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Thin films of LaMnOs have been epitaxially grown on (00 1) oriented ferroelectric 0.67Pb(Mg3Nby3)03-
0.33PbTiO3 (PMN-PT) single-crystal substrates. The poling of the PMN-PT crystal causes a decrease in the
resistance and an increase in the magnetization and magnetoresistance of the LaMnOs film. In situ X-
ray diffraction measurements revealed that these changes arise from the poling-induced strain in the
PMN-PT substrate, which reduces the in-plane tensile strain and the Jahn-Teller (JT) distortion of MnOg

octahedra of the LaMnOs film. Moreover, it was found that the transport properties of LaMnOs; films
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are much more sensitive to the poling-induced strain than that of CaMnOs films for which there is no
JT distortion, implying that the electron-lattice coupling is one of the most important ingredients in
understanding the strain effect in LaMnOs; films.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of colossal magnetoresistance phenomenon [1,2]
has rekindled the interest in perovskite manganites of general for-
mula La; _xAxMnOs3 (A=Ca, Sr, Ba). The LaMnOs is the end member
of this class of materials and shows large cooperative Jahn-Teller
(JT) distortion of MnOg octahedra, ds,»_,2 /d3y2_r2 orbital order-
ing, and A-type antiferromagnetic spin ordering [3]. A number of
theoretical and experimental studies have shown that the JT distor-
tion, orbital ordering, structural, transport, and magnetic properties
of LaMnOs, are particularly sensitive to oxygen nonstoichiome-
try 6 [4-10]. Any slight oxygen overdoping (e.g., §=0.01) would
cause a portion of Mn3* ions to be oxidized to Mn?#* ions, caus-
ing dramatic changes in the JT distortion, structural, transport, and
magnetic properties [7-10]. Although we have studied the effects of
the substrate-induced strain on the electrical and magnetic prop-
erties of oxygen overdoped LaMnOs,s (8 ~0.09) films [6] whose
electrical transport properties are quite similar to that of hole doped
La;_xCaxMnOs3 (0.15 <x <0.2) compounds, the intrinsic effects of
substrate-induced strain on the LaMnOs,s (§ > 0) film are still not
well understood. Since the LaMnOj is the parent compound of
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doped perovskite manganites, a detailed study of the effects of
substrate-induced strain on the electrical transport and magnetic
properties of oxygen stoichiometry LaMnOs films, whose electri-
cal transport properties are very different from those of oxygen
overdoped LaMnOs.5 (8 ~0.09) films [6], is highly desired in order
to obtain a more comprehensive understanding of the essential
physics of perovskite manganites.

A number of experimental work have demonstrated that
the strain state, electrical, and magnetic properties of per-
ovskite manganite thin films can be reversibly and dynamically
modulated via the ferroelectric poling effect or the converse piezo-
electric effect of ferroelectric (1—x)Pb(Mg;/;3Nby3)03-xPbTiO3
single crystals [11-15]. In this work, we epitaxially grown
oxygen almost stoichiometry LaMnOs films on ferroelectric
0.67Pb(Mg13Nby/3)03-0.33PbTiO3 (PMN-PT) single-crystal sub-
strates and studied the impact of the substrate-induced strain on
the electrical and magnetic properties of the LaMnOs film by in situ
modifying the strain state of the LaMnOs film, so that the effects
of oxygen nonstoichiometry on the properties of the LaMnOs film
could be kept constant. Due to the epitaxial nature of the inter-
face, the poling-induced strain was effectively transferred to the
LaMnOs film, causing significant changes in the JT distortion, resis-
tance, magnetization, and magnetoresistance (MR). An analysis of
the overall experimental results shows that the electronic phase
separation and the coupling of electrons to JT distortion of MnOg
octahedra are crucial to understand the strain-property coupling
effects in manganite films.
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Fig. 1. Schematic diagrams of the film/PMN-PT structure and the configuration for
insitu measurements of the strain (a) and the resistance (b). The arrow in the PMN-PT
represents the poling direction.

2. Experimental details

High quality PMN-PT single crystals were grown from melt by a modified Bridg-
man technique [16]. LaMnO3 and CaMnOjs films were deposited on polished PMN-PT
single-crystal substrates by pulsed laser deposition using a 248 nm KrF excimer laser
with a repetition rate of 4 Hz. Both the LaMnOs; and CaMnOs films were deposited
at 700 °C with the oxygen pressure fixed at 200 mTorr. After deposition, these films
were in situ cooled to room temperature. CaMnOs films were further postannealed
in air at 700 °C for 30 min using a rapid thermal processor furnace to reduce oxygen
deficiencies. No further postannealing was made for LaMnOs films in order to avoid
oxygen overdoping.

X-ray diffraction (XRD) patterns of the LaMnOs; and CaMnOs films were recorded
using a four-circle Bruker D8 Discover X-ray diffractometer equipped with a four-
bounce Ge(220) monochromator. Fig. 1(a) shows a schematic diagram for in situ
measurements of the poling-induced strain in the LaMnO3; and CaMnOs films using
XRD. Electric potentials were applied to the PMN-PT substrate through the bottom
gold electrode and the top LaMnO3 (or CaMnO3) film during XRD 0-26 scans.

Fig. 1(b) shows the resistance measurement circuit for the LaMnO3/PMN-PT
and CaMnOs3;/PMN-PT structures. A Physical Property Measurement System (PPMS
9T, Quantum Design) was employed to measure the resistance of the LaMnOj3 film
between the two top-top gold electrodes with magnetic fields up to H=9T applied
parallel to the film plane. The magnetic properties of the LaMnOs; film were recorded
using a superconducting quantum interference device (SQUID-VSM 7T, Quantum
Design) magnetometer with a magnetic field of H=500 Oe applied parallel to the
film plane.
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Fig. 2. XRD pattern of the LaMnO3;/PMN-PT structure. The insets (a) and (b) show
the XRD phi scans of the LaMnO3(10 1) and PMN-PT(1 0 1) planes, respectively. The
inset (c) shows the XRD rocking curve taken around the LaMnOs3(0 0 2) reflection.
The inset (d) shows the XRD pattern of the CaMnOs3;/PMN-PT structure. Note that
the LMO and CMO represent the LaMnOs film and the CaMnOs film, respectively.
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Fig. 3. Electric-field-induced relative changes in the resistance of the LaMnO; and
CaMnOs films at 296 K as a function of the electric field (E) applied to the PMN-PT
substrate.

3. Results and discussion

Fig. 2 shows the XRD 6-26 scan of the LaMnO3;/PMN-PT struc-
ture. One can see that (001) (I=1, 2, 3) and (010)/(I00) (I=2, 3)
diffraction peaks from the PMN-PT substrate appear, indicating
that the ferroelectric domains in the PMN-PT substrate are mainly
c-axis preferentially oriented while some of domains are a- or b-
axis oriented. Moreover (001) (I=1, 2, 3) diffraction peaks from the
LaMnOs film can also be observed, implying that the LaMnOs film
is c-axis preferentially oriented. No diffraction peaks were detected
that would be indicative of secondary phases. We have performed
XRD phi scans of the LaMnO3(101) and PMN-PT(101) planes and
observed sharp fourfold symmetrical diffraction peaks originating
from the LaMnOs film and the PMN-PT substrate [the inset (a)
and (b) of Fig. 2], respectively, indicating that the LaMnOs3 film
has been epitaxially grown on the PMN-PT substrate. XRD rocking
curve taken around the LaMnOs3(00 2) diffraction peak has a full
width at half maximum of ~0.45° [the inset (c) of Fig. 2], implying
good crystalline quality of the LaMnOj5 film. The XRD 6-26 scan per-
formed on the CaMnO3/PMN-PT structure shows that the CaMnO3
film is highly c-axis preferentially oriented and has no secondary
phases [the inset (d) of Fig. 2]. The out-of-plane lattice constants
c of the LaMnO3; and CaMnOs films, calculated from the out-of-
plane 6-26 scan data, are 3.8545 A and 3.705 A, respectively. These
values are smaller than those of the corresponding bulk materials
[17,18], implying that both the LaMnOs3 film and the CaMnOj; film
are subjected to biaxial in-plane tensile strain. The strain states of
these films are consistent with the fact the lattice constants of both
the LaMnOs3 and the CaMnO3 bulk materials are much smaller than
those (a~ b~ c~4.02 A [19]) of the PMN-PT crystal.

Fig. 3 shows the electric-field-induced relative change in the
resistance, AR/R [AR/R [R(E) — R(O )]/R(O)].for the LaMnOs and
CaMnOs films as a function of the electric field E applied to the PMN-
PT substrate. It should be pointed out that, initially, the PMN-PT
substrate was in the unpoled state (denoted by P?). The resistance
for both the LaMnOs film and the CaMnOs film are almost field-
independent for E < 2 kV/cm but decreases remarkably in the field
region of 2.3kV/cm<E<2.7kV/cm, where the poling of the PMN-
PT substrate occurs as estimated from the polarization-electric field
loop of the PMN-PT substrate [20]. Such a field-induced decrease
in the resistance is similar to that observed in the oxygen over-
doped LaMnO3+3/PMN-PT [6] and Lao_7ca0_15Sl‘0_]5M1’103/PMN-PT
[21] structures and could be ascribed to the change in the strain
state of the films induced by the poling-induced strain in the PMN-
PT substrate. To clarify this point, we performed a series of in situ
XRD 6-20 scans by applying electric fields to the PMN-PT substrate.
Selected XRD patterns in the vicinity of the (0 02) diffraction peaks
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Fig. 4. XRD patterns in the vicinity of (002) diffraction peaks under E=0 and
10kV/cm for the CaMnOs film (a) and the LaMnOs film (b). (c) and (d) show the
electric-field-induced strain Ag,, as a function of E for the CaMnO3 film and the
LaMnOs film, respectively.

under E=0and 10 kV/cm are shown in Fig. 4(a) and (b), respectively.
It can be seen that the (0 02) diffraction peaks of the PMN-PT sub-
strate and the CaMnOs (or LaMnO3) film shift toward lower 26 angle
under E=10kV/cm, implying that the lattice constants c of both
the substrate and the film are larger than those under E=0kV/cm.
For LaMnO3/PMN-PT structure, the (02 0)/(200) diffraction peak
near 260=45.58° disappears under E=10kV/cm, indicating that
the electric field induces a- and (or) b-axis oriented ferroelectric
domains rotate toward c-axis. The induced out-of-plane strain Aez,
[A&zz=[c(E)—c(0)]/c(0)] for the CaMnOj3 film and the LaMnOs film
are shown in Fig. 4(c) and (d), respectively. A&z, increases signifi-
cantly near the coercive field of the PMN-PT substrate. It is known
that the application of electric fields to an unpoled ferroelectric
single crystal would induce a nonlinear change in the strain along
the field direction near the coercive field of the crystal due to the
rotation of polarization direction of ferroelectric domains toward
the field direction [22]. The nonlinear increase in A¢z; gives strong
evidence that the poling-induced strain has been effectively trans-
ferred to the CaMnO3; and LaMnOs films.

We note that the AR/R of the CaMnOs film is much smaller than
that of the LaMnOs film. For example, the AR/R and the A¢&,; under
E=4kV/cm for the LaMnOs film are ~11.9% and ~0.233%, respec-
tively. The sensitivity of the relative change in the resistance to
the induced out-of-plane strain, characterized by (AR/R)/(A&;), is
calculated to be ~51.1. This value is close to that (~43.5) for the
Lag7Cag 15Sr0.15sMn0O;3 thin film near the insulator-to-metal transi-
tion temperature (Tp) where a strong coupling of electrons to the JT
distortion of MnOg octahedra was observed [21,23]. However, for
the CaMnOs film, the (AR/R)/(Agz;) under E=4kV/cmis only ~15.2.
This value is much smaller than that of the LaMnOs film, showing
that the transport properties of the LaMnOs3 film are much more
sensitive to the lattice strain than that of the CaMnOs film. As is
known, the CaMnOs film does not show JT distortion since all man-
ganese ions are Mn** so the effects of the electron-lattice coupling
stemming from the JT distortion on the transport properties can
be discarded. Therefore, it is believed that the decrease in the resis-
tance of the CaMnOs film near the coercive of the PMN-PT substrate
is probably caused by the increase in the electronic bandwidth due
to the reduction in the in-plane tensile strain, which could lead to
changes in the Mn—O0 bond length [24]. In contrast, the LaMnOs3
film shows a large JT distortion of MnOg octahedra [2] which are
known to highly influence the transport and magnetic properties.
Using X-ray absorption near edge structure, Souza-Neto et al. [24]
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Fig. 5. Temperature dependence of the resistance for the LaMnO; film when the
PMN-PT substrate was in the P, state and the P,* state, respectively. The inset shows
the XRD patterns in the vicinity of LaMnOs5(0 0 2) diffraction peak when the PMN-PT
substrate was in the P,° state and the P;* state, respectively.

found that the substrate-induced in-plane tensile strain causes the
MnOg octahedra to be compressed in the direction perpendicu-
lar to the film plane and elongated in the direction parallel to the
film plane. It is, thus, expected that the poling-induced decrease in
the in-plane tensile strain would reduce the JT distortion of MnOg
octahedra of the LaMnOj film and thus favors the active hopping of
electrons. According to Millis et al. [25], the JT strain (¢jr) for man-
ganite films could be expressed as [gj7=1/2(&z; — &xx)] where &z,
and &4y are the out-of-plane strain and in-plane strain, respectively.
Assuming approximately volume preservation distortion, the rela-
tionship between the change in the JT distortion Ag;r and Ag,; can
be written as Agjr=—0.75A¢z,. Using the measured Ae, for the
LaMnOs film, it is roughly estimated that the JT distortion of the
LaMnOj3 film decreases by ~0.3% when E=10kV/cm is applied to
the PMN-PT substrate.

Fig. 5 shows the temperature dependence of the resistance
for the LaMnOs3 film when the PMN-PT substrate was in the P9
state and the poled state (denoted by P;"), respectively. For the P,°
state, the resistance of the LaMnOs film increases with decreasing
temperature from 330K to 170K. For T<170K, the film is highly
insulating. After measuring the resistance as a function of tem-
perature for the P/0 state, we in situ poled the PMN-PT substrate
by applying an electric filed of E=10kV/cm to the PMN-PT sub-
strate at room temperature. After the PMN-PT substrate had been
poled to the P/ state, we turned off the poling field. Since the fer-
roelectric Curie temperature (T¢ ~430K) of the PMN-PT substrate
is much higher than room temperature, the polarization direction
of ferroelectric domains would remain toward the field direction
(i.e. along the (001) direction) after turning off the poling field.
A remnant in-plane compressive strain is, thus, induced in the
PMN-PT substrate, which is subsequently transferred to the epi-
taxial LaMnOs film, thereby causing a reduction in the in-plane
tensile strain of the LaMnOj3 film. This is reflected by the shift of
the LaMnO3(00 2) diffraction peak to lower 26 angle, as shown in
the inset of Fig. 5. The 26 angle shifts from 47.12° to 47.02°, cor-
responding to an increase in the lattice constant ¢ from 3.854 to
3.862 A. The out-of-plane strain &z, [&,, = (Chitm — Chutk)/Chuik] of the
LaMnOs filmis calculated to be reduced from —1.33%to —1.13%(i.e.,
Agz;=0.2%). Assuming approximate volume preserving distortion
of the film, an increase in Agz by 0.2% would lead to a decrease
in exx by 0.1% (i.e., Aexx=—0.1%). Such a decrease in the in-plane
tensile strain significantly affects the transport properties of the
LaMnOj; film. It can be seen that, associated with the switching of
the poling state from P, to P;", the resistance decreases in the whole
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Fig. 6. Temperature dependence of the magnetization for the LaMnOs film when
the PMN-PT substrate was in the P,° state and the P;* state, respectively. The inset
shows the MR versus H curves at several fixed temperatures.

temperature range between 170K and 330K. The relative change
in the resistance AR/R, defined as AR/R = [R(P?) — R(P{)]/R(P?),
is ~12.5% at 296K and increases to ~22.5% at 185K. Similar to
the mechanism accountable for the electric-field-induced decrease
in the resistance near the coercive field of the PMN-PT discussed
above, the decrease in the resistance in the temperature range
between 170K and 330K is clearly due to the poling-induced
strain which increases the electronic bandwidth and weakens the
electron-lattice coupling strength as a result of suppressed JT dis-
tortion.

We found that the poling-induced strain has a considerable
impact on the MR [MR=[R(H)— R(0)]/R(0)] of the LaMnO3 film.
The inset of Fig. 6 shows the MR versus H curves at T=170, 230,
and 300 K when the PMN-PT substrate was in the P, and P} state,
respectively. The results clearly show that in comparison with the
MR when the PMN-PT substrate was in the P;0 state, the MR value
at any fixed temperature when the PMN-PT substrate was in the P;"
state is enhanced for any fixed H value. For example, at H=9 T asso-
ciated with the poling of the substrate, the MR at T=170, 230, and
300K was enhanced by ~22.2%, 13.7%, and 11%, respectively, indi-
cating that the lower the temperature, the larger the effects of the
induced strain on the MR. This strain-induced enhancement of MR
is similar to that observed in the Lay;gBa;;sMnOs films grown on
PMN-PT substrates [26], implying that the underlying mechanism
responsible for the enhancement of MR is probably the same as
that in the La;gBa;;sMnO3/PMN-PT structure. Namely, the effects
of the induced strain on MR are closely related to the strain-induced
change in the volume fraction of coexisting paramagnetic and fer-
romagnetic phases. Fig. 6 shows the normalized zero-field-cooled
magnetization as a function of temperature for the LaMnOs film
when the PMN-PT substrate was in the P, and P} state, respec-
tively. Associated with the poling of the PMN-PT substrate, the
magnetization (M) was enhanced considerably. At T, ~ 118K, the
poling-induced relative change in the magnetization, AM/M, is
~12.2%. Although the magnetic ground state is ferromagnetic (FM),
the LaMnOs film is highly insulating at low temperatures. It is,
possible that a very small portion of Mn3* ions could have been
oxidized to Mn** ions, resulting in local Mn3*-O-Mn** double-
exchange (DE) interaction. Due to the DE interaction, a very small
fraction of FM clusters may form at low temperature and are
embedded in the Mn3*-0-Mn3* antiferromagnetically coupled
insulating matrix, giving rise to the FM insulating behavior of the
resistance at low temperatures (T< 118 K). At high temperatures
(T>118K), although short range FM ordering within FM clusters
is not established, a small fraction of FM clusters may still exist

because of local Mn3*-0-Mn#** DE interaction. Associated with the
increase in the electronic bandwidth and the suppression of the JT
distortion induced by the poling of the PMN-PT substrate, the vol-
ume fraction of the FM clusters would increase while that of the
PM insulating matrix would decrease [26]. As a result, the MR for
the P} state is larger than that for the P,9 state due to enhanced
volume fraction of FM clusters.

4. Summary

We have studied the intrinsic effects of the ferroelectric poling-
induced strain on the strain state, JT distortion, electrical resistance,
magnetoresistance, and magnetic properties of LaMnOs films
grown on PMN-PT substrates. The poling of the PMN-PT substrate
reduces the in-plane tensile strain and hence the ]JT distortion
(Agr) of the LaMnOs film, giving rise to a decrease in the resis-
tance and an increase in the magnetization and magnetoresistance.
These effects were qualitatively explained within the framework
of strain-induced decrease in the JT electron-lattice coupling and
increase in the electron bandwidth. Moreover, we found that the
transport properties of LaMnOs films are much more sensitive to
the induced lattice strain than that of CaMnOs films, implying that
the JT electron-lattice coupling are crucial to understand the strain
effect in LaMnOs films.
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