R共Pr+兲 − R共Pr−兲兴 as a function of temperature in Fig. 4. It can
be seen that ⌬R reaches the maximum near T P. As discussed
above, the positive polarization of the PMN-PT layer will
lead to a depletion of holes in the LCMO film and thus an
increase in resistance in the LCMO film while a negative
polarization of the PMN-PT layer will cause an accumulation
of holes in the LCMO film and thus a decrease in resistance.
The former can partially cancel out the decrease in the resistance due to the ferroelectric polarization induced lattice
strain effect while the latter gives rise to a further decrease in
the resistance in the LCMO film, i.e., ⌬R may be caused by
the ferroelectric-field effect.
It is known that the ferroelectric-field effect is closely
related to the total number of charge carriers in the channel
material. For a fixed doping level, the number of charge carriers is usually determined by the thickness of a thin film. If
the film is so thin that the number of charge carriers in the
film is small, the ferroelectric polarization will lead to a large
percentage change in the number of charge carriers and thus
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FIG. 4. Temperature dependence of the resistance difference
共⌬R兲 for the LCMO films. Inset shows the thickness dependence of
⌬T P.

a strong ferroelectric-field effect.29 Therefore, for our
LCMO/PMN-PT systems with a fixed doping level, the impact of the ferroelectric-field effect on the resistance is expected to be closely related to the thickness of the LCMO
films.
To gain insight into the ferroelectric-field effect in the
LCMO/PMN-PT structure, we prepared another two LCMO/
PMN-PT samples in which the thicknesses of the LCMO
films are ⬃50 and ⬃75 nm, respectively. We also measured
their temperature dependence of resistance when the
PMN-PT layer is in different polarization states. As shown in
Fig. 3共b兲, the resistance of the LCMO film with a thickness
of ⬃75 nm decreases over a wide temperature range after the
PMN-PT layer has been positively or negatively polarized.
However, it should be noted that the resistance and T P are
approximately the same when the PMN-PT layer is in the Pr+
or Pr− state. If the ferroelectric-field effect plays a role in
influencing the resistance in this sample, the resistance
change should show opposite signs when the PMN-PT layer
is in the Pr+ or Pr− state because of the depletion or accumulation of holes in the LCMO film. Therefore, it can be concluded that the ferroelectric-field effect in this sample is
rather limited and the decrease in the resistance for Pr+ and
Pr− is mainly due to the lattice strain effect as discussed
above. For the LCMO film with intermediate thickness 共i.e.,
⬃50 nm兲, the resistance for Pr− is slightly smaller than that
for Pr+, and T P for Pr− is about 3.5 K higher than that for Pr+,
as seen in the inset of Fig. 3共b兲. It is clear that ⌬R and ⌬T P
关⌬T P = T P共Pr−兲 − T P共Pr+兲兴 decrease with increasing thickness
of the LCMO films 共Fig. 4兲. Moreover, we note that ⌬R
reaches the maximum near T P for all samples but decreases
with temperature away from T P. This feature of ⌬R is similar
to that observed in manganite-based La1−xAxMnO3共A
= Ca, Sr, Ba兲 / Pb共ZrxTi1−x兲O3 ferroelectric FET.25–27 All these
features of resistance show that the ferroelectric-field effect
is possibly responsible for the differences in resistance and

FIG. 5. Resistance response of the LCMO film as a function of
time while ±0.12 kV/ mm electric fields were switched on and off.
Note that the electric fields were applied to the positively polarized
PMN-PT substrate.

T P between Pr+ and Pr−. The results also indicate that the
ferroelectric polarization induced lattice strain effect dominates over the ferroelectric-field effect in the LCMO/
PMN-PT systems.
The effects of converse piezoelectric effect on the resistance of the LCMO films will be discussed in the following
sections. First, we positively polarized the PMN-PT substrate
in a field of +1.2 kV/ mm so that it possesses the converse
piezoelectric effect. Figure 5 shows the resistance response
of the LCMO film 共⬃25 nm兲 at 200 K as a function of time
while low fields of ±0.12 kV/ mm 共which corresponds to
⬃50 V voltage applied to the PMN-PT substrate兲 were
switched on and off. The resistance decreases sharply when a
+0.12 kV/ mm electric field was switched on and rapidly restores to its initial value upon the removal of the electric
field. In contrast, the resistance increases sharply when a
negative electric field 共−0.12 kV/ mm兲 was switched on and
also restores to its initial value upon the removal of the electric field. Moreover, the resistance can be repeatedly modulated between the low- and high-resistance states by switching the electric field between +0.12 and −0.12 kV/ mm.
To further examine the resistance change caused by the
application of electric fields, we measured the resistance response of the LCMO film at 200 K as a function of time by
applying a sinusoidal ac electric field to the positively polarized PMN-PT substrate. The sinusoidal ac electric field with
a frequency of 0.1 Hz 关Fig. 6共a兲兴 is given by
E = 0.12 sin  共kV/mm兲.

共1兲

As seen in Fig. 6共b兲, the resistance of the LCMO film was
modulated with the same frequency as that of the sinusoidal
ac electric field. Note that the resistance in Fig. 6共b兲 has been
normalized to that for E = 0 kV/ mm, i.e., ⌬R = R共E兲 − R共0兲,
where R共E兲 and R共0兲 are the resistance under electric field
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FIG. 6. 共a兲 A 0.12 kV/ mm sinusoidal ac electric field with a
frequency of 0.1 Hz. 共b兲 Resistance response of the LCMO film as
a function of time while the 0.12 kV/ mm sinusoidal ac electric field
was applied to the positively polarized PMN-PT substrate.

and zero electric field, respectively. ⌬R can be described as
⌬R = 2.1 sin共 + 兲 共k⍀兲.

共2兲

We note that the phase difference between the sinusoidal
electric field and ⌬R is , which implies that the positive
maximum in the electric field corresponds to the minimum of
the resistance while the negative maximum in the electric
field corresponds to the maximum of the resistance. These
sinusoidal electric-field-induced changes in the resistance
are, in fact, consistent with those induced by dc electric
fields. Combining Eq. 共1兲 with Eq. 共2兲, the relation between
⌬R and E can be drawn and expressed as
⌬R = − 17.5E 共k⍀兲,

共3兲

where the unit for E is kV/mm. Equation 共3兲 indicates that
the change in resistance is linearly dependent on the electric
field applied to the PMN-PT substrate. We note that the gate
leakage current 共Ig兲 may influence the resistance of the
LCMO film.30 We have measured Ig and found that it was
less than 0.2 nA under a 0.12 kV/ mm bias field. Such leakage current is negligible as compared with the source/drain
current 共10 A兲. Thus, the modulation of the resistance of
the LCMO film upon the application of dc/ac fields cannot
be explained in terms of the leakage current. Moreover, it
should be pointed out that the PMN-PT substrate had been
polarized before the measurements of the resistance of the
LCMO film when the PMN-PT substrate was subjected to
the 0.12 kV/ mm sinusoidal ac electric field. Such a field
共i.e., 0.12 kV/ mm兲 is much lower than the coercive field of
PMN-PT and thus cannot change the polarization state of the
PMN-PT at 200 K. Because of this, one can conclude that

the modulation of the resistance of the LCMO film does not
result from an injection of charge carriers from the PMN-PT
into the LCMO film.
A ferroelectric material exhibits the piezoelectric effect
and the converse piezoelectric effect after it has been polarized. This means that electric charges appear on the surfaces
of polarized ferroelectric material when a mechanic stress is
exerted on it, and conversely a strain is induced in the material when it is subjected to an electric field.31 Based on the
understanding of the converse piezoelectric effect, the modulation of the resistance upon the application of dc/ac electric
fields to the PMN-PT substrate can be understood as follows.
When a positive electric field is applied to the positively
polarized PMN-PT substrate, the lattice of the PMN-PT substrate will expand along the c axis and contract perpendicular
to that direction 关Fig. 7共a兲兴, imposing in-plane compressive
strains on the LCMO film and consequently a decrease in the
resistance of the LCMO film. When the electric field is
switched off, the lattice of the PMN-PT rapidly restores to its
initial positively polarized state. Accordingly, the strain state
of the LCMO film restores to its initial value, hence the
resistance returns to its initial value. In contrast, upon the
application of a negative electric field to the positively polarized PMN-PT substrate, the lattice of the PMN-PT will
contract along the c axis and expand perpendicular to that
direction 关Fig. 7共b兲兴. Such changes will impose in-plane tensile strains on the LCMO film, causing an increase in the
resistance. If an ac electric field is applied to the polarized
PMN-PT substrate, the lattice of the PMN-PT will vibrate
with the same frequency as that of the driving ac electric
field 关Fig. 7共c兲兴. As a result, the strain state and resistance of
the LCMO film are modulated with the same frequency as
that of the driving ac electric field. Therefore, the modulation
of resistance upon the application of dc/ac fields to the
PMN-PT substrate can be understood in terms of the induced
lattice strain in the LCMO film caused by the converse
piezoelectric effect of the PMN-PT.
To further clarify that the modulation of the resistance of
the LCMO film is strain-induced, we measured the resistance
and strain hysteresis at 300 K as a function of bipolar gate
voltages for the LCMO films and the PMN-PT substrates,
respectively. Figure 8 shows the resistance hysteresis loops
of the LCMO films with thicknesses of ⬃25 and 75 nm,
respectively. It can be seen that both resistance hysteresis
loops are of a butterflylike shape. This feature is different
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from the square resistance hysteresis loops observed
in La0.8Ca0.2MnO3 / Pb共Zr0.2Ti0.8兲O3 共Ref. 24兲 and
La1−xBaxMnO3 / Pb共ZrxTi1−x兲O3 共Ref. 27兲 ferroelectric FET,
where the ferroelectric-field effect plays a key role in determining the resistance. It is clear that the hysteretic resistance
loops agree with the butterflylike strain hysteresis loop stemming from the converse piezoelectric effect of the PMN-PT
substrate, as shown in Fig. 9. Thus, one can identify that the
modulation of the resistance in the LCMO films is mainly
strain-induced. Note that similar modulation of the resistance
caused by the converse piezoelectric effect induced
lattice
strain
has
also
been
observed
in
La0.7Sr0.3MnO3 / PbZr0.52Ti0.48O3 and La0.7Sr0.3MnO3 / 共1
− x兲Pb共Mg1/3Nb2/3兲O3 − xPbTiO3 共x ⬃ 0.28兲 field effect
device.32,33 Possibly due to the ferroelectric-field effect, the
resistance hysteresis loop for the thinner LCMO film
共⬃25 nm兲 shows an asymmetrical shape while that for the
thicker LCMO film 共⬃75 nm兲 is approximately symmetrical.
To quantify the converse piezoelectric effect induced lattice strain on the resistance in the LCMO film, we measured
the resistance 共R兲 in the LCMO film and the lattice strain in
the PMN-PT substrate as a function of the electric field E
applied to the PMN-PT layer, and the results are shown in
Figs. 10 and 11, respectively. The resistance at 77, 200, and
300 K decreases linearly with increasing electric field. The

共4兲

where a is a positive constant. As shown in the inset of Fig.
11, with increasing electric field the PMN-PT共002兲 reflection
shifts to lower 2 angles being similar to that reported in
Ref. 34, indicating that the electric field induces lattice
strains in the PMN-PT substrate. The relation between the
electric-field induced out-of-plane strain 共zz兲 in the PMN-PT
substrate and the electric field E can be described by
zz = bE共%兲,

共5兲

where b is a positive constant. zz was estimated using the
equation zz = 关czz共E兲 − czz共0兲兴 / czz共0兲, where czz共E兲 and czz共0兲
are the lattice parameter c of the PMN-PT under electric field
and zero electric field, respectively. Thus, one can obtain a
relation between the resistance and the zz by combining Eq.
共4兲 with Eq. 共5兲,
R共E兲 = R共0兲 − azz/b.

共6兲

Since the converse piezoelectric effect induces an in-plane
compressive strain in the PMN-PT substrate when a positive
electric field is applied to the positively polarized PMN-PT,
and with in-plane strain xx = yy ⬍ 0 共compressive strain兲 and
 = Poisson’s ratio, the relation between zz and xx can be
expressed as35
zz = −

2
xx .
1−

共7兲

Combining Eq. 共6兲 with Eq. 共7兲, the relation between the
resistance in the LCMO film and the induced in-plane strain
in the PMN-PT substrate is given by
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FIG. 10. Resistance of the LCMO film at 300 K as a function of
the electric field applied to the positively polarized PMN-PT substrate. The solid line is the fitting using Eq. 共4兲. Inset shows the R vs
E curves at 77 and 200 K.

R共E兲 = R共0兲 +

a 2
xx .
b1−

共8兲

Since  is a constant at a fixed temperature, Eq. 共8兲 indicates
that the resistance is linearly dependent on the induced inplane strain in the PMN-PT substrate. This implies that the
relative change in resistance 共⌬R / R兲 due to substrateinduced lattice strain is proportional to the relative change in
the in-plane strain in the substrate.
IV. CONCLUSION

Thin films of La0.75Ca0.25MnO3 共LCMO兲 have been
grown on ferroelectric PMN-PT single-crystal substrates.
The ferroelectric polarization in the PMN-PT substrate imposes in-plane compressive strains on the LCMO films, leading to a decrease in resistance and an upward shift in Curie
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