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Tensiled LagsSrypsCoO; (LSCO) thin films were epitaxially grown on piezoelectric 0.67Pb
(Mg, 3Nb,,3)05-0.33PbTiO3; (PMN-PT) single-crystal substrates. Due to the epitaxial nature of the
interface, the lattice strain induced by ferroelectric poling or the converse piezoelectric effect in the
PMN-PT substrate is effectively transferred to the LSCO film and thus reduces the tensile strain of
the film, giving rise to a decrease in the resistivity of the LSCO film. We discuss these strain effects
within the framework of the spin state transition of Co®" ions and modification of the electronic
bandwidth that is relevant to the induced strain. By simultaneously measuring the strain and the
resistivity, quantitative relationship between the resistivity and the strain was established for the
LSCO film. Both theoretical calculation and experimental results demonstrate that the ferroelectric
field effect at room temperature in the LSCO/PMN-PT field-effect transistor is minor and could be
neglected. Nevertheless, with decreasing temperature, the ferroelectric field effect competes with
the strain effect and plays a more and more important role in influencing the electronic transport
properties of the LSCO film, which we interpreted as due to the localization of charge carriers at

low temperature. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4716188]

. INTRODUCTION

Seriously Sr-doped lanthanum cobalt oxide thin film,
Lag sSrg 5Co05 (LSCO), has received considerable attention
due to their promising applications and a range of novel
properties.' Transition-metal oxides containing Co®" ions
are of special interest among strongly-correlated systems
because these oxides possess an extra degree of freedom in
addition to the spin, charge, lattice, and orbital degrees of
freedom. Namely, the possibility to change the spin state of
Co’" ions by modifying the delicate balance between the
crystal-field splitting Acg and the intra-atomic Hund
exchange.* Since Acr is very sensitive to the variation of
Co-O bond length,’ subtle structural changes can modify the
spin state of Co>" ions and thus, the physical properties of
lanthanum cobalt oxides, e.g., resistivity,” magnetoresist-
ance,”® and electronic phase separation.’ Large responses of
electronic transport properties to substrate-induced lattice
strain have been reported for La; _,Sr,CoO; thin films. 1012
The commonly applied method for studying the lattice strain
effect is the growth of thin films on single-crystal substrates
with certain lattice mismatch, with the thickness of these
thin films varying over a relatively large range. However, the
properties of La; ,Sr,CoOj3 thin films are not only sensitive
to lattice strain but also to oxygen content, crystalline qual-
ity, growth induced disorder, etc.'>1? Particularly, it should
be emphasized that the electronic transport properties of
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epitaxial La;_,Sr,CoOj3_s thin films are highly sensitive to
the oxygen nonstoichiometry J, whose value strongly
depends on the pressure at which the films were deposited
or thermally post-treated.'*™ Liu et al.'* reported that the
incorporation of oxygen vacancies seriously damages the
conductivity of Lag 5Sry5C003_s films and causes the expan-
sion of the c-axis lattice constant of the films. Madhukar
et al.'® observed that LagsSrysCoOs.s films change from
metallic to insulating behavior with increasing oxygen defi-
ciencies. These results strongly indicate that, in addition to
the lattice strain, oxygen content plays a very important role
in determining the electronic transport and structural proper-
ties of LSCO films. To obtain a comprehensive and quantita-
tive understanding of the intrinsic lattice strain effect of
LSCO films, it is highly important that the studied LSCO
films have exactly the same oxygen content.

Ferroelectric  (1—x)Pb(Mg; ;3Nb,,3)O3-xPbTiO; single
crystals with composition near the morphotropic phase
boundary (x ~ 0.33) display large remnant ferroelectric polar-
ization, low coercive field, excellent piezoelectric activity16
and have perovskite structure with lattice constants @ ~ b ~
¢ ~ 4.02 A."7 Because of the good ferroelectric, piezoelectric,
and structural properties of (1-x)Pb(Mg;/3Nb,/3)O3-xPbTiO3
single crystals, they are very good materials for use as ferroe-
lectrically and piezoelectrically active substrates. Perovskite
La;, ,AMnO; (A = Ca, Sr, Ba)"®?! and La, ,Sr,Co0;
(x = 0, 0.3)'°?? have been epitaxially grown on (1—x)
Pb(Mg; /3Nb,,3)O3 — xPbTiO3 (x ~ 0.28, 0.33) substrates,
and it has been demonstrated that the lattice strain of these

© 2012 American Institute of Physics

Downloaded 26 Nov 2012 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4716188
http://dx.doi.org/10.1063/1.4716188
http://dx.doi.org/10.1063/1.4716188
http://dx.doi.org/10.1063/1.4716188
http://dx.doi.org/10.1063/1.4716188
http://dx.doi.org/10.1063/1.4716188

103702-2 Zhu et al.

films can be reversibly modulated via the converse piezoelec-
tric effect of the piezoelectric substrates. If LSCO films were
epitaxially grown on the piezoelectric 0.67Pb(Mg;,3Nb,,3)O3-
0.33PbTiO5; (PMN-PT) single crystals to form LSCO/PMN-PT
structures, it is expected that the strain induced by ferroelectric
poling or the converse piezoelectric effect in the PMN-PT
would be in situ transferred to epitaxial LSCO films while
keeping aforementioned extrinsic variables (e.g., oxygen con-
tent) fixed.

In this paper, we report our study on a heterostructure
that consists of LSCO films epitaxially grown on PMN-PT
single crystals. Due to the epitaxial nature of the interface,
electric-field-induced strain in the PMN-PT crystal was
effectively transferred to the LSCO film, which leads to a
modulation of the resistivity of the LSCO film. Moreover,
we have observed that the resistivity of the LSCO film is lin-
early dependent on the electric field applied to the poled
PMN-PT substrate and established quantitative relationship
between the resistivity and the induced strain for the LSCO
film. These induced strain effects are believed to be closely
related to the spin state of Co>" jons and the effective elec-
tronic bandwidth linked to the electric-field-induced reduc-
tion in the in-plane tensile strain of the LSCO film.
Furthermore, we have found that the ferroelectric field effect
competes with the strain effect with decreasing temperature
from room temperature and finally dominates over the strain
effect for T'< 230 K, obtaining new insight into the interface
strain coupling effect and the ferroelectric field effect in
La,_,Sr,CoO3/PMN-PT structures.

Il. EXPERIMENTAL SECTION

High-quality PMN-PT single crystals with a size of ®50
mm x 80 mm were grown by a modified Bridgman technique
as described previously.”® The as-grown single crystals were
cut into rectangular plates with a dimension of 10 mm x 3 mm
x 045mm and with the plate normal in the (001) crystal
direction. Such cut crystals were polished to an average
surface roughness of less than 1nm so that they can be used
as substrates. Measurements of the leakage current of the
polished substrates using a keithley 6517 A electrometer
show that the resistance of these substrates is ~3 x 10° Q
at 296 K.

LSCO films were deposited on polished PMN-PT sin-
gle-crystal substrates using dc magnetron sputtering. The
deposition was conducted in an argon-oxygen flow with 50%
Ar and 50% O, at a pressure of 5 Pa and a substrate tempera-
ture of 700 °C. During deposition, the substrate holder
rotated slowly in order to reduce the thickness variation of
the films. After deposition, the films were in situ cooled to
room temperature and postannealed in 1 atm of flowing O,
at 700 °C for 30 min using a rapid thermal processor furnace
to reduce oxygen deficiencies and to increase the crystallin-
ity of the films. The thickness of the LSCO films is measured
to be ~50nm using a JSM-6700F scanning -electron
microscope.

X-ray diffraction (XRD) patterns of the LSCO/PMN-PT
structure were recorded using a Bruker D8 Discover x-ray
diffractometer. Fig. 1(a) shows a schematic diagram for in
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FIG. 1. Schematic diagrams of the LSCO/PMN-PT structure and the elec-
tric field configuration for in situ measurements of the strain (a) and the re-
sistivity (b). The arrow in the PMN-PT represents the poling direction.

situ measurements of the electric-field-induced strain in
the LSCO film and the PMN-PT substrate using XRD.
The strain was induced by applying dc electric fields to the
PMN-PT substrate through the bottom gold electrode and the
LSCO film. Here, the LSCO film serves as the top electrode
since the resistance of the LSCO film at room temperature
(~1049 Q) is much smaller than that (3 x 10° Q) of the
PMN-PT substrate. After aligning the x-ray beam with the
film plane, the electric field was adjusted from 0 to 10 kV/cm
in a step of 1 kV/cm, while all other parameters were kept
fixed. XRD 6-26 scans were made at 296 K during the appli-
cation of an electric field E to the PMN-PT substrate.

Figure 1(b) shows the resistivity measurement circuit
for the LSCO/PMN-PT structure. A Keithley model 2400
source meter and a keithley model 2000 voltage meter were
employed to measure the resistivity of the LSCO film
between the two top-top gold electrodes in the temperature
region from 32 to 296 K. The volume charge carrier density
of the LSCO film was measured using a LakeShore Hall
measurement system (LakeShore Cryotronics, Inc.). A laser
interferometer (SIOS NT-04 Sensor) was employed to mea-
sure the electric-field-induced out-of-plane strain of the
PMN-PT substrate as a function of bipolar electric voltage
applied to the PMN-PT substrate at 296 K.

lll. RESULTS AND DISCUSSION

Figure 2 shows the XRD 0-20 scan of the LSCO/PMN-
PT structure. Only (00/) (I = 1, 2, 3) diffraction peaks from
the PMN-PT substrate and the LSCO film appear, indicating
that the LSCO film is highly c-axis preferentially oriented.
No diffraction peaks were detected that would be indicative
of second phases. Note that the diffraction peak at 20 =
38.5° is the Au(111), originating from the top gold electrode.
The out-of-plane lattice constant ¢ of the LSCO film, calcu-
lated from the conventional 6-20 scan data, is 3.8139 A,
which is smaller than that of the LSCO bulk (~3.853 A3).
The in-plane lattice constant a of the LSCO film was deter-
mined using the off-axis 0-20 scan data [the inset (a) of
Fig. 2] obtained by tilting the film plane at an angle of
45° and followed by the calculation using the equation

a=2/\/(d}y, — d}y), where dio; and doo; are the lattice

spacings of the (101) and (001) planes, respectively.** The
calculated in-plane lattice constant a is 3.9045 A, which is
larger than that of the LSCO bulk. In comparison with the
lattice constants of the LSCO bulk, the decrease in the lattice
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FIG. 2. X-ray diffraction pattern of the Lag 5SrgsCoO3;/PMN-PT structure.
The inset (a) is off-axis 0-20 scan data obtained by tilting the film plane at
an angle of 45°. The insets (b) and (c) show XRD phi scans on the Lag 5Srq 5.
Co0O5(101) and PMN-PT(101) diffraction peaks, respectively.

constant ¢ and increase in the lattice constant a suggest that
the LSCO film is subject to biaxial tensile strain (c/a =
0.976) in the plane of the film due to the large lattice mis-
match between the LSCO film and the PMN-PT substrate.
The in-plane epitaxial relationship between the LSCO film
and the PMN-PT substrate was examined through XRD phi
scans of the LSCO(101) and PMN-PT(101) planes. Two sets
of fourfold symmetrical diffraction peaks originating from
the LSCO film and the PMN-PT substrate [see the inset (b)
and (c) of Fig. 2] were observed, indicating the epitaxial na-
ture of the LSCO film on the PMN-PT substrate.

We measured the temperature dependence of the resist-
ance for the LSCO film when the PMN-PT substrate was in
the unpoled state and showed the results in the inset (a) of
Fig. 3. Similar to the results found in Lag-Sry3Co0O5 thin
films grown on SrTiO; (Ref. 10) and 0.72Pb(Mg,/3Nb,,3)
03-0.28PbTiO5 (Ref. 10) substrates with in-plane tensile
strain, the resistance of the LSCO film increases with decreas-
ing temperature from 300 K, which is in contrast to the metal-
lic conductivity (i.e., dR/dT > 0) of the bulk LSCO single
crystals.® The strain-induced static Jahn-Teller-type deforma-
tion of the CoOg units may provide a localization mecha-
nism'®?®  for understanding the insulating behavior
(dR/dT < 0) of the film. Besides, the insulating behavior
could be resulted from the incorporation of oxygen vacancies
which interrupt the Co-O-Co electron hopping networks,
causing semiconducting behavior of the resistance.'**°

Figure 3 shows the relative change in the resistivity,
Ap/p, of the LSCO film as a function of the electric field E
applied to the LSCO/PMN-PT structure at a fixed tempera-
ture of 296 K. Here, Ap/p is defined as Ap/p = [p(E) —
p(0)]/p(0) where p(0) and p(E) are the resistivity of the
LSCO film under zero electric field and an electric field E,
respectively. Initially, the PMN-PT substrate was in the
unpoled state (E = 0 kV/cm, denoted by P%) and E was
increased from 0 to 10 kV/cm in a step of 0.24 kV/cm. The
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FIG. 3. Relative change in the resistivity of the LagsSrgsCoO5 film as a
function of the electric field applied to the Lag sSrgsCoO3;/PMN-PT struc-
ture. The inset (a) shows temperature dependence of the resistance for the
Lag 5Sry5Co0;5 film when the PMN-PT substrate was in the P? state. The
inset (b) shows the XRD patterns in the vicinity of (002) diffraction peaks
for the Lag 5SrgsCoO3/PMN-PT structure under £ = 0 and 10 kV/cm. The
initial poling state of the PMN-PT substrate was in the P state.

resistivity is virtually field-independent for £ <2 kV /cm but
decreases considerably in the field region of 2 kV/cm
<E <6 kV/cm. For E> 6 kV/cm, the resistivity decreases
linearly with increasing E, which is a typical behavior of the
resistivity due to the converse piezoelectric effect of the
PMN-PT substrate. The electric-field-induced decrease in
the resistivity near the coercive field E¢ of the PMN-PT sub-
strate is similar to that observed in the LaMnOj , ;/PMN-PT
structure where the lattice strain of the LaMnOj, 5 film was
modified by the poling-induced strain in the PMN-PT sub-
strate.”” We have performed in situ XRD 0-20 scan near the
PMN-PT(002) and LSCO(002) diffraction peaks under the
application of electric fields to the PMN-PT substrate and
observed that the out-of-plane strain of both the PMN-PT
substrate and the LSCO film were altered due to the electric-
field-induced poling of the PMN-PT substrate. Selected
XRD patterns in the vicinity of the PMN-PT(002) and
LSCO(002) diffraction peaks under £ = 0 and 10 kV/cm are
shown in the inset (b) of Fig. 3. The PMN-PT(002) and
LSCO(002) diffraction peaks clearly shift towards lower 20
angle when an electric field of £ = 10 kV/cm was applied to
the LSCO/PMN-PT structure, implying that the lattice
constants ¢ of the PMN-PT substrate and the LSCO film
for E = 10 kV/cm are larger than those for £ = 0 kV/cm.
The electric-field-induced out-of-plane strain Aeg,,, Ae,,
= [c(E) —c(0)]/c(0), for the PMN-PT substrate and LSCO
film are 0.21% and 0.17%, respectively. For E>6 kV/cm,
the resistivity is almost linearly dependent on the electric field,
i.e., Ap/p x E, which could be caused by the linear decrease
in the in-plane tensile strain of the film induced by the elec-
tric-field-induced strain via the converse piezoelectric effect
in the PMN-PT substrate, similar to that of La;_,A MnO;
(A =Ca,Sr,Ba)/PMN-PT system.lg*21 The electric-field-
induced change in the lattice strain of the LSCO film is
expected to cause changes in the spin state of Co®" ions and
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the effective electronic bandwidth. When a positive electric
field [i.e., the direction of the electric field points toward the
LSCO film, as schematically shown in Figs. 1(a) and 1(b)] is
applied to the unpoled PMN-PT substrate, the electric field
induces an in-plane compressive strain in the PMN-PT sub-
strate due to the rotation of the polarization direction of
ferroelectric domains toward the electric-field direction. The
induced compressive strain was transferred to the epitaxial
LSCO film, causing a reduction in the in-plane tensile strain
of the LSCO film and thus giving rise to a decrease in the
in-plane Co-O bond length and an increase in the Co-O-Co
bond angle.”® Since the electronic bandwidth W can be esti-
mated from the Co-O bond length d and the Co-O-Co bond
angle 0 by using W o sin(0/2)/d*>,*° the reduction in d and
the increase in 0 both enhance W, favoring the active hopping
of charge carriers, thus, increasing the volume fraction of fer-
romagnetic metallic phase.”*® A continuous increase in the
magnetization has been observed with the piezoelectric com-
pression in the plane of Lag 7Sty 3C00;3 films grown on (001)-
oriented 0.72Pb(Mg, /ngz /3)03-0.28PbTiO; substrates at 300
K,' which implies spin-state transition of Co>" 1ons induced
by compressive strain, from low-spin (LS) (t with S=0)
to high-spin (HS) (1‘2‘ [ with S = 2) or, more hkely, an ener-
getically close 1ntermed1ate spin (IS) (tg €, with S = 1)
states.>' % Accompanied with the spin state transmon of Co>"
ions, the compressive stress increases the number of the mobile
e, electrons, thereby reducing the resistivity of the LSCO film.
Poled ferroelectric materials possess the converse piezo-
electric effect; that is, applying an electric field £ with the
same polarity as the poling field to the poled ferroelectric
materials will result in a linear expansion of the lattice of the
materials along field direction. After the PMN-PT substrate
had been poled, we studied the effects of the lattice strain
induced by the converse piezoelectric effect on the lattice
constants and transport properties of the LSCO film. In the
inset (a) of Fig. 4, we show the relative change in the resis-
tivity (Ap/p) of the LSCO film as a function of the electric
field E applied to the poled PMN-PT substrate at T = 296 K.
Note that the resistivity was measured using the electrical
measurement circuit shown in Fig. 1(b). During the measure-
ments, the top and bottom gold electrodes were held at low
and high potentials, respectively, so that the direction of the
electric field is the same as that of the polarization. We found
that the relative change in the resistivity Ap/p decreases lin-
early with increasing E. Similar linear dependence of Ap/p
on E has also been observed at low temperatures (32
K <T <296 K). The relationship between Ap/p and E can
be described by Ap/p = aE, where a is a negative constant.
To obtain a quantitative relationship between the resistivity
and the lattice strain for the LSCO film, we further examined
the electric-field-induced lattice strain in the PMN-PT sub-
strate and the LSCO film by measurements of the PMN-
PT(002) and LSCO(002) diffraction peaks under electric
fields at a fixed temperature of 296 K using XRD. As shown
in Fig. 4, the electric-field-induced strain along the field-
direction in the PMN-PT substrate (i.e., out-of-plane strain
&..(Pun—pr)) increases linearly with increasing E. The rela-
tionship between & pyy_pr) and E can be described by
&:(pun—pr) = DE, where b is a positive constant. In fact, the
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FIG. 4. Electric-field-induced out-of-plane strain for the PMN-PT substrate
and the Lag 5Sr)sCoO; film as a function of the electric field applied to the
Lag 5SrpsCo0;3/PMN-PT structure at 296 K. The inset (a) shows the relative
change in the resistivity, Ap/p, of the Lay 5Srg5C0oO5 film as a function of
the electric field. The inset (b) shows the XRD patterns in the vicinity
of LSCO(002) diffraction peak under different electric fields. Note that
the PMN-PT substrate has already been poled to P; state before all
measurements.

electric-field-induced lattice strain along the direction of
electric field due to the converse piezoelectric effect can be
theoretically calculated using &..(pyy—_pr) = d33E, where da3
is the piezoelectric coefficient. Using d33 = 2000 pC/N, we
found that the calculated values (black solid line) of
&(pun—pr) agree well with those of é..pyy_pr) Obtained
from XRD measurements, which gives evidence that the
electric-field-induced lattice strain is caused by the converse
piezoelectric effect. The increase in the &..pyy_pr) With E
would be accompanied by the decrease in the in-plane strain
in the PMN-PT substrate, which can be transferred to the
LSCO film and thus causes a decrease in the in-plane lattice
constants and an increase in the out-of-plane lattice constant
of the LSCO film. The inset (b) of Fig. 4 shows that the
LSCO(002) diffraction peak shifts to lower 20 angles with
increasing electric field from 0 to 10 kV/cm, which implies
that the out-of-plane lattice constant of the LSCO film
increases under electric field, consistent with the above anal-
ysis of the strain variation with E. Based on these XRD
results, the electric-field-induced lattice strain ¢..(;5c0) along
the field-direction for the LSCO film was estimated using the
equation &..(.scoy = [crsco(E) — crsco(0)]/crsco(0) where
crsco(E) and crsco(0) are the out-of-plane lattice constant of
the LSCO film under an electric field £ and zero electric
field, respectively. We plotted ¢..(sco) as a function of £ in
Fig. 4. It can be seen that ¢_;;5c0) increases with increasing
E and can be described by ¢ sco) = cE, where ¢ is a posi-
tive constant. Combining &..pyn_pr) = bE with & 5c0)
= cE, the relationship between é..5c0) and &..(pyy—pr) Can
be written as é..sco) = Mé.;(1sco) Where m is a constant.
Clearly, the induced strain in the PMN-PT substrate is not
fully transferred to the LSCO film, probably due to the lattice
relaxation caused by the relatively large lattice mismatch
between the LSCO film and the PMN-PT substrate. The effi-
ciency of the strain transferring from the PMN-PT substrate
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to the LSCO film is m = 70%. Based on the equations
Ap/p = aE and ¢ sco) = cE, one may obtain the quantita-
tive relationship between the resistivity and the induced out-
of-plane strain and can be expressed as Ap/p = Be--(Lsco)
where [ is a constant, indicating that the relative change in
the resistivity is proportional to the induced out-of-plane
strain in the LSCO film.

Since the PMN-PT is a ferroelectric material, the LSCO/
PMN-PT structure can be viewed as a ferroelectric field effect
transistor where the PMN-PT and LSCO are the gate and con-
ductive channel, respectively. When a gate voltage is applied
to the PMN-PT substrate, the areal charge carrier density of
the LSCO film would be modified. The electric-field induced
change in the areal charge carrier density An is expressed as
An = AP/e* where AP is the remnant polarization of the
PMN-PT substrate. Using the polarization P = 33.8 uC/ cm?
at E = 10 kV/cm shown in Fig. 6, An due to the remnant
polarization is ~2.11 x 1014/cm2. On the other hand, meas-
urements of the Hall effect for the LSCO/PMN-PT structure
showed that the areal charge carrier density n of the LSCO
film is 5 x 10'®/cm? at 296 K. The relative change in the areal
carrier density An/n is calculated to be ~0.42%. Therefore,
the ferroelectric field effect in the LSCO/PMN-PT system is
negligibly small at room temperature. In a free electron model,
one could obtain the relationship that Ap/p = —An/n 3435
Namely, if only the ferroelectric field effect is considered, the
resistivity of the LSCO film should increase by 0.42% when a
450 V (or 10 kV/cm) gate voltage is applied to the PMN-PT
substrate, because of the depletion of holes in the LSCO
film.*® As seen in Fig. 3, the actual sign of the change in the
resistivity of the LSCO film is opposite to those expected from
the field effect. It is thus believed that the electric-field induced
change in the resistivity is mainly strain-induced at T = 296 K.

To further clarify whether the modulation of the resistiv-
ity of the LSCO film is due to the electric-field-induced
strain effect or the ferroelectric field effect, we measured the
resistivity of the LSCO film as a function of bipolar gate
electric field applied to the PMN-PT substrate at various
fixed temperatures. It is noted here that, if the ferroelectric
field effect plays a dominant role in influencing the elec-
tronic transport properties of the LSCO film, the resistivity-
electric field (p-E) hysteresis loop should show a rectangular
shape with the resistivity change exhibiting opposite signs
for opposite directions of applied electric field, as previously
observed in the La;_BaMnOsz(x = 0.1,0.15)/PbZr,,»
Tio'gTiO:; (Ref 35) and Lao'gcao'zMnO:;/Pb((zr()‘zTio'g)O:;
(Ref. 37) ferroelectric field effect transistors. In contrast, if
the ferroelectric-poling-induced strain effect plays a domi-
nant role in influencing the transport properties, the p-E
hysteresis loop should show a butterflylike shape with the
resistivity change exhibiting the same sign for opposite
directions of applied electric field, as previously observed in
the Lag 7Sty 3C003/0.72Pb(Mg; /3Nb5,3)03-0.28PbTiO3 struc-
ture'® and the Lag;Cag5StosMnO5/0.67Pb(Mg, /3Nb 3)
053-0.33PbTiO;5 structure. 8 Fig. 5(a) shows that the p-E
hysteresis loop has a symmetrical butterflylike shape at 296 K,
which is the typical behavior of the resistivity change due to
the strain induced by the rotation of the polarization direction
in the PMN-PT substrate.'®'*?72® Similar to the butterflylike
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FIG. 5. Resistivity of the LSCO film at several fixed temperatures as a func-
tion of bipolar electric field applied to the PMN-PT substrate.

resistivity change shown in Fig. 5(a), the electric-field-
induced out-of-plane strain also shows a butterflylike hyster-
esis loop for the PMN-PT substrate [see Fig. 6], which
strongly demonstrates that the butterflylike modulation of
the resistivity is strain induced. Therefore, we believe that
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FIG. 6. Polarization-electric field hysteresis loop of the PMN-PT substrate
measured at 296 K, and the electric-field-induced out-of-plane strain as a
function of bipolar gate electric field applied to the PMN-PT substrate at
296 K.
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the ferroelectric field effect has a minor effect on the elec-
tronic transport properties of the LSCO film at 296 K. Never-
theless, with decreasing temperature from 296 K, the
symmetry of p-E hysteresis loop is reduced with the resistiv-
ity values for negative electric field lower than those for pos-
itive electric field [see Figs. 5(b) and 5(c)], which is ascribed
to that the positive polarization of the PMN-PT layer will
lead to a depletion of holes in the LSCO film and thus an
increase in the resistivity, while the negative polarization of
the PMN-PT layer will cause an accumulation of holes in the
LSCO film and thus a decrease in the resistivity. The change
of the p-E hysteresis loops from a butterflylike shape
[Fig. 5(a)] to a rectangular-like shape [Figs. 5(d)-5(f)] indi-
cates that the ferroelectric field effect plays a more and more
important role in influencing the resistivity and finally domi-
nates over the strain effect as the temperature decreases. At
certain temperatures, e.g., T = 230 K, the ferroelectric field
effect strongly competes with the strain effect, leading to the
asymmetrical p-E shape [see Fig. 5(c)] which is undoubtedly
due to the superposition of ferroelectric field effect and strain
effect in the LSCO/PMN-PT structure. With further decreas-
ing temperature, the rectangular-like p-E hysteresis loop
starts shrinking and finally becomes extremely slim [see
Fig. 5(h)]. Similar behaviors for the polarization-electric
field (P-E) hysteresis loop have been observed in the 0.65Pb
(Mg, 3Nb,,3)03-0.35PbTiO5 ceramics,”® where a constant
electric field of 12 kV/cm is apparently inadequate to align
ferroelectric domains towards the field direction, leading to
the gradual collapse of the P-E hysteresis loop. This feature
is another evidence for that the ferroelectric field effect
dominates over the strain effect at low temperatures. The
enhanced ferroelectric field effect at low temperatures
(T <230 K) implies that the areal charge carrier density # in
the LSCO film decreases with decreasing temperature,
arising from the localization of the mobile charge carriers at
low temperatures, which is directly reflected by the increase
in the resistivity with decreasing temperature, as can be
seen in the inset (a) of Fig. 3. The decrease in n corresponds
to the increase in An/n, which can qualitatively explain
the enhanced ferroelectric field effect with decreasing
temperature.

IV. CONCLUSIONS

In summary, we examined the effects of substrate-
induced strain on the lattice strain and electronic transport
properties of LSCO film by in situ modifying the lattice
strain of the LSCO film via ferroelectric poling or the con-
verse piezoelectric effect of the PMN-PT substrate. We have
found that the strain state and resistivity of the LSCO film
can be modulated by the converse piezoelectric effect of the
PMN-PT, and interpreted this behavior as due to the strain-
induced spin state transition of Co’" ions and modification
of effective electronic bandwidth. Moreover, quantitative
relationship between the resistivity and the induced strain
has been established for the LSCO film, which could be im-
portant for understanding the physics of substrate-induced
lattice strain effects for the La;_,Sr,CoO5 systems. Surpris-
ingly, it was found that the ferroelectric field effect competes

J. Appl. Phys. 111, 103702 (2012)

with the strain effect with decreasing temperature from room
temperature and finally dominates over the strain effect for
T <230 K, due to the localization of the charge carriers at
low temperatures. The identification of the competing strain
effect and ferroelectric field effect would be helpful for
the theoretical modeling of the strain effect and the ferro-
electric field effect in perovskite cobalt oxide film/PMN-PT
systems.
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